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Abstract

Polycaprolactone (PCL) has emerged as a prominent biomaterial for fabricating scaffolds in tissue engineering applications
via 3D printing. However, the common commercial form of PCL is typically observed in powder or pellets, which may not be
conducive for deployment in traditional 3D fused deposition modeling (FDM) printers that utilize filaments. Moreover, most
additive biomaterials that are mixed with PCL commonly exist in a powdered form. Consequently, the primary drawback of
the conventional FDM printing method arises from the requirement to convert into a filament form. This research addresses
the abovementioned constraint by developing and optimizing a novel design of a direct powder mini-screw extruder (DPSE)
through numerical modeling analysis. The cost-effective DPSE printer head enables the printing of not only pure PCL but
also PCL-based composite scaffolds by utilizing a combination of PCL powder and other biomaterials such as thermoplas-
tic polymers, hydrogels, or ceramics. Microscopy, scanning electron microscopy (SEM), and attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectroscopy are employed to characterize the morphology, surface roughness, and
chemical composition of the porous scaffolds. Furthermore, other characteristics of the 3D PCL-based composite scaffolds,
including wettability, mechanical properties, and cell attachment, are also investigated. The experimental study investigates
the influence of printing parameters on the printed line width for each PCL-based composite. Through these investigations,
this work demonstrates the high potential of the novel DPSE printer head in fabricating high-quality PCL-based composite
scaffolds with minimal wastage and prolonged printability.

Keywords Scaffold - Tissue engineering - 3D printing - PCL-based composites - Screw-based extruder - Additive
manufacturing

1 Introduction

Tissue engineering represents an emerging interdisciplinary
field aimed at developing biological substitutes to restore,
maintain, or enhance the functionality of damaged tissues.
Within this context, scaffolds play a crucial role as tempo-
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employed for fabricating 3D scaffolds. Each biomaterial pos-
sesses distinct mechanical properties, biological character-
istics, and fabrication capabilities [2].

To construct the 3D porous scaffold, conventional and 3D
printing techniques are commonly applied. In comparison to
conventional techniques such as salt leaching, gas foaming,
or freeze drying, 3D printing techniques offer significant
advantages for controlling scaffold structures with diverse
geometries and properties for tissue engineering applica-
tions. Typical 3D printing techniques employed for scaffold
fabrication include stereolithography (SLA), selective laser
sintering (SLS), binder 3D printing, solution-based dis-
penser (SBD), and fused deposition modeling (FDM) [3].
SLA and SLS employ laser sources as part of their build
processes. In SLA, a liquid resin is solidified through cur-
ing, whereas SLS uses a heat source from the laser to sinter
powdered material. SLA has a limited range of available
biocompatible materials, while SLS offers a broader range of
thermoplastic biomaterials [4, 5]. SLA and SLS demonstrate
superior printing accuracy in comparison with other tech-
niques. Consequently, these techniques are often employed
in the production of complex 3D porous structures, such as
triply periodic minimal surfaces (TPMS) or gyroid struc-
tures [6, 7]. Similar to the SLS technique, the binder 3D
printing technique works on the powder-bed fusion prin-
ciple; however, it employs liquid binding agents instead of
the laser sintering method. Although these techniques can
fabricate the 3D porous scaffold directly from powdered
materials, they are primarily suited for fabricating free-
standing scaffolds or implants and may present challenges
when incorporating other printer heads for multi-material
printing. The large initial powder quantity required when
using powder-bed fusion is another limitation of these
methods. The solution-based dispenser technique is used
as a bioprinting technique for constructing hydrogel-based
scaffolds for tissue engineering applications. FDM-based
techniques are extensively employed for fabricating ther-
moplastic polymer-based specimens due to their simplicity,
cost-effectiveness, and compatibility with multi-materials
or multi-printer heads [8]. As a result, these techniques find
significant suitability in constructing thermoplastic-based
biomaterial structures for biomedical and tissue engineering
applications [9, 10].

1.1 PCL-based composites

Thermoplastics, including polylactic acid (PLA), poly (lac-
tic-co-glycolic acid) (PLGA), poly (e-caprolactone) (PCL),
and polyethylene glycol (PEG), are commonly used biomate-
rials in FDM-based techniques. Among these thermoplastic
biomaterials, PCL is one of the most popular synthetic poly-
mers for fabricating high-quality 3D porous scaffolds due to
its long-term biodegradability, good biocompatibility, high
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mechanical characteristics, and easy processability [11].
Nevertheless, PCL exhibits poor characteristics such as high
hydrophobicity, limited cell adhesion ability, and restricted
bioactivity. Therefore, the blending of PCL with synthetic
or natural polymers, as well as ceramic materials, has been
explored as a strategy to achieve the desired scaffold prop-
erties for tissue engineering applications. By incorporating
these additional materials, the limitations of PCL can be
moderated, leading to improved biocompatibility, enhanced
cell adhesion, and expanded bioactivity, ultimately enhanc-
ing the overall performance and functionality of the scaf-
folds [12].

PEG, as a thermoplastic biopolymer, has gained exten-
sive utilization in the field of tissue engineering due to its
remarkable hydrophilicity, biodegradability, and biocom-
patible properties [13]. However, its mechanical property is
relatively low, prompting the blending of the thermoplastic
biopolymer with PCL to obtain the combined benefits of
both biomaterials [14, 15]. Natural polymers such as gela-
tin, chitosan, collagen, and sodium alginate (SA) exhibit
the advantages of biocompatibility and bioactivity, tailored
cell growth, and adhesion [16]. Among these natural poly-
mers, SA has found widespread application in tissue engi-
neering for cell delivery and cell-free support owing to its
high biocompatibility, cost-effectiveness, and rapid gelation
facilitated by calcium ions [17]. Nevertheless, the inher-
ent limitations of SA, such as low mechanical properties,
high biodegradation rate, and limited printability, hinder its
widespread application. To overcome these limitations, the
integration of PCL with SA has been explored to fabricate
hybrid or composite scaffolds, aiming to enhance the scaf-
fold characteristics relating to wettability, cell behaviors,
and biological activities [18-21]. Bioceramic-based cal-
cium phosphate (i.e., hydroxyapatite (HA) and p-tricalcium
(TCP)), which has a chemical composition similar to the
mineral part of a bone, is widely used for bone substitute
due to good biocompatibility and bioactivity [22, 23].
Thus, the mixture of PCL/HA and PCL/TCP with different
concentrations of bioceramic particles was investigated to
develop bioactive polymer composite scaffolds [11, 24-27].
These combinations can yield a 3D composite scaffold with
improved cell attachment, cell proliferation, and differentia-
tion as ceramic components in the composite increase. The
trend of combining various materials to fabricate 3D com-
posite or hybrid scaffolds has gained popularity, enabling
the exploitation of the tailored properties offered by each
constituent material.

1.2 3D Printing techniques for composite scaffold
fabrication

Fused deposition modeling (FDM) represents an extru-
sion technique that involves the melting and extrusion of
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filaments or pellets through a nozzle to create a 3D object
in a layer-by-layer fashion. The conventional approach
to feeding filament (referred to as c-FDM) has demon-
strated successful application in fabricating 3D scaffolds
for hard-engineered tissue, such as bone and cartilage
[26, 28]. However, the limited availability of commercial
thermoplastic biomaterials or composites in filament form
poses a significant drawback to the widespread adoption of
c-FDM printers for tissue engineering applications. Even
when specialized equipment is designed for filament pro-
duction, the time-consuming process of filament formation
contributes to a costly manufacturing process, thus serving
as the primary obstacle to the utilization of ¢c-FDM for
biomaterials [29].

Consequently, numerous studies have focused on devel-
oping 3D scaffold printing techniques directly from raw
materials in the form of pellets or powder. These alterna-
tive techniques include solution-based disperser (SBD),
melt-based extrusion under pressure (m-FDM), and screw-
based extrusion (s-FDM). SBD utilizes toxic solvents [25,
30], while m-FDM suffers from high waste generation
and long-term thermal effects, leading to larger crystallite
sizes, which negatively affect the biological performance
of the printed scaffold [31, 32]. Although both methods are
popular for fabricating composite scaffolds, they experi-
ence challenges in achieving high printing accuracy due
to the reliance on pneumatic systems for material transfer
and control, resulting in lower position accuracy compared
to electric control systems. Moreover, the implementation
of a compressed air system further adds complexity to
the printing system, along with increased manufacturing
and operational costs. Despite the challenges arising from
its more complex design, s-FDM offers superior flow rate
control compared to both previous techniques, owing to

Fig. 1 Different designs of the
screw-based extrusion printer
head
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the rapid adjustment of screw speed rather than relying on
air or piston pressure [32].

1.2.1 Screw-based extrusion

There are three common designs of s-FDM using a single
screw, namely, hot barrel (HB), semi-hot barrel (sHB), and
hot end (HE), as depicted in Fig. 1. The main differences
among these designs are in the heater position and material
supply method. The s-FDM technique based on the hot bar-
rel (HB) design depicted in Fig. 1a incorporates a heated
feeding material chamber and utilizes a pneumatic system to
transfer the molten material to the heating screw barrel [33,
34]. The molten material within the barrel is subsequently
extruded through the nozzle via a stepper motor integrated
with the screw. Several studies utilized a commercially
available HB-based system from 3D Discovery, RegenHU,
Villaz-Saint-Pierre, Switzerland, for fabricating scaffolds
comprising either a single material or composites [35, 36].
It demonstrated the effective achievement of high-accuracy
printed lines and high-quality 3D scaffolds. However, high
energy consumption, high material waste, and the complex-
ity associated with compressed air constrained the system,
representing major limitations.

In contrast, the semi-hot barrel (sHB) design illustrated
in Fig. 1b uses an electrical heater positioned at the half end
of the barrel without a separate heating chamber [37, 38]. In
the case of a short screw in a system where heat is quickly
transferred to the hopper, there is a risk of the material at
the feed region melting, which can impede the flow of the
feeding material. The sHB system employs a long screw
driven by a stepper motor integrated with the coolant system
to prevent heat propagation upward toward the hopper [39].
The hot end (HE) design depicted in Fig. Ic incorporates
indirect heat transfer to the barrel via a heat block at the end,
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similar to most conventional c-FDM 3D printers. However,
this design exhibits significantly lower print quality due to
unstable heat transfer and uneven powder melt extrusion
compared to c-FDM [29]. To address this issue, Whyman
et al. introduced a thermal barrier ring made of Teflon and
a Glycol/water coolant system mounted on the top barrel to
enhance thermal isolation in the upward direction [40]. Each
design possesses specific advantages and limitations con-
cerning manufacturing cost, printing quality, heat transfer
control, and waste material generation.

This study proposes a modified s-FDM technique to
enhance its advantages and address its inherent limitations.
A comprehensive investigation is conducted, incorporating
numerical modeling analysis and experimental printing tests,
to evaluate the performance of a novel DPSE printer head.
The numerical modeling analysis examines the thermal
behavior inside the barrel and along the screw to identify an
optimal design that minimizes waste material and enhances
thermal stability. The cost-effective DPSE printer head is
constructed without a specialized coolant system. Yet, it
enables the fabrication of 3D scaffolds using a PCL-based
composite material with the appropriate printing quality,
minimal waste material generation, and high printability
across various composite formulations. The flexible usage
of the DPSE printer head is demonstrated not only for pure
PCL material but also for PCL-based composites comprising
synthetic thermoplastic polymers (PCL-PEG), natural poly-
mers (PCL-SA), and ceramics (PCL-TCP). The production
of pure PCL and PCL-based composite scaffolds using a
DPSE printer head presents significant potential for scaf-
fold fabrication. A comprehensive evaluation is conducted

to assess the effectiveness of PCL-based composite scaf-
folds for tissue engineering applications regarding printing
accuracy, surface roughness, morphology, hydrophilicity,
mechanical properties, and cell attachment of the printed
composite scaffolds. These evaluations provide valuable
insights into the performance and potential utility of PCL-
based composite scaffolds constructed by the DPSE printer
head in tissue engineering applications.

2 Printer head design and analysis using
FEM

2.1 HE design-based printer head for PCL-based
scaffold fabrication

Table 1 provides a comprehensive comparison of three dif-
ferent designs of screw-based extrusion (s-FDM) techniques.
The HB design demonstrates several notable advantages.
The homogeneous melt state of the materials along the screw
inside the barrel ensures a stable extrusion rate, resulting
in superior print quality compared to the other designs. It
also offers excellent material flexibility for both pure ther-
moplastic polymers and composites. On the other hand, the
sHB design does not exhibit any outstanding advantages
and is, therefore, not recommended as a preferred option.
In contrast, the HE design presents several merits, includ-
ing reduced heating energy requirements for the printing
process, minimized waste of dead material, cost-effective-
ness, and low thermal effects. Moreover, it can be readily
integrated into open-source FDM 3D printers, expanding

Table 1 Characteristics of screw-based extrusion systems for scaffold fabrication

Hot barrel (HB) Semi-hot barrel (sHB) Hot end (HE)
Heater position Whole barrel Half barrel End block
Powder/Pellet supply Air pressure Gravity Gravity
Waste material Large Medium Small
Heat power High Medium Small
Cost Expensive Medium Low
Heat transfer control Easy Difficult Medium
Power Electricity, air pressure Electricity Electricity
Speed 1-10 mm/s" (pure PCL) 12-20 mm/s (pure PCL) 10-12 mm/s (pure PLA)
15-20 mm/s® (pure PCL) Not used for PCL
Material flexibility High Low Low

Tolerance printed line width

Material

Equipment

References

<5% (pure PCL)

PLA, PLLA, ABS, PCL
Composites

@ Customized and
@ Commercial (RegenHU)

[33-36, 41]

5-10% (pure PCL) Not used for PCL, low

quality with others

PLA, ABS, PCL, PLGA, EPO, PLA, ABS, HIPS, PMMA

EVA
Composite
Customized Customized
[37, 39, 42-44] [29, 40, 45]
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its applicability to biomedical applications. However, the
HE design also has its drawbacks, such as lower printing
quality and limited material flexibility. Furthermore, there
is a lack of studies in the literature investigating the use of
the HE design for 3D printing scaffolds using low-melting
point biomaterials like PCL.

To address these limitations while capitalizing on the
advantages of the HE design, this study proposes modifica-
tions to enhance its performance, primarily focusing on the
screw and barrel designs, as well as the selection of their
materials. These modifications aim to overcome the draw-
backs of the HE design while further improving its merits
for the fabrication of scaffolds, especially using low-melting
point biomaterials such as PCL.

2.2 DPSE printer head design

Figure 2a provides an overview of the 3D view of the DPSE,
while Fig. 2b presents a sectional view of the DPSE printer
head. The DPSE design uses available components from
commercial c-FDM-based printers, including a hot-end
block, connector, cooling fan, and a 0.4-mm nozzle (spe-
cifically, the 3D Anycub i3 Hotend V5 J-head model).
Other essential parts, such as the hopper, barrel and
screw, were designed and manufactured to complement
these components. The hopper, fabricated using a c-FDM
3D printer, was constructed using PLA material. To facili-
tate easy assembly and cleaning processes, specifically to
ensure effective heat transfer control, the machined barrel
was divided into two distinct parts: top and bottom barrels.
These two sections were alternated using two different mate-
rials, namely, aluminum and Teflon. In addition, O-rings
were incorporated on the inside of the top barrel to regu-
late heat transfer and connected to the screw, as shown in
Fig. 2b. The number and thickness of these O-rings, made

Fig.2 The assembly model of
the developed DPSE printer
head in 3D view (a) and section
view (b)

from either aluminum or Teflon, can be adjusted to control
the heat transfer. The power heater of 50 W and the PT100
temperature sensor was mounted on the hot end. A propor-
tional-integral-derivative (PID) temperature controller was
utilized to regulate the printing temperature precisely. The
hot end and the bottom barrel were connected using an M6
connector thread. Unlike previous studies reported in the
literature, no complex cooling system is required for this
customized DPSE except for a regular cooling fan.

2.3 Thermal analysis using FEM

Within the framework of a screw-based powder 3D printer,
the screw is designed to comprise three distinct regions:
feed, compression, and melt. Despite the melting point
of PCL material being 60 °C, it is observed that operat-
ing within an intermediate temperature range of 55-65 °C
induces a pre-melt state in which the PCL powder material
undergoes partial melting, softening, and adhering to the
screw surface, called the sticky state. If this state persists
within the top barrel, it forms a material slurry that may
cause adhesion and clogging issues in the compression and
feed regions. Consequently, it is imperative to eliminate this
sticky state within the top barrel to prevent such material-
related complications. As a result, the material within the
feed and compression regions remains in a powder state,
effectively minimizing the accumulation of dead waste
material.

The Siemens Star CCM + Thermal Analysis software
is used to examine the thermal heat flow within the barrel
under different design conditions. The primary objective
of this analysis is to comprehensively understand the heat
transfer dynamics occurring inside the barrel, particularly in
ensuring that heat is concentrated only in the melt region.
Furthermore, it is essential to maintain the temperature
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within the compression and feed regions below the inter-
mediate temperature threshold. The analysis includes four
distinct study cases that correspond to various material com-
binations for the key components of the DPSE, including the
top barrel, bottom barrel, screw, and O-rings, as presented
in Table 2.

The numerical modeling analysis was employed to simu-
late the mechanical-thermal behavior of the feeding screw.
The main material parameters utilized in the finite element
method (FEM) analysis that are presented in Table 3.

The ambient temperature was set at 25 °C for the simula-
tions. By varying the material properties of the screw, top
barrel, and O-ring, the heat distribution inside the barrel
exhibited variations, as depicted in Fig. 3. Case 1 and Case
2 were examined to compare the heat transfer inside the
barrel when using aluminum and Teflon for the top barrel,
respectively. Figure 3a demonstrates that in Case 1, the heat
is dispersed throughout most parts of the extruder due to the
high thermal conductivity of aluminum. Consequently, the
complete formation of the melt region is hindered, while
the compression and feed regions are in the intermediate
temperature range, resulting in the PCL material being in
a sticky state that prevents efficient extrusion through the
printing nozzle.

Employing the Teflon top barrel and aluminum O-rings
in Case 2 shows different heat distributions across distinct
regions, as depicted in Fig. 3b. The melt region is formed;
however, this region is quite broad, overwhelming the com-
pression region and approaching the feed region. Conse-
quently, the heat could eventually transfer to the entire feed
region after a prolonged printing time. The O-rings were
replaced with Teflon material in Case 3 to reduce the size
of the melt region (Fig. 3c). As observed, the melt region
was reduced, while the intermediate temperature region
remained significant. Therefore, the stainless-steel screw

was substituted with a Teflon screw with a steel core in
Case 4, as shown in Fig. 3d. This modification significantly
restricted the intermediate temperature region, which only
existed in the small interface region between the top and
bottom barrels.

Further details of the temperature distribution are pre-
sented in Fig. 4. Specifically, in Case 4 (Fig. 4b), the high
temperature was concentrated only on the first two pitches of
the screw, in contrast to Case 3 with the stainless steel screw
(Fig. 4a), where the high temperature extended up to the first
four pitches. As the temperature in the compression and feed
regions remained below 40 °C, the PCL material maintained
its original powder state, which is ideal for the powder extru-
sion process. This can be attributed to the excellent insula-
tion properties of the Teflon material used in the screw. The
mechanical-thermal behavior of the screw is summarized
in Table 4. The modeling results indicate a slight displace-
ment of the Teflon screw with a steel core compared to the
stainless-steel screw, attributed to the thermal effects from
the heating process, which ideally does not impact the screw
performance. Based on the numerical modeling analysis, the
design in Case 4 was adopted for the DPSE, as it fulfilled
the requirements of minimizing heat transfer upward and
reducing the amount of dead material, thereby enabling the
fabrication of the experimental printer head.

3 Materials and experimental methods

3.1 Materials and printing setup

PCL powder (Mw 50,000) below 500 ym powder size was
supplied by Polysciences, Warrington, PA, USA. Three filler

types include SA powder (natural polymer, CAS 9005-38-3,
Thermo Scientific). PEG powder (thermoplastic polymer,

Table 2 The material

o . Case study Top barrel Bottom barrel Screw O-rings
combinations for FEM analysis
Case 1: AASA Aluminum Aluminum Stainless steel Aluminum
Case 2: TASA Teflon Aluminum Stainless steel Aluminum
Case 3: TAST Teflon Aluminum Stainless steel Teflon
Case 4: TATT Teflon Aluminum Teflon with steel core Teflon
Table 3 MaFerial properties for PCL Aluminum Stainless steel Teflon
FEM analysis
Density (kg/m®) 1145 2702 8055 2140
Specific heat (J/(kg.°C)) 4181 903 480 1000
Melting point (‘C) 60 660 1230 327
Thermal expansion (/°C) 23x107 24.0x107° 1.72x107° 1.5x1074
Thermal conductivity 0.62 237 15.1 0.25

coefficient (W/(m.°C))
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Fig.3 Heat distribution in the
barrel in different designs using
numerical modeling in Case 1,
AASA (a); Case 2, TASA (b);
Case 3, TAST (c¢); and Case 4,
TATT (d)

CAS 25322-68-3, Shanghai Zhanyun Chemical Co.Ltd.)
and TCP powder (ceramic, CAS 7758-87-4, Shanghai Zhan-
yun Chemical Co.Ltd.) were mixed with PCL powder at a
20 wt% ratio. Additionally, a higher filler ratio of 40 wt%
was employed specifically for the ceramic additive to assess
its printability.

The powder mixtures were prepared according to the
following formulations: pure PCL (PCLO), pure PEG
(PEGO0), 80%PCL-20%PEG (PCL-20PEG), 80%PCL-
20%SA (PCL-20SA), 80%PCL-20%TCP (PCL-20TCP), and
60%PCL-40%TCP (PCL-40TCP). After thoroughly mixing

Fig.4 The temperature isoline
in the barrel and heat distribu-
tion on the screw in Case 3 (a)
and Case 4 (b)

Temperature (C)
100

Temperature (C)
100

Iq‘ 7
,4'833

to achieve a homogeneous powder state, the powder mix-
ture was directly loaded into the hopper and subsequently
transferred to the nozzle through the screw mechanism. The
scaffold printing process was conducted using a 0.4-mm-
diameter nozzle, with a line spacing of 0.8 mm and a layer
thickness of 0.35 mm. Figure 5 a and b depict the DPSE
printer head components and assembly, respectively. Fig-
ure 5c illustrates the DPSE printer head mounted at one of
the four positions on the customized multi-head 3D printer
designed for biofabrication applications. Customized soft-
ware was employed to generate G-code automatically and

Temperature (C)
’ 100

91.7

l 4 833
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Table 4 Thermal deformation of the screw

Displacement Case 3 (m)

Displacement Case 4 (m)

Simulation
Displacement: Magnitude (m)
results =
Point 3 0000178
' | 0.000133
- r 0.000111
——
s 7005
1 ] 4.44e-05
- Point 2 L
e -
/ Point 1
Point 1 3.217x 107
Point 2 1.803 x 107
Point 3 1.141 x 10°¢

Displacement: Magnitude (m)

0.0002
=

Point 3 0.000178

/ 0.000156
L |l 0.000133

0.000111

Y 8.8%-05

) 6.67e-05

4.44e-05

IZvZZe~05
0

| Point 2

£
L

Point 1

1.862 x 10
5.689 x 10°

2.312x 10

control the DPSE printer system. Figure 5 d, e, and f show
PCLO, PCL-40TCP, and PCL-20SA specimens during the
printing process, respectively. The addition of TCP into the
PCL material induces a color change from clear white to
opaque white, while the incorporation of SA in the PCL
scaffold results in a color change from white to light yellow.

3.2 Printability and scaffold characteristic
investigation

Several fundamental scaffold characteristics, including
surface morphology, hydrophilicity, chemical characteri-
zation, scaffold porosity, mechanical properties, and cell
attachment, were investigated to determine the applicabil-
ity of PCL-based scaffold fabricated by the DPSE printer
head for tissue engineering. Additionally, an evaluation
of the printing conditions and accuracy was conducted for
each PCL-based composite to determine the printability of
the composites as well as the material flexibility of DPSE.

a) Scaffold morphology and surface roughness
The top view of each PCL-based scaffold was ana-

lyzed using optical microscopy, while scanning electron
microscopy (SEM) was used to produce images of the

@ Springer

3D scaffold cross-section view. The 3D laser scanning
microscope VK-X1000 Keyence was used to capture the
surface roughness of the PCL-based scaffold and each
printed line.

b) Water contact angle measurement

The hydrophobicity of PCL-based composite scaffolds
was determined by measuring the static water contact
angle at room temperature. Briefly, 5 ul of a deionized
water droplet was pumped onto the top of the scaffold
using a Hamilton micro syringe. The images of the drop-
lets were recorded by a high-speed camera Shodensha
CHU-30C, Japan, and processed by ImageJ software. The
contact angle was measured at different time points.

iii) ATR analysis

Functional groups of different PCL-based composites
were analyzed by attenuated total reflection Fourier-trans-
form infrared (ATR-FTIR, Perkin-Elmer Spectrum Spot-
light-400). Measurements were conducted over 32 scans at
a resolution of 2 cm™! using ambient air as the background.
iv) Scaffold porosity

Scaffold porosity was determined by a gravimetric
method [3]. Each sample (n=3) was weighted to determine
the mass and measured the dimension of printed scaffolds
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Fig.5 Photos of a the compo-
nents of the DPSE printer head,
b an assembled DPSE printer
head, ¢ the assembly of the
DPSE printer head onto a multi-
head customized 3D printer, d
PCLO printing specimen using
PCLO, e PCL-40TCP printing
specimen, and f the PCL-20SA
printing specimen

to obtain the volume. The porosity was determined as
follows:

_ mass
Pscaffold = m (1)
Pmaterial = Fpcr * Pper, + Frilier * Prilier 2)
Porosity(%) = <1 - M) * 100 3)
Pmaterial

where pg.r0q 1S the density of the scaffold and
Pmateria the density of the composite using the theo-
retical density of PCL (ppe, = 1.145g/cm?) and filler

(Priner © Ppec = 1.125g/cm?, prep = 3.14g/em’, g, = 1.0g/em?®). Fpep and
Fiiner indicate the weight fractions in the composite.

e) Mechanical properties of PCL-based scaffolds

Mechanical properties of various PCL-based scaffolds
were evaluated through compression and tensile tests. For the
compression test, PCL-based scaffolds with dimensions of
10 mm width X 10 mm length X 8.5 mm depth were subjected
to crushing using an MTS compression testing machine
model E45, employing a cross-head speed of 1 mm/min.
Tensile testing was conducted on porous bone-shaped sam-
ples measuring 50 mm length X 10 mm width X 2 mm depth,
with a gauge width of 4 mm and a gauge length of 20 mm,

utilizing the GOTECH AI-7000-M machine. The tensile test
followed the specifications outlined in ASTM D638, employ-
ing a cross-head displacement rate of 50 mm/min.

f) Cell attachment on 3D scaffolds

Cell attachment experiments were conducted using cylin-
drical porous scaffolds, which were obtained by punch-
ing out structures from the 3D-printed scaffold with the
0°/45°/90°/135° laydown pattern. The cylindrical scaffolds
had dimensions of 4.4 mm in diameter, 2.7 mm in height,
macropore size of 0.4 mm, and a line width of 0.4 mm. All
materials and mediums used for cell culture were purchased
from Sigma-Aldrich. Before seeding the cell, the scaffolds
were pre-coated with gelatin 0.2% and then incubated with cell
culture medium for 2 h. Human lung fibroblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin—streptomycin
and cultured in a cell incubator at 37 °C in 5% CO,. A total of
100,000 cells in 20 yL cell culture medium were seeded onto
the scaffolds and incubated in the incubator for 1 h before add-
ing 150 uL culture medium. Cell attachment was evaluated at
3 days with fluorescein diacetate (FDA). Briefly, 10 ug/mL
final concentration of FDA was added onto cells and main-
tained in a serum-free medium for 5 min at room temperature
in the dark. The staining solution was removed and rinsed with
phosphate-buffered saline. The cell adhesion and cell morphol-
ogy were observed using a fluorescence microscope.
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g) Printing condition investigation

A series of experiments using various printing conditions
were conducted to investigate the printability and printing
accuracy of PCL-based composites. The printing tempera-
ture, printing speed, and extrusion speed were systemati-
cally varied to explore their impact on the printing process.
Specifically, three different printing temperatures of 90 °C,
100 °C, and 110 °C were evaluated; the printing speed was
incrementally adjusted from 2 to 10 mm/s, while the extru-
sion speed was varied between 8 and 17 rpm, depending on
the specific PCL-based composite tested. The specimens had
the 0°/90° lay-down pattern, and both the line width and pore
size were maintained at 0.4 mm. A comprehensive overview
of the different printing conditions can be found in Table 5,
providing detailed information on each parameter variation.

Table 5 Printing conditions for PCL-based composites

3D Printer Customized 3D printer with DPSE
printer head

Printing materials PCLO (Pure PCL)
PEGO (Pure PEG)

PCL-20PEG (80%PCL-20%PEG)
PCL-20SA (80%PCL-20%SA)
PCL-20TCP(80%PCL-20%TCP)
PCL-40TCP (60%PCL-40%SA)
90°C, 100°C, and 110°C

2—-10 mm/s (varied with materials)

Printing temperature
Printing speed
Extrusion speed
Desired line width

8-17 rpm (varied with materials)
0.4 mm

Melt region

Compression region

Molten PCL

3mm

4 Experimental scaffold printing results
and discussions

4.1 Amount of material consumables

The DPSE design exhibits a notable benefit in its capacity
to minimize the input materials and reduce the post-printing
waste material. Figure 6a shows the image of the screw with
three distinct regions after a four-hour printing. Moreover,
Fig. 6b illustrates the presence of a melt region exclusively
at the last two pitches of the screw. This observation is
consistent with the numerical modeling analysis that was
conducted for the Case 4 design. The compression region
(Fig. 6¢) was entirely coated with a compressed PCL powder
covering the pitches of the screw. The powdered material
tends to dislodge from the feed region upon removing the
screw from the barrel (Fig. 6d). After printing, all remaining
materials, encompassing powdered and molten forms, were
carefully removed and weighed. The quantity of materials
in different locations is documented in Table 6. Remarkably,
the printing process commences with only 1.22 g of initial
material requirement, while the waste material constitutes
nearly half of that (0.57 g). Importantly, the remaining mate-
rial in the compression and feed regions along the screw,
which remains powdered, can be effectively reused for sub-
sequent printing processes. Experimental findings further
demonstrate that the DPSE printer head can continuously
print for extended durations without encountering heat trans-
fer problems in the hopper. This is achieved by implement-
ing a simple cooling method employing a fan.

Feed region

Powdered PCL

3mm

Fig.6 The picture of the Teflon screw after printing (a) with the melt region (b), compression region (c), and feed region (d)
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Table 6 Amount of material

o Material region Amount (g) Note
consumables for PCLO printing
Reusable material 0.57 The remaining material
under powder state after
printing
Waste material at the end of the screw 0.15 Molten material

Waste material inside the bottom barrel 0.46 Molten material
Waste material inside the nozzle 0.04 Molten material
Minimum material amount at the beginning 1.22 Material under powder state

Material amount for specimen

- Depending on specimen

4.2 Printability and scaffold characteristic results
a) Scaffold morphology and surface roughness

The morphology of the printed line varies among differ-
ent PCL-based composites when a scaffold line width (SLW)
of 0.4 mm is considered, as shown in Fig. 7. The clear and
well-defined printed lines are observed in both PCLO and
PCL-20PEG specimens (Fig. 7 a and c). Conversely, other
composite specimens display the presence of additive pow-
ders. The PEGO specimens exhibited satisfactory printabil-
ity, as shown in Fig. 7b. However, they are prone to breaking
upon exposure to light impact, indicating that using pure
PEG material is not recommended for scaffold printing. In
the case of PCL-20SA, the printed lines displayed a highly
rough surface, which can be attributed to the propensity of
SA powder to undergo swelling and clustering during the
printing process. As observed in Fig. 7d, the swollen SA
powder can be observed on the printed line interior and

exterior, further accentuating the surface roughness. The
uniform distribution of TCP powder is observed along the
printed lines of both PCL-20TCP and PCL-40TCP compos-
ites. Comparatively, a higher concentration of TCP powders
can be observed in the PCL-40TCP specimen (Fig. 7f) than
in the PCL-20TCP specimen (Fig. 7e). A uniform distri-
bution of TCP powder was observed on the surface of the
scaffold.

To gain further insights, Fig. 8 presents SEM images of
cross-section views at different resolutions for four representa-
tive scaffold types, namely, PCLO, PCL-20PEG, PCL-20SA,
and PCL-40TCP. Interconnected pores that are well-fabri-
cated can be observed throughout the depth of the scaffolds.
Specifically, Fig. 8a illustrates the straight and uniform printed
line width of the PCLO scaffold, while Fig. 8b displays a
considerable variation in the printed line width of the PCL-
20PEG scaffold. The swelling phenomenon of SA powder is
evident in the cross-section view of the PCL-20SA printed
line, as observed in Fig. 8 c and g. This swelling property, in

Fig. 7 The optical microscopy images showing the top view of PCLO scaffold (a), PEGO scaffold (b), PCL-20PEG scaffold (¢), PCL-20SA scaf-
fold (d), PCL-20TCP scaffold (e), and PCL-40TCP scaffold (f). Scale bar 200 mm
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conjunction with the presence of SA powders, contributes to a
decreased consistency of the printed line. Furthermore, it can
be observed that TCP powders are visible both internally and
externally on the printed line, as shown in Fig. 8h.

The surface roughness and morphology play a crucial
role in influencing cell behavior and protein absorption
[22]. As observed in Fig. 9, introducing additives signifi-
cantly increases the surface roughness. The 3D profiles
were captured to evaluate the topographical features of each
composite specimen. The results revealed that the height
(peak-to-valley view) of the scaffold surface with fillers dif-
fered compared to the pure PCL scaffold, as indicated by
the Rz values. Additionally, the Ra values, representing the
arithmetic average of the roughness profile, were determined
to quantify the differences in surface roughness among the
specimens. The Ra values of PCL-PEG and PCL-SA scaf-
folds were significantly higher than those of pure PCL and
PCL-TCP scaffolds. However, no significant difference in Ra
values was observed between PCL and PCL-TCP specimens.
Interestingly, the composite scaffolds exhibited a signifi-
cantly higher Sa value, which measures the height difference
of each point relative to the arithmetic mean of the surface.

Based on these results, it can be concluded that the inclusion
of additive results in a significant increase in surface rough-
ness. Previous studies have reported that cells exhibited more
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Fig.8 SEM images of a cross-section view of the PCLO scaffold (a),
PCL-20PEG (b), PCL-20SA scaffold (¢), and PCL-40TCP scaffold
(d) (scale bar 500pm) and cross-section view of the PCLO line (e)
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favorable responses to PCL-based composite scaffolds with
increased surface roughness [46, 47]. For example, the PCL
scaffold with an average roughness of 56.42 ym (Sa) exhibited a
positive effect on cell growth and differentiation, and this effect
was observed to increase with the increase of surface roughness
[47]. These findings suggested that PCL composite scaffolds
exhibit the potential to promote desired cell behaviors. Fur-
thermore, the 3D profiles also indicated that the additives are
evenly distributed across the entire surface area of the scaffolds.

b) Hydrophobicity properties

The surface wettability and material hydrophobicity
of the PCL-based scaffolds were evaluated using water
contact angle measurements. Figure 10 presents the water
contact angle values before and after dropping water on
the sample surface at 0, 3, and 30 s. The PCLO scaffold
surface exhibited the highest contact angle value of 113°
at 0 s, which decreased to 106° after 30 s of water droplet
deposition, indicating its hydrophobicity. Remarkably, the
addition of various fillers, such as PEG, SA, or TCP, into
the pure PCL matrix led to a decrease in the contact angle
values. This observed decrease indicates an improvement
in the hydrophilicity of the PCL scaffold with the incorpo-
ration of these fillers.

PCL-20PEG line (f), PCL-20SA line (g), and PCL-40TCP line (h)
(scale bar 200 pym)
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Rz = 16pm ' Rz =62.2um
Sa=19.7um Ra = 7.9um

Sa = 36um Ra = 3.1um

Rz =21.5um
Sa = 86um Ra = 2.7um

b
s

Fig.9 The scaffold morphology and surface roughness obtained using a laser scanning microscope of PCLO (a), PCL-20PEG (b), PCL-20SA

(¢), PCL-20TCP (d), and PCL-40TCP (e)

At the time of contact with the scaffold surface, it has
been observed that the PCL-20PEG scaffold has a rela-
tively high water contact angle of 97°. However, this angle
significantly decreased to 55° after 3 s, and the water drop-
let was completely absorbed into the scaffold after 4 s, as
illustrated in Fig. 10b. Conversely, the PCL-20SA scaffold
displayed a low water contact angle of 52° at 0 s, which fur-
ther reduced to 31° following 30 s of droplet deposition, as
shown in Fig. 10c. The incorporation of TCP into the scaf-
fold reduced hydrophobicity of the PCL matrix. This effect
was more pronounced with higher TCP content, as depicted
in Fig. 10 d and e. These findings agree with the obser-
vations of increased surface roughness in the composite
scaffolds. According to previous reports, enhanced surface
hydrophilicity facilitated cell adhesion, proliferation, and
differentiation [48, 49]. Therefore, it is reasonable to con-
clude that PCL composite scaffolds can promote these cell
behaviors through their improved surface hydrophilicity.
iii) ATR analysis

The ATR-FTIR spectra of different samples are
summarized in Fig. 11. The PCLO scaffold exhibited
finger prints absorption bands of C=0 groups at
1720 cm™!, C-O-C vibrational stretching at 1238 cm™,
C-C stretching at 1292 cm™', and CH2-CH2 groups at
2937 cm~!. The spectrum of PEGO powder displayed

typical peaks at 1108 cm™! of C—O-C vibrational
stretching, 1060 c¢cm~! (C-OH vibrational stretching), and
2883 cm™' (CH,-CH, vibrational). Absorption bands at
about 964 cm~! and 840 cm™! were the typical bands of
the PEG crystal phase [50]. Characteristics of both PCL
and PEG fragments were presented in the PCL-PEG
composite as shown in Fig. 11a.

ATR-FTIR spectrum of SA spectra revealed a signifi-
cant absorption band of the OH- functional group in the
range of 3600-3100 cm™". In addition, the stretching vibra-
tions of the COO-groups were identified as absorption
bands at about 1595 cm™! and 1410 cm™' [51, 52]. The
absorption band at about 1024 cm™' is assigned to C—C
stretching [52]. The ATR-FTIR of the PCL-SA composite
scaffold in Fig. 11b exhibited the fingerprint peaks of both
SA and PCL. It should be noted that the peak observed at
1024 cm™!, which is attributed to the C—C stretching in the
SA sample, has the potential to be superimposed by the
PCL peak.

The TCP powder sample showed absorption bands
assigned to the PO43_ at 561 cm™' (vy), 600 cm™! (vy),
963 cm™! (v,), and 1019 cm™" (v3) [53, 54]. The printed
PCL-TCP scaffold included the typical bands of TCP (i.e.,
PO, groups at about 561, 600, 963 and 1019 cm_]) in addi-
tion to PCL fingerprint bands in Fig. 11c.
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Fig. 10 Water contact angle

of a water droplet on different
scaffold surfaces of PCLO (a),
PCL-20PEG (b), PCL-20SA
(¢), PCL-20TCP (d), and PCL-
40TCP (e) before dropping, O s,
3s,and 30 s

113°

a b c d e

os .n..n..ﬁ.a..n.

108°

3
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iv) Scaffold porosity

The PCL-based scaffolds exhibited 100% interconnectivity
and an overall porosity of 41-46% regardless of the additive
used with a macropore size of 390-410 um. Specifically, the
porosity of PCLO, PCL-20PEG, PCL-20SA, PCL-20TCP, and
PCL-40TCP were determined 46.6+0.5,46.8+0.9,46.4+0.4,
44.7+0.6,m and 41 +0.7, respectively. The designed scaf-
fold has a porous structure with a pore size of 0.4 mm and
line width on the plane and 0.35 mm pore size on depth and
a porosity of 53%. The overlap depth, which decreases the
pore size in depth, accounts for the different porosity values
between printed scaffolds and designed scaffolds.

e) Mechanical properties

The specimens used for the compression test and tensile
test are shown in Fig. 12 a and b, respectively. The experi-
mental results were obtained by recording the load—displace-
ment measurements and computing the stress—strain data. The
compressive modulus was determined from the elastic region
of the compression stress—strain curve (Fig. 12c). The tensile
stress—strain curve (Fig. 12d) was analyzed to obtain the ten-
sile strength at break. The results indicated that the addition of
SA and PEG significantly decreases the compression modu-
lus of the pure PCL scaffold. On the contrary, the inclusion
of TCP generally increases the compression modulus of the
scaffold, with the highest value of 86.6 +9.7 MPa observed at
a TCP content of 40 wt%. The TCP phase, characterized by a
family of hexagonal unit cells, exhibits excellent compression
strength, enhancing the compression modulus (Fig. 12e). In
addition, the low porosity of the PCL-40TCP scaffold is also
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attributed to the high compression modulus in this study. The
lower compressive modulus of the PCL-20PEG and PCL-
20SA scaffolds can be attributed to the lower modulus of these
materials compared to PCLO. However, it should be noted
that the compression modulus of all scaffolds falls within the
suitable range for bone tissue engineering applications. This
ranges typically from 10 to 500 MPa depending on the spe-

cific type of bone tissue [55, 56].Fig. 12 Mechanical property
comparison of PCL-based composite specimens: compression test
specimens (a); tensile test specimens (b); compression stress and strain
curves (c); tensile stress and strain curves (d); compression modulus

(e); and tensile strength (f) for PCL-based scaffolds. Scale bar 10 mm
The tensile stress—strain curve in Fig. 12d indicated
that the PCLO experienced a long oscillating period while
deforming. This is explained by the combination of the
hardening phenomenon and the slippage of the molecular
chains. The hardening phenomenon of PCLO is caused by
the crystallization induced by strain/stress, which forms a
highly oriented crystalline phase in PCLO and subsequently
increases the tensile strength of PCLO during deformation
[57]. Therefore, before rupture, PCLO has a light hardening
phenomenon, resulting in a marginally elevated stress at
the break compared to the stress in the plastic deformation
period. On the contrary, PEG and SA have a lower density
of rigid carboxyl group in their backbone; therefore, the ten-
sile test results indicated that PCL-20PEG and PCL-20SA
exhibited lower tensile strength, as shown in Fig. 12f.
Incorporating the ceramics phase into the polymer phase
changes the stress—strain behavior of the scaffold at a high TCP
content of 40 wt%. As a result, the tensile stress—strain curve of
the PCL-40TCP sample (blue line on Fig. 12d) shows a linear
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Fig. 11 ATR-FTIR spectra of
different samples for PCL-PEG
scaffold (a), PCL-SA scaffold
(b), and PCL-TCP (c) J
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elastic behavior leading to failure without plastic deformation,
which is the typical stress—strain curve of the ceramic mate-
rial. However, the stress—strain behavior of the PCL-20TCP
scaffold exhibited three regions similar to those of the PCL
scaffold (purple line on Fig. 12d) when TCP content was low
at 20 wt%. This plastic behavior can be explained by the PCL
phase due to the low TCP content in the composite.

It also noted that the tensile strength of the composite scaf-
fold was reduced upon incorporating TCP ceramic phase into
the PCL scaffold. As a result, the PCL-TCP exhibited lower
tensile strength than the PCL. The poor tensile strength of the
TCP ceramic phase is due to intrinsic brittleness. However,
the PCL-40TCP has higher tensile strength when compared
to the PCL-20TCP. This can be explained by the stress—strain
behaviors of the PCL-40TCP. Since the PCL-40TCP exhibits
the typical stress—strain behavior of the ceramic phase, the
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polymer could potentially enhance the material toughness,
thereby increasing the tensile strength of the PCL-40TCP.

f) Cell attachment

The cell attachment and proliferation onto the scaffolds
were conducted by utilizing FDA staining after 3 days of
cell culture. Figure 13 illustrates the live human lung fibro-
blast cells stained with a green dye. As observed, the cells
adhered to all PCL-based scaffolds. The PCLO scaffold
exhibited the lowest cell density on its surface possibly due
to its hydrophobic nature and low surface roughness that
made it less favorable for cell adhesion. In contrast, the addi-
tion of fillers to pure PCL to increase the hydrophilicity and
surface roughness significantly enhanced cell adhesion on
the composite scaffold surfaces. Particularly, the PCL-20SA
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Fig. 12 Mechanical property
comparison of PCL-based
composite specimens: compres-
sion test specimens (a); tensile
test specimens (b); compression
stress and strain curves (c);
tensile stress and strain curves
(d); compression modulus

(e); and tensile strength (f) for
PCL-based scaffolds. Scale bar
10 mm
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scaffold demonstrated a significantly higher density of live
cells compared to other PCL-based composite scaffolds,
indicating that the inclusion of SA greatly promoted cell
proliferation (Fig. 13c). Additionally, the cell density on the
surface of the PCL-20PEG scaffold was slightly higher than
that of the PCL-TCP based scaffold. Increasing the TCP con-
tent from 20 to 40 wt% did not yield a significant difference
in the observed cell adhesion. In general, the combination
of PCL with other materials exhibited improved biocompat-
ibility, which facilitated cell attachment and proliferation.

4.3 The effects of printing parameters on printed line
width

a) Pure PCL

Figure 14 presents the statistical distribution of the
SLW influenced by printing parameters, namely, printing
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temperature (T), extrusion speed (E), and printing speed (F),
in consideration of a targeted printing line width of 0.4 mm.
Concerning the printing temperature, it can be observed that
there is a significant increase in the average SLW as the
printing temperature rises from 90 to 100 °C. Simultane-
ously, a slight increase in SLW is observed when the printing
temperature increases from 100 to 110 °C. Concerning the
printing speed, the SLW mostly decreases with increased
printing speeds. Remarkably, at a printing speed of 5 mm/s,
the SLW tends to exceed the expected line width of 0.4 mm
in most cases due to the larger extruded material at a lower
printing speed. Specifically, at a printing temperature of
90 °C (Fig. 14a—c), a slight decrease in SLW is noted as
printing speed increases from 6 to 9 mm/s, as compared to
those with a printing temperature of 100 °C (Fig. 14d—f) and
110 °C (Fig. 14g—i). In addition, a minimal change in SLW
is observed at E=11 rpm and T=90 °C across different
printing speed values (Fig. 14a). The effect of varying extru-
sion speeds on the SLW has been slightly observed across
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Fig. 13 Comparison of cell adhesion on different PCL-based scaffold surfaces after 3-day cell culture: a PCLO; b PCL-20PEG; ¢ PCL-20SA; d

PCL-20TCP, and e PCL-40TCP. Green fluorescence indicates live cells

all printing tests. Therefore, the slight change in extrusion
speed would not affect the printing quality of the scaffold.
In other stated, the control of the printed line is not signifi-
cantly affected by extrusion speed.

Regarding the stability of the SLW, it can be observed that
the SLW exhibited higher dimensional accuracy at elevated
printing temperatures. This can be attributed to the consist-
ent extrusion flow of molten PCL at higher temperatures
(Fig. 14h,i). However, during printing tests at 110 °C, over-
extrusion was more prevalent after pausing the extrusion
than at lower temperatures. When the SLW is less than the

print layer thickness (0.35 mm), the printed line width may
exhibit instability due to inadequate adhesion to the previous
layer, leading to SLW with higher tolerance (Fig. 14b,e).
To accelerate the drying process of each printed layer, it
is imperative to maintain the ambient temperature at 25 °C
and employs a cooling fan directed toward the printed layer.

The distribution in Fig. 15 indicates the average SLW
exhibited a similar fluctuations’ trend across different print-
ing conditions, characterized by both an upward and a down-
ward trend. When printing speeds were set at § mm/s or
9 mm/s, there was minimal variation in the average SLW
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across various printing temperatures and extrusion speed.
Notably, at an extrusion speed of 15 rpm and a printing
speed of 7 mm/s (E15_F7), the average SLW value closely
approached the target line width of 0.4 mm compared to
other printing conditions regardless of the tested printing
temperature. The results indicated that the SLW is notably
impacted by the printing speed F compared to other print-
ing parameters (E and T). By carefully selecting appropriate
printing parameters, a wide range of desired dimensions for
the printed line width, ranging from 300 to 500 uym, can be
achieved.

b) PCL-based composites

Three different types of additive materials, namely, a syn-
thetic polymer (PEG), a natural polymer (SA), and a ceramic
(TCP), were incorporated into the base material (PCL) at a
content of 20 wt%. Specifically, the printability of the DPSE
printer head was evaluated using the TCP additive, which
consisted of ceramic powder at 40 wt%. The effects of print-
ing parameters on SLW for the PCL-20PEG, PCL-20SA,
and PCL-TCP (20% TCP and 40% TCP) formulations are
depicted in Fig. 16 and Fig. 17, respectively.

To achieve the equivalent SLW to that of printing with
PCLO, it is necessary to considerably decrease the printing
speed to 4 mm/s, accompanied by a higher extrusion speed
(E=17 rpm) for the PCL-20PEG material, as illustrated in
Fig. 16b. At the extrusion speed of 15 rpm (Fig. 16a), it has
been observed that none of printing are formed at a printing
speed greater than 5 mm/s. The attainment of the desired
SLW is contingent upon the extrusion speed being increased

E13_F8 - E11_F5
E13_F9 - ~ E15_F10
E13_F10~ “E15_F9

E15_F6

E15_F7

Fig. 15 Average printed line width distribution around the desired
SLW (blue line represented for the targeted printing line width of
0.4 mm) for PCLO material with the same E and F at three different T
90 °C, 100 °C, and 110 °C
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to 17 rpm. This behavior can be attributed to the waxy prop-
erties of the PEG material, which increases the friction dur-
ing material transfer, impeding the extrusion flow within the
barrel. Furthermore, the PCL-20PEG material demonstrated
high sensitivity to variations in printing temperatures, mak-
ing it challenging to determine the appropriate printing tem-
perature for the PCL-20PEG mixture. Therefore, the SLW
exhibited a low dimensional accuracy, particularly due to the
non-uniform mixture of two materials. The SLW of PCL-
20SA is significantly higher compared to the SLW of PCLO
under the same T and E printing conditions, as shown in
Fig. 16¢c—d. This phenomenon can be attributed to the swell-
ing behavior of the hydrogel material upon extrusion from
the nozzle.

The PCL-20TCP exhibited the highest printability
to other mixtures, with small dimensional tolerance, as
depicted in Fig. 17 a and b. It can be explained by the rapid
drying of the printed line that it contributes to establish-
ing a stable printed line. The PCL-20TCP powder mixture
exhibited an extended range of printing speeds. By adjusting
the printing speed from 5 to 10 mm/s at T90 and E13, the
average line width (SLW) decreased from 0.62 to 0.4 mm
(Fig. 17b). The experimental finding indicated a posi-
tive correlation between the printing temperature and the
average SLW, as shown in Fig. 17 b and c. This flexibility
allows users to select appropriated printing parameters to
achieve their desired line width. Furthermore, significant
changes in the printing characteristics were observed when
the TCP composition in the mixture was increased from 20
to 40 wt%. Under the same printing parameters, the SLW
of PCL-40TCP was significantly lower compared to that of
PCL-20TCP, as shown in Fig. 17d and e when the printing
speed was between 5 and 7 mm/s. This can be attributed to
the higher proportion of ceramic powders, which can impede
the flow of the melted composite from the printhead, par-
ticularly when printing speeds are lower. Flow clogging
was observed during the printing process when the extru-
sion speed exceeded 10 rpm, resulting in the slipping of the
extruding step motor. Therefore, to prevent the clogging phe-
nomenon during the printing of the PCL-40TCP composite,
it is recommended to adjust the extrusion speed to be less
than 10 rpm and greater than 8 rpm (Fig. 17¢,f).

Figure 18 illustrates the distribution of SLW around the
target dimension of 0.4 mm (indicated by the blue solid
line) by taking measurement of SWL at various location
for different PCL-based composite printing samples using
the recommended printing parameters from above experi-
ments. The PCLO specimens exhibited an average SLW
of 395.9 +5.8 um, indicating a high level of quality print-
ing accuracy, while the PCL-20PEG specimens displayed
a higher deviation in SLW (418.1 +21.1 um) due to the
significant difference in the melting point temperatures
between PCL and PEG materials. This discrepancy led
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Fig. 17 Effects of printing parameter on printed line width for PCL-20TCP at T=90 °C and E=10 rpm and 13 rpm respectively (a,b); at
T=110 °C and E=13 rpm and 10 rpm respectively (c,d); and for PCL-40TCP, at T=110 °C and E=10 and 8 rpm respectively (e,f)

to instability in the molten region, affecting the overall
material state. Furthermore, the nonuniform mixing of two
materials with different melting points and viscosity prop-
erties also exerts a substantial influence on the variation in
the printed line width.

The PCL-20SA specimen displayed diminished
printing accuracy, as indicated by an average SLW of
403.3+11.6 pum. This decrease can be primarily attrib-
uted to the observed swell phenomena during the printing
process of SA powder. At an SA content of 20 wt%, the
PCL component constitutes a significant proportion of the
composite material, influencing the presence or absence
of SA particles along the printed line. The swelling and

clustering of SA powder contributed by the enlargement of
line sizes, particularly noticeable at specific locations such
as L2 and L6. Conversely, positions with a lower quan-
tity of SA powder (L3 and L7) exhibited comparatively
smaller line sizes. Consequently, the variation in line sizes
becomes remarkably significant, emphasizing the impact
of these factors on printing accuracy.

The PCL-20TCP material demonstrated the most stable
SLW, with an average SLW of 401.1 +£4.6 um. This can be
attributed to the immediate drying of the printed line upon
deposition from the nozzle for PCL-TCP composites, pro-
viding strong support for the subsequent layer. However, at
higher concentrations of ceramic powders in the composite
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(PCL-40TCP), the accumulation of ceramic powder and
subsequent nozzle clogging resulted in slightly lower print-
ing accuracy, with an average SLW of 404.3 +7.2 um. The
differences between the SLW and the designed line width
can be attributed to the varying effects of various addi-
tives and material compositions on the uniformity of the
material state. In general, the achieved printing accuracy
of PCLO, PCL-20TCP, and PCL-40TCP with the DPSE
printer head in this work is equivalent to that of an HB
design-based printer head [35, 36].

5 Conclusions

The study presented a newly developed DPSE printer head
and investigates the fabrication and characteristics of PCL-
based composite scaffolds. This work demonstrated the high
potential application of the DPSE printer head in producing
3D interconnected and porous PCL-based composite scaf-
folds for application in tissue engineering. The following
conclusions could be drawn from this work:

e Both numerical modeling analysis and experimen-
tal results demonstrated that modifications in the HE
designs, such as the introduction of a Teflon screw, Tef-
lon top barrel, and O-rings, have effectively mitigated
polymer clogging during extrusion by reducing the
immediate temperature inside the barrel.

e The DPSE printer head exhibited favorable attributes,
including a simple structure, low production cost,
improved material consumption efficiency, and reason-
able printing accuracy. These characteristics make it a
promising printer head not only for pure PCL but also for
PCL-based composite scaffolds containing various types
and compositions of additive materials.

e The PCL-20TCP composite reached the highest-level
printing accuracy, with an accuracy of 2%, while the
PCL-20PEG composite showed the lowest accuracy

@ Springer
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of 10%. The addition of PEG and SA to PCL material
significantly reduced the water contact angle compared
to TCP. Among the PCL-based composite scaffolds, it
was observed that the PCL-40TCP scaffold exhibited
the highest compression modulus, while the PCL-20SA
specimen demonstrated the highest tensile strength.
Moreover, the PCL-20SA scaffold exhibited the highest
cell density adhesion to the surface after 3-day seeding.
e Future research will focus on investigating cell prolifera-
tion and bioactivity with PCL-based composite scaffolds.
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