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Abstract: Poly(dodecano-12-lactam) (commercially known as polyamide “PA12”) is one of the most
resourceful materials used in the selective laser sintering (SLS) process due to its chemical and
physical properties. The present work examined the influence of two SLS parameters, namely, laser
power and hatch orientation, on the tensile, structural, thermal, and morphological properties of the
fabricated PA12 parts. The main objective was to evaluate the suitable laser power and hatching
orientation with respect to obtaining better final properties. PA12 powders and SLS-printed parts
were assessed through their particle size distributions, X-ray diffraction (XRD), Fourier Transform
Infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), a scanning electron microscope
(SEM), and their tensile properties. The results showed that the significant impact of the laser power
while hatching is almost unnoticeable when using a high laser power. A more significant condition
of the mechanical properties is the uniformity of the powder bed temperature. Optimum factor levels
were achieved at 95% laser power and parallel/perpendicular hatching. Parts produced with the
optimized SLS parameters were then subjected to an annealing treatment to induce a relaxation of
the residual stress and to enhance the crystallinity. The results showed that annealing the SLS parts at
170 ◦C for 6 h significantly improved the thermal, structural, and tensile properties of 3D-printed
PA12 parts.

Keywords: selective laser sintering; PA12; laser power; hatch orientation; annealing

1. Introduction

Additive manufacturing (AM), also known as 3D printing or direct digital manufac-
turing, has become an alternative technology that competes with more mature technologies
such as casting and forging in different industrial fields including aerospace, automotive,
and biomedical fields [1–4]. It is defined as the process of joining materials to create objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies [5]. One of the major benefits of this promising technology is the freedom
of its design and its facilitation of the printing of complex geometries. It gives engineers
and designers the ability to innovate and create optimized parts that are too difficult or
even impossible to be processed using conventional subtractive fabrication methods [6,7].
Selective laser sintering (SLS) is a common AM technology that uses a high-power laser to
sinter small particles of polymer powder into a solid structure based on a 3D model [8]. Its
self-supporting ability and capacity for building relatively large parts are some of the major
benefits of the SLS process [9,10]. Moreover, can produce durable prototypes and end-use
parts with a high dimensional accuracy afforded by the nature of the SLS process [11,12].
SLS is also limited by the raw materials available, even if some polymers with tunable
properties have been produced through mineral additives [13,14]. Another limitation of
SLS is its poorer mechanical properties compared to traditional manufacturing [15,16],
limiting its application for major load-bearing applications [17].
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SLS polymers are selected based on the presence of a super-cooling processing window
in which there is a large space between the crystallization temperature (Tc) and melting
temperature (Tm). Therefore, printing at a temperature slightly below Tm enables the
densification of the SLS powder without reaching its melting point, thus limiting the parts’
distortion. Moreover, by maintaining the temperature above Tc, the sintered structure
remains in an amorphous phase to prevent rapid crystallization, making the powder
material more suitable for the production of the final part. Therefore, the parts need to
be maintained within the processing window during the build process and slowly cooled
down to room temperature to avoid any deformation and crack formation [18–20].

Polyamides are the most used polymers in SLS processing, and include Polyamide-11
(PA11), [21,22] Polyamide-6 (PA6) [23,24], and especially Polyamide-12 (PA12) in either
its pure or reinforced form [25,26]. The semi-crystalline Polyamide-12 (also called Nylon
PA12) accounts for about 95% of the SLS materials used [27] as easy laser sintering can be
achieved in comparison with other polymers [28,29]. Table 1 compares the tensile strength
for the three different types of polyamides. PA12 is considered a versatile thermoplastic
with excellent properties such as toughness, heat, and chemical resistance [30]. Polyamide
will behave as a flexible material when thin and as a rigid one when thick. The fabricated
parts are usually robust, detailed, and stable for long-term use [31].

Table 1. Tensile strength of some types of polyamides with their references.

Material PA6 PA11 PA12

Tensile strength (MPa) 3.75 52 26.25

References [23] [21] [29]

SLS is a complex process that usually requires great effort and control in terms of
powder and post processing after fabrication to achieve successful printing and high-quality
parts. During the SLS process, the material should be kept at an elevated temperature in the
build chamber to avoid any deformation of the printouts. The laser provides the necessary
energy to exceed the sintering point, making it possible to form the part with the desired
geometry [32]. For SLS, part quality and mechanical properties are strongly affected by a
large number of printing parameters such as the laser power, laser speed, scan spacing, layer
thickness, bed temperature, and build orientation [33–36]. It is therefore quite important
to properly adjust those parameters in order to avoid process instabilities such as a high
porosity, which is largely responsible for the poor properties of the tested materials [20].
Starr et al. [37] studied the impact of the process conditions on the mechanical properties of
laser-sintered nylon. A high tensile strength was obtained through a high energy density
in order to fully melt the applied powder. A higher energy density is required to reach
maximum elongation performance, which is more sensitive to the build orientation. The
work conducted by Caulfield et al. [12] presented a detailed study about the effects of the
energy density level (which comprises the influence of the laser power, hatch spacing, and
laser speed) on the mechanical properties of polyamide components. They claimed that
using high energy density levels exhibits a more ductile behavior than those obtained at
low energy densities. The mechanical test results reported a better elasticity modulus and
tensile strength values along the primary x-axis than the secondary z-axis. It was also
found that parts built with 0◦ orientations had a higher ultimate tensile strength and less
elongation at fracture relative to the parts with a 90◦ build orientation.

On the other hand, powder spreading is a crucial step of the SLS process. Controlling
the powder quality on the bed affects the quality of the tested parts. The powder should
have a good flowability in order to enable the consistent deposition of thin dense layers
of powder. Decreasing the porosity content will increase the mechanical properties. The
layer thickness of the SLS process is typically between 100–150 μm. Smooth particles with
a high sphericity are thus preferable to obtain parts with a desirable microstructure after
sintering [38,39] and an adequate surface roughness [40]. The number of crystalline phases
in the microstructure also has a significant impact on the mechanical properties of SLS-PA12
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parts. Young’s modulus and tensile strength increase with a higher crystallinity, while
the elongation at break tends to decrease. The applied process parameters and thermal
properties of the material are the major factors determining the amount of crystallinity [41].
Verbelen et al. [42] investigated four commercial polyamide grades by using a new screening
methodology that encompasses the complete process chain in laser sintering. They reported
that the dilatometry measurements of different PA12 powders showed a reduction in the
specific volume during the crystallization phase ranging from 3.9% to 4.7%.

Hofland et al. [20] studied the impact of the process parameters on the mechanical
properties by applying Response Surface Methodology (RSM) to analyze the results. They
used PA12 powder with a recycled/virgin mixture ratio of 50/50 to produce parts with
0◦ and 90◦ build orientations. Dupin et al. [25] compared two types of SLS polyamide 12,
Duraform PA (3D systems, Rock Hill, South Carolina, USA) and Innov PA (Exeltec, France),
to improve flowability. They used 1% silica in both materials, and it was found that the
specimens with the Duraform PA type yielded less porosity than Innov PA, even at a lower
energy density.

The present work aims to analyze the impact of the hatch orientation and laser power
on the mechanical, microstructural, and morphological properties of 3D-printed PA12 parts.
The effect of the heat treatment on the mechanical properties will also be evaluated and
compared to the as-built samples

2. Materials and Methods

2.1. Material and Specimen Preparation

All samples were printed on a P3200HT SLS system from TPM3D (Stratasys com-
pany) equipped with a 60W CO2 laser. In this study, a Polyamide 12 (PA12) powder
(Precimid1171™) from TPM3D with a density of 0.95 g/cm3 was used, as it is one of the
most widely used materials due to its chemical and physical properties. The chemical
structure of PA12 (PA 2200) is shown in Figure 1. Small amounts of fumed silica were
added to the PA12 particles to improve powder flowability.

Figure 1. Chemical structure of Nylon (PA12), polydodecanolactam.

The software ‘’VisCAM RP” was used to prepare the build volume and slice models
into individual layers before uploading the data to the SLS machine. The main printing
parameters used to produce PA12 powder samples are shown in Table 2.

As shown in Figure 2, three orientations were used during parts’ placement on the XY
plane in order to study the impact of hatch orientation on mechanical properties. Hatching
was conducted by alternating one layer of laser scans at 0◦ (e.g., parallel to the X-axis) with
the following layer at 90◦ (e.g., perpendicular to the X-axis). As this hatching strategy is
applied by the software independently of the part’s orientation on the XY plane, it results
in the 0◦ and 90◦ orientation parts exhibiting an identical hatching strategy, albeit with a
one-layer shift. Due to their hatching similarity, parts with the 0◦ orientation were placed
in the center of the SLS build platform, while parts with a 45◦ and 90◦ orientation were
positioned all around toward the sides. Three printing runs, with laser power ranging from
45 W to 57 W, were conducted with the purpose of studying the effect of the laser power
on the mechanical properties of the 3D-printed parts. The laser power used in this work
will be defined as percentage of the maximum laser power of the machine, which is 60 W
(LP: 75% is equal to 45 W, LP: 85% is equal to 51 W, and LP: 95% is equal to 57 W).
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Table 2. Main printing parameters used in selective laser sintering of PA12 powder.

Parameters Values Units

Laser power 75–85–95 (%)

Part orientation (XY plane) 0–45–90 (◦)

Layer thickness 0.15 (mm)

Platform temperature 169 (◦C)

Chamber temperature 135 (◦C)

Moving plate temperature 140 (◦C)

Hatch spacing 0.220 (mm)

Diameter of laser beam 0.22 (mm)

Infill 100 (%)

Scanning speed 13 (mm.s−1)

Hatch orientation (XY plane) 0–90–0–90 (◦)

 

Figure 2. Illustration of different specimen orientations.

2.2. Size Distribution and Particle Shape

A dynamic image analysis measurement was performed to characterize both the size
distribution and particle shape of the PA12 powder used. This analysis was performed
using a Camsizer XT equipped with two digital cameras, including one optimized for the
analysis of fine particles. Such a setup enables measurement of particles ranging between
2 μm and 8 mm in diameter.

Two PA12 powders were analyzed for comparison: one was the as-received powder,
while the second was the un-sintered powder taken from the build volume after only one
fabrication. The particle size distribution (PSD) of PA12 powder was identified as a function
of percent volume. Furthermore, sphericity was chosen as a shape factor to describe the
shape of particles of PA12 powder.

2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared spectroscopy (FTIR) was used in this work to analyze
functional groups of SLS PA12 samples and collect infrared spectra for the structural
analysis. This analysis was carried out using a NICOLET™ IS50 attenuated total reflection
(ATR) spectrometer. The conditions of measurement were as follows: spectral region of
4000–400 cm−1; spectral resolution of 4 cm−1.
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2.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a common tool used for characterizing
materials for laser sintering because it determines the crystallinity and quantifies the
melting temperature of printed parts. This analysis was carried out on a 6.6 ± 0.1 mg
powder sample using a TA Instruments DSC Q20. The measurements were carried out
under a nitrogen atmosphere at a flow rate of 50 mL/min. The crystallinity, Xc, was
calculated using the equation bellow:

Xc(%) =
ΔHm

ΔH0
m

× 100

where ΔHm is the enthalpy of fusion and ΔH0
m is the heat of fusion of 100% crystalline

PA12, which is taken as 209.3 J.g−1 [19].
The annealing process was performed as follows:

• Heating ramp of 2 ◦C min−1 from room temperature to the annealing temperature Ta
(130, 150, and 170 ◦C);

• Hold at Ta during the annealing time ta (6 h);
• Cooling ramp of 2 ◦C min−1 from Ta to the room temperature (25 ◦C);
• Heating ramp of 10 ◦C min−1 to 220 ◦C for characterization.

After determination of the appropriate annealing temperature Ta, sample parts were
placed directly in a natural convection oven (Dry-Line series, VWR) for annealing before
mechanical testing.

2.5. X-ray Diffraction

XRD is a powerful tool used to analyze the atomic or molecular structure of materials.
XRD was used here to identify the phase constituent of SLS PA12 powder and samples.
Examination of powder and 3D-printed samples was carried out at different laser powers
using a XRD X’PERT PRO MPD. Data were acquired over the range of (2θ) 0–90◦ with a
step size of 0.0017 and a scan rate of 7◦. min−1.

2.6. Tensile Test

A tensile test was used to establish tensile properties of 3D-printed SLS-PA12 speci-
mens, including tensile strength, Young’s modulus, and deformation at break. The spec-
imens used were designed according to the ASTM D638-14 “Standard Test Method for
tensile properties of plastics”. Three runs were conducted in series to study different laser
power and different build orientation as well. Each series comprised six specimens of the
D638 type-5 geometry as shown in Figure 3. Testing was carried out on a Criterion C45.105
electromechanical universal testing machine (MTS, USA) equipped with a 10 kN load cell
and self-tightening jaws. A crosshead displacement speed of 5 mm min−1 was used.

 

Figure 3. (a) tensile test bar dimensions; (b) SLS-printed specimens for tensile test.
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The information obtained by the software were used to enable the calculation of tensile
strength, Young’s Modulus, and deformation at break, using the following equations:

σ(MPa) =
F(N)

s(mm2)
(1)

E =
σ(Mpa)

ε
(2)

ε =
ΔL
L0

, with ΔL = L − L0 (3)

2.7. Scanning Electron Microscopy (SEM)

Microstructure of both powder and fracture surface was evaluated by scanning elec-
tron microscopy (SEM) using a Quanta 200 ESEM (Thermo FEI, Eindhoven, The Nether-
lands) configured with an EDAX (TSL) EDS/EBSD system for phase identification at high
pressures. As-received PA12 powder, used-once SLS powder, and 3D-printed samples cryo-
genically fractured in liquid nitrogen were coated with a thin layer of electrically conducting
gold (Au) to prevent surface charging. Layer arrangement and powder morphology were
observed at an acceleration voltage of 5 kV in high-vacuum mode.

3. Results and Discussions

3.1. Size Distribution, Particle Shape, and Morphology

The particle size distribution (PSD) has a significant impact on the quality of SLS
powder, with an ideal diameter between 20 and 80 μm. However, a large number of small
diameter particles gives the powder a sticky character that limits its application in the
SLS process [8]. Figure 4 illustrates the volume distribution as a function of size for the
“As-received powder” and “Powder after fabrication”, where a good PSD can be observed
for both powders. Most of the particles for both powders fall in the 30 to 70 μm range,
with an additional fraction between 20 to 40 μm. Both powders contain a low number of
fine particles, with a diameter of 10 μm or less. The volume distribution for the powder
after fabrication exhibits a suitable PSD despite its use in the SLS process, indicating that
the powder can be reused after sieving [39]. However, it can be observed that the powder
after fabrication exhibits a lesser quantity of particles larger than 60 μm compared to the
as-received powder. This could be an effect of the bed-layering process, where larger
particles tend to stay above and end up in the overflow bins.

This particle size decrease was confirmed through a comparison of the percentile
values (D10, D50 and D90) for both powders (Table 3), where a lower diameter was
observed at each percentile in the case of the powder after fabrication. These decreasing
diameters imply that the powder contains a higher fraction of smaller particles than at the
start. Table 2 also indicates the average particle sphericity for both the as-received powder
and the powder after fabrication. It can be observed that the mean value for sphericity
does not change significantly because of fabrication, ranging from 0.823 for the as-received
powder to 0.818 for the powder after fabrication. While not spherical in shape, the particles
for both powders are still considered of a suitable shape for the SLS process.

Figure 5 compares the morphology of the powders in the virgin state (Figure 5a) and
after fabrication (Figure 5b). Both samples exhibit particles with a relatively spherical shape,
although some elongated particles can be observed. All the particles exhibit a slightly wavy
surface texture (similar to cauliflower), which is more pronounced for the particles exposed
to the heat cycle of the SLS process. The presence of some satellites is also evident on some
of these particles.
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Figure 4. Volume distribution as function of the size for the “As-received powder” and “Powder
after fabrication”.

Table 3. Powder sample characteristics.

Material/Characteristics As-Received Powder Powder after Fabrication

D10 (μm) 33.2 28.8

D50 (μm) 55.7 49.1

D90 (μm) 73.3 66.7

Mean value Sphericity 0.823 0.818

Figure 5. SEM micrographs of the PA12 powders: (a) the as-received powder; (b) powder
after fabrication.
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3.2. Fourier-Transformation Infrared Spectrometry (FTIR)

The ATR-FTIR spectra of the PA12 samples were recorded to provide information
about the infrared bands and their roles. Figure 6 displays the spectra of both the as-
received PA12 powder and the PA12 powder after fabrication. Table 4 summarizes the
different vibrational bands in PA12 and their assignments [43–52]. Comparing both spectra,
it can be observed that the intensities and positions of all bands are almost the same for
both PA12 powders. This confirms the lack of influence of selective laser sintering on the
chemical composition of PA12 powder.

Figure 6. Fourier-transform infrared (FTIR) spectra of PA12 powders: As-received powder; Powder
after fabrication. (a)-wavenumber from 2000 to 4000 cm−1; (b)-wavenumber from 550 to 2000 cm−1.

Table 4. Characteristic infrared bands and their assignments of SLS PA12 Powder.

Vibrational Frequency [cm−1]. Assignments

3290  (N–H) stretching

3094 Fermi resonance of  (N–H) stretching

2916  (CH2) asymmetric stretching

2847  (CH2) symmetric stretching

1638 Amide-I (  (C=O) stretching and  (C–N) stretching)

1561 Amide-II (δ (N–H) bending and  (C–N) stretching)

1459 δ (CH2) scissoring

1368 δ (CH2) twisting

1268 Amide-III (  (C–N) stretching and δ (C=O) in-plane bending)

1159 Skeletal motion CO–NH

1062 Skeletal motion CO–NH

948 δ (CO-NH) in-plane bending

721 ρ (CH2) rocking

621 Amide-IV (δ (N–H) out-of-plane bending)

3.3. X-ray Diffraction

The X-ray diffraction patterns of both PA12 powders are shown in Figure 7, revealing
their polymorphism and crystalline details. The XRD profile for both powder states shows
that polyamide 12 exhibits two characteristic peaks at about 2θ = 20.95◦ and 21.50◦, which
are probably characteristics of the α-form of PA12 [14,53]. According to previous studies
and the references cited therein, the crystal structure of polyamides has been known to
be in the so-called α and γ-forms. The α -form consists of a monoclinic or triclinic lattice
with chains in a fully extended planar zigzag arrangement, whereas the γ-form is a pseudo-
hexagonal packing of 21 chains. Therefore, PA12 can be crystalized within structures of α
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and γ phases, where the major γ phase acts as a stable structure [47]. The chains in the α

phase are antiparallelly oriented with an extended trans chain conformation, whilst chains
in the γ form are oriented parallelly with a twisted helical conformation around the amide
groups, making the γ form more stable than the α crystal structure [50].

Figure 7. X-ray diffraction patterns of the as-received powder and powder after fabrication in range
4.5–90◦.

The patterns relative to the powder after fabrication are almost similar to the patterns
for the as-received powder, which confirms the possibility of re-using the powder for SLS
after a suitable recycling process.

3.4. Differential Scanning Calorimetry

The DSC technique was applied to study the glass transition temperature, melting
temperature range, and the degree of crystallinity of the PA12 material. Figure 8 shows
the DSC curves for both the as-received powder and the powder after fabrication. Both
curves follow almost the same shape, showing three specific thermal transitions: The first
transition at around 50 ◦C is associated with the glass transition (Tg) phase where the
polymer changes to a highly elastic state [54]. The second thermal transition, associated
with the melting temperature (Tm), corresponds to the endothermic peak detected at 182 ◦C.
During cooling, a third transition, observed at 151 ◦C, is attributed to the crystallization (Tc)
of PA12, where a rearrangement of the molecular chains takes place to create crystalline
lamellae inside the continuous amorphous structure. These results show that both types of
PA12 powder are in a semi-crystalline state after the cooling process. As shown in Figure 8,
there is a large distance between the melting and crystallization peaks, which indicates
a tendency of PA12 to warp or curl during the laser-sintering process [42]. This meta-
stable thermodynamic region of undercooled polymer is usually called the “SLS sintering
window”. It is important to select a sintering temperature in this temperature window
range to obtain the best printing results of the material without degrading it. For both
powders, the sintering temperature window of PA12 is in the range of [155 ◦C, 176 ◦C]. The
crystallization temperature (Tc) must also be avoided as long as possible during processing.
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Figure 8. DSC thermograms of PA12 powders: as-received powder and powder after fabrication
with the SLS sintering window shown in light blue.

The melting point for the as-received powder is 182.7 ◦C and is 183.3 ◦C for the powder
after fabrication. The respective fusion heat values of 55.62 J. g−1 and 48.49 J. g−1 have
been measured. After melting, the as-received powder and the powder after fabrication
re-solidify with peak crystallization temperatures of 151.9 ◦C and 149.1 ◦C, respectively.
The solidification (crystallization) temperature is significantly lower than the crystalline
melting temperature of PA12; this phenomenon is common in crystalline polymers and is
known as super cooling [18]. From Table 5, it can be noted that the as-received PA12 powder
exhibit a slightly higher degree of crystallinity than PA12 after fabrication (46.62% against
44.22%). This slight decrease is possibly linked to a reduction in the polymer chain order
during the printing process combined with a non-controlled cooling rate of the SLS process
after fabrication. The different thermal properties and the crystallization characteristics of
the DSC measurements for both powders are all collected in Table 5.

Table 5. DSC data corresponding to the first heating–cooling scan for the as-received powder and
powder after fabrication.

Powder State
Tg

(◦C)
Tm

(◦C)
Tc

(◦C)
ΔHm

(J.g−1)
ΔHc

(J.g−1)
Xc (%)

As-received powder 51.7 182.7 151.9 97.59 55.62 46.62

Powder after fabrication 49.0 183.3 149.1 92.67 48.49 44.27

3.5. Effect of Laser Power and Hatch Orientation on Tensile Properties

The tensile properties were evaluated at different levels of laser power and hatch
orientations and the results are presented in Figure 9. Figure 9a shows the tensile strength
(TS) values of PA12′s specimens made in various XY plane orientations when varying
the laser power (LP). The measured TS values show the influence of both the XY plane
orientation and laser power, with a maximum value of 25.65 MPa achieved at LP: 95%
(57W) and a 0◦ XY plane orientation. These results clearly show that tensile properties
rise with an increasing laser power for all part orientations. By increasing the laser power
from LP: 75% to LP: 95% in the case of the 0◦ orientation, the tensile strength is increased
from 19.41 MPa to 25.65 MPa. Such an increase can mostly be attributed to an improved
coalescence resulting from the higher temperatures achieved by the polymer melt when a
higher laser power is used [55]. These results are in good agreement with the findings of
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Caulfield et al. [12], who claimed that parts built at higher energy density levels (higher
laser powers) exhibited a higher tensile strength.

Figure 9. Tensile properties as a function of XY plane orientation and laser power: (a) Tensile Strength;
(b) Young’s Modulus; (c) Elongation at break.

While the effects of laser power on TS are obvious, those linked to hatch orientation
are less evident. Such an isolation requires a comparison between the 0◦ and 90◦ TS values
first, followed by the 45◦ and 90◦ TS values. As mentioned previously, the parts made at 0◦
and 90◦ XY plane orientation have a nearly identical hatching. This should result in similar
TS values as no other SLS parameters differ, something not observed here. Parts made at
90◦ XY plane orientation exhibit TS values 2 to 10% lower compared to those at 0◦, with the
greatest difference observed at a low laser power. This decrease in TS for the 90◦ parts could
be explained by their position on the build platen during fabrication relative to the 0◦ parts.
It was shown that there was a need to operate with a powder layer of uniform temperature
to achieve builds of multiple parts with similar mechanical properties [27,56,57]. To confirm
this, thermal imaging of the preheated powder bed was performed using a Testo 890-2 IR
camera. The resulting thermogram, shown in Figure 10, exhibits temperature differences of
more than 10 ◦C between the center and sides of the bed. These gradients could mostly be
attributed to a non-uniform heating by the quartz lamps used, possibly because of aging.
To highlight this further, the temperature profile along the Y-axis is shown for five locations.
As the 0◦ parts were placed in the center of the build chamber, e.g., in the center third
in-between P2 and P4 (Figure 10), they enjoyed a uniform temperature with a variation less
than 3 ◦C. For the 90◦ parts, their positioning at the periphery entailed more pronounced
variations, with some parts partially in regions that were 10 ◦C lower than the set point of
159 ◦C. Such a difference could explain their lower TS values against the 0◦ parts, as the
SLS process greatly relies on powder bed heating to supply most of the energy required
for sintering particles. Thus, the TS is affected by the powder bed temperature, and the
simultaneous production of multiple parts will require a good temperature uniformity to
achieve uniform TS values.
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Figure 10. Thermal imagery of the SLS powder layer during preheating. P1 to P5 are front-to-back
temperature profile taken from left to right of the platen (note that the Y-axis does not have the same
numeral scale).

The parts made at a 45◦ XY plane orientation exhibit the overall lowest TS values
compared to other orientations made in the same conditions by as much as 7.5%. As these
45◦ parts were positioned at the periphery, a gradient in the powder bed temperature could
partially explain this. As the 45◦ and 90◦ parts were interspersed at the periphery, both
orientations should exhibit similar TS values, which was not the case here. This difference
could be attributed to the hatching orientation. While hatching is conducted alternatively
parallel/perpendicular to the applied load in the case of the 90◦ parts, hatching in 45◦ parts
is performed at an angle relative to the applied load. In a fashion similar to this well-known
effect in FDM [58], more loads can be supported along the axis of hatching as it is applied
to a continuous string of melted polymer and not at the joining of two strings (or hatches).
This could explain the slightly lower TS values obtained for the 45◦ parts compared to those
at 90◦. These results confirm that not only laser power and hatch orientation affect the
tensile strength of 3D-printed PA12 samples, but that powder bed temperature uniformity
must also not be neglected.

Figure 9b displays the Young’s Modulus as a function of laser power for the various
XY plane orientations. It is evident that the Young’s modulus values depend on laser power
and XY plane orientation, with the best results (1176.6 MPa) achieved at the highest laser
power and a 0◦ angle. This could be explained in part by the laser power and in part by the
position on the build platen. Laser power can greatly affect the Young’s Modulus no matter
what the part’s angle is, as shown by the 65% increase observed for samples produced at
45◦ when the laser power was increased from 75 to 95%. This increase in Young’s modulus
due to laser power could be attributed to the additional energy applied, which improves
the particles’ sintering. This will help achieve better compaction, thus increasing resulting
mechanical properties as reported by Singh and al. for polyamide material [59]. Thermal
non-uniformity of the powder bed can explain why the 90◦ parts exhibit a lower Young’s
Modulus than the 0◦ parts, with all other parameters including hatching being similar. The
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effects of hatching, as seen by comparing the 45◦ and 90◦ results, are limited, except when
operating at a low laser power. In this instance, the lower energy applied would result in a
poor joining of the hatches, which leads to lower mechanical properties.

The Elongation at break as a function of the build orientation and laser power variation
was also evaluated (see Figure 9c). However, unlike the TS and Young’s Modulus, the 45◦
orientation presents the maximum values of elongation (5.13%) for all laser power condi-
tions. In addition, the laser power will affect the elongation at break for parts produced at
various XY plane angle. Sintering at a low laser power creates weaker bonds between the
powder particles, leading to decreased values of elongation at break [55]. The influence of
laser power, while observed in all orientations, is more pronounced for the 45◦ orientation.
At that angle, an increase of 12% in elongation at break was observed when raising laser
power from 45W (75%) to 57 W (95%). At similar laser power, the non-uniformity of the
powder bed temperature explains the difference in the elongation at break between the
parts made at 0◦ and 90◦, while hatching will explain the differences between the 45◦ and
90◦ results. In summary, tensile properties are strongly affected by laser power and to a
lesser level by the temperature uniformity of the powder bed. The hatching orientation
will also affect tensile properties to some extent.

In order to further understand the influence of laser power on the properties of SLS-
PA12, the fracture surface of the SLS-PA12 samples was analyzed. Figure 11 shows the
SEM observations of the tensile fracture surface for the SLS samples produced at LP: 75%
and LP: 95%. The SEM images clearly show particles of PA12 that were melted into the
dense part and the presence of some voids in between the layers, especially in the case
of LP: 75% (see Figure 11a). These voids favor the delamination of sintered layers, thus
explaining the decreased bending strength and inferior rigid behavior. Previous studies
have reported that SLS-sintered specimens are porous due to an insufficient heat input that
results in their very low mechanical properties [17,46]. The spherical particles observed
in Figure 11c,d are un-melted or partially melted PA12 powders. It is clearly evident that
those spherical particles are present in large amounts in the case of the sample sintered
with a low laser power (LP: 75%) compared to the one sintered at a high laser power (LP:
95%). The PA12 samples with LP: 75% also exhibit a porous interior, with small bonding
areas due to the insufficient laser power. This decreases the cohesion between layers while
reducing the surface contact between the printed PA12′s layers. The PA12 sample sintered
at a 95% LP (Figure 11b) was much smoother, and the fusion effect was improved, though
some un-melted powders are still visible in some areas of the cross section (Figure 11d).
This adhesive enhancement in the microstructure could explain the observed increase in
the tensile properties when higher laser power was used (LP: 95%).

3.6. Effect of Laser Power on Thermal and Structural Properties of 3D-Printed Samples

(a) Differential Scanning Calorimetry

A DSC analysis of the printed PA12 parts at different laser powers was performed to
determine the impact of this controlling parameter on the thermal characteristics of the
PA12 samples manufactured by the SLS process. Figure 12 shows the first heating DSC
thermograms of the printed PA12 at various laser powers. From this figure, it is clear
that all the samples exhibit the same thermal transitions as powder before fabrication (see
Figure 8). It is evident that all the thermograms present a similar thermal behavior and
exhibit three thermal transitions. The first heat flow exchange, located at around 45 ◦C,
is associated with the glass transition temperature (Tg). The second thermal transition,
associated with the melting temperature (Tm), is the endothermic peak detected at 176 ◦C.
During cooling, a third exothermic transition at 146 ◦C is attributed to the crystallization of
PA12, where a re-arrangement of molecular chains takes place to create crystalline lamellae
inside the continuous amorphous structure. From these results, it can be concluded that
PA12 kept its semi-crystalline property after the cooling process. Table 6 summarizes all
characteristic temperatures, associated enthalpies, and the degree of crystallinity of the
as-printed samples at various laser powers.
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Figure 11. SEM micrographs of the fractured surfaces of SLS-printed PA12 specimens: (a) LP: 75%
[×100], (b) LP: 95% [×100], (c) LP: 75% [×500], and (d) LP: 95% [×500].

Figure 12. DSC thermograms of PA12 samples with the three laser powers used: LP-75%, LP-85%,
and LP-95%.
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Table 6. DSC data corresponding to the first heating–cooling scan for the different laser powers used.

Specimen
Tg

(◦C)
Tm

(◦C)
Tc

(◦C)
ΔHm

(J.g−1)
ΔHc

(J.g−1)
Xc (%)

LP: 75% 44.07 176.54 147.89 73.50 56.04 35.11

LP: 85% 45.45 176.93 146.30 67.50 50.94 32.25

LP: 95% 46.14 176.73 146.47 69.31 54.50 33.11

We can notice in Figure 12 a small additional peak at 180 ◦C in the melting transition.
Zarringhalam et al. [41] found the same phenomenon and explained this additional small
endotherm as resulting from the unmolten particle core after the laser-sintering process.
Generally, the microstructure of SLS parts simultaneously includes fully molten particles
and unmolten particle cores surrounded by spherulites. These unmolten powder particles
have almost the same melting temperature as the as-received powder, leading to the addi-
tional small peak between 180 and 182 ◦C. The results of the DSC experiments in this study
are consistent with previous studies [27,60,61]. The DSC thermograms show the absence
of any significant evolution of melting temperature (Tm), crystallization temperature (Tc),
and glass transition temperature (Tg) between the printed PA12 at different laser power. It
is evident from Table 6 that the variation in laser power produces no significant changes to
the degree of crystallinity of samples sintered at various laser power.

However, the degree of crystallization decreased from 46.62% (see Table 4) for the
as-received powder to 35.11% for the sample sintered with 75% laser power. This difference
could be attributed to a rapid cooling and less energy dissipation during the printing
process. Moreover, the decrease in Tg from 51.7 to 44.07 ◦C as a result of sintering correlates
strongly with the degree of crystallization of the sample. This can be attributed to the
gain in the mobility of the polymer chains as they are not partly anchored inside the
crystalline domain.

(b) X-ray Diffraction

Figure 13 displays the profile of the X-ray diffraction patterns of the SLS samples
produced at various laser powers (LP: 75%, LP: 85, and LP: 95%). All spectra exhibit similar
diffraction peaks, with two major peaks found at 2θ of around 20◦ and 45◦. The peak at
45◦ appeared after the sintering process; thus, the γ form might be more pronounced even
with the presence of the α crystal form [62].

Figure 13. X-ray diffraction patterns of the SLS samples parts with different laser powers in range
from 4.5–90◦.
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3.7. Annealing Impact on Thermal, Structural, and Mechanical Properties

Many studies investigating polymeric materials have considered that using heat
treatment post-processing can improve the material properties and crystallinity of SLS
parts made from Nylon 12 [63]. These heat treatment (annealing) studies were conducted
using different settings of temperature and time. In general, better mechanical properties
and crystallinity were obtained when the heat treatment was carried out close to the melting
temperature [64]. During annealing, the crystallization processes highly depend on the
temperature of the applied annealing procedure. A high temperature would generate
an isothermal crystallization process, in which the non-crystalline polymer chains have
enough energy to form more crystalline regions and an optimal arrangement [65,66]. In
this work, the choice of annealing temperatures was based on this latter theory.

A DSC analysis was used to optimize the annealing temperature by determining
the adequate cycle yielding the highest thermal property and degree of crystallinity. The
printed parts with the selected optimized printing parameters ([0◦] orientation and 95%
laser power) were annealed for six hours at various temperatures (130 ◦C, 150 ◦C, and
170 ◦C) to allow for the relaxation of the residual stress generated during their printing pro-
cess. The annealed parts were analyzed by DSC, using the first heating cycle to characterize
the thermal history experienced during the annealing process. During this heating cycle,
the material achieved its melting temperature (Tm) to characterize the melting enthalpy,
and then the degree of crystallinity (Xc) generated during the annealing cycle. Figure 14
shows the first heating and cooling DSC thermograms of the unannealed and annealed
samples under various annealing cycles. The Xc and all thermal transitions were measured
(see Table 6) for the samples prepared by cutting a small amount of material from the tensile
test specimens (before the tests were carried out).

Figure 14. Differential scanning calorimetry curves for unannealed and annealed PA12′s samples.

Table 7 summarizes the DSC results for various parameters such as Tg, Tm, and Xc.
From this table, the DSC results show that the Tg of the annealed parts shows a shift
to higher temperatures with the increasing annealing temperature. When the annealing
temperature was increased from 130 to 170 ◦C, the Tg increased from 40.8 to 50.3 ◦C. Even
though the maximum annealing temperature was achieved (170 ◦C), the Tg value was still
higher than the unannealed printed parts. It can also be noted that raising the annealing
temperature from 130 to 170 ◦C results in an increase in the heat flow of melting from 65.51
to 76.51 J. g−1. An increase in the relative degree of crystallinity was also observed, from
31.29% to 36.55%. This latter crystallinity enhancement could be the result of a phenomenon
called secondary crystallization, which increases the lamellar form of PA12. Moreover, the
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increase in Tg because of annealing correlates strongly with the degree of crystallinity of the
printed PA12′s parts. Annealing thus induces strong intermolecular interactions between
polymer chains. Thus, this increase is attributed to the loss of mobility of polymer chains
as they are partly anchored inside the crystalline region.

Table 7. DSC data corresponding to the first heating–cooling scan for the different annealing temper-
ature used.

Specimen State
Tg

(◦C)
Tm

(◦C)
Tc

(◦C)
ΔHm

(J.g−1)
ΔHc

(J.g−1)
Xc (%)

Unannealed 46.1 176.7 146.4 69.31 54.50 33.11

Annealed at 130 ◦C/6 h 40.8 176.3 146.5 65.51 49.78 31.29

Annealed at 150 ◦C/6 h 44.4 176.0 145.3 69.66 50.09 33.28

Annealed at 170 ◦C/6 h 50.3 178,4 143.9 76.51 51.79 36.55

The annealed specimens were then subjected to mechanical testing to record the
Young’s modulus, tensile strength, and strain at break. Figure 15 shows the typical tensile
stress–strain curves of unannealed and annealed printed PA12 parts according to the
various annealing conditions. All tested specimens exhibit a maximum of the stress/strain
curve, followed by brittle deformation. The results indicate that tensile stress and its strain
increases when the annealing temperature is increased from 130 to 170 ◦C. The annealed
parts at 170 ◦C show the maximum tensile stress and strain compared to the unannealed
samples. These results indicate the fact that heat treating the PLA12 parts at 170 ◦C for
6 h allows the material sufficient time for crystallization and the re-arrangement of the
polymer chains.

Figure 15. Stress–strain curves of printed PA12 in different conditions. Unannealed and annealed at:
130, 150, and 170 ◦C.

From Figure 16, it can be observed that annealing PA12 material favorably affects the
tensile properties of the printed PA12 parts. For untreated samples, the Young’s modulus
and tensile strength exhibit the lowest values (1176.7 MPa and 25.5 MPa, respectively)
compared to the annealed samples at 170 ◦C (1276.23 MPa and 29.2 MPa respectively) (see
Figure 16a). This change in rigidity and strength is related to changes in the microstructures
of the material, as the annealed samples exhibit a higher degree of crystallinity and glass
transition temperature as discussed above. These results are in good agreement with
the work of Liu et al. [67], who reported that high-temperature annealing (173 ◦C) can
remarkably enhance the mechanical strength of printed PA12 specimens. The work by
Zarringhalam and al. [64] confirmed that using heat treatment as a post-processing tech-
nique can improve the tensile strength and Young’s modulus of SLS parts made from Nylon
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12. However, as shown in Figure 16b, annealing at 170 ◦C/6 h leads to an increase in ductil-
ity where the elongation at break increases to 5.66%, while the as-printed (un-annealed)
samples exhibit a value of 4.07%.

Figure 16. Effect of annealing on tensile properties of PA12 samples’ parts: (a) results of Young’s
modulus and tensile strength; (b) results of elongation at break.

From the above results, it has been confirmed that high-temperature annealing (170 ◦C)
yields the best improvement in Young’s modulus (+9 MPa, or ~8.4%), tensile strength
(+3.7 MPa, or ~14.5%), and elongation at break (+1.59% MPa, or ~39%) over the unan-
nealed parts. It can be concluded from these results that annealing had a higher percent
contribution to the mechanical performance over the duration of annealing. This confirms
the importance of the annealing process for achieving proper chain crystallization, thus
enhancing the mechanical properties of 3D parts [58].

4. Conclusions

This study evaluated the effect of laser power and hatch orientation on the tensile
properties and morphology of the SLS PA12-produced parts. The main objective was
to identify the suitable laser power and hatch orientation leading to better mechanical
properties and high-quality parts. Different methods were used to study the SLS parts by
considering the morphological, structural, and mechanical properties using XRD, FTIR,
DSC, tensile testing, and SEM characterizations.

The results confirmed the significant impact of laser power, while the effects of hatch-
ing were almost unnoticeable when using a high laser power. A more significant condition
is the uniformity of the powder bed temperature, a factor that is seldom considered. This
needs to be accounted for because of its effects on the mechanical properties. However, the
operator has little recourse with respect to these conditions, which are strongly dependent
on the quality of the SLS system.

Operating at a high laser power minimized the presence of spherical particles normally
related to un-melted powder and yielded an improved microstructure. It was also observed
that reducing the laser power to LP: 75% decreases the mechanical properties, with the
parts exhibiting spherical particles and a poor microstructure. Heat treating SLS-produced
PA12 parts showed the positive impact of annealing, especially at 170 ◦C, on the tensile
properties. This can be related to changes in the microstructure of the PA12 parts.
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Abstract: The response of polymeric beams made of Acrylonitrile butadiene styrene (ABS) and
thermoplastic polyurethane (TPU) in the form of 3D printed beams is investigated to test their elastic
and plastic responses under different bending loads. Two types of 3D printed beams were designed
to test their elastic and plastic responses under different bending loads. These responses were used
to develop an origami capsule-based novel self-healing mechanism that can be triggered by crack
propagation due to strain release in a structure. Origami capsules of TPU in the form of a cross with
four small beams, either folded or elastically deformed, were embedded in a simple ABS beam. Crack
propagation in the ABS beam released the strain, and the TPU capsule unfolded with the arms of the
cross in the direction of the crack path, and this increased the crack resistance of the ABS beam. This
increase in the crack resistance was validated in a delamination test of a double cantilever specimen
under quasi-static load conditions. Repeated test results demonstrated the effect of self-healing on
structural crack growth. The results show the potential of the proposed self-healing mechanism as a
novel contribution to existing practices which are primarily based on external healing agents.

Keywords: 3D printing; ABS simple beam; TPU origami capsule; embedded structure; self-healing
mechanism; double cantilever beam test

1. Introduction

Three-dimensional (3D) printing or additive manufacturing (AM) of smart polymers
is a rapidly expanding area of technology. The variety of AM techniques available suggests
it may be possible to flexibly manufacture smart but costly materials with minimum waste.
On-demand or autonomous repair of forms of damage, such as cracks or scratches, can
increase the operational life of products and can be facilitated using man-made polymers
which are autogenous or intrinsically self-healing. A balance between healing and strong
mechanical properties can be achieved by designing the architecture of the polymer to
incorporate dynamic or reversible bonds [1–6]. A great deal of work still needs to be per-
formed to successfully implement self-healing mechanisms in real applications, with most
previous studies of self-curing structural damage having taken place only at a laboratory
scale. The majority of reported mechanisms have been based on external disturbances such
as heat-generated cracks or a chemical reaction triggering the healing mechanism within
the structure. Existing mechanisms tend to depend on some form of external interference
and, most of the time, work only for more significant damage. Consequently, it is virtually
impossible to implement current self-healing mechanisms such as those in 3D printed
products whilst they are functioning; this is a particularly important consideration in some
vital applications [7–9].

An alternative approach to creating smart 3D printed products is to embed novel
origami-inspired capsules into the layers of a printed component. For essential applications,
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in particular, such capsules could create an artificial hormone network that would make
3D printed products safer and considerably more dependable [10–12]. Standard fused
deposition modelling can be utilised to embed these capsules when printing the required
component, which would be a cost-effective solution for large-scale production. This is
somewhat similar to the manner in which the human hormone system actuates when a
virus or bacteria enters the body. The use of a strain removal-based actuation via origami-
inspired capsules could radically transform the self-healing capacity within components or
structures. Strain removal from an entire component could thus be initiated by any form of
surface or subsurface damage. For strain removal to take place at a sub-surface level, the
capsules could unfold and expand [13,14].

However, the actuation or unfolding of such capsules under strain release due to
crack initiation or growth within a structure requires an understanding of its mechanical
behaviour, especially in embedded conditions. To introduce and control such a process
requires a workable relationship between the initial stress on the embedded capsules,
the displacement of the origami folded parts in a direction to release the strain, and the
magnitude of the strain released. An overall understanding of the mechanical behaviour of
any selected polymer under elastic and plastic loads is necessary to assess its usefulness in
the form of an origami capsule to provide the necessary strain release control.

The mechanical behaviour of ABS polymer components has been investigated for many
years, and the basic features, such as stress–strain curves, are adequately known [15,16].
Such behaviour is measured elastically for very small strains and slightly larger strains
when overcoming the intermolecular barriers to segmental rearrangements [17]. However,
the complex properties of ABS polymer materials are temperature dependent, which has
driven further investigation to determine what relationships exist between strain, stress,
and temperature [18,19].

Previous research into the mechanical properties of thermoplastic polyurethane (TPU)
and thermoset acrylonitrile butadiene styrene (ABS) provides help in understanding the
dynamics of such beams under load. Yuan et al. investigated the behaviour of a graded
origami structure under quasi-static compression. A beam was fabricated using ABS
material with flat brass sheets, 0.3 mm thick, implanted between the moulds, which
were then compressed. Results indicated that the proposed origami structure showed
plane stiffness and higher energy absorption to external loads [20]. However, the work
lacked analysis in terms of geometric optimisation and behaviour under impact load.
Hernandez et al. presented a kinematic study of origami structures for both elastic and
plastic polymeric beams. After assessing various design structures, it was found that
the kinematic variables of the structural model could fully explain the configuration of
elastic origami structures within the beam [21,22]. However, the model developed by the
researcher is far more complete and needs fewer variables for efficient FEA. Li and You
researched open section origami beams to demonstrate energy absorption. Their research
focused on designing a beam which included origami geometries and which retained its
cross-sectional height better than conventional beams when subject to large externally
imposed bending deformations. Despite numerical simulation, the model did not develop
origami geometries able to cope with symmetrical vertical loads; also, the energy absorption
model needed to be validated [17]. Nevertheless, origami-based encapsulation has shown
promising results [23], but tests of mechanical strength and healing properties tend to have
been carried out on soft and weak materials [24].

The encapsulation of folded material, such as TPU in rigid and static structures,
can induce self-healing properties in a structure, assisting it in overcoming extreme fa-
tigue conditions, material degradation, and failure due to micro-cracks [25,26]. More-
over, by activating the self-healing process, the material becomes safer and more durable,
saves the time and cost of replacing particular items, and reduces inefficiencies incurred
due to damage [27,28].

The four-point flexure response of the ABS beam has been researched by Dhaliwal
and Dundar and showed high impact resistance and toughness. Their work examined the
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strain rate using the Generalised Incremental Stress-State Model. Though the compressive
elastic modulus of ABS is found to be much higher than its tensile elastic modulus, the
Von-Mises is yielded at a much lower force [29]. This means that at higher deformations,
the ABS beam may not produce the predicted theoretical results. Therefore, it is necessary
to continue to research self-healing techniques of polymers using origami structures.

Lee [30,31] conducted an experiment using a large elastic bending machine to inves-
tigate the elastic energy behaviour of curved–creased origami to assess material bending
behaviour. As the first step, an origami design model was developed to use different folds to
produce the patterns necessary to make the 3D form required to meet a prescribed buckling
criterion. The model was then used to simulate the shape of the origami capsule required,
after which the results could be experimentally validated. The study by Lee [30] showed
that skewed curved–creased laminated surfaces could help in assembling compliant and
energy-absorbing structures, but the study itself did not provide any direct evidence for
using this mechanism for self-healing. However, once the results were validated, it allowed
a healing process using origami capsules to be simulated.

In this work, the response of polymeric beams of ABS and TPU materials under elastic
and plastic loads is investigated. The experimentation process included the use of strain
gauges of different thicknesses to determine the deflection of the cantilever beam under
test [32,33]. The tests included observation of the effects of the material and binder on two
types of 3D-printed beams and were designed to test their elastic and plastic responses
under different bending loads. These responses were used to develop an origami capsule-
based novel self-healing mechanism triggered by crack propagation due to strain release in
a structure.

The origami capsules were cross-shaped and made of four small beams that could be
folded or elastic deformed and embedded in the main beam structure. Under the strain
released due to crack propagation in the main beam, the small beams of the origami capsule
unfolded in the direction of the path of the crack and hence increased the structure’s
resistance to crack propagation. This increase in the crack resistance was validated in
a delamination test of a double cantilever specimen under quasi-static load conditions.
Repeated results demonstrated the effect of self-healing on structural strength against crack
growth. The results show the potential of a proposed self-healing mechanism as a novel
contribution to existing practices, which are primarily based on external healing agents

The paper is structured as follows: Section 2 describes the methodology, including
the selection of materials, experimental setup and procedure of the simple beam, origami
beam and origami embedded structure. Section 3 provides the results and discussion. The
conclusions are presented in Section 4.

2. Methodology

In this section, various techniques used to prepare and characterise the samples are
described. Specifically, bending loads were placed on the end of rectangular beams of the
polymeric materials to gain a better understanding of their elastic and plastic behaviour.
The four steps in this research are shown in Figure 1. The first step was selection of
the polymeric material and included the preparation of the specimen and experimental
methods. The second step was design of the polymeric structure, including the origami
capsule. The third step was the design of the experiment to investigate the properties of the
samples, including bending moment and delamination tests. In the final step, the tensile
test machine was used to obtain strain–stress curves, bending points and delamination
effects using a single bending moment, see Figure 1.
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Figure 1. Methodology diagram.

2.1. Material Selection

The first polymeric material selected was ABS, one of the most common raw materials
used for printing beams via fused deposition modelling. ABS has good impact resistance,
high rigidity, strain resistance, etc., even at low temperatures [34], properties that make it
a suitable material for the intended application. Sample parts were fabricated at variable
parameters and tested for bending strength. The second material chosen was TPU. This is
of interest because of its versatility in terms of a wide range of mechanical properties, good
abrasion resistance and low density. TPU is more elastic than ABS and very suitable to be
folded as capsules. TPU has additional benefits compared to other polymers, such as being
extremely flexible, durable and smooth to the touch.

A Raise3D Pro printer was used to print the beam-based origami capsule and embed-
ded structure beam. The 3D printed samples and capsule were produced with two printing
parameters: orientation and layer thickness. The platform was heated to 80 ◦C with a screw
speed of 50 mm/s. At least 1 kg of filaments with a diameter of 1.75 ± 0.05 mm served
as the extender. During the printing process, the slicer programme used this diameter to
calculate the required feed rate [35–37]. The mechanical printer parameters are presented
in Table 1 and depicted in Figures 2 and 3.

Table 1. Printing parameters.

Parameters Value

Nozzle size (mm) 0.4

Layer thickness (mm) 0.1, 0.2

Build orientation 0◦, ±45◦, 90◦

Infill density (%) 100

2.2. Specimen Preparation

The specimen was designed as a simple beam with embedded structure. The design
of the embedded capsule is shown in Figure 4, which also shows its dimensions. The
cantilever beam was designed using the inventor software, as shown in Figure 4a, sample
thickness is 3.0 mm, length 145 mm, and width is 10 mm. Figure 4b the origami capsule
thickness 3.0 mm, length 19 mm, and width 5 mm. Figure 4c shows the length of specimen,
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193.0 mm, width 30 mm, and thickness 5 mm. These dimensions were maintained in
all tests.

 

Figure 2. Printing Directions of ABS: (a) 0 orientation; (b) ±45 orientation; (c) and 90 orientation.

 

Figure 3. Layer thickness: (a) 0.10 mm (b) 0.20 mm.

Figure 4. Geometry of specimens: (a) ABS simple beam; (b) origami capsule TPU; (c) Double
cantilever beam (DCB (with hole and pillars).
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G-code files for printing the above specimens on a 3D printer were created using Idea
Maker software (Raise3D pro2). The 3D printer process from drawing to fused deposition
is shown in Figure 5.

Figure 5. The 3D printer process from drawing to fused deposition.

At least three samples were printed of each simple beam, capsule, and embedded
structure. The infill density was 100% in all cases. First, TPU and then blends containing 5,
10, and 20 wt% TPU were printed. Nozzle temperature was set to 60 ◦C for all capsules.
Printing speed was 40 mm/s, and print bed temperature was 60oC. Similarly, ABS simple
beams were also printed with infill densities of 40, 60, and 80 wt%, respectively. Here
the printing speed was constant 60 mm/s with nozzle diameter 0.4 mm. The print bed
temperature was 80 ◦C and 100 ◦C. For each configuration, two samples were printed [8].

2.3. Design of Experiment

In this experimental study bending load and delamination tests were carried out. Both
sets of experiments began with the printing of samples, the simple beams, the origami cap-
sules and the origami capsules embedded in the beams. The samples were then subjected
to bending load and delamination tests using an Instron 5944 Universal Testing Machine
(UTM). Specifically, the bending load was applied to better understand the elastic and plas-
tic behaviour of ABS and TPU. The stresses were calculated according to the force provided
by the UTM. In addition, video images taken during the loading determined the deflection
of the beam at 15 different points along its length. This provided the overall response of the
beam under bending load. Furthermore, each quasi-static double cantilever beam (DCB)
test was conducted three times using the UTM. The loading value was measured with a
load cell attached to the tensile test machine. The opening displacement and crack length
were measured with a camera.

2.3.1. Simple Beam and Origami Beam

In this work, the parameters were set as shown in Tables 2 and 3 using design of exper-
iment methodology. The ABS simple beam and TPU origami capsule were manufactured.
Sensor calibration was performed (3 times for each beam thickness: 0.5 mm, 1.0 mm, 2.0
mm, and 3.0 mm. Deformation load and deflection data were recorded, and the data (strain,
applied load, and deflection) plotted using Excel.

Table 2. Origami capsule designs.

Origami Capsule Shape Thickness (mm) Dimensions (mm) Loads (g)

Cross 1.0, 2.0, 3.0 19L/5W 1, 2, 4, 6, 11, 16, 26, 36,
56, 86, 106
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Table 3. Experimental setup for simple beam.

Sample Number Beam Thickness mm
Dimensions, mm
(Length/Width)

Loads (g) Attached to
the Beam, See Figure 6

1 0.5 145/10 1, 2, 3, 4, 5, 6, 7, 8, 9, 10

2 1.0 145/10 1, 3, 5, 10, 15, 25, 35, 45,
55, 75, 100

3 2.0 145/10 5, 10, 20, 30, 50, 70, 90,
110, 160, 210, 310, 410

4 3.0 145/10 5, 10, 20, 30, 50, 70, 90,
110, 160, 210, 310, 410

 

Figure 6. Deflection points.

2.3.2. Origami Beam Embedded Inside Structure of the Beam

A simple experiment was conducted to record load and displacement using a delami-
nation test on the specimen beams printed using ABS polymer, as shown in Table 4 The
stress/strain relationship with and without the origami capsule was then evaluated.

Table 4. Experiment Scheme in embedded structure.

Specimen Type Crack Length Thickness of Capsule Mechanical Testing

DCB origami 40 mm 1 mm, 2 mm, 3 mm Delamination test
DCB without origami - - Delamination test

The initial hypothesis was that specimens containing the origami structures would
be more resilient and exhibit higher tensile strength when loaded axially. Conversely,
specimens that did not have origami structures embedded within them should exhibit
lower resilience or lower tensile strength. In order to test this hypothesis, two hollow
3D beam samples were printed that could be joined later by mechanical means. One of
the samples contained 3D printed origami structures embedded inside using an adhesive.
The other, the control, was the same 3D printed beam but without the origami structure
embedded within it. The specimens were loaded and pulled (tensile loading) axially. Force
vs. displacement (F/D) curves were obtained, which corresponded to the stress/strain
relationship. In order to convert F/D curves into a stress/strain relationship, force values
were divided by the cross-sectional area of the beam, while D values were divided by the
initial gauge length. A schematic of the experimental procedure is presented in Table 5.
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Table 5. Specimen setup.

Specimen
Beam Thickness

mm
Dimension, mm
(Length/Width)

Type of Structure

with origami capsule 5 mm 193L/30W With holes and pillars
without origami

Capsule 5 mm 193L/30W With holes and pillars

2.4. Experiment Setup and Procedure

In this experiment, a micrometre was used to apply a deflection to the end of a
beam. Before starting the experiment, the dimensions of our simple beam and origami
beam were measured using inventor software. The dimensions of the beams are given in
Tables 2 and 3 above.

For each specimen, the following set of procedures was carried out.

1. First, prepare the surface of the test piece by applying conditioner and neutralisers.
A step-by-step procedure was developed. The process of bonding the strain gauge
should be carried out precisely without errors. Notably, the surface area of the strain
gauge should be stuck together by first cleaning the surface with sandpaper and
then using conditioners to neutralise the free-end and the fixed support. Finally, to
complete the surface preparation of the beam, a generous volume of the neutraliser is
applied and wiped out with the cotton ball.

2. To further explain the process for educational purposes, the bonding area must be
cleared with alcohol/acetone. After clearing the surface, the necessary marks are
placed on the bonding site, preferably with a fine graphite pencil, such that no residual
deposition affect the measurement.

3. Clamping of the beam: the flat portion of the ABS beam was clamped in the test machine.
4. Place the strain gauges on the sample. One in free end and other one close to the fixed

support, as shown in Figure 7.

 

Figure 7. Plane view of strain gauge mounting points on test beam (a) fixed support and (b) free end.

1. Connect the strain gauges to the DAQ-card and the Signal-Express software
2. Calibrate the strain gauges with no load on the sample and set readings to zero.
3. Measure the distance between free end of each sample and the nearest strain gauge.
4. Apply loads progressively from 0 N to 4.02 N and measure the corresponding strain

on each of the two strain gauges. Remove the masses in the reverse order in which
they were added to produce a hysteresis plot.

5. Placing the protractor parallel to the edge of the clamping machine (i.e., starting
point of the beam). The fixing should be firm, so there is no unwanted movement of
the protractor.

6. Camera orientation: The camera was placed parallel to the longitudinal side of the
beam such that the protractor could be easily seen. The distance between the camera
and the beam was 30 cm.

30



Polymers 2022, 14, 3102

2.4.1. ABS Simple Beam Behaviour in Normal Condition

A simple ABS beam of 145 mm length, see Figure 4, was fixed at one end as cantilever
beam. HD camera was chosen for strain measurement rather than crosshead displacement
because of the compliance of the loading mechanism and load cells, which is typical in such
tests. HD Camera deflection measurement on both sides of the sample compensates for
any lateral bending during loading. The procedure for testing the sample begins by setting
the selected beam thickness. Next, the loads were applied at the free end and readings
of the deflections taken. For every deformation, a picture of each point was taken, as
shown in Figure 6. Specimen preparation only required a light-ordered pattern of black
paint on beam, see Figure 6 on the white plastic background. Images of the samples were
captured via camera, and deflection data obtained. After a sample was placed in the testing
machine and a preload applied, a pair of reference images (one image per camera) were
taken of each side of the sample. The applied loads ranged from 1 g to 410 g, depending on
beam thickness, see Table 3. These were placed at the end of the beam. The wires used to
connect the strain gauge to the DAQ (NI 9235) [38]. The D-card meter was connected to the
computer via chassis (NI cDAQ-9174) for post-processing and data analysis.

This methodology proved to be efficient, and testing of a single specimen could be per-
formed in matter of minutes, including mounting the specimen, taking initial undeflected
images, and loading the specimen through to failure. The complete setup, including the
camera and universal testing machine used for bending load.

2.4.2. Polymeric Origami Beam Behaviour

The simple ABS beam was replaced by one with an origami insert; first, a “cross”, see
Table 2. The loads were applied to the origami capsule, and measurements taken via the
computer using the signal conditioning unit and data logger. The experiment was carried
out with three tubes of thicknesses of 1.0, 2.0, and 3.0 mm. Each time the camera was set
to a required value, and the corresponding strain values were recorded. After repeating
the experiment three times, the average value of the results was obtained and noted. The
origami capsules were designed using inventor software with different shapes to test the
workability of different capsules, Figure 8. The designs of the capsules were such that their
geometrical features were confined under the initial pre-stressed conditions.

Figure 8. Origami capsule “cross”.

2.4.3. Beam Behaviour with the Origami Capsule Contained within It

The setup and experimental design for the DCB test are shown in Figure 9. The beams
were, as shown in Figure 4c, 30 mm wide and 193.0 mm long, with a 40 mm longitudinal
pre-crack extending from the front of the specimen, see Figure 9. End tabs of 30 mm width
were glued on the external faces of the specimens on either side of the pre-crack and pinned
to an electromechanical uniaxial testing machine with a 500 N load cell. The DCB tests
were performed on an Instron testing machine with displacement rates that could be varied
between 0.05 to 0.10 mm/s
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Figure 9. Double cantilever beam (DCB) test setup and showing pre-crack.

Because the ABS samples were transparent, crack length was directly recorded from
the top using a camera. Each sample was tested 3 to 5 times. The corresponding energy
release rates and critical energy release rates were calculated using a simple beam. The
programmed loading history was not monotonic: indeed, eight loading and unloading
cycles at the same displacement rate were programmed into the machine to verify the
absence of permanent deformations, which would indicate parasite sources of energy
dissipation. For each cycle, the maximum displacement at loading was defined, as well as
a minimum force at unloading, set at 5 N to avoid compression of the test specimen.

Three different types of specimens were printed, one for each set of parameters,
1 mm, 2 mm, and 3 mm thickness. Three specimens were manufactured and tested under
the same conditions for each thickness to confirm the experimental repeatability of the
results obtained.

Mode I interlaminar toughness tests were performed on DCB beams, see Figure 4c
containing an origami capsule orientated normal to the direction of crack growth [39–43].
The DCB specimens had a 40 mm long pre-crack at the front of the specimen, as shown in
Figure 9. Two hinges were glued onto the top and bottom surfaces of the sample so they
could hold the ends of the arms of the DCB specimen. The delamination crack growth in
the direction of the origami capsule was as shown in Figure 9.

3. Results and Discussion

3.1. Results for ABS Simple Beam Behaviour

The displacement responses of the ABS materials with bending loads applied at the tip
are shown in Figure 10. It is evident that for the 3.0 mm thick beam within the elastic limit,
the maximum stress yielded a deflection of 56 mm. However, for the 0.5 mm thick beam,
observed a deflection of 79 mm. Within the elastic limit, for small deflections, the value of
the stress is directly proportional to the force and inversely proportional to the thickness:

De f lection ∝
f ( f orce)

f ( thickness)
(1)

The values of force and maximum deflection were used to calculate the strain energy
of the beam. It was assumed that the amount of stress applied is wholly converted into
strain energy, which is represented as:

Maximum Strain energy o f beam (U) =
σ2

2E
Ba (2)

where σ represents the stress applied, E is the elastic modulus of the material, B is the
beam’s thickness, and a indicates the length of the beam.
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Figure 10. Deflection of end loaded simple ABS beam 145 mm long,10 mm wide and thicknesses:
(a) 3 mm, (b) 2 mm, (c) 1 mm and (d) 0.5 mm.

From the force–deflection curves shown in Figure 10, it is seen that the maximum
deflection for the beam of 3.0 mm thickness was 64 mm at the maximum applied force
of 4.022 N. The maximum deflection for the beam of 2.0 mm thickness was 78 mm, and
the maximum applied force was again 4.022 N. The maximum deflection for the beams of
1.0 mm and 0.5 mm thicknesses was 93 mm at the maximum applied forces of 1.73 N and
0.55 N, respectively. Hence it follows that:

Maximum strain energy beam at 0.5 mm beam thickness

=
191.482

2 × (1681)
× 5 × 145 = 7907 N.mm

Maximum strain energy at 1 mm beam thickness

=
98.192

2 × (1681)
× 10 × 145 = 4158 N.mm

Maximum strain energy at 2 mm beam thickness

=
87.482

2 × (1681)
× 20 × 145 = 6601 N.mm

Maximum strain energy at 3 mm beam thickness

=
38.882

2 × (1681)
× 30 × 145 = 1956 N.mm

From the calculated values, it is noted that maximum strain energy is observed for
the 0.5 mm thick beam, 7907 N.mm and the least value of strain energy is observed for the
thickest beam, 3.0 mm, which is 1956 N.mm. This validates the findings that maximum
force and beam thickness yield minimum strain energy, and the lower the magnitude of
force and beam thickness, the higher the strain energy.

In Figure 10, the vertical black lines indicate the initiation of the plastic regime of each
beam; it is clear that the greater the thickness of the beam, the greater the force required.
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This is the reason why the plastic region for the 0.5 mm beam commenced at 0.15 N,
whereas for the 3.0 mm beam, the force required was 3.04 N.

With the observed changes for the maximum deflection with respect to different
loads, there is a need to analyse whether or not the values change with position. This was
performed by plotting a 3D surface graph in the next section (see Figure 11) to show the
parametric relationship between force, deflection, and position of the beam.

 

Figure 11. Three-dimensional gradient graph of ABS beam the showing relationship between applied
Force (N), Position (mm), and Deflection (mm) for four beam thicknesses: (a) 3 mm, (b) 2 mm,
(c) 1 mm, (d) 0.5 mm.

It is evident that the gradient increases in value as the thickness of the beam increases
in four stages, from 0.5 mm to 2.0 mm.

With respect to different positions of the beam, we have assumed that deflection at
different forces varies accordingly.

The curves shown in Figure 12 demonstrate strain energy as a function of applied
force for simple ABS beams of (a) 0.5 mm, (b) 1.0 mm, (c) 2.0 mm, and (d) 3.0 mm thickness.
The trend indicates that the strain energy attained its maximum value for 0.5 mm thickness
(7907 N.mm), followed by 6600 N.mm for 2.0 mm, 4158 N.mm for 1 mm, and 1955 N.mm
for 3 mm. It was also noted that the strain energy for all thicknesses except 2.0 mm had
reached zero before 0.5 N, while the strain energy for the 2.0 mm thick beam reached zero
value only as the force approached 1.0 N. This shows that the greater the value of the beam
thickness, the greater the strain energy, and the more gradual will be the process of strain
energy decay over time.

Mathematically,
de f lection = f ( f orce, position)

Each of the 3D surfaces shown in Figure 11 is approximated using a polynomial
equation as given in Equation (3):

De f lectiono f the beam (x = Force, y = position at any point)= p00 + p10x + p01y + p20x2 + p11xy (3)

where p00, p10, p01, p20, and p11 are the coefficients of the polynomial.
The results of the coefficients at various beam thicknesses are indicated in Table 6.
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Figure 12. Strain energy vs. applied force for simple ABS beam of thickness: 0.5 mm, 1 mm, 2 mm,
and 3 mm.

Table 6. Different values of coefficients at simple ABS beams and TPU Origami capsule of
different thicknesses.

Coefficients
Simple ABS Beam TPU Origami Capsule

0.5 mm 1 mm 2 mm 3 mm 1 mm 2 mm 3 mm

P00 −10.25 −7.013 −6.002 −2.196 0.5864 1.176 −0.05332
P10 134.8 37.79 10.3 4.519 49.29 −18.06 −24.81
P01 0.3297 0.1968 0.1247 0.0363 0.5673 2.483 3.927
P20 −209.2 −38.41 −2.804 −1.402 14.57 37.92 21.46
P11 0.6598 0.4525 0.1259 0.1112 −3.208 −2.87 −2.373
w00 2.02 −10.70 18.99 −17.32 −0.9095 3.318 −1.822
w01 −0.05 0.32 −0.65 0.58 −0.2359 2.623 −1.82
w10 −40.07 251.30 500.80 327.40 −30.3 −158.3 177.2
w11 0.04 −0.08 −0.37 0.86 0.0795 0.0995 −3.387
w20 74.75 −465.60 909.20 −556.70 −19.91 83.07 −48.59

By substituting the coefficients in Equation (3), the polynomial equation for each beam
thickness can easily be found.

From the above Table 6, it is clear that as the thickness increases, the absolute value
of the coefficients decreases, which ultimately reduces the R-squared values. This is the
reason why the 3.0 mm thick beam has the lowest values of coefficients and the highest
R-squared value. The results can be further simplified in terms of reducing the variables
and coefficients. This is performed by plotting the curves of coefficients against beam
thickness, which allows the corresponding slopes of the curves (the coefficients w1, w2,
and w3) to be determined (see Figure 13).

Each plot in Figure 13 is fitted for a third-degree polynomial, so the generalised
equation becomes:

f (x thickness) = w1x3 + w2x2 + w3x + w4 (4)

where w1, w2, w3, and w4 indicate the coefficients of the polynomial equation, and x
indicates the thickness of the beam.

The generalised equation, Equation (4), is simpler to analyse than Equation (3), and is
effective in determining the coefficient whatever the thickness of the beam.

The above equations are formulated by substituting the values in the generalised
equation. The R-squared value for each coefficient is 1.00, which shows a perfect fit of the
curve, as indicated in Table 6. The equations are set for a third-degree polynomial in each
case, so there is virtually no discrepancy in the value of any coefficient. This equation can
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be used to analyse the response of a simple ABS beam of any thickness in the range of 0.5
to 3.0 mm under different loads up to the elastic limit.

 

Figure 13. Graphs indicating the relationship of simple ABS beam thickness vs. correlation coefficient
for (a) w00 (b) w01 (c) w10 (d) w11 and (e) w20.

3.2. Results with the TPU Origami Capsule

In the laboratory, it is possible to design simple experiments in order to examine the
deflection of a “cross” TPU capsule held at one tip and with a load applied at the free end;
this is effectively a cantilever beam of length 19 mm, width 5 mm and a thickness of 1.0 mm,
2 mm and 3.0 mm. The deflection vs. force curves obtained with the origami capsule for
these three thicknesses are shown in Figure 14. The maximum deflection observed for the
3.0 mm thick capsule was 19 mm with an applied force of 1.5 N; the maximum deflection
for the 2.0 mm thick capsule was 17 mm for an applied force of 1.3, and the maximum
deflection for the 1.0 mm thick capsule was 15 mm for an applied force of 1.0 N.

 

Figure 14. Deflection of an origami TPU “cross” capsule acting as a cantilever beam as a function of
force for “capsule” thicknesses: (a) 3 mm, (b) 2 mm and (c) 1 mm.
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Using a similar technique to that used with the simple ABS beam, 3D surface graphs
for the TPU “cross “were plotted using MATLAB (see Figure 15).

Figure 15. Three-dimensional gradient graph of TPU capsule “cross” showing relationship between
Force (N), Position (mm), and Deflection (mm) for three beam thicknesses (a) 1.0 mm, (b) 2.0 mm,
(c) 3.0 mm.

Figure 16 illustrates the response of strain energy with force applied to the TPU “cross”
beam. It is clear from the trends that, for all beam thicknesses, the beam’s responsiveness to
strain energy is exponential and decreases with the increase in applied force. It is evident
that a force of 0.25 N is the maximum force at which all three beam thicknesses showed the
response of strain energy.

 

Figure 16. Strain energy versus applied force for TPU “cross” capsule for thicknesses: 1.0 mm, 2.0
mm, and 3.0 mm.

Deflection as a function of force and position is observed for TPU. From the 3D surface
graphs, it is evident that a plastic region was achieved at the maximum values of applied
load for each thickness of the TPU “cross” beam.
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For the TPU “cross”, the generalised equation for any arbitrary point can be presented
by Equation (3).

By substituting the coefficient values in Equation (3), the polynomial equation for each
thickness can easily be found.

The R-squared value for each thickness (see Table 6 above) was found to be 0.9966,
0.9818, and 0.9647, respectively, for the 1, 2, and 3.0 mm thicknesses of the “cross” capsule.
This indicates that as the thickness of the TPU beam increases, the accuracy of the model
equation declines. As with the ABS, the polynomial equation for the TPU “cross” can be
simplified using only its thickness. By plotting the corresponding slopes on the curves, the
coefficients (w1, w2, and w3) are determined as indicated in Figure 17.

 

Figure 17. Graphs indicating the relationship of TPU “cross” beam thickness versus the coefficient
for (a) w00 (b) w01 (c) w10 (d) w11 (e) w20.

Each graph in Figure 17 was fitted with a second-degree polynomial, so the generalised
equation can be presented by Equation (4).

By substituting the values of the coefficient in Equation (4), the generalised equations
can be found.

The R-squared values for all four coefficients, as indicated in Table 6 above, were 1.0
for a second-degree polynomial, suggesting a perfect fit for TPU “cross” origami capsule,
whereas a perfect fit for the ABS required a third-degree polynomial.

3.2.1. Discussions of Simple ABS Beam and TPU Origami Capsule

The experimental results of the beam were collected and analysed using graphical,
simulation, and statistical techniques. The deflection, position, and force vary with thick-
ness, and a 3D gradient graph was plotted in MATLAB to show this (see Figure 11). It is
evident from this figure that because the thickness of the beam increased from 0.5 mm to
2.0 mm, the gradient shifted towards a smaller deflection. The 0.5 mm thick beam reached
a maximum deflection of 93 mm (see Figure 11a). The 1.0 mm beam achieved a maximum
deflection of 90 mm (Figure 11b); the 2.0 mm beam reached a maximum deflection of
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78 mm (Figure 11c), and the 3.0 mm thick beam showed a deflection of 64 mm (Figure 11d),
were 0.9681, 0.9632, 0.9662, and 0.9819, respectively. This confirms that the thickness of the
beam is a critical parameter that moderates the deflection at different values of position and
applied force. These values are also significant because they demonstrate that the values of
the deflection of the beam can be correlated through a regression model (Table 6).

Of all the results, the beam with the 0.5 mm thickness reported the maximum deflection
value, and 3 mm reported the minimum value. This indicates that the thickness of the
beam is a critical parameter that modulates the deflection at different values of position
and force.

The analysis of the beam’s elastic modulus helped compute the ABS’ resistance to
elastic deformation. From the results shown in Figure 10, it can be seen that as the thick-
ness of the beam increased from 0.5 mm to 3.0 mm, the elastic modulus decreased from
3.6 × 109 Pa to 1.8 × 108 Pa. This shows that increasing the thickness of the beam reduces
the elastic modulus of the beam. The initiation of the plastic region is indicated by red
crosses, as shown in Figure 11. For a 0.5 mm thick beam, the elastic region lasted until
the load was 0.108 N, and the plastic region was maintained until 0.549 N. For a beam
of 1.0 mm thickness, the elastic region was maintained till 0.343 N, and the plastic region ex-
isted up to the maximum load of 1.128 N. For 2.0 mm thickness, the elastic region extended
to a load of 1.08 N, significantly more than for the 0.5 mm and 1.0 mm beam thicknesses.
Lastly, for a 3.0 mm thick beam, the plastic region was sustained till 4.02 N, showing that
for the 3.0 mm thickness, the plastic region commenced at an end load of mass of 310 gm.

The minimum strain calculated to activate the plastic region for the four beams was
0.5 mm—1.79 × 10−6; for 1.0 mm—5.70 × 10−6; for 2.0 mm—1.74 × 10−5; and for 3.0 mm—
4.56 × 10−5. This shows that as the thickness increased, the plastic region was activated at
a greater magnitude of force and a greater overall strain rate. In Figure 12, it is clear that
the strain energy is obtained at a maximum of 1 N for all four beams. However, the beam
thickness significantly affected the decay of the overall strain energy. This shows that ABS
beam may be ideal for low-stress release applications, but for higher stress, the material
may not be sufficiently resilient.

In order to simplify the calculation and apply variable thicknesses, the values of all five
coefficients from the model equation w00, w10, w01, w20, and w11 were plotted against
thickness in Figure 13, and the R-squared values for all four coefficients were 1.0. The
R-squared was evaluated for a third-degree polynomial equation but increasing the degree
placed the value out of range.

From the experimental results, it is evident that the modulus of ABS increases with
strain rate. From the material point of view, the ABS beam depends on both compression
and shear rates, which are different for different thicknesses. The elastic limit is reached
more rapidly for thin beams and gradually increases as the thickness increases. The reasons
for this are the moment of inertia and elastic modulus of the beam, which depend on the
properties and cross-sectional dimensions of the material. ABS as a polymer sustained
the load to 4.02 N for a 3.0 mm thick beam, indicating that the load sustainability of the
designed polymeric beam is suitable for further research work.

The TPU “cross” beam was characterised in order to extend the research work and
scope of the study. The analytical process was similar to that for the simple ABS beam,
involving beam deflection for different beam thicknesses, in this case from 1.0 mm to
3.0 mm. From an analysis of the 3D curves, as shown in Figure 15, it is evident that
the plastic regime had been achieved at the maximum values of applied load for each
thickness of the TPU “cross” beam. The R-squared value was 0.9966, 0.9818, and 0.9674,
respectively, for the 1.0, 2.0, and 3.0 mm capsule thicknesses. This indicates that as the
TPU “cross” origami capsule thickness increases, the accuracy of the model equation
decreases, as indicated in Table 6. It can be inferred that the equation is less well-adapted to
thicker beams. The maximum stress values recorded for the 1.0, 2.0, and 3.0 mm capsules,
respectively, were 6.24 × 10 Pa, 7.61 × 10 Pa, and 3.88 × 10 Pa.
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Upon examination of Figure 14, it is evident that the capsule’s elastic limit for the
1.0 mm thick capsule was about 1.04 N, for 2 mm, 1.33 N, and for 3 mm, 1.33 N. Compared
to the ABS, the highest elastic modulus was for the 3.0 mm thick beam: 3.88 × 10 Pa,
corresponding to the maximum load of 4.02 N. This demonstrates that for the same beam
design, the ABS will yield a higher elastic modulus than the TPU “cross”.

In Figure 17, w00, w10, w01, w20, and w11 are plotted against thickness using the
model equation; research corresponds to the R-squared values for all coefficients being 1.0.
In conclusion, from the experimental results for the TPU “cross” capsule, it is clear that the
elastic modulus had a lower value than was achieved with the simple ABS beam. However,
one prominent effect that was highlighted for the TPU “cross” capsule was that the beam’s
plastic region was activated at relatively low values of applied force. This also suggests
high flexibility in the TPU “cross”, which can be used to advantage in those designs where
the beam needs to be folded and activated even when there is little change in the applied
force. The TPU “cross” is more likely to remain elastic under deformation; this is why we
chose to use the TPU “cross” as the material for the capsule and chose ABS to be the beam.
It was clear from Figure 16 that the strain energy is obtained at a maximum of 0.25 N for all
three capsules. However, the capsule thickness significantly affected the overall decay of
strain energy. This suggests that the TPU “cross” capsule may be ideal for higher stresses
because the material may be more resilient.

Thus, we inserted a TPU “cross” capsule inside the DCB and calculated the strain
energy released by crack propagation in the DCB to assess whether it would activate the
TPU “cross”. Since the values of strain had been calculated above, it was easy to pinpoint
the amount of strain energy released during crack propagation. The question is whether the
amount of strain energy released would activate the TPU “cross” module. The behaviour
of the “cross” is observed to be duplicated by the roller under a bending load.

3.2.2. Discussion on Error in Predictions

Once the beam modelling is completed, the validation is performed by adjusting the
3d surface graphs in model approximation and prediction. This enables us to choose the
optimum model equation for different materials. As mentioned earlier, the initial process is
to assess the model values with the points of the experimental design. The criteria used to
test the model fit between different observations and predictions on the deflection, force,
and displacement are used. Notably, during the MATLAB plot, the role of determination
involved both R2 and adjusted R2, followed by Root Mean Square Error (RMSE).

For the research study, it is questionable what the probable difference between the
points obtained from the predicted model versus the experimental design is. Since the
number of simulations is not restricted, evaluation of Absolute Error and Root Mean Square
Error (RMSE) can be considered for validation. The MSE values obtained for ABS and TPU
are indicated in Figures 18 and 19, respectively.

The above-indicated Figures 18 and 19 show the thickness versus error ranges for
MSE and RMSE for TPU and ABS, respectively. The highest error range is obtained for
ABS, and the lowest is noted for TPU. This is due to the presence of the lowest degree
polynomials in ABS model equations and higher in TPU. The MATLAB simulation converts
the polynomial equation into an algebraic equation and then carries out the calculations.
Therefore, neglecting a higher degree in a calculation in any algebraic equation reduces the
model’s accuracy. The only method to reduce error difference is to conduct an experimental
research study with precision, as it will reduce analytical and experimental differences.

Theoretically, the proposed numerical model converts the continuous function into a
piece-wise function by dividing the domain of the graph into discrete elements. Within this
phenomenon, when we try to approximate the continuous function to discrete function,
this leads to the generation of error, which generally accounts for a numerical error, in the
case of surface graphs, which involve the modelling of the continuous system through
discrete elements. With this inherited error, MATLAB does simulate the solution known
as a numerically converged solution. However, there also exists a solution that is nu-
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merically uncoverged since MATLAB has ignored the inherited error, so the difference
between numerically converged and unconverged produces a differential error [44]. Spe-
cific to the model equations we proposed, it is presumed the error leading to MSE is the
differential error.

 

Figure 18. Thickness versus error ranges for MSE and RMSE for TPU beam.

 

Figure 19. Thickness versus error ranges for MSE and RMSE for ABS beam.

3.3. Results for Origami “Cross” Module Embedded Structure

For the DCB test, instead of having interlaminar crack growth in the DCB, one of the
arms was broken (see Figure 20). The responses of the DCB model can help us to analyse
the behaviour of the origami capsule and whether it activates a self-healing mechanism.
The analytical process seeks to estimate how much stress is released when the beam is
deflected due to the application of a force. With the DCB, it is assumed that the force is
dependent on the strain release phenomenon. The response of force vs. displacement for
the DCB is presented in Figure 21. Here, the proposed standard was modified by adding
a video recorder and camera to the test setup: a picture, which coincided with the force
and displacement measurements, was taken every 10 s and was used to visually evaluate
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and measure the position of the crack tip during the tests with the TPU origami capsule
in place.

 

Figure 20. Measuring DCB crack length and displacement during the test.

 

Figure 21. Crack length in DCB under the quasi-static conditions. The load–displacement graphs
obtained for the beams with origami capsules and without origami capsules are shown in (a–d).

The load–displacement graphs obtained for the beams with origami capsules and with-
out origami capsules are shown in Figure 21a–d. Nonlinearities in the load–displacement
relation were observed for the specimen with the origami capsule. In Figure 21a, the
maximum resistant force is 25 N. For the specimen without origami, Figure 21b, it is clear
that the maximum force that can be resisted is 19 N at a total displacement of 6.4 mm.

Noticeable is the sudden and substantial drop in force that occurs in both cases, with
and without the origami capsule. When the capsule is present, the drop is from about 15 N
to 5.4 N, starting at a displacement of about 11 mm. When the capsule is absent, the drop
is from about 15 N to 8 N, starting at a displacement of about 8 mm. This sudden failure
precedes the full collapse of the DCB. However, the maximum displacement of the beam
without the capsule reaches 20 mm, which is significantly higher than that for the beam
with the capsule.

We can estimate the percentage error in the experimental deviation using the time and
strain released.

Strain release due to crack (U) =
σ2

2E
Bπa2 (5)
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where σ represents the stress applied, E is the elastic modulus of the materials, B is the area
length, π is the area from middle DCB until the open area, and a indicates the length of
the beam.

Table 7 indicates the experimental and theoretical values for the strain released (see
Equation (5)) during the beam test with and without origami. The results indicate that
the difference of strain in the beam with origami is 0.0871, and without origami is 0.0267,
which comes to 8.71% and 2.67%, respectively. This shows that the strain released without
origami is greater than that with origami. The response of the TPU, which have observed
separately, is the same as that of the DCB. In order to use the model equation in calculations
relating to self-healing behaviour, we have to include the calculated deviations.

Table 7. Experimental and theoretical model of the beam (a) with origami, (b) without origami.

with Origami (5 mm) without Origami (5 mm)

Experimental value of strain release ε = 8.87 × 10−2 ε = 2.62 × 10−2

Theoretical value of strain release ε = 1.53 × 10−3 ε = 4.61 × 10−6

Percent Deviation in strain release Δε = 0.0871 (8.71%) Δε = 0.0267 (2.67%)

Discussion:
This research assessed the behaviour of origami capsules embedded in the DCB

structure. The DCB tests were carried out on an Instron test machine with displacement
rates varying from 0.05 to 0.10 mm/s. The energy release rate and values of critical energy
were calculated on the basis of the configurations. The material of the specimen was ABS,
which was used to evaluate the stress–strain relationship for the DCBs with and without
the presence of origami capsules. The results show that the presence of an origami capsule
results in a more robust and resilient beam that can withstand greater fluctuations than a
beam without an origami capsule. A mathematical analysis of the force vs. displacement
and stress vs. strain curves was performed to help assess whether the hypothesis and
research arrangement were valid.

From the experimental results, two pairs of graphs were obtained for the beams with
origami and without origami, as shown in Figure 21a–d. Figure 21a, shows that with the
origami capsule present, the graph proceeds as an almost straight line from 0 N to the
maximum force of 24 N, at which the total displacement was 4.8 mm. This denotes the
elastic limit of the beam and the resistance at the maximum load. After this point, the beam
continued to extend, and the displacement increased, reaching a maximum displacement
of 17.5 mm. This was the plastic region of the beam.

For the specimen without origami, as indicated in Figure 21b, it is clear that the
maximum force that can be resisted is 19 N at a total displacement of 6.4 mm. The sudden
and substantial drop in force from 15N to 5.4 N after this failure was obvious; it was enough
to damage the overall beam before it fully collapsed. The maximum displacement of the
beam reached 20 mm, which was significantly higher than for the beam with origami.

This is evident from a comparison with the results of previous research work by Simon
et al. [40], who carried out load vs. displacement tests on specimens with and without a
laminate lay-up. There was a clear difference in delamination lengths for the two specimens,
with a rapid drop in load for the non-laminated lay-up compared to a gradual decline
in force for the laminated lay-up. This result is similar to our beam results, as shown in
Figure 21.

These results indicate that a beam with the origami capsule resists failure better than
a beam without the capsule. The beam dimension may also play a significant role in
defining the strength of the material. A study by Brunner et al. [42] on the applicability
of delamination resistance of different materials indicates that multi-directional lay-ups
pose issues due to crack branching and deviation from the plane. The delamination
resistance seen in DCB tests depended on the fibre orientation. Alternating the orientations
of the cross-ply composites in the beam from 0◦ to 90◦ yielded a 50% deviation from
the mid-plane.
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Figure 21c,d presents graphs of stress and strain, with and without the origami capsule.
With the capsule present, the maximum stress was 6 × 106 Pa, and the strain was 0.09,
whereas for the specimen without the capsule, the maximum stress was 4.5 × 106 Pa and
the strain was 0.11. The stress–strain relation has also been studied by Chen et al. [45] using
high-density stitched beams. When the load vs. displacement curve were compared, it
was evident that the load increased linearly with the displacement, but when the stitches
broke, crack initiation caused a sudden drop in load. Results closer to those in our study
are reported by Kato et al. [46]; they found reported an example of crack propagation in
DCB made from a satin weave E-glass fabric. The results are comparable in the sense that
the delamination was 1.0 mm in width. Additionally, the load fluctuation was also steady,
such as that of origami, which indicates the high tensile strength of the material sufficient
to bear the increasing load, even during crack formation.

In conclusion, the proposed TPU “cross” origami capsule tends to absorb a sudden
fluctuation in load and retards the displacement that may lead to failure. This contrasts
with the results of the beam without an origami capsule: these showed a rapid decrease
in load with an excessive displacement that led to the failure of the beam. Therefore,
the hypothesis that specimens which integrate origami structures are more resilient and
exhibit higher tensile strength when loaded axially is supported. Similarly, DCB beams that
do not have origami structures embedded within them exhibit lower resilience or lower
tensile strength.

3.4. Results for a Comparative Study for Strain Energy Activation in an Embedded Structure
Versus a Simple TPU Capsule

The results presented in Figure 22 indicate a correlation between time and strain
energy for simple TPU capsules 1, 2, and 3.0 mm in thickness. It is seen that the magnitude
of the strain energy increases with the thickness of the beam since 3.0 mm showed the
highest and 1.0 mm showed the least responsiveness over time.

 

Figure 22. Strain Energy versus time for TPU “cross” beam structure of thicknesses: 1.0 mm, 2.0 mm,
and 3.0 mm.

Figure 23 indicates the strain release over time for the beam with an embedded capsule.
It is clear from the trends that the embedded beam of greatest thickness has the highest
strain release and vice versa. The shape of the curves was exponential for all thicknesses.
Compared to the normal TPU beam structure in which the strain energy lasted for 75 s in
the TPU inside an embedded structure, the strain release covered a period of 140 s. The
average strain release for 1, 2, and 3 mm beam thickness were 0.00038, 0.01153, 0.0473.
Similarly, the standard deviations were 0.00075, 0.00507, and 0.05626 for beams of 1, 2, and
3 mm thickness, respectively.
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Figure 23. Strain release versus time for TPU inside an embedded DCB beam for thicknesses: 1.0 mm,
2.0 mm, and 3.0 mm.

The generalised equation for any thickness of the beam is represented as:

y = Strain energy = f (x = time) = ae(bx) (6)

where y indicates the strain energy (N.mm), a and b are coefficients, and x represents time.
By substituting the values of a and b into Equation (6), the corresponding equation for

thickness can be represented.
Figure 24 indicates the responsiveness of the strain release. It is evident that strain

release for the DCB with and without the origami capsule has different response times. We
see that maximum strain release was attained at 40 s for the beam containing the capsule
and 3.5 s for the beam with no capsule. This shows that strain release in the beam with a
capsule is higher than for the beam without a capsule.

Figure 24. Strain release vs. time for DCB (a) with origami capsule and (b) without capsule.
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From the graphs presented in Figures 22 and 23, a third-degree polynomial was used
to fit the data points, so the generalised equation becomes:

f (x = time) = s1x3 + s2x2 + s3x + s4 (7)

where s1, s2, s3, and s4 indicate the coefficients of the polynomial equation and x indicates
the time of the beam (see Table 8).

Table 8. Values of the linear equation coefficients and parametric coefficients for origami and non-
origami capsules.

Coefficient S1 S2 S3 S4 R-Squared

With origami capsule 4.971 × 10−8 −1.479 × 10−5 0.001144 −0.003213 0.9200
Non origami capsule 5.415 × 10−8 −4.429 × 10−6 6.075 × 10−5 0.001356 0.9333

The R-squared values for with-origami and non-origami capsules are found to be
0.9200 and 0.9333, respectively. This indicates high accuracy for the model equation.

Discussion:
In a structural analysis of the beam’s response to strain energy, it is notable that the

beam resists external actions by developing internal stresses induced in the material of the
beam by the external forces and their subsequent displacements. The response of these
internal stresses also changes with secondary parameters, such as those of geometry and
dimensions. In the present research, it was evident that the strain energy for both the
embedded structure DCB and the simple TPU beam produces an exponential decay curve.
The generalised equation of the curve is indicated in Equation (6), and as shown in Table 9,
For both the embedded structure and the simple TPU origami capsule, the value of the
constant, a, increases and the value of the exponent, b, decreases with increasing thickness.

Table 9. Coefficients for DCB with an embedded TPU capsule and simple TPU beam, for
three beam thicknesses.

Thickness Coefficients
Embedded Structure

DCB (Average)
TPU Beam Thickness

(Average)

1 mm
a 0.1199 184.3
b −0.09576 −0.06174

2 mm
a 0.03747 38.61
b −0.01419 −0.03903

3 mm
a 1.0784 14.96
b −0.04389 −0.03509

Given the similarity in trends for the simple TPU origami capsule and embedded
structure, it is evident from Figures 22 and 23 that the magnitude of strain energy increases
with the thickness of the beam. In Figure 23, it is observed that the embedded beam with
the greatest thickness has the highest strain release, and the converse also holds. Compared
to the simple TPU beam structure in which the strain energy lasted for 75 s, the strain
release in the TPU-embedded structure extended over a period of 140 s. This shows that
strain release was more slowly dissipated in the beam embedded with a TPU capsule
than in the simple TPU beam., The response of the 3.0 mm beam is also significant; it
shows that the embedded structure can sustain higher strain energy values than the same
structure without an embedded capsule. Therefore, when including a healing mechanism
in a beam where high strain energy is required, it is necessary to select the thickness of the
highest value.

To ascertain the healing rate, we can calculate from Figures 22 and 23 the difference
between a TPU in an embedded structure and a simple TPU origami capsule from the
extended rate of strain energy. It was found that the embedded structure had an extended
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dissipation time of 55 secs for all three beams before the trend reached zero. In Figure 24,
the time response to the strain release was plotted for beams with and without origami
capsule inserts. It is evident that the strain release had a different response time depending
on whether an insert was present. For instance, the beams attained maximum strain release
at.40 s and 3.5 s, with the larger value corresponding to the beam with the insert, meaning
that a crack will not propagate so fast when it is being healed. Because the strain release is
dependent on how far the crack has propagated, the strain released due to the presence of
the origami capsule acts to resist the crack’s tendency to propagate.

4. Conclusions

The research has sought to determine the behaviour of self-healing beams under the
elastic and plastic loads for ABS and TPU materials.

• The study calculated the strain via strain energy and strain release for beams with and
without origami capsules.

• Origami capsules were made in the shape of a cross with the four small beams compris-
ing the arms, folded or elastically deformed and embedded in the main beam structure.

• Regarding crack propagation in the main beam, once the strain is released due to the
crack, the small beams comprising the origami capsules open in the direction of the
crack path and increase the crack resistance of the structure.

• When ABS transparent was used as the beam and TPU as the embedded capsule, it
was found that the capsule worked as a self-healing mechanism, healing the crack
before it occurred at a force of 24 N.

• From the results, it is evident that the properties of the TPU allowed deformation to
remain flexible, which is why it was considered a suitable material for a novel self-
healing mechanism that can be triggered by crack propagation due to strain release in
a structure.

• Structural analysis has shown that the greater the beam thickness, the greater force
required to attain the plastic region.

• The delamination tests showed the presence of a capsule suppressed the high com-
pressive stresses induced by the bending moment in the vicinity of the crack tip and
prevented the specimen from breaking and allowing crack propagation.

• The results show the potential of origami capsules as a novel self-healing mechanism
to extend existing practice, which is primarily based on external healing agents.
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Abstract: An increasing interest is focused on the application of 3D printing for sensor manufac-
turing. Using 3D printing technology offers a new approach to the fabrication of sensors that are
both geometrically and functionally complex. This work presents the analysis of the 3D-printed
thermoplastic nanocomposites compress under the applied force. The response for the corresponding
resistance changes versus applied load is obtained to evaluate the effectiveness of the printed layer
as a pressure/force sensor. Multi-walled carbon nanotubes (MWNT) and high-structured carbon
black (Ketjenblack) (KB) in the polylactic acid (PLA) matrix were extruded to develop 3D-printable
filaments. The electrical and piezoresistive behaviors of the created 3D-printed layers were inves-
tigated. The percolation threshold of MWNT and KB 3D-printed layers are 1 wt.% and 4 wt.%,
respectively. The PLA/1 wt.% MWNT 3D-printed layers with 1 mm thickness exhibit a negative pres-
sure coefficient (NPC) characterized by a decrease of about one decade in resistance with increasing
compressive loadings up to 18 N with a maximum strain up to about 16%. In the cyclic mode with a
1 N/min force rate, the PLA/1 wt.% MWNT 3D-printed layers showed good performance with the
piezoresistive coefficient or gauge factor (G) of 7.6 obtained with the amplitude of the piezoresistive
response (Ar) of about -0.8. KB composites could not show stable piezoresistive responses in a cyclic
mode. However, under high force rate compression, the PLA/4 wt.% KB 3D-printed layers led to
responses of large sensitivity (Ar = −0.90) and were exempt from noise with a high value of G = 47.6
in the first cycle, which is a highly efficient piezoresistive behavior.

Keywords: piezoresistive properties; 3D printing; fused deposition modelling (FDM); polylactic acid
(PLA); multi-walled carbon nanotubes (MWNT); high-structured carbon black (KB)

1. Introduction

In recent years, 3D printing, also known as additive manufacturing (AM), has attracted
significant attention from both industry and academia. In this technique, different methods
such as material jetting [1], powder bed fusion [2], material extrusion [3], sheet lamina-
tion [4], directed energy deposition [5], photopolymerization [6,7], and binder jetting [8]
are applied for the manufacturing of 3D items. These methods begin with a 3D model of
the object, and then the special software digitizes and slices the object into the model layers.
Afterward, the AM system prints 2D layers into a 3D build [9–12].

Three-dimensional printing is a novel method for the development of multifunctional
components such as sensors with complex geometrics and combined characteristics such
as optical, chemical, electrical, and thermal, etc. [9]. It is possible to embed a sensor into
a 3D-printed component or print the entire sensor consistently [13]. In the recent past,
significant research has been carried out on the fabrication of 3D-printed sensors such as
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force [14], motion [15], optic [16], hearing [17], etc. by various 3D printing techniques with
distinctive transduction mechanisms, applications and printing materials.

Fused deposition modeling (FDM) is one of the key AM methods, in which a thermo-
plastic filament is passed through a heated extrusion nozzle to be melted. Saari et al. [18]
created a capacitive force sensor using the FDM method and ABS (Acrylonitrile butadiene
styrene)-based materials consisting of a 3D-printed rigid frame with embedded wires in a
spiral pattern imitating a flat plate capacitor and a thermoplastic elastomer dielectric spacer
that compress under the applied force. An ear prosthesis fabricated by 3D printing of
polyvinylidene fluoride (PVDF) [19] showed reliable responses under different conditions
of pressure (0 to 16,350 Pa) and temperatures (2 to 90 ◦C) regarding the pyroelectric and
piezoelectric properties. Krachunov [20] presented a novel method using 3D printing
of ABS and polylactic acid (PLA) with silver coating for the design and manufacture of
customized dry electrodes for Electroencephalography (EEG), which is a procedure that
records brain activity in a non-invasive manner. The performance of the proposed elec-
trodes is suitable for Brain–Computer Interface (BCI) applications, despite the presence of
additional noise.

Applying electrically conductive polymer composites (CPCs) in FDM technology, some
researchers have recently tried to develop sensors that are responsive to different stimuli
such as chemicals including solvents, biological fluids, dopamine, serotonin, metals, vapors,
mechanical flexing and liquid levels [21–24]. Kim et al. [25] 3D-printed thermoplastic
polyurethane (TPU) and TPU/multiwalled carbon nanotubes (MWNT) (a structural part
and a sensing part, respectively) to fabricate a 3D multiaxial force sensor that could detect
the submillimeter scale deflection and its corresponding force on each axis.

TPU containing MWNT/graphene was used to develop flexible strain sensors [26,27].
The results demonstrated TPU nanocomposites as an excellent piezoresistive feedstock for
3D printing with the potential for wide-ranging applications in soft actuators, feedback
from high-speed robotic applications and 3D-printed wearable devices.

Polylactic acid (PLA) has attracted researchers to apply this biodegradable thermoplas-
tic as the matrix polymer in 3D-printed sensors. The total volatile organic compounds and
ultrafine particles emitted while PLA printing is lesser in comparison to other polymers [28].
Three-dimensional printed PLA-carbon black could be effectively used as solvent [29] and
capacitive sensors [30]. The tensile and impact strengths decreased after dipping them in
solvents. The research showed that 3D-printed PLA containing nanographite/graphene
is a promising economical electrochemical sensing platform; however, the performance
of the 3D-printed devices is needed to be improved by increasing the percent of active
material [31–33].

Printing in different geometries expands the utility of 3D-printed sensors in wearable
forms and brings researchers closer to the desire of applying 3D printing for functional and
smart textiles [34]. However, the existing high-sensitive pressure sensors in the medium- to
high-pressure range could not be simply integrated into the garments without hindering
the manual motion [35,36]. The sensors with a sensitivity in the medium pressure range
(10–100 kPa) are required in gloves for monitoring hand stress during manual activity
and object manipulation [37,38]. Foot pressure due to body weight as well as the applied
force in using tools such as tennis rackets with repetitive motions are other examples of
the medium pressure range [37]. Dios et al. investigated the piezoresistive performance
of polymer-based nanocomposites in walking detection applications. Poly(vinylidene
fluoride) (PVDF) in comparison with styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) and
thermoplastic polyurethane (TPU) is the most suitable polymer matrix in low deformation
applications, whereas TPU and SEBS are suited for large deformation application due to
their stretchability [39].

In fact, the piezoresistivity of 3D-printed PLA nanocomposites has not been investi-
gated. Although the matrix is not flexible, the 3D-printed structure could bring functionality
to the nanocomposites through possible complex geometries and the layer-by-layer struc-
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ture which causes the inter-fillers and inter agglomerates gap to increase, leading the
conductive nanocomposites to less dense and more sensitive to compression.

Therefore, in this research, the behavior of PLA 3D-printed nanocomposites under
a load in the medium pressure range was investigated. Conductive filaments including
multi-walled carbon nanotubes (MWNT) and high structured carbon blacks (Ketjenblack)
(KB) in a PLA matrix were 3D printed and the electrical and compressive piezoresistive
behavior of 3D-printed components were investigated. The piezoresistive behavior under
compression was also studied in a cyclic mode in terms of filler type, filler content, and
loading force rate.

2. Materials and Methods

2.1. Materials

As an electrically insulating thermoplastic matrix, a semi-crystalline polylactic acid
(PLA) was purchased from NatureWorks, Minnetonka, MN, USA under the reference
NatureWorks®-6202 D (Mn = 58,300 g/mol; D-Isomer = 1.3%). Prior to compounding and
extrusion, PLA pellets were dried at 60 ◦C for 12 h in oven to remove water.

The carbon black (KB) was obtained from AKZO NOBEL, Amersfoort, The Netherlands
under the reference Ketjenblack® EC-600JD with the aggregate size of 10–50 nm, the ap-
parent bulk density of 1–1.2 g/cm3 and BET surface area of 1400 m2/g. Multi-wall carbon
nanotubes (MWNTs) were obtained from Nanocyl, Sambreville, Belgium under the ref-
erence Nanocyl®-7000 with a diameter of about 10 nm and lengths of 0.1–10 μm with a
surface area of 250 m2/g.

2.2. Nanocomposites Preparation

In first step, a Thermo Haake co-rotating intermeshing twin-screw extruder was
used to disperse fillers (MWNT or KB) into PLA with a weight percentage of 10 wt.%.
The screw size of Haake is 400 mm in length and an average diameter of 16 mm (L/D = 25).
The pressure is about 20 bar. The rotational speed of the screw was set at 100 rpm and
the temperature of the five heating zones of the extruder was set at 160, 175, 175, 170 and
160 ◦C. Upon exiting the extruder with an average speed of 1 m/min, the masterbatch
was pelletized. In the following step, the pelletized masterbatch was diluted with PLA
pellets to obtain the weight percentage of 0.5–5 wt.% for MWNT and 1.5–7 wt.% for KB in
PLA. Before dilution, both pelletized masterbatch and PLA pellets were dried at 60 ◦C for
12 h. For cooling down the manufactured filaments, a bath of closed circulation of water at
room temperature was applied. The developed 3D printer filaments were used to print the
nanocomposite layers.

2.3. 3D Printing

The 3D printer used (a two-head WANHAO Duplicator 4/4x) supplied by Creative
Tools AB (Halmstad, Sweden) with a nozzle diameter of 0.4 mm and maximum printing
size of 22.5 × 14.5 × 15 cm3. The 3D models were created in Rhinoceros software and
exported as an STL (Standard Triangle Language that is the industry standard file type for
3D Printing), then transferred to Simplify3D software (Creative Tools AB) to be printed.
Samples were 3D printed in different geometries including rectangular for electrical resis-
tance measurement (1 × 12.75 × 60 mm3) and circular for compression (1 mm thickness
and 40 mm diameter) at 240◦ ± 2 ◦C. The raster angle was 0◦ with linear infill pattern
(100%). The raster size was 0.3 mm in height and 0.4 mm in width. The printing speed was
3000 mm/min and the first layer speed was 50%.

2.4. Electrical Resistance Measurement

The electrical resistance of 3D-printed layers was measured using a two-point mea-
surement method by a digital multimeter connected with alligator clips to rectangular
3D-printed layers (1 × 12.75 × 60 mm3). Three measurements per CPC formulations
(PLA/2, 3, 4, 5, 7 wt.% KB) and (PLA/0.5, 1, 1.5, 3, 5 wt.% MWNT) were carried out.
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2.5. Piezoresistive Pressure Measurement

The piezoresistive properties of the 3D-printed samples under compression were
measured by compression clamp (15 mm diameter) consisting of DMA Q800 and a multi-
meter/system switch (Keithley 3706A) controlled by the instrument web interface. Figure 1
describes the experimental setup applied to investigate the piezoresistive properties of
the samples. The 3D-printed layers with a thickness of 1 mm and a diameter of 40 mm
were clamped between two copper plates of 30 mm diameter as electrodes to investigate
the piezoresistive behavior. Copper plates were connected to a multimeter to measure the
nanocomposite layers’ resistance. The samples and electrodes were clamped between a
fixed part and the moving part providing the force (a Teflon tape was used for fixation).
An initial preload of 2 N was applied to the sample in order to ensure full contact between
the loading clamps and the sample surfaces. Then, compressive stress was used in the
direction of resistance measurement to the sample. The geometry of the sample changes
continuously due to the applied stress. Compressive loading was applied during the test at
two different force rates (1 and 18 N/min) up to 18 N. DMA compression clamps yielded
increasing pressure on the electrodes providing responses in the form of resistance.

Figure 1. (a) Sample setup applied to investigate the piezoresistive properties of 3D-printed nanocom-
posite layers under compressive stress; (b) Schematic diagram of the positioning of the sample in
clamps and electrodes.

The piezoresistive response (Ar) or relative difference of resistance amplitude of
sensors was calculated according to Equation (1) [40]:

Ar =
ΔR
R0

=
R − R0

R0
(1)

where R represents the resistance of the composite under applied pressure and R0 is the
static resistance.

3. Results and Discussion

3.1. Electrical Characterization

The conductivity (σ) of the 3D-printed layers was calculated according to Equation (2):

σ = L/R·A (2)

where L and A are, respectively, the length (m) and the cross-sectional area (m2) of the
3D-printed layers. R is the electrical resistance (Ω) and σ is the electrical conductivity
(Ω·m)−1 or Siemens per meter (S/m).

The sudden transition from insulator to conductor, which is the indication of the
percolation threshold happened in PLA/4 wt.% KB and PLA/1 wt.% MWNT (Figure 2).
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The printed nanocomposites containing 2 and 3 wt.% KB as well as 0.5 wt.% MWNT were
not conductive.

Figure 2. Electrical conductivity as a function of the filler content for 3D-printed layers of PLA
nanocomposites containing MWNT and KB.

3.2. Compression Piezoresistive Properties

The piezoresistive behavior of 1% MWNT 3D-printed nanocomposite layers was
investigated when subjected to compression stress ranging from 0.5 to 18 N. Figure 3
represents the piezoresistive source signals evolution and the related stress–strain diagrams.
It is evident that the 1 wt.% MWNT 3D-printed composite layer shows a negative pressure
coefficient (NPC) characterized by a decrease of about one decade in resistance with the
compressive loadings increase up to 18 N with the maximum strain up to about 16%.
Piezoresistive pressure sensors undergo a change in resistance under applied pressure that
is assumed to be caused by the different compressibility of filler and polymeric matrix under
an applied force. Fillers either separate or approach the applied compression and cause
a positive or negative relationship between pressure and resistance depending on filler
geometry and the magnitude of the pressure [41]. The 3D-printed layers approach by the
applied compression causing to more effective connections between conductive nanofillers
by decreasing the average inter-fillers distance and hence lower relative resistance, which
describes the NPC effect detected in the 3D-printed nanocomposites. The layer-by-layer
structure of the 3D-printed nanocomposites causes the inter-fillers and inter agglomerates
gap to increase, leading the conductive nanocomposites being less dense and more sensitive
to compression.

Figure 3. Piezoresistive responses of 1% MWNT nanocomposite 3D-printed layers under com-
pressive loading.
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3.3. Compression Piezoresistive Behavior in a Cyclic Mode

A resistance change of the 3D-printed nanocomposite layers was detected under
cyclic loadings increasing from 10 to 100 kPa. Four cycles were carried out to check the
reproducibility of the sample with different filler contents (a sample in percolation threshold
and a sample with higher contents of fillers) in low force speed of 1 N/min and a 15 mm
diameter compression clamp. Figure 4 illustrates the sensors’ responses to applied stress
and related strain.

Figure 4. Comparison of 3D-printed nanocomposites piezoresistive responses: (a) PLA/1 wt.%
MWNT, (b) PLA/5 wt.% MWNT, (c) PLA/4 wt.% KB and (d) PLA/7 wt.% KB.

As shown in Figure 4a, PLA/1 wt.% MWNT piezoresistive responses are synchronic
with strain and stress and the resistance variation follows the deformation which turns back
to its original value after unloading. However, the sensor responses of samples including
5 wt.% MWNT, 4 and 7 wt.% KB are not synchronic with the applied stress and strain.
Figure 5 represents the resistance changes at the start (Sc) and end (Ec) of each cycle for
all samples.

It is clear that except for the PLA/1 wt.% MWNT, the other 3D-printed layers have
significant hysteresis behavior, which is because of the residual strain of the 3D-printed
layer composites after the compression. The same behavior was reported in studies
about the compression test of porous structures including carbon nanotubes [42,43].
The melt flow index of composites with higher filler contents is low [44], therefore, it is
required to 3D print at a lower speed or use a higher nozzle temperature [45], which
causes structures with an eventually larger hysteresis behavior under compression
cycles. Moreover, in higher nanofiller contents than the percolation threshold, the
dominant mechanism of conduction is percolation [46], therefore, the destruction of
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effective conductive paths in successive loading/unloading cycles is the dominant
mechanism, especially when the related strain is also high (low force speed). There-
fore, by successive loading/unloading cycles in higher filler contents, an increase in
minimum and maximum sensitivity is observed.

Figure 5. Resistance changes at the start and end of each cycle for different samples (Sc is the start of
the cycle and Ec is the end of the cycle. The solid and dot linear trend lines represented MWNT and
KB composites, respectively.

The hysteresis behavior of the PLA/1 wt.% MWNT layers is clearer in Figure 6, which
shows that after a large hysteresis in the first cycle, the track of the three successive cycles
of loading/unloading is nearly identical, with a minor deviation distinguished between
the second and the fourth loops. This behavior is similar to the findings of Slobodian and
Saha [47], where accordingly in the MWNT network, a ratcheting strain (mean value of the
maximum and minimum strain in one cycle) takes place after the first compression cycle
as a consequence of the primary deformation of the porous composition and blocked the
reverse mobility of nanotubes in the middle of the dense networks. Through successive
cycles of loading and unloading, the nanotubes’ reorder becomes stable and the MWNT
network gets to a steady stress–strain hysteresis loop order. This suggests that when the
carbon nanotube network is well deformed, it can be applied as a sensing component of
compression stress. In Figure 6, it can also be observed that the signal is linear with a
slope difference below and over 30 kPa. Figure 6b depicts a schematic representation of a
1 wt.% MWNT 3D-printed layer sandwiched between two copper electrodes. Dashed lines
between the MWNT individual particles and clusters represent quantum tunneling bridges
which accordingly allow charge carriers to tunnel from one cluster to another without any
physical contact in composite systems.
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Figure 6. Piezoresistive behavior of 3D-printed PLA/1 wt.% MWNT nanocomposite: (a) Synchronism
of Ar with stress versus deformation. (b) Schematic diagram of the transduction mechanism of
PLA/1 wt.% MWNT nanocomposite sandwiched between two metal electrodes towards compressive
pressure. The electrical model of the FSR consists of a series of connections between the bulk
(tunneling) resistance (Rbulk) and the contact resistance (Rc).

When the sample is subjected to external stress (σ), the inter-particle distance is
reduced. According to the proposed model by Paredes-Madrid et al. [46], the total resistance
across the Force Sensing Resistor (FSR) can be decomposed from Equation (3):

RFSR = Rbulk + 2Rc (3)

where Rbulk is the resistance of the CPC caused by the quantum tunneling phenomenon
and Rc is the contact resistance between the conductive particles and the metal electrodes.
An FSR is created by the series connection between Rbulk and 2Rc as shown in Figure 6b.
However, three phenomena occur when incremental stress is applied to an FSR [46]: (1) the
contact resistance of the existing paths is decreased according to power laws; (2) new contact
paths are constructed to a greater extent contributing to a decrease in the contact resistance;
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and (3) the average inter-particle distance is decreased, as a consequence decreasing the
tunneling resistance, Rbulk. It seems that for the 1 wt.% MWNT 3D-printed layer, the contact
resistance is decreased by forming new contact paths and decreasing the contact resistance
of the existing paths under 30 KPa and 10% strain. However, over 30 KPa, the resistance
decreases because of the diminishing of inter-particle distance and consequently decreasing
the tunneling resistance. The piezoresistive coefficient, which is also called the gauge factor,
G, can be graphically figured out from the slope of the curve in Figure 6 and calculated
with Equation (4) [40]

G =
Ar

ε
(4)

where Ar =
ΔR
R0

(Equation (1)) is the piezoresistive response and ε= ΔL
L0

is the deformation
of the sensor. For the 3D-printed PLA/1wt.% MWNT layers, the value of G = 7.6 was
obtained with the amplitude of the piezoresistive response of about Ar = −0.8 (−80%).

To find out more about the sensitivity limitations of the developed FSR such as stress
rate and related strain, the piezoresistive response of the 3D-printed composite layers under
cyclic compressive stress with a high speed of 18 N/min was observed. Figure 7 shows the
piezoresistive responses of the PLA/1 wt.% MWNT and PLA/4 wt.% KB samples, exposed
to ten cycles of compressive stress from 10 up to 100 kPa.

Figure 7. Comparison of 3D-printed nanocomposites piezoresistive responses in high force rate of
18 N/min (a) PLA/1 wt.% MWNT (b) PLA/4 wt.% KB.

Figure 7a shows that the piezoresistive response of the PLA/1 wt.% MWNT with an
applied force rate of 18 N/min has a smaller amplitude (Ar = −0.60) and more noisy signals,
but a higher value of G = 9.3 in comparison with low force rate of 1 N/min in Figure 4a.
Figure 8 shows that applying a high force rate causes a smaller strain as there is insufficient
time for the material to respond to stress with large-scale viscoelastic deformation or
yielding [48].

In Figure 7b, the compression with a high force rate leads to responses of large
sensitivity (Ar = −0.90) and exemption of noise for the PLA/4 wt.% KB 3D-printed layers.
However, after almost seven cycles, the maximum sensitivity is not stable and starts
to decrease. The high value of G = 47.6 in the first cycle shows the high piezoresistive
properties of these layers if the cyclic functionality is not needed. The gauge factor decreases
to G = 28 in the 10th cycle of stress. Therefore, the PLA/KB 3D-printed layers do not show
stable piezoresistive behavior in a cyclic mode at low and high force rates.
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Figure 8. Stress–strain diagrams of 3D-printed PLA/1 wt.% MWNT with different force rates in a
cyclic mode.

4. Conclusions

In this paper, fused deposition modeling 3D printing is used to develop CPC layers
and investigate their electrical and piezoresistive behaviors. To this aim, multi-walled
carbon nanotubes (MWNT) and high-structured carbon black (Ketjenblack) (KB) were
incorporated into polylactic acid and 3D-printable filaments using the melt-mixing process
were developed. The 3D-printed layers were created using fused deposition modeling.
The percolation threshold of the MWNT and KB 3D-printed layers are 1 wt.% and 4 wt.%,
respectively, by the two-point resistance measurement method. It was shown that it was
possible to 3D print piezoresistive PLA nanocomposite layers from the MWNT and KB
fillers and PLA matrix. The PLA/1 wt.% MWNT 3D-printed layers with a 1 mm thickness
exhibit a negative pressure coefficient (NPC) characterized by a decrease of about one
decade in resistance with increasing compressive loadings up to 18 N with a maximum
strain up to about 16%. In the cyclic mode with a 1 N/min force rate, the PLA/1 wt.%
MWNT 3D-printed layers showed good performance with a value of G = 7.6 obtained with
the amplitude of the piezoresistive response of about Ar = −0.8 (−80%). The response was
linear in the range of pressure 10–100 kPa, with low noise and hysteresis that comes from the
layer-by-layer architecture of the component and the tunneling effect of MWNT nanofillers
in lower contents than the percolation threshold. At a high force rate of 18 N/min, the
piezoresistive response of the PLA/1 wt.% MWNT has a smaller amplitude (Ar = −0.60)
and more noisy signals but a value of G = 9.3. The KB composites could not show stable
piezoresistive responses in a cyclic mode. However, the PLA/4 wt.% KB 3D-printed layers
under high force rate compression lead to responses of large sensitivity (Ar = −0.90) and
are exempt from noise with a high value of G = 47.6 in the first cycle. The results show
that PLA/MWNT and PLA/KB can be considered good piezoresistive nanocomposites
to be 3D printed where complex designs with functionality are needed for possible use in
wearable electronics, soft robotics, and prosthetics, etc.
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Abstract: Three-dimensional printing is revolutionizing the development of scaffolds due to their
rapid-prototyping characteristics. One of the most used techniques is fused filament fabrication
(FFF), which is fast and compatible with a wide range of polymers, such as PolyLactic Acid (PLA).
Mechanical properties of the 3D printed polymeric scaffolds are often weak for certain applications.
A potential solution is the development of composite materials. In the present work, metal-PLA
composites have been tested as a material for 3D printing scaffolds. Three different materials were
tested: copper-filled PLA, bronze-filled PLA, and steel-filled PLA. Disk-shaped samples were printed
with linear infill patterns and line spacing of 0.6, 0.7, and 0.8 mm, respectively. The porosity of the
samples was measured from cross-sectional images. Biocompatibility was assessed by culturing
Human Bone Marrow-Derived Mesenchymal Stromal on the surface of the printed scaffolds. The
results showed that, for identical line spacing value, the highest porosity corresponded to bronze-
filled material and the lowest one to steel-filled material. Steel-filled PLA polymers showed good
cytocompatibility without the need to coat the material with biomolecules. Moreover, human bone
marrow-derived mesenchymal stromal cells differentiated towards osteoblasts when cultured on top
of the developed scaffolds. Therefore, it can be concluded that steel-filled PLA bioprinted parts are
valid scaffolds for bone tissue engineering.

Keywords: steel-filled PLA; FFF; scaffold; grid structure; cell culture

1. Introduction

Additive manufacturing (AM) is a group of techniques in which three-dimensional
structures are manufactured layer-by-layer in an automated way. It offers several advan-
tages over the traditional subtractive or forming techniques: (1) it allows manufacturing
complex shapes and even porous structures, (2) cheaper parts are produced if low-cost
machines are employed; (3) it implies material, waste, and energy savings. Within the
AM field, there are seven different categories [1]: binder jetting (BJ) [2], directed energy
deposition (DED) [3], material extrusion (includes FFF—Fused Filament Fabrication and
DIW—Direct Ink Writing) [4,5], material jetting (MJ) [6], powder bed fusion (PBF) (includes
SLM—Selective Laser Melting and SLS—Selective Laser Sintering) [7], sheet lamination [8],
and vat photopolymerization (includes SLA—stereolithography and Digital Light Process-
ing (DLP) printing, as well as volumetric 3D printing) [9,10].

Within the different AM techniques, FFF is one of the most widely used technologies
for rapid prototyping within the biomedical field, as it presents several advantages in terms
of costs and the range of materials that can be used [11]. Also known as FDM (Fused
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Deposition Modelling), FFF uses a continuous filament of a thermoplastic material such as
PolyLactic Acid (PLA) to build complex 3D structures in an automated way. One of the main
disadvantages of FFF technology is the difficulty to ensure the correct bonding between
layers [12]. The FFF 3D printing technique was patented in 1989 [13] and it bloomed up
after its patent expired in 2009. After the technique became available to the general public,
it has been used in different fields: automation, aeronautics, medicine, etc. Regarding the
biomedical area, different applications could be highlighted, such as implants [14,15], 3D
surgical planning prototypes [16,17], scaffolding [18,19], and regeneration of tissues [20].

There are numerous materials in the market for FFF 3D printing, for example acryloni-
trile butadiene styrene (ABS) or Nylon, being PLA one of the most widely used, both alone
and in combination with other materials such as wood, metals, or ceramics. Very little data
have so far been published on systematic studies regarding the use of metal-filled filaments,
since selecting compatible filler materials for the sake of improving the performance of
polymeric composite materials is a difficult task [21]. In the present study, copper-, bronze-,
and steel-filled PLA filaments are studied. Copper has an excellent heat and electric con-
ductivity, it is easy to machine, bio-fouling resistant, and corrosion resistant [22]. Bronze
alloy consists primarily of Cu, commonly with between 12 and 12.5% of Sn. It is a ductile
alloy. Stainless steel is made of iron with typically a few tenths of carbon percentage, and
with anti-corrosion elements such as Ni or Cr. It has high tensile strength, high corrosion
resistance, and high biocompatibility. Therefore, it is used in a wide range of biomedical
applications such as prostheses.

Regarding the mechanical properties of the metal-filled filaments, in some cases,
increasing the metal content reduces the tensile strength and increases the thermal con-
ductivity of the composite material studied. For example, Mohammadizadeh et al. [23]
manufactured PLA filaments that contained copper, bronze, stainless steel, high carbon iron,
and aluminum powders. They stated that the mechanical proper4ies of copper-filled-PLA
were worse than those of PLA 3D printed parts. Additionally, they showed that the larger
the layer height was, the lower the tensile strength, elastic modulus, and yield stress were.
On the contrary, in different works, the mechanical properties were observed to increase
when adding metals to the base polymer. Liu et al. [24] found that ceramic, copper, and
aluminum-based PLA composite parts had similar or even superior mechanical properties
when compared to bare PLA-made parts. Fafenrot et al. [25] developed polymer-metal
materials 3D printed by FFF and concluded that the mechanical properties were similar
to those of the PLA parts. On the other hand, there are other available options for the
polymer matrix such as the use of ceramics. For instance, glass fiber-reinforced PLA can be
employed in a wide range of applications, particularly in the biomedical, energy, and elec-
tronics industry [26]. In another example, Mahmoud et al. [27] studied the incorporation of
two carbon fillers into the polypropylene: carbon nanotubes and synthetic graphite. The
results showed that graphite-filled composites are more conductive than carbon nanotubes-
filled composites. The flexural and tensile strength for both composites increased with the
increase in the filler materials weight percentage. Later, the same authors [28] showed that
flame-retardant MPP (melamine polyphosphate) had remarkable effects on the mechanical
properties of the LLDPE (low-density polyethylene) composites. Five weight percentages
of MPP were embedded into LLDPE, ranging from 5 to 30 wt%. It was concluded that the
Young’s modulus increased, and the tensile break strength and the tensile yield strength
increased monotonically with the increase in MPP content.

The addition of metal components to the polymers used in FFF printing opens a new
world in different fields such as bioengineering, but more knowledge needs to be obtained
on the optimization of the production of these biomaterials for the fabrication of novel
scaffolds. Although there are some studies about cell growth on 3D printed ceramic zirconia
toughened alumina (ZTA) scaffolds [29], few and non-concluding studies have been done
with metal-filled polymeric materials. Moreover, previous studies have not focused on
the biological response of cells in metal-PLA 3D printed parts, as cells were cultured on
metal-based scaffolds, such as titanium 3D printed bases [30]. On the other hand, several
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studies have evaluated the cytocompatibility of 3D printed iron-based scaffolds for bone
regeneration [11,31,32] so we hypothesize that composite polymers incorporating metals
will be appropriate for cell growth, since metals and alloys have been used extensively as
bone substitutes [33,34]. These iron-based alloys have better mechanical properties than
those based on lighter materials, such as magnesium.

Porosity is another key parameter that must be taken into consideration during the
design and synthesis of a biomaterial [35]. The 3D printed porous materials should ideally
fulfil conditions such as biocompatibility, noninflammatory response, tunable biodegrad-
ability, appropriate mechanic properties, defined pore structure, and, above all, promote a
health improvement [36].

This work presents the characterization of three metal-reinforced PLA biomaterials for
3D printing biomedical scaffolds regarding porosity, surface roughness and cell culture.
For that purpose, first the surface of the parts was analyzed, and the line spacing was
measured. Surface roughness was then measured on the upper surface of the specimens.
Regarding biological characterization, human-derived bone marrow mesenchymal stromal
cells (hBM-MSC) were cultured on the composite scaffolds to assess their biocompatibility
and the effect of the 3D printing scaffolds on determining cell fate, specifically in osteogenic
differentiation.

2. Materials and Methods

2.1. Materials

The materials used in the present study were metal-filled PLA filaments of 2.85 mm
diameter manufactured by ColorFabb (Belfeld, Netherlands). The specific materials used
were: (1) steel-filled PLA, (2) bronze-filled PLA, and (3) copper-filled PLA. As stated by the
manufacturer, these materials were developed for aesthetic purposes and need a polishing
treatment after being printed if a brilliant appearance is to be required. All reagents were
purchased from Sigma-Aldrich (Saint Louis, MO, USA), unless specified otherwise.

2.2. 3D Printing Process

Parts were additively manufactured by using a Sigma R19 3D printer (BCN3D Tech-
nologies, Gavà, Spain). The 3D printing parameters are presented in Table 1. Figure 1
shows a scheme of an FFF 3D printer. Cura BCN3D software was used to generate the
G-code that is required to print the parts.

Table 1. 3D printing parameters.

Variable Value

Infill pattern Linear
Layer height (mm) 0.15

Nozzle diameter (mm) 0.4
Print speed (mm/s) 7

Extrusion multiplier (%) 100
Temperature (◦C) 190

Figure 1. FFF 3D printer scheme.
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Disk-shaped samples of 6 mm in diameter and 2 mm in height were manufactured.
The linear infill pattern was selected, using three different line spacing values: 0.6 mm,
0.7 mm, and 0.8 mm (Figure 2). The shell width was set to 0.4 mm and the bottom width
was set to 1.2 mm. No top layer was used.

Figure 2. Disk-shaped 3D printed samples with line spacing of 0.7 mm of (a) bronze-filled PLA,
(b) copper-filled PLA, (c) steel-filled PLA. Scale bars correspond to 1 mm.

2.3. Pictures

Pictures of the 3D printed scaffolds were obtained by using a Leica S8AP0 binocular
magnifier (Leica Camera AG, Wetzlar, Germany) with 8× (Figure 2) and 16× (Figure 3)
magnification, respectively.

2.4. Porosity

The porosity of the disk samples was quantified from the images of the cross section of
the scaffolds, assuming that the length of the pores corresponds to the length of the sample
and using Equation (1):

Pt =
Vp
Vt

(1)

where Pt is the porosity, Vp the pore volume, and Vt the total volume of the scaffold. The
software used for cross-sectional images quantification was ImageJ.

2.5. Roughness

Roughness was measured with a Talysurf 2 contact roughness meter from Taylor
Hobson Ltd., Leicester, UK. A diamond tip was used with tip angle of 90◦ and tip radius of
2 μm. The measuring force was 0.8 mN and speed was 0.5 mm/s. A Gaussian filter was
employed. A cut-off value of 0.8 mm was used according to ISO 4288 [37]. Total sampling
length was 4.8 mm (6 × 0.8 mm). Roughness was measured on the upper surface of the
disks, along the generatrices of the filaments in the two perpendicular directions, in order to
assess if there were differences regarding their surface finish. As an example, the steel-filled
samples were measured with line spacing 0.6 and 0.7 mm. Two different samples were
measured for each line spacing value.

The roughness parameters that were analyzed in this present study are:

− Arithmetical mean roughness value or arithmetical mean of the absolute values of
the profile deviations from the mean line of the roughness profile (Ra) (Equation (2)),
which is one of the most commonly employed parameters in industry;

Ra =
1
L

∫ L

0
|Z(x)|dx (2)

− Mean roughness depth or average maximum peak to valley of five consecutive sam-
pling lengths of the profile within a sampling length (Rz);

− Kurtosis (Rku), which is a measure of the sharpness of the profile (Equation (3)); and:
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Rku =
1

R4
q

[
1
L

∫ L

0
Z4(x) dx

]
(3)

− Skewness (Rsk), which measures the symmetry of the profile (Equation (4)).

Rsk =
1

R3
q

[
1
L

∫ L

0
Z3(x) dx

]
(4)

These parameters are defined in the UNE-EN-ISO 4287:1999 standard [38].

2.6. Human Bone Marrow-Derived Mesenchymal Stromal Cells Culture on the Developed Scaffolds

Primary human Bone Marrow-Derived Mesenchymal Stromal cells (hBM-MSCs, ATCC
PCS-500-012, ATCC, Manassas, VA, USA) were expanded following the manufacturers’
instructions. Cells from passage 3–6 were used for all the experiments presented herein.

Printed parts were coated by incubating with rat tail-derived type I collagen at a con-
centration of 0.1 mg/mL for 30 min at 37 ◦C. hBM-MSCs were cultured on the scaffolds at a
seeding density of 4 × 104 cells/cm2 for 24 and 72 h. Cells seeded on uncoated parts were
cultured in parallel. At the defined time points, cells were fixed with paraformaldehyde
(PFA) 4% for further immunohistochemical imaging.

In a subsequent set of experiments, hBM-MSCs were cultured with a seeding den-
sity of 9.4 × 104 cells/cm2 for 1, 4, and 7 days, respectively, on the different collagen-
coated/uncoated samples and then fixed with PFA 4%.

Finally, to evaluate the impact of the developed scaffolds on the cell fate, hBM-MSCs
were cultured with αMEM (12509069, Gibco, Waltham, MA, USA) 10% FBS (Gibco) on the
steel-filled PLA scaffolds with 0.6, 0.7, and 0.8 mm line spacing, respectively, with a seeding
density of 1.3 × 104 cells/cm2. Control cells were cultured in parallel on conventional
culture plates. After 21 days, the cells were fixed with PFA 4% for further analysis.

2.7. Immunohistochemical Analysis

After PFA fixation, samples were permeabilized with Triton 0.1%, blocked with 10%
FBS solution, and incubated overnight at 4 ◦C with primary antibodies (anti-hOsteocalcein
967801, R&D Systems, Minneapolis, MN, USA) and subsequently, incubated for 2 h at
37 ◦C with the secondary Alexa 488 anti-rabbit antibody for differentiation studies. For
morphology analysis, nuclei were stained with NucBlue (Thermo Scientific, Waltham,
MA, USA) and actin cytoskeleton with phalloidin (Thermo Scientific, Waltham, MA, USA).
Images were acquired with a Nikon D-Eclipse Ci confocal microscope (Nikon, Tokyo, Japan)
with 10× and 20× Plan Apo objectives (Nikon).

3. Results and Discussion

3.1. 3D Printed Samples

Figure 3 shows the pictures of bronze-filled, copper-filled, and steel-filled samples
manufactured with 0.6, 0.7, and 0.8 mm line spacing, respectively. Achieving 0.6 mm line
spacing was more difficult than 0.8 mm, because of smaller pores. Despite that, appropriate
scaffolds were achieved for the three different materials.

Additionally, scaffolds for biomedical applications should have a porous architec-
ture. This porosity provides the necessary environment for promoting cell migration,
proliferation, etc. [39].
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Figure 3. Surface of the samples with 16× magnification: (A) bronze-filled 0.6 mm, (B) bronze-filled
0.7 mm, (C) bronze-filled 0.8 mm, (D) copper-filled 0.6 mm. (E) copper-filled 0.7 mm, (F) copper-
filled 0.7 mm, (G) steel-filled 0.6 mm, (H) steel-filled 0.7 mm, (I) steel-filled 0.8 mm. The scale bars
correspond to 1 mm.

3.2. Porosity

As shown in Figure 4, the higher the line spacing, the higher the porosity of the 3D
printed scaffolds is. Among the different scaffolds, for a certain line spacing value, most
porous scaffolds are the bronze-filled ones, followed by the copper-filled ones, although
they were manufactured with the same 3D printing conditions:

Figure 4. Porosity of the 3D printed scaffolds: bronze-filled, copper-filled and steel-filled. N = 3.

3.3. Roughness

Table 2 presents the roughness results for both the internal and the external surfaces
of the 3D printed samples. One measurement was performed on each surface.
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Table 2. Roughness on the external and internal layer of 3D printed steel-filled samples.

Line Spacing Sample External Roughness Internal Roughness

Ra (μm) Rz (μm) Rku Rsk Ra (μm) Rz (μm) Rku Rsk

0.6 mm
1 25.36 128.90 3.12 −1.00 7.99 38.67 2.91 0.24
2 25.60 129.11 3.14 −1.03 7.97 37.16 3.29 0.44

0.7 mm
1 32.38 142.63 2.54 −0.73 12.13 52.91 2.60 −0.09
2 35.04 158.71 2.73 −0.80 15.68 78.31 2.89 0.04

Figure 5 depicts the roughness profiles of samples with a line spacing of 0.6 and
0.7 mm, on the external (first) and internal (second) layers, respectively, starting from the
top of the part. Higher Ra values were obtained on the external (first) layer (Table 2 and
Figure 5a,c) than on the internal (second) layer (Table 2 and Figure 5b,d). On the external
layer, slightly higher Ra values (up to 35.04 μm) were found for line spacing 0.7 mm than
for line spacing 0.6 mm (up to 25.60 μm). The Rz parameter shows a similar trend than Ra.

Figure 5. Roughness profiles of the steel-filled 3D printed samples. (A) 0.6 mm external roughness
(first layer). (B) 0.6 mm internal roughness (second layer). (C) 0.7 mm external roughness (first layer).
(D) 0.7 mm internal roughness (second layer).
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Rku values around 3 were found in all cases, corresponding to a normal distribution
of the roughness heights in each profile. On the external layer, slightly negative Rsk values
were obtained, corresponding to longer valleys than crests. On the contrary, on the second
layer Rsk values are close to 0, corresponding to symmetric profiles.

The external or first layers show more regular roughness profiles (Figure 5a,c) than
the internal or second layers (Figure 5b,d).

3.4. Human Bone Marrow-Derived Mesenchymal Stromal Cells Cultured on the
Developed Scaffolds

hBM-MSCs showed good adhesion to both collagen-coated and untreated 3D printed
steel-filled PLA samples. Cells cultured for both 24 and 72 h were well-adhered to the 3D
printed PLA composites (Figure 6a,b), with no observed differences between both conditions.

Figure 6. Cont.
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Figure 6. (a,b) Adhesion test to PLA with and without collagen coating. (c–e) Viability test at day 1
of cell culture. (f–h) Viability test at day 4 of cell culture. (i–k) Viability test at day 7 of cell culture.

Steel-filled PLA samples showed a very good cytocompatibility, especially on 0.6 and
0.7 line spacing (Figure 6c,d,f,g,i,j). On the contrary, copper-filled and bronze-filled PLA
presented higher cytotoxicity since there were no cells adhered to the scaffolds after 24 h of
culture (data not shown).

Steel-filled scaffolds showed high biocompatibility, unlike copper-filled and bronze-
filled materials. This is in concordance with Kuroda et al. [39]. Additionally, the best
biological behavior was found with the lowest porosity achieved (0.6 mm line spacing).
This is in accordance with data presented by Chen et al. [40], who concluded that samples
with 30% porosity exhibit the best biocompatibility, which were the lowest porosity scaffolds
of their research.

The different scaffolds manufactured by means of FFF showed to have different
behavior. As mentioned, bronze-filled as well as copper-filled scaffolds presented high
cytotoxicity since there were no cells adhered to the scaffolds after 24 h of culture.

It is interesting to highlight that there were no differences observed when a specific
protein coating was used in the parts. Cells form specific adhesions to the collagen protein
while they are expected to form unspecific adhesions to uncoated materials. From the
experiments presented herein, it can be concluded that steel-filled PLA promotes the
formation of unspecific adhesion in MSCs, while this is not happening with copper- or
bronze-filled polymers.

3.5. hBM-MSCs Differentiated towards Osteoblasts When Cultured on the Developed Scaffolds

hBM-MSCs cultured on the steel-filled 3D printed scaffolds (0.6 and 0.7 mm line
spacing) without osteogenic supplements showed the presence of osteocalcin after 21 days
of culture (Figure 6). Moreover, cells exhibited a broad spreading area compared with those
cultured under conventional culture conditions (Figure 7).

Figure 7. Osteocalcin detection by immunofluorescence in hBM-MSCs (at day 21) cultured on
(a) conventional culture conditions, steel-filled PLA scaffolds of (b) 0.6 mm and (c) 0.7 mm line
spacing. Osteocalcin (green) and nucleus (blue). Scale bars correspond to 100 μm.
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The images show the classical spindle-like shape of MSCs, so it seems that the steel-
filled 3D printed structures are a suitable scaffold for cell culturing. The enlarged phenotype
is similar to differentiated osteoblasts when cultured on rigid substrates [41–43].

4. Conclusions

In the present work, results are presented for the cell growth of stem cells on metal-
filled PLA composites that were printed with a grid structure by means of the FFF technique.
Three different composites were tested: bronze, copper, and stainless steel, respectively.
The main conclusions are as follows:

− Given a certain line spacing, higher porosity was observed for the copper-filled
scaffolds than for the bronze-filled scaffolds and the steel-filled scaffolds, although
they were 3D printed with similar printing conditions;

− Steel-filled composite showed important cell growth, both with and without protein
coating, so it is promoting the formation of unspecific adhesions in MSCs;

− Neither bronze-filled nor copper-filled composites favored cell growth, so they cannot
be considered to be biocompatible;

− When considering steel-filled composite, line spacing of 0.6 and 0.7 mm provided the
best results, while line spacing of 0.8 mm is not recommended.

In future work, the effect of the use of other infill patterns on both cell growth and the
mechanical strength of the structures will be addressed.
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Abstract: When silicon solar cells are used in the novel lightweight photovoltaic (PV) modules
using a sandwich design with polycarbonate sheets on both the front and back sides of the cells,
they are much more prone to impact loading, which may be prevalent in four-season countries
during wintertime. Yet, the lightweight PV modules have recently become an increasingly important
development, especially for certain segments of the renewable energy markets all over the world—
such as exhibition halls, factories, supermarkets, farms, etc.—including in countries with harsh
hailstorms during winter. Even in the standard PV module design using glass as the front sheet,
the silicon cells inside remain fragile and may be prone to impact loading. This impact loading
has been widely known to lead to cracks in the silicon solar cells that over an extended period of
time may significantly degrade performance (output power). In our group’s previous work, a 3D
helicoidally architected fiber-based polymer composite (enabled by an electrospinning-based additive
manufacturing methodology) was found to exhibit excellent impact resistance—absorbing much
of the energy from the impact load—such that the silicon solar cells encapsulated on both sides by
this material breaks only at significantly higher impact load/energy, compared to when a standard,
commercial PV encapsulant material was used. In the present study, we aim to use numerical
simulation and modeling to enhance our understanding of the stress distribution and evolution
during impact loading on such helicoidally arranged fiber-based composite materials, and thus the
damage evolution and mechanisms. This could further aid the implementation of the lightweight PV
technology for the unique market needs, especially in countries with extreme winter seasons.

Keywords: 3D helicoidal architecture; fiber-based polymer composite; impact resistance; lightweight
photovoltaics (PV); numerical modeling

1. Introduction

Lightweight photovoltaic (PV) modules are becoming increasingly important to cer-
tain sectors of the renewable energy market. Lightweight PV technology could poten-
tially help address global climate and sustainability issues by being deployed in countries
where electricity infrastructure is often lacking in very remote, poor locations separated by
oceans [1–4]. For such a region, centralized energy sources may not be the best solution. By
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reducing the cost of transporting and installing solar PV systems, lightweight PV could play
a critical part in building the kind of self-sufficient power infrastructure that is desperately
desired in distant, rustic areas of developing countries. In order to be transported to remote
locations with limited road and mobility infrastructure, PV power infrastructure must
be lightweight. Lightweight PV modules are desired both for use in urban structures in
advanced countries [5–8] and for easy set up in distant and impoverished locations in
unusual areas of the developing world.

Furthermore, many large structures, such as exhibition halls, industrial plants, su-
permarkets, farms, etc., have a large footprint with few supporting pillars, resulting in a
rooftop with low load-supporting capacity. Such rooftops require lightweight PV modules.
If not, the cost of reinforcing such building before installing the heavy glass-based PV mod-
ules would make the renewable energy venture (building plus PV power infrastructure)
inefficient and unappealing to potential business interests [5,9,10]. Lightweight PV has
been extensively and comprehensively researched elsewhere as part of building-integrated
PV and for predominantly urban building applications [5–8,11].

In addition, as silicon will be the predominant PV technology for the foreseeable
future [5,6], we need to aid lightweight silicon-based PV modules. Structural strength,
and impact resistance of lightweight PV modules, especially against heavy winds and
hailstorms in four-season countries in Europe and North America [12,13], is one of the most
important technological concerns in the development of lightweight PV modules. The front
panels of a PV module can be made strong enough not to break under impact loads, such as
hailstorms; nevertheless, the energy is transferred straight to the underlying material—first
to the encapsulation (usually ethylene vinyl acetate), which would simply give way. The
energy was then passed to the brittle silicon cells, which are particularly susceptible to
such point impact loading, causing cracks to develop (nucleate) and/or propagate [7,13,14].
As a result, electrical performance degrades gradually or dramatically, which can lead to
hotspots and potentially dangerous situations (such as fires, etc.).

Even though the idea of lightweight PV modules is tempting, nevertheless, it is not cur-
rently a practical option owing to concerns about structural stiffness and reliability [5–7,12,13].
Numerous commercial lightweight PV systems (even those that meet IEC/UL standards)
have limited operational time [6,7]. Despite the fact that silicon cells remain internally
delicate and extremely vulnerable to certain impact loads, recent studies with substantial
material advances and ingenious design have allowed great improvements in the impact
resistance of numerous polymer-based substrates used as front panels (as an alternative of
glass) in conventional PV modules [13–16].

Natural structural materials, such as those found in mantis shrimp and nacre, have
been demonstrated to provide superior mechanical and, particularly, impact resistant prop-
erties [17–19]. For example, the dactyl club of mantis shrimps has a 3D construction with a
helicoidal shape that can disperse energy through quasi-plastic compression responses, pro-
viding a barrier to the spread of microcracks throughout recurring impacts [20–23]. Recent
publications from our own research have stated higher impact resistance of such materi-
als [24,25]. Further, the comparison in terms of mechanical properties of the 3D helicoidally
aligned layered materials vs. layered materials without rotation offsets (or in other words,
unidirectional layered materials) has been shown experimentally in our own previous
publication by Agarwal et al. [26]. In addition, such comparisons have also been reported
experimentally by other research groups using various materials (glass filament epoxy [27],
carbon epoxy [27,28], and fiber sizes [27–29]). Agarwal et al. [26] reported for the smaller
scale (using the custom electrospinning set up as an additive manufacturing methodology)
of the other groups’ studies, in terms of fiber diameters. Furthermore, comparison in terms
of mechanical properties of the 3D helicoidally aligned layered materials vs. a sample of
same thickness as the layer stack (or in other words, bulk sample) has also been demon-
strated experimentally in our own previous publication [26], in addition to other previous
reports [27–29], chiefly from Kisailus et al. [29]. Again, our group’s studies—started by
Agarwal et al. [26] to the more recent Sahay et al. [25] and Budiman et al. [30]—simply

76



Polymers 2022, 14, 1228

further pursued this line of investigation into the smaller scale fibers (using the custom
electrospinning set up as an additive manufacturing methodology) and for the potential
application of the unique materials for silicon-based PV module technology. The general
outcome of such studies was that the layered structure of such materials, which consists of
helicoidally aligned 3D fibers compared to typical layered structure/bulk material, would
effectively absorb the impact energy and transfer very slight energy to the fragile silicon
solar cells. This would allow novel lightweight PV module design with improved impact
resistance and structural reliability (based on polymer materials for the front and back
panel) particularly against cracks in the silicon cell.

The objective of this work is to provide a numerical analysis and modeling to predict
how stress changes during impact loading in 3D-architectured layered polymer systems
with helicoidally oriented fibers. This model demonstrates the fundamental feasibility
of the proposed concept, namely, the use of 3D-architected layered polymer assemblies
of helicoidally oriented fibers to protect silicon solar cells against the nucleation and
proliferation of cracks caused by impact loads (e.g., from hailstorms) in the design of
lightweight PV modules. We are expanding our approaches to enable this unique material
for use in lightweight PV technologies. We are building on our earlier studies on novel
materials [24–26,31] as well as numerical modeling of stresses in PV module design [32–37].
Furthermore, the design of lightweight PV modules would allow the integration of PV into
curved or contoured surfaces, resulting in a more appealing design for integrating PV into
urban structures.

2. Methodology

2.1. Material

The material used in making the multilayered composite plate is PVDF-HFP fibers,
as was used in the experimental impact testing [30]. PVDF-HFP is polyvinyl alcohol
(PVA) with MW = 98,000, polyvinylidene fluoride-co-hexafluropropylene (PVDF-HFP)
with MW = 400,000, acetone, and dimethylacetamide (DMAc) were obtained from Merck,
Singapore, as reported in our previous study [38]. More complete information about the
materials used in the experimental impact testing can be found in [24].

The multilayered composite plate was modeled with fiber alignment in the layers
changed from 90◦ (i.e., grid pattern) to 45◦ and then later to 15◦ to simulate the experiments
(as illustrated in Figure 1), in which the impact resistance increase was observed [30]. Thus,
in the present study, three multilayered composite plates were modeled:

A. First composite plate (Composite Plate A) consists of layers with fiber alignments of
[0◦, 90◦, 180◦, 270◦, 360◦].

B. Second composite plate (Composite Plate B) consists of layers with fiber alignments
of [0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, 315◦, 360◦], as illustrated in Figure 1b.

C. Third composite plate (Composite Plate C) consists of layers with fiber alignments of
[0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 105◦, 120◦, 135◦, 150◦, 165◦, 180◦, 195◦, . . . , 360◦]

 
Figure 1. Schematic illustration of the multilayered composite (a) consisting of layers with 3D-
architected helicoidally aligned fibers; (b) with fiber alignments of [0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦,
315◦, 360◦] described in our previous report [24].

The dimensions of the composite plate in the Finite Element Model (FEM) used are
100 mm × 100 mm × 0.4 mm (length × width × thickness). Impact loading uses a steel ball

77



Polymers 2022, 14, 1228

with a radius of 30 mm. The mass of the ball is 0.1 kg with an impact velocity of 1 mm/ms.
These parameters scale with the experimental impact testing as reported in [30]. Mechanical
properties of the PVDF-HFP fiber were obtained from our previous publication [24], which
reported in detail the materials used in the experimental impact testing in Ref. [30] as well
as in the present numerical simulation study (See Table 1).

Table 1. Mechanical properties of PVDF-HFP fiber composite material (in each layer, with 0◦ and
90◦ represent longitudinal and transverse direction, respectively, of the fibers) used in simulation
modeling [24].

Properties Simbol Unit PVDF-HFP Fiber

Young modulus 0◦ E1
MPa

70
Young modulus 90◦ E2 30

Poisson ratio V12 0.1

Ultimate tensile strength 0◦ Xt
MPa

60
Ultimate compression strength 0◦ Xc 57

Ultimate tensile strength 90◦ Yt
MPa

30
Ultimate compression strength 90◦ Yc 27

Ultimate tensile strain 0◦ ext
%

85
Ultimate compression strain 0◦ exc 80

Ultimate tensile strain 90◦ eyt
%

45
Ultimate compression strain 90◦ eyc 35

Density ρ g/cm3 1.6

2.2. Electrospinning-Based Additive Manufacturing (Es-AM)

Only recently has electrospinning-based additive manufacturing (Es-AM) technology
enabled such intricate 3D designs [25,31]. Near-field electrospinning (NFES) has been used
to fabricate helicoidally oriented fiber layers as an additive manufacturing approach [7,8].
Agarwal et al. [24] describe in detail the fabrication of helicoidally oriented fiber layers
with different angular orientations. NFES typically creates helicoidally oriented fiber layers
by depositing one-dimensional fibers at precise locations in a controlled manner and then
stacking the fibers layer by layer with angular offsets to create a 3D helicoidally arranged
synthetic structural composite (HA-SSC) (see Figure 1). Typically, in the case of 90◦ HA-
SSC90, the fiber layers were deposited with 90◦ angular offsets starting from 0◦, 90◦, 180◦,
270◦, to 360◦—as mimicked in this numerical simulation study as Composite Plate A.
Similarly, in HA-SSC45 with 45◦ angular offsets, the fiber layers were deposited at 0◦, 45◦,
90◦, 135◦, 180◦, 225◦, 270◦, 315◦, 360◦—as mimicked in this numerical simulation study
with Composite Plate B, and schematically illustrated further in Figure 1b. In HA-SSC15
with 15◦ angular offsets, the fiber layers were deposited at 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦,
105◦, 120◦, 135◦, 150◦, 165◦, 180◦, 195◦, . . . , 360◦—as mimicked in the present study as
Composite Plate C. The HA-SSCs samples were between 230 and 250 μm thick. In the
experimental impact tests published in [30], we used only HA-SSC15 and HA-SSC45—with
fiber orientation at rotation angles of 15◦ and 45◦, respectively—from the different variants
of the HA-SSC samples we reported in [24]. See [30] for more information on the impact
testing of HA-SSCs.

This composite fabricated and reported in [24] is not yet ready for incorporation
into PV power infrastructure. An optically transparent material is required for practical
PV application with similar transmission of sunlight (in terms of intensity and range of
suitable wavelengths). Nevertheless, as elucidated in the Introduction and the Materials
section, the emphasis of the study is to establish the viability of the idea of improved
impact resistance through the 3D-architected impact-resistant encapsulant, not its complete
industrial incorporation into PV module design.
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2.3. Finite Element Modeling of the Impact Loading on Multilayered Composite with 3D
Helicoidal Architecture

Finite element (FE) models allow us to estimate the mechanical stress that develops
during impact loading of the multilayered fiber-based composite materials with the 3D
helicoidal arrangement to predict the damage mechanisms associated with the stress
evolution during impact loading. However, to keep computational complexities to a
minimum while still gaining the fundamental deformation mechanics, we approximate
the fiber-based composite layers with laminate geometry that has anisotropic mechanical
properties in a certain direction in each layer. We used thin film geometry in the FE
model [38]. We used commercially available general-purpose LS-DYNA (4.6.19, LSTC
(Ansys, Inc.), Canonsburg, PA, USA) FE software to obtain the stresses induced in the
multilaminate structures to understand the evolution of stresses during impact loading.
The FE model uses shell elements of a conventional thin film. The thin film sample was
modeled using regular 8-noded quadrilateral elements (CPEG8). A generalized plane strain
condition was assumed.

Figure 2 shows the multilayered composite plate, which in the LS-DYNA software
was modeled using 4N plat on shape meshes. The size of the mesh is 2 mm. All the edges
of plates are simply supported. The plates are subjected to impact loading on the middle
of a surface in the form of a ball dropping onto the plate—mimicking the ball-dropping
impact test as described in our previous report on a similar multilayered composite with
3D helicoidal architecture [30]. The impact loading was restricted to the z-direction. Data
on displacement in the z-direction is collected on each node element of the middle layer of
the multilayered composite plate.

Figure 2. Schematic of the 2D plane–strain FE model (a) with thin film shell elements of multilaminate
structures under impact loading mimicking the ball-dropping impact test (b) as described in our
previous report [30].

The mechanics of the thin film plate during the impact loading here were modeled
with the surrogate approach [39]. The strain in the film here due to the impact loading
was surrogated by the scaling approach (size of the ball with respect to size of the mul-
tilayered composite geometry are equivalent between the model and the experiment) to
keep the complexity to a minimum, while still obtaining important insights about stress
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evolution and damage distribution mechanisms during the impact loading. Thus, the
relative magnitude of the stresses with respect to time during impact loading represents the
evolution of energy distribution during the ball-dropping impact testing, with actual silicon
solar cells under the 3D-architected layered polymer structures consisting of helicoidally
aligned fibers, as reported in [30]. Uniform deformation over the volume of each layer of
the multilayered composite is assumed during the process—leaving only the asymmetric
deformation due to the anisotropy of each of the laminate due to different rotational angle
of fiber alignment in each layer of the 3D helicoidal architected polymer composite. Fully
elastic behavior of each of the laminate was assumed, which is reasonable given the scaling
approach and the actual experimental results [30]. Interfaces between laminates were
modeled as surface-to-surface tie constraint [39].

3. Results and Discussion

3.1. Results of the Finite Element Simulation: Impact Contact between the Steel Ball and the Plate

The position of the steel ball (modeled as sphere) with respect to the composite plate
for various time instances during the impact contact is shown in Figure 3 (from the side of
the model for Composite Plate A). The steel ball impinges the plate at an initial velocity
of 1 mm/ms. The simulation shows the sphere has started contact with the plate surface
at the time of t = 1.4399 ms. The simulation then shows in Figure 3 that the steel ball has
exerted sufficient force to deform the plate laterally at t = 1.8899 ms. Consequently, at time
t = 5.5788 ms, the plate has reached its maximum deformation. Lastly, at the time instant
of t = 9.9811 ms, the steel ball bounced back and lost contact with the plate. Although the
above time evolution was shown for Composite Plate A, similar occurrences represent the
impact contact evolution between the steel ball and the plate in the other composite plates
studied in the present study (Composite Plates B and C).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3. FE simulation showing impact contact between the sphere and the composite plate,
(a) t = 0.4388 ms, (b) t = 1.4399 ms, (c) t = 1.8899 ms, (d) t = 5.5788 ms, (e) t = 7.8338 ms and
(f) t = 9.9811 ms.

3.2. Results of the Finite Element Simulation: Deformation of the Composite Plate

The distribution of the Max Principal Stress (or the first principal stress, S1) with
respect to time during the impact loading is shown in Figures 4–6 for Composite Plates A,
B, and C, respectively. Initially, when the sphere first impinged on the plate, Figures 4–6
all show that stress concentration at the plate center. This is expected, as it is where the
impact of the sphere on the plate occurred. The stress that is initiated at the plate center
spreads out quickly to the whole plate and is absorbed by the composite plate structures at
different rates.
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Figure 4. The distribution of the maximum principal stress, S1, with respect to time for Composite
Plate A during impact loading, (a) 2.3785 ms, (b) 4.8788 ms, (c) 6.7438 ms, (d) 7.3798 ms, (e) 8.4985 ms
and (f) 9.3785 ms.
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Figure 5. The distribution of the maximum principal stress, S1, with respect to time for Composite
Plate B during impact loading, (a) 2.2835 ms, (b) 3.4785 ms, (c) 4.7384 ms, (d) 6.3218 ms, (e) 7.4982 ms
and (f) 7.8849 ms.
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Figure 6. The distribution of the maximum principal stress, S1, with respect to time for Composite
Plate C during impact loading, (a) 2.1589 ms, (b) 3.1785 ms, (c) 4.6478 ms (d) 5.5679 ms, (e) 6.8985 ms
and (f) 7.3798 ms.

Figure 4 clearly shows that the stress distribution during impact loading follows the
four-symmetry that is created by the grid pattern of Composite Plate A, which consists of
layers with fiber alignments of [0◦, 90◦, 180◦, 270◦, 360◦]. Stress concentrated at the center
of the plate and reaches the maximum principal stress (which occurred in all composite
plates in the present study in the z-direction) of 0.095 GPa at t = 7.3798 ms. Over time, the
stress reduces and finally reaches the zero-stress state after about 9.5 ms.

Figure 5 clearly shows that the stress distribution during impact loading follows the
double four-fold symmetry that is created by the grid pattern of Composite Plate B, which
consists of layers with fiber alignments of [0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, 315◦, 360◦],
as illustrated in Figure 2b. Figure 5 also shows that the stress concentrated at the center
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of the plate and reaches the maximum principal stress (in the z-direction) of 0.035 GPa
at t = 4.7384 ms. Over time, the stress reduces and finally reaches the zero-stress state
after about 8 ms. These parameters clearly demonstrate a much higher dissipation rate of
damage in Composite Plate B, as compared to Composite Plate A. The maximum principal
stress shown here in Figure 5 (for Composite Plate B) is lower, and the rate in which the
stress is distributed and subsequently reduced to zero upon the same impact loading
(impact load and loading rate) is much higher. This suggests that Composite Plate B with
3D architecture consisting of layers with fiber alignments of [0◦, 45◦, 90◦, 135◦, 180◦, 225◦,
270◦, 315◦, 360◦] is much more effective and efficient in absorbing and dissipating impact
energy and damage compared to Composite Plate A.

Figure 6 further suggests that Composite Plate C with 3D architecture consisting of
layers with fiber alignments of [0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 105◦, 120◦, 135◦, 150◦, 165◦,
180◦, 195◦, . . . , 360◦] is also much more effective and efficient in absorbing and dissipating
impact energy and damage compared to Composite Plate A. It also exhibits an incremental
increase in the absorption and dissipation rate of impact energy and damage compared
to that of Composite Plate B. Figure 6 shows that the stress concentrated at the center of
the plate and reached the maximum principal stress (in the z-direction) of 0.034 GPa at
t = 4.6478 ms. Over time, the stress reduces and finally reaches the zero-stress state after
about 7.5 ms. These parameters clearly suggest that the rotational angle of the 3D helicoidal
architecture influences the impact resistance of the materials. The smaller rotational angles
clearly play a key role in increasing the dissipation rate of the impact damage, although
the increase could be moderated after some levels of rotational angles. This is further
substantiated by the stress vs. time response data shown in Figure 7.

Figure 7 clearly indicates that the Composite Plates B and C have a much shorter
time response in terms of absorbing the impact energy (and thus damage dissipation in
the event of plastic deformation and fracture events). Furthermore, the much lower stress
intensity in Figure 7b,c demonstrates that the smaller rotational angle steps are effective
in quickly and efficiently distributing the stress concentration. Both Composite Plates B
and C exhibit stress levels getting back to pre-impact level (zero stress state) within under
7.5 ms, compared to just under 10 ms for Composite Plate A. Composite Plates B and C also
show maximal principal stress intensities of 0.035 GPa and 0.034 GPa, respectively. This is
much lower stress level compared to that of Composite Plate A, which reaches 0.095 GPa
(almost three times). It is evident through the stress evolution during the impact loading
simulation that the smaller rotational angles play a key role in increasing the dissipation
rate of the impact damage, although the increase could be moderated after some levels of
rotational angles. The increase in the absorption rate of impact damage and dissipation rate
of stress intensity with reduction of rotational angle in the 3D helicoidal architecture seems
to taper off after 45◦. The FE simulation was conducted with the surrogate approach, thus
while the absolute magnitudes still need to be further verified with experimental study
using the same scales as in the modeling, the relative comparison between the effects of
rotational angles in increasing the rate of absorption of damage and dissipation of stress
intensity suggests self-consistency and excellent agreement with the experimental impact
loading as reported in our earlier publication [30] and as will be further elaborated in the
following section.
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Figure 7. The time response of the distribution of maximum principal stress, S1, for (a) Composite
Plate A, (b) Composite Plate B, and (c) Composite Plate C, during impact loading.

3.3. Comparison with Impact Test of Photovoltaic (PV) Cells

The experimental study on the impact-loading test of the 3D helicoidally architected
polymer composite materials (with different rotational angles) has been reported in our
recent publication [30]. In it, we use fragile silicon solar cells, which are highly susceptible to
impact load underneath the polymer composite materials, such that the polymer composite
materials act as a protection layer for the fragile silicon solar cells [30]. A customized impact
testing setup (as illustrated in Figure 2b) was used to determine the impact resistance of
such solar cells when protected by the samples [40]. More complete information about the
impact test using the steel ball dropping method can be obtained in [30].

The fracture height indicates the height at which we began observing fracture of the
silicon solar cells under the polymer composite materials. The nominal height of the bare Si
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solar cell group was found to be 25 (±5) cm, which was the real height at which all silicon
cells fracture in the at least six times we repeated the tests (we performed the ball drop tests
to more than six samples at this height—up to 11 samples). The uncertainty level of the
experiment was ±5 cm. Consequently, the fracture data indicated the heights at which the
fracture started. Heights greater than the abovementioned value would evidently fracture
the silicon cells.

The fracture heights when we had typical encapsulant: ethylene vinyl acetate, on
top of the silicon solar cells, was 50 ± 4 cm. The fracture heights are 69 ± 2 cm and
82 ± 4 cm for the Composite Plate B: HA-SSC15 and Composite Plate C: HA-SSC45,
respectively [24,25]. Therefore, it was evident that the HA-SSC materials were the better
protector of the silicon solar cells against impact loading, compared to the nominal EVA.
Both HA-SSC composites (HA-SSC15 and HA-SSC45, respectively, Composite Plates B and
C) enable significantly higher fracture heights and related specific potential energies (well
beyond experimental uncertainties) before the underlying silicon solar cells fracture or
trigger/spread catastrophic fracture events in ball drop tests. Because of their helicoidally
oriented fiber-reinforced layered structures, both HA-SSC would efficiently disperse the
impact energy and deflect the crack laterally by following the helicoidal progression of
fiber directions, rather than immediately fracturing in a straight line through the thickness
of the HA-SSCs [24,25,41]. Therefore, a smaller amount of impact energy is transferred to
the underlying silicon solar cell.

The fractography images described in Ref [30] show abovementioned efficient mecha-
nism for load dissipation as well as effective damage/energy absorption. In addition, both
HA-SSC permit multiple crack lines on the silicon cells, signifying high dissipated impact
energy and load transfer to the side (as evidenced by crack lines at different angles on the
silicon cell surfaces). In typical monocrystalline silicon wafers, cracks seem to track the
favored crystallographic directions of <110> linked to the weakest crystallographic planes
of {111}, as has been extensively stated in the literature for both PV and other silicon-based
devices [32–37,42,43].

The crack regularly encounters variations in the modulus of the fibers and the matrix
material. The crack in HA-SSC travels along one fibrous layer, encounters a modulus
deviation due to the matrix material present, penetrates further into the matrix, then
reaches another fibrous layer in a dissimilar direction and plane, and finally diverges from
its original route to follow a dissimilar path. The crack proliferates in multiple planes and
orientations, rotates and twists inside and outside the fiber and matrix phases, and places
greater stress on the fibers short of catastrophic failure. Due to the helicoidal network of the
fibers in the composites, more energy is required for the propagation of the crack, so only
a limited amount of impact energy/damage is transferred to the underlying silicon solar
cells. According to Budiman et al. [30], the Composite Plate B: HA-SSC45 appears to be the
most successful at consistently deflecting fracture/ impact damage along different angular
orientations. The fracture heights show that the solar cells fracture at 82 ± 4 cm, which is
the highest value among the samples investigated in this study. However, the study [35]
paints a somewhat different depiction for the Composite Plate C: HA-SSC15. The breakage
of the solar cells under HA-SSC15 happens at a lower height (69 ± 2 cm), resulting in a
lower specific potential energy (and thus a lower impact energy/damage absorption rate).

In the present study, our FE simulation shows that the absorption rate of impact
damage and dissipation rate of stress intensity increases with reduction of rotational angle
in the 3D helicoidal architecture, although the effect seems to taper off after 45◦. The FE
simulation here shows that Composite Plate C: HA-SSC15 exhibits faster absorption rate of
impact damage and stress level reduction (back to pre-impact state), although by a much
smaller margin compared to that between Composites Plate A and B (from rotational angle
of 90◦ to 45◦). While this may not be in general agreement with our previous study reported
in Budiman et al. [30], the FE simulation findings in the present study do agree very well
with another earlier experimental report from our group, as described in Agarwal et al. [24].
The difference between these two studies is silicon solar cells were used under the HA-SSC
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in the impact loading experiments in Budiman et al. [30], while glass coverslips were used
in Agarwal et al. [24]. The HA-SSCs used were, however, the same [30].

We believe that the variance (in the ability to absorb impact damage between HA-
SSC15 and HA-SSC45) is due to the monocrystalline silicon solar cells that were among
the samples of HA-SSC, because we followed the same method of the ball-dropping test
as [24,25], together with the identical size of the steel ball. Compared to the glass slip, the
monocrystalline silicon samples exhibit a crystallographic dependency of the mechanical
properties, such as the preferential occurrence of fractures. Consequently, the whole
relationship amongst the helicoidal orientation in HA-SSC and fracture of monocrystalline
silicon solar cells needs to be further explored, which is outside the scope of the current FE
simulation. Nevertheless, FE simulation in the present study takes into consideration the
fact that the material put under the HA-SSC was a silicon monocrystalline solar cell (with
its anisotropy in the mechanical properties), and not a glass coverslip (which has mostly
isotropic mechanical properties).

3.4. Enabling Next-Gen Lightweight Photovoltaic (PV) Module Technology

It is clear from the experimental results [24,30] and the FE simulation shown in the
present study that the HA-SSCs are excellent at absorbing and dispersing impact en-
ergy/damage, protecting the delicate solar cells underneath from point impact loads to
which silicon PV is particularly susceptible. The objective of this paper is to complement
the previously published experimental data with FE simulation study on the basic viability
of using HA-SSCs for PV encapsulation to shield the sensitive solar cells, particularly in the
design of lightweight PV modules that are predominantly susceptible to impact loadings,
such as hailstorms, as outlined in IEC 61215/61646 clause 10.17. Although many current
studies have revealed that a variety of polymer-based materials [12–16] can be used to
improve the fracture and impact resistance of lightweight PV modules; nevertheless, the
encapsulation materials employed in these studies were all EVA—albeit with different
thicknesses or slight variations, such as low curing temperature [44].

Due to the economic impact and production maturity of the entire lightweight PV
module, EVA was clearly selected as the encapsulation material of choice in previous stud-
ies. Our previous experimental results, as well as the numerical simulation results reported
in this manuscript, provide initial indication from the standpoint of basic technological
viability for the use of other types of novel polymer films (i.e., not EVA) with unique 3D
architectures to allow strong and impact resilient lightweight PV module designs.

Nevertheless, there are many potential technological challenges to be resolved that
prevent this unique idea from being fully realized. First, the HA-SSCs created were not
transparent. Transparent protective layers on silicon cells in PV modules are an absolute
must. It should be emphasized that the tests [30] and modeling of FE in the current
study were performed to confirm the feasibility of integrating HA-SSC into PV modules.
After our FE simulation results demonstrated the basic, complete feasibility using the
electrospinning-based additive manufacturing (AM) method, we were able to identify
additional polymers that we could fabricate in transparent systems, such as nylon [45] and
poly(methyl methacrylate) (PMMA), or PMMA-based composites [46,47]. Furthermore,
not only the interfacial adhesion with the front panel but also with the solar cell itself must
be adequate [44]. The interfacial adhesion was not modeled in the current work and is
the next step in the study. To maintain the 3D design throughout the lamination process,
these novel materials may need further development [44,48,49]. All these may pave the
way for future research of innovative polymeric composites/materials with 3D architecture
to improve the use of lightweight PV modules and technologies.
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4. Conclusions and Future Perspectives

In this FE simulation study, fiber-based 3D composites with helicoidally architecture
were revealed to have outstanding impact energy/damage absorption and high-energy
dissipation rate. Therefore, when applied to solar cells, they offer better shield against im-
pact loads. Composite Plates C and B permit considerably higher fracture heights of 69 ± 2
and 82 ± 4, respectively, in comparison to 25 ± 5 for unprotected solar cells, and 50 ± 4 for
EVA-protected solar cells, as observed during the ball-drop experiment. These helicoidally
aligned synthetic composites (HA-SSCs) were fabricated using an electrospinning-based
additive manufacturing (AM) technology that has only recently become possible at our
group (Xtreme Materials Laboratory) in the past few years. During the ball-drop impact
simulation using the Finite Element (FE) method, the HA-SSC composite materials (Com-
posite Plates A, B, and C) showed consistent increase in damage absorption rate and stress
level dissipation mechanism with reduced rotational angle of the HA-SSC materials. This
is in excellent agreement with reports in the literature using isotropic materials (such as
amorphous glass), although the agreement may be limited for anisotropic materials (such
as monocrystalline silicon). The current FE simulation results add to the growing body of
data that the innovative HA-SSC could be used for PV encapsulation to allow the design
and fabrication of lightweight PV modules. The FE simulation results, as reported in
the present manuscript, indicate impact protection increased with the reduction in the
azimuthal angle to 45◦, after which the impact protection remained more or less constant.
This is a unique insight which could have important implications for the silicon-based PV
technology industry, as well as for other societally important applications of the HA-SSC
materials, such as for lighter army combat vests and sports gear (helmets, etc.).
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Abstract: (1) Background: In the present study, we evaluated the efficacy of a 3D-printed, patient-
specific polycaprolactone/beta tricalcium phosphate (PCL/β-TCP) scaffold in the treatment of
complex zygomatico-maxillary defects. (2) Methods: We evaluated eight patients who underwent
immediate or delayed maxillary reconstruction with patient-specific PCL implants between De-
cember 2019 and June 2021. The efficacy of these techniques was assessed using the volume and
density analysis of computed tomography data obtained before surgery and six months after surgery.
(3) Results: Patients underwent maxillary reconstruction with the 3D-printed PCL/β-TCP scaffold
based on various reconstructive techniques, including bone graft, fasciocutaneous free flaps, and
fat graft. In the volume analysis, satisfactory volume conformity was achieved between the preop-
erative simulation and actual implant volume with a mean volume conformity of 79.71%, ranging
from 70.89% to 86.31%. The ratio of de novo bone formation to total implant volume (bone volume
fraction) was satisfactory with a mean bone fraction volume of 23.34%, ranging from 7.81% to 66.21%.
Mean tissue density in the region of interest was 188.84 HU, ranging from 151.48 HU to 291.74 HU.
(4) Conclusions: The combined use of the PCL/β-TCP scaffold with virtual surgical simulation and
3D printing techniques may replace traditional non-absorbable implants in the future owing to its
accuracy and biocompatible properties.

Keywords: polycaprolactone; tricalcium phosphate; PCL/β-TCP; 3D printing; maxillary defect

1. Introduction

The management of a maxillary defect is complicated when surgeons must replace
the original 3D structure of the bone and carry out functional midfacial restoration in the
periorbital and perioral region. Vascularized bone flaps have been the standard option
in the field of mandibular reconstruction [1]. They provide a rigid and durable structure
that allows adjuvant radiation treatment, a skin paddle for additional soft tissue defects,
space for dental implant placement, and reasonable adaptation to remnant bony structures.
However, no single flap can provide sufficient volume or support in larger or complex
defects, especially when orbital adnexae and dental components are involved.

In complex maxillary treatments, alloplastic material has been combined with autoge-
nous reconstruction. Titanium mesh has been widely applied because it is easy to use and
biocompatible, allowing the ingrowth of connective tissue through the implant. Moreover,
it can be molded into the complex maxillary structure [2]. However, it can lead to implant
exposure or palpability due to the breakdown of the mucocutaneous lining. Deformative
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change can also occur during scar contracture and adjuvant radiation treatment [3,4]. To
address these limitations, biodegradable or bioabsorbable materials have gained popularity;
they are rigid and biocompatible, induce bone regeneration, and confer a lower chance of
foreign body reaction [5–7].

Combined with computer-aided techniques, such as virtual surgical planning, various
alloplastic materials have improved the accuracy of maxillofacial reconstruction [8–10].
3D printing technology, combined with preoperative planning and modeling, enables
more effective patient-specific treatment. In addition, biodegradable printing materials
can now be used in a customized fashion to reconstruct complicated craniomaxillofacial
defects with acceptable outcomes. Among these various biodegradable materials, PCL
(polycaprolactone) has been used as guided bone regeneration (GBR) membrane owing
to its favorable mechanical properties and biocompatibility with a slower degradation
rate [11,12]. The beta-tricalcium phosphate (β-TCP), a bioceramic material, has been used
in the field of bone tissue engineering owing to its chemical properties resembling bone
minerals and excellent osteoconductivity [13–15]. The use of PCL blended with beta-
tricalcium phosphate (β-TCP) was reported as a promising GBR membrane to promote new
bone formation, with an initial stability comparable to cortical bone [11,16–18]. Traditionally,
promising results were achieved in terms of osteogenic activity when a PCL scaffold was
blended with 20% TCP [19–21]. To the best of our knowledge, there are few studies using a
3D-printed PCL/β-TCP scaffold in complex zygomatico-maxillary defects. The present
work aims to evaluate the new bone formation and 3D conformity using a computed
tomographic data and clinical outcomes in zygomatico-maxillary reconstruction with a
3D-printed PCL/β-TCP scaffold.

2. Materials and Methods

We evaluated a prospective series of eight patients with complex zygomatico-maxillary
defects who underwent reconstruction with 3D-printed PCL implants between December
2019 and June 2021. The inclusion criteria were as follows: (1) unilateral zygomatic
maxillary defect with or without orbital floor involvement, (2) maxillary defect resulting
from cancer ablation, benign tumor resection, trauma, or degenerative change of the
hemiface such as Parry–Romberg syndrome, (3) requirement of immediate or delayed
reconstruction due to maxillary defect, and (4) follow-up period of at least six months.
The exclusion criteria were as follows: (1) bilateral defect, (2) critical infectious disease
or immune deficiency, (3) current or anticipated chemotherapy or immune suppression
therapy, and (4) pregnancy or possibility of pregnancy.

Demographic information regarding sex, age, underlying disease, cause of defect,
onset of reconstruction (immediate or delayed), type of maxillary defect, and postoperative
complications were reviewed. The maxillary defects were categorized based on the amount
of vertical and horizontal maxillary defect, as suggested by Brown et al. [22]. Surgical
details regarding reconstructive options, incisional approach, application of bone forming
material, implant fixation method, and revisional operation were described. Each patient
underwent computed tomography (CT) scans with a slice thickness of 0.6 mm at three time
periods, including before surgery and six months after.

This study was conducted according to the Declaration of Helsinki and approved by
the independent Ethics Committee/Institutional Review Board of the Asan Medical Center
(approval number: 2021-1292), with written informed consent obtained from all patients

2.1. 3D Simulation and 3D Printing of Patient-Specific Implants

The patient-specific implants were designed using 3D modeling software (Materialise
Mimics; Materialise NV, Leuven, Belgium). The anticipated maxillary defect was marked
on a stereolithography model of the skull, and the contralateral normal orbit was flipped to
obtain the ideal normal contours of the defect. A patient-specific implant was designed
over the region of interest, fabricated and then refined, with smoothing of the contour
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(Figure 1). All processes were performed under close communication between modeling
experts and plastic surgeons.

Figure 1. Design of patient-specific PCL/β-TCP scaffold in patient #1. The implant was three-
dimensionally designed using 3D modeling software based on the mirror imaging of a contralateral
normal zygomatico-maxillary structure.

The PCL (Evonik Industries, Essen, Germany) and β-TCP (Foster corporation, Putnam,
CT, USA) were mixed in a ratio of 8:2. After the PCL was melted by heating for 15 min at
110 ◦C, powdered β-TCP was added, which was then blended for 10 min. The PCL/β-TCP
mixture was 3D printed using a multi-head deposition system using computer-aided
manufacturing software. It had a rectangular pore architecture with a porosity of 50%
and a pore size of 500 μm, as determined by 3D modeling software (3-Matic Research 9.0,
Materialise, Leuven, Belgium). The scaffolds were freeze-dried at −85 ◦C for 24 h, then
sterilized under a 450 W UV lamp for 4 h. All manufacture process was managed by a
facility with Good Manufacturing Practice certification (T&R Biofab Co. Ltd., Seoul, Korea).
The image of the 3D printed scaffold is depicted in Figure 2.

Figure 2. Photograph of 3D printed PCL/β-TCP scaffold with line with 500 μm, and 50% of porosity.
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2.2. Surgical Procedure

Patients presented with a wide range of maxillary bone and soft tissue defects of
various etiologies. The bone defect area was exposed as much as possible so that the
implant could be inserted. The bone defect was covered with the 3D-printed implant,
with or without osteocutaneous free flaps. The PCL implant was embedded in a betadine
solution for 10 min before insertion. If necessary, it was easily molded using a No. 15 blade
or scissors, depending on the actual defect. After the PCL implant was inserted into the
defect, it was fixed to the adjacent bony structure using mini-plates and 6–8 mm titanium
screws. Additional free flaps were indicated if the alloplastic implant necessitated soft
tissue envelop to cover the defect. Immediate adverse reactions related to the implant, such
as allergic reactions, were checked during surgery.

2.3. Volume and Density Analysis Based on CT Data

A CT scan was performed before surgery and six months after to evaluate volumetric
and density change. The DICOM data were translated into a stereolithography model in 3D
modeling software (Mimics; Materialise Software Solutions, Leuven, Belgium) to simulate
a postoperative image using a volume rendering technique. The region of interest was
defined before surgery along the contour of the simulated implant object, as well as six
months after surgery along the outer surface of the inserted implant. Two images were
superimposed based on anatomical landmarks, including the anterior nasal spine, nasion,
gonion, and menton. Overlapping between the simulated implant volume and postsurgical
implant volume was calculated using the Boolean operation. The volume conformity was
defined as the percentage of overlapping volume between the simulated and postsurgical
images (Figure 3).

Figure 3. Volumetric analysis between preoperative planned model and actual surgical result.
(a) Preoperatively designed STL model. (b) Actual surgical result volume-rendered as STL model.
(c) Two images were superimposed based on anatomic landmarks. Overlapping between the simu-
lated implant volume and postsurgical implant volume was calculated using the Boolean operation.

To identify de novo bone formation, the CT images were subjected to radiodensity
analysis using a 3D modeling software (Mimics, Materialise Software Solutions, Leuven,
Belgium); the radiodensity was measured in Hounsfield units (HU) in the region of interest.
The applied threshold to measure the bone mineral density of newly regenerated bone was
200 HU. The bone volume fraction was defined as the volume ratio of de novo bone to the
total implant within the region of interest (Figure 4). In addition, the mean tissue density of
the region of interest was investigated at different time periods, including before surgery
and six months after surgery.
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Figure 4. The bone volume fraction was defined as a ratio of the de novo bone volume to the total
implant volume within the region of interest. Red area notes the region where the tissue density was
measured over 200HU, while the purple area denotes the PCL/β-TCP scaffold.

2.4. Tensile Test of the Scaffold

Tensile testing was performed using a single column universal testing machine (In-
stron, Norwood, MA, USA). The dimension of the scaffold sample was standardized to
10 × 40 × 1 (mm), and porosity was 50%. The number of the sample for the test was 7. The
Young’s modulus was calculated by the linear curve of the stress–stain curve.

3. Results

Eight patients were included in this study, presenting a wide range of maxillary defects
of various etiologies. The causes of the defects were as follows: intraosseous hemangioma
in two patients, immediate reconstruction following cancer ablation in three patients, and
Romberg disease, traumatic facial deformity, and fibrous dysplasia in one patient each.
Five of the eight patients underwent immediate reconstruction following tumor ablation,
while three underwent delayed reconstruction. There was a case of wound dehiscence
caused by partial flap necrosis, which required wound coverage by a local flap. Detailed
information regarding demographics are depicted in Table 1.

Table 1. Demographics of patients.

Sex Age Cause of Defect Location
Type of
Defect

Onset of
Reconstruction

Postoperative
Complication

Underlying
Disease

Patient #1 F 21 Intraosseous
hemangioma Rt. N.A. 24-month delayed None None

Patient #2 M 19 Romberg disease Rt. N.A Delayed None None

Patient #3 M 51 Intraosseous
hemangioma Lt. V Immediate None None

Patient #4 F 50 Traumatic facial
deformity Lt. N.A 60-month delayed None None

Patient #5 M 21 Fibrous dysplasia Lt. IIIb Immediate None None

Patient #6 F 43

Radiation necrosis
following nasal

cavity cancer
ablation

Lt. IIIb Immediate

Wound
dehiscence due

to delayed
wound healing

Diabetes

Patient #7 F 44

Radiation necrosis
following

maxillary sinus
cancer ablation

Lt. IIIb Immediate None Hypertension

Patient #8 M 42 Maxillary sinus
cancer Rt. V Immediate None None

N.A.: Not applicable.
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Regarding surgical details, in four of the eight patients, the 3D-printed implant was
inserted through a perioral and conjunctival incision. The other four patients underwent
concurrent free flap or free bone grafts. In patients who had undergone cancer ablation, a
head and neck surgeon used lateral rhinotomy and a Weber–Ferguson incision. A bone-
forming substance was used in three patients: a demineralized bone matrix (DMB) in two
patients and a demineralized calcium phosphate bone substitute in one patient. Revisional
operation was required in four patients who underwent a secondary fat graft and one
patient who underwent local wound coverage to treat partial flap necrosis (Table 2).

Table 2. Surgical details.

Reconstructive
Option

Incisional Approach
Application of Bone

Regeneration
Material

Implant Fixation
Revisional
Operation

Patient #1 Fat graft Gingivobuccal and
transconjunctival None HA-PLLA resorbable

plate and screws Secondary fat graft

Patient #2 Fat graft Gingivobuccal and
transconjunctival

Resorbable calcium
phosphate bone

substitute

Titanium miniplate
and screws Secondary fat graft

Patient #3 Fat graft Gingivobuccal and
transconjunctival DBM Titanium miniplate

and screws Secondary fat graft

Patient #4 Fat graft Gingivobuccal and
transconjunctival None Titanium miniplate

and screws Secondary fat graft

Patient #5 Iliac bone graft Gingivobuccal and
transconjunctival DBM Wire steel None

Patient #6 RFFF, Iliac bone graft Weber-Ferguson
approach None Titanium miniplate

and screws
Local wound

coverage

Patient #7 ALT FF, RFFF Lateral rhinotomy and
subcillary approach None Titanium miniplate

and screws None

Patient #8 None Lateral rhinotomy and
subcillary approach None Wire steel None

HA-PLLA: Hydroxyapatite/poly-l-lactide; DBM: Demineralized bone matrix; ALT FF: Anterolateral thigh free
flap; RFFF: Radial forearm free flap.

The result of the volume analysis was as follows. The mean preoperatively planned
implant volume was 11.32 mm3, ranging from 2.16 mm3 to 30.37 mm3. The mean postoper-
atively actual implant volume was 10.21 mm3, ranging from 1.84 mm3 to 28.22 mm3. After
the superimposition of two images, the mean volume conformity was 79.71%, ranging from
70.89% to 86.31%. Postoperatively, the de novo formation of bone was calculated and the
mean was 2.15 mm3, ranging from 0.22 mm3 to 7.15.mm3. The bone volume fraction was
obtained as the ratio of de novo bone volume and postoperative implant volume, with a
mean of 23.34%, ranging from 7.81% to 66.21%. Mean tissue density in the region of interest
was 188.84 HU, ranging from 151.48 HU to 291.74 HU (Table 3).

Table 3. Volume and density analysis.

Preoperatively
Planned
Implant
Volume
(mm3)

Postoperative
Actual

Implant
Volume
(mm3)

Conforming
Volume after
Superimpo-

sition
(mm3)

Volume
Conformity

(%)

Postoperative
Newly

Generated
Bone

Volume
(mm3)

Bone
Volume

Fraction (%)

Postoperative
Mean Tissue

Density
(HU)

Patient #1 11.82 10.55 9.62 81.39 1.25 11.87 165.55
Patient #2 8.76 8.42 7.51 85.77 3.15 37.41 184.22
Patient #3 3.72 3.22 2.64 70.89 0.25 7.81 223.00
Patient #4 2.16 1.84 1.66 76.76 1.22 66.21 291.74
Patient #5 30.37 28.22 26.22 86.31 7.15 25.34 184.55
Patient #6 15.88 13.51 11.53 72.59 2.13 15.73 168.44
Patient #7 2.74 2.49 2.16 79.05 0.22 8.80 151.48
Patient #8 15.09 13.42 12.82 84.96 1.82 13.54 182.51

HU: Hounsfield unit.
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In the mechanical property test, the Young’s modulus of the standardized scaffold
with 50% porosity was 162.7 ± 12. 8 MPa (Table 4).

Table 4. Experimental result of mechanical property test.

Scaffold Dimension (mm) Porosity (%) Young’s Modulus Number of Sample

10 × 40 × 1 50 162.7 ± 12. 8 MPa 7

3.1. Case Presentation

Representative cases with clinical pictures are described in this section.

3.1.1. Case 1

Patient #1 was 21-year-old female who underwent delayed reconstruction 24 months
after ablation of intraosseous hemangioma. The maxillary bone defect was exposed using
the gingivobuccal and transconjunctival approaches. A 3D-printed PCL/β-TCP scaffold
was fitted into the defect, and the patient required no further resection of the bony struc-
tures. The implant was fixed using a resorbable plate and screws made of HA-PLLA
(hydroxyapatite/poly-l-lactide (Figures 5 and 6).

Figure 5. Clinical photographs in patient #1. Contour and symmetry of left cheek region was restored.
(a,b) Pre- and postoperative 6-month frontal view photographs. (c,d) Pre- and postoperative 6-month
basal view photographs.
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Figure 6. 3D CT images in patient #1. Contour and symmetry of left zygomatico-maxillary region
was restored with de novo bone formation. (a,b) Pre- and postoperative 6-month frontal view CT
images. (c,d) Pre- and postoperative 6-month basal view CT images.

3.1.2. Case 2

Patient #5 was 21-year-old male who underwent immediate reconstruction following
the en bloc resection of maxillary fibrous dysplasia, defined as a type V defect. The patient
underwent reconstruction with the 3D-printed PCL/β-TCP scaffold through a conventional
gingivobuccal and transconjunctival incisions. The 3D-printed implant was fixated with
wire steel. There was no complication in the long-term follow-up (Figures 7 and 8).

Figure 7. Clinical photographs in patient #5. Contour and symmetry of left cheek region was im-
proved. (a,b) Pre- and postoperative 6-month frontal view photographs. (c,d) Pre- and postoperative
6-month basal view photographs.
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Figure 8. 3D CT images in patient #5. Contour and symmetry of left zygomatico-maxillary region was
improved. (a,b) Pre- and postoperative 6-month frontal view CT images. (c,d) Pre- and postoperative
6-month basal view CT images.

4. Discussion

Polycaprolactone (PCL) is one of the polymers prepared by ring opening polymeriza-
tion of ε-caprolactone using a variety of catalysts. It safely degrades into carbon dioxide and
water over 2–3 years and provides a suitable scaffold for guided bone regeneration [23,24].
The PCL/β-TCP scaffolds used in this study had a 3D shape, moderate rigidity, and
relatively high elasticity and were manufactured with a patient-specific design. This prop-
erty allows surgeons to manipulate and mold the implants using a blade or scissors. In
our mechanical property test, Young’s modulus of the scaffold with 50% porosity was
162.7 ± 12. 8 MPa, which is a similar level to that of the human mandibular trabecular
bone (6.9 to 199.5 MPa) [25]. It was strong enough to maintain a three-dimensional shape
when applied to clinical practice, and also had an adequate elasticity to be carved using
tools available in the operating room. However, this might be insufficient to mimic the
compressive strength and modulus of cortical bone itself [26,27]. Thus, the characteristics
of PCL/β-TCP should be carefully considered depending on the amount of bony defect
and surrounding soft tissue. The scaffold might be insufficient to be applied alone in the
reconstruction of the whole zygomatico-maxillary complex. However, it was sufficient to
bear the tension and compression during biomechanics of the upper jaw as when indicated
as an onlay graft onto the bony surface or interpositional graft between the bony gaps.
Overall, we did not find any bony instability or occlusal complication during the follow-up
period. We suggested that the loading force should be distributed to the underlying bony
strut through secure fixation with titanium screws and to overlap with the surrounding
bony structure.

The PCL scaffold has been widely used in craniofacial reconstruction of various forms,
including mesh, membrane, plate, and 3D implants [28–31]. Several authors have used PCL
mesh in rhinoplasty to replace autogenous cartilage grafts [32]. They have reported that
PCL mesh with a 3D structure was a safe and effective material and that it could maintain
volume without any foreign body reaction [28]. However, unlike our study, PCL implants
in the previous literature have only been applied to 2D reconstruction. Recently, Han et al.
used 3D PCL implants in three cases of maxillary reconstruction following cancer ablation.
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All patients showed favorable outcomes. No signs of infection were observed in any of
the three patients, and the existing native tissue was successfully fused with filling of the
pores. So far, there has been few reports on the combined use of PCL and β-TCP as a 3D
scaffold in clinical cases. We applied a patient-specific PCL/β-TCP scaffold to treat various
maxillary defects with a range of etiologies, including facial asymmetry due to Romberg’s
disease and ablation of fibrous dysplasia and hemangioma. Notably, we performed a more
structured analysis in our cases, measuring volume conformity and bone density.

Regarding the volume conformity, suboptimal results were obtained in two of the
eight cases who underwent immediate reconstruction following maxillary sinus cancer
ablation. Although we designed the implants with a 3D shape following the resection plan,
the design did not always fit the actual resection margin. This resulted in less conformity
between the preoperative simulated and postoperative actual implant volumes. However,
experienced head and neck surgeons were fully capable of adjusting the shape of the
implants because the material had elastic properties.

Meanwhile, our study reported a case of implant exposure in a patient who had
undergone radiation treatment. We reasoned that the wound dehiscence had resulted
from delayed wound healing in the irradiated field, especially in the naso-orbital region,
rather than from the implant itself. It follows that the implant should be covered with a
durable and thick flap, especially when patients have undergone previous radiation, and
that meticulous debridement of remaining unhealthy tissue should be carried out to avoid
wound complications.

Another complication of the biomaterial that should be considered is the possibility of
an allergic reaction. Some rare complications have been reported with the use of biodegrad-
able material due to the wide range of foreign body reactions [33–35]. Although there was
no allergic reaction reported in our cases, the use of PCL might lead to serious foreign body
reactions. Some researchers reported on long-term, late-onset inflammatory complications
including granuloma formation, late allergic reaction and chronic inflammation after der-
matologic application of PCL-based fillers [36,37]. This reaction seemed to result from an
immune overreaction of the host tissue to the product, which is related with underlying
inflammatory status of the patient. Thus, the safety of the PCL/β-TCP scaffold in our cases
should be proven in the long-term study

In our previous research, we reported on the three-dimensional internal structure of
a scaffold using 3D printing [26,38–40]. In the case of our 3D printed scaffold, it has an
internal structure in which pores with a size of several hundred micrometers are completely
interconnected by a layer-by-layer fabrication method. When implanted into the body,
these perfectly connected pores are advantageous for the penetration of surrounding cells,
and also help the engraftment of regenerated tissue inside the artificial scaffold as blood
vessels are connected.

The effect of the material composition and porosity of a scaffold on its properties,
including cell proliferation and differentiation, stiffness, and degradation, has been dis-
cussed in the literature [11,41–47]. The addition of β-TCP in PCL was shown to improve
the scaffold’s mechanical performance and increase osteogenic cell proliferation and dif-
ferentiation [41,42]. By increasing the β-TCP concentration in the scaffolds, significantly
higher mineralization was achieved compared to the pure PCL [48]. In addition, the bioce-
ramic composition in the PCL scaffold was shown to increase water absorption and induce
hydrophilic properties, which can be useful to prevent nutrient loss during bone regenera-
tion [45]. Other considerations are the porosity, pore size, and permeability of the scaffold,
which plays a significant role in biological delivery and tissue regeneration [11,46,47].
Larger pore size and porosity could be beneficial for bone tissue growth but may affect
the compressive strength and modulus of the scaffold. Bruyas et al. found that both an
increasing amount of β-TCP and decreasing porosity augmented the modulus of the 3D
printed scaffolds, while decreasing the elasticity [43].

In our experience, when the amount ofβ-TCP in PCL is increased, viscosity also
increases, and as PCL/β-TCP blend viscosity affects scaffold printing speed, 3D printer
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feed rate reduces, and the polymer is exposed to more thermal energy. When the weight
proportion of β-TCP in PCL was more than 20% and the pore size was set to larger than
500μm, we observed that the printing accuracy and mechanical strengths decreased. Thus,
we used the PCL/β-TCP scaffold with a ratio of 80:20 and pore size of 500μm to achieve
balance betweenβ-TCP content and printing rate.

The degradation profile of the scaffold is another factor that should be considered. The
PCL has extremely slow progress of degradation, ranging from 2 to 4 years, while the TCP
has an unpredictable biodegradation profile, ranging from 6 to 24 months [44,49,50]. In
general, it was reported that the PCL/β-TCP composites had a faster degradation rate than
that of pure PCL. Yeo et al. reported the PCL–20% TCP scaffold gradually degraded within
6 months, while maintaining its pore interconnectivity for newly mature bone to form [24].
Initial degradation of β-TCP can produce calcium ions and enhance mineralization, thereby
promoting osteogenic differentiation of adipose-derived stem cells. Bruyas et al. found that
higher ceramic content of over 40% TCP might lead to structural integrity of the scaffold
due to the extremely high rate of degradation [43]. We agreed on their opinion in that
such a manipulation of the ceramic ratio to create an ideal bioresorbable plate to match the
natural healing course of bone formation. From CT findings obtained during the six-month
follow-up of clinical cases, we judged that the 80:20 proportion of PCL:β-TCP and 500 μm
pore size of the implant were adequate to enhance earlier bone growth and maintain
durability. Other animal studies also corroborated this view, reporting neovascularization,
sufficient soft tissue ingrowth, and the absence of extensive inflammation with this pore
size and porosity [49].

We concluded that bone regeneration was confirmed based on CT scan results six
months after surgery. In particular, it was based on the bone mineral density value from
the CT image. We thought that the bone mineral density value reflected not only the purely
regenerated bone but also the density of the implanted scaffold as well. However, due to
the radiolucent characteristic of the biodegradable polymer, the contribution to the bone
mineral density value is insignificant. Nevertheless, histological analysis from the biopsy
tissue might be required for confirming the obvious bone regeneration, but it has limitation
due to ethical issues. On the other hand, according to a previous study conducted by
our research team, an obvious bone regeneration result was confirmed eight weeks after
transplantation in an animal experiment using the same PCL/TCP scaffold applied in this
study [51].

We used various materials, including a mixture of demineralized bone matrix and
blood controlled thermal responsive polymer. Demineralized bone matrix has been widely
used as a mixture material to enhance bone union and new bone formation [52]. Various
artificial materials, including oxidized-irradiated alginate hydrogel and hydroxyapatite
were combined with the 3D scaffold. Some authors have reported the combined use of bone
morphogenic proteins (rhBMP-2) to treat mandibular defects [50]. However, we should
be reluctant to apply this material in patients who have undergone cancer ablation as it is
unclear whether rhBMP-2 promotes or inhibits tumor generation [53].

The present study had the following limitations: (1) As we assessed the density in
a region of interest containing both the implant and new bone, we did not obtain the
actual bone density, which might be lower than the normal bony structure outside of the
implant; (2) Although a degradation period from 2 to 4 years for PCL and 6 to 24 months
for TCP are known, the speed of degradation will vary depending on the transplant site
due to characteristic of hydrolysis. Therefore, a long-term follow-up of more than 5 years is
required for future studies; (3) The measured efficacy of PCL mesh in bone formation may
have been confounded because we also applied osteoblastic agents. In the present study,
we could not assess the efficacy of the combined mixture substances for bone formation, as
we performed no comparative analysis. More structured investigation is necessary, with a
prospective, comparative, controlled design.
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5. Conclusions

The PCL/β-TCP scaffold can provide durable support and enhance bone formation in
complex zygomatico-maxillary defects. The combined use of virtual surgical simulations,
3D printing techniques, and biodegradable implants may replace traditional non-absorbable
implants because the method is more accurate and the materials more biocompatible.
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Abstract: Three-dimensional printed polymeric lattice structures have recently gained interests in
several engineering applications owing to their excellent properties such as low-density, energy
absorption, strength-to-weight ratio, and damping performance. Three-dimensional (3D) lattice
structure properties are governed by the topology of the microstructure and the base material that
can be tailored to meet the application requirement. In this study, the effect of architected structural
member geometry and base material on the viscoelastic response of 3D printed lattice structure has
been investigated. The simple cubic lattice structures based on plate-, truss-, and shell-type structural
members were used to describe the topology of the cellular solid. The proposed lattice structures were
fabricated with two materials, i.e., PLA and ABS using the material extrusion (MEX) process. The
quasi-static compression response of lattice structures was investigated, and mechanical properties
were obtained. Then, the creep, relaxation and cyclic viscoelastic response of the lattice structure
were characterized. Both material and topologies were observed to affect the mechanical properties
and time-dependent behavior of lattice structure. Plate-based lattices were found to possess highest
stiffness, while the highest viscoelastic behavior belongs to shell-based lattices. Among the studied
lattice structures, we found that the plate-lattice is the best candidate to use as a creep-resistant LS
and shell-based lattice is ideal for damping applications under quasi-static loading conditions. The
proposed analysis approach is a step forward toward understanding the viscoelastic tolerance design
of lattice structures.

Keywords: 3D lattice structure; simple cubic lattice structures; plate-based lattice; shell-based lattice;
truss-based lattice; ABS; PLA; 3D printing; FFF; viscoelastic behavior; relaxation; creep; cyclic loading

1. Introduction

A new generation of engineering materials, known as lattice structures (LSs), has
recently found applications in biomedical [1], aerospace [2] and automotive [3]. Notable
properties of LSs include their low density and high specific thermal, electrical and mechan-
ical properties, energy absorption, and ability to reduce noise/vibration [4–6]. The overall
response of LSs depend on the relative density, solid base material, and topology of the
microstructure. For damping and energy absorption applications, a better understanding of
the relationship between microstructure of the LS and their effective viscoelastic properties
is required to obtain desired performance [7,8].

LSs consist of a solid skeleton and air pores. The architecture of microstructure influ-
ences their mechanical behaviors. Numerous architectures were proposed in the literature
to describe the microstructure of LS. The architected LSs are classified into two categories:
open-cell and closed-cell foams, with either a random or periodic arrangement [9]. Earlier
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design of three dimensional (3D) networks of LSs are usually designed using discrete struc-
tural members such as struts or truss members. The microstructure, such as, rhombic do-
decahedron [10], tetrakaidecahedron [11,12], cubic [6,13,14], Kelvin [15], Gibson-Ashby [16]
and gyroids [17] have been studied. Analytical solutions for the effective response of these
LSs were obtained through beam theory for elastic behavior [12,18–20] and viscoelastic
behavior [21–23]. For more complicated architected LS, finite element homogenization
method has been used to predict the elastic [24–29] and viscoelastic [22,30] responses.

Recently, three-dimensional network structures have been developed with interesting
geometries derived from atomic crystal structures system [31]. The network of these lattice
structures can be constructed with different structural members such as truss-, plate-,
or shell-based (triply periodic minimal-surface (TPMS)) [32,33]. Out of these structural
members, the plate-based lattice structures [34,35], offer superior stiffness which makes
them excellent candidates for load-bearing applications. However, the shell based LSs such
as TPMS demonstrated good energy absorption characteristics. Tancogne-Dejean et al. [36]
showed that the specific energy absorption of plate-based LSs is around 45% greater than
that of truss-based LSs. The elastic and viscoelastic properties of these lattice structures
have been studied and investigated using the finite element method (FEM). Khan et al. used
micromechanical homogenization approach to compute the apparent viscoelastic behavior
such as creep, relaxation under quasi-static loading and dynamic behavior under cyclic
excitation [37,38], and [39]. Previous studies highlighted the excellent viscoelastic response
of the architected LSs [40]. Comprehensive studies have been conducted using theoretical
and simulation approaches to investigate the properties of cellular solids; however, very
limited experimental investigations have been undertaken to determine the viscoelastic
response of polymeric LSs [15,40,41]. Moreover, the effect of architected structural member
and base material on the viscoelastic response of 3D printed lattice structure has not
been investigated

The revolution and growth in additive manufacturing have allowed the fabrication of
complex and precise geometries of LSs. Additive manufacturing (AM) offers high flexibility
of design and rapid prototyping. In the recent review article, it has been discussed that AM
can reduce the production cost of complex components and can be implemented not only
for prototyping but also production using different approaches in design [41]. Additive
Manufacturing technology has enabled the porosity and architecture of cellular solids to
be controlled; therefore, the density and mechanical properties can be tailored [42] for
several applications [43]. Additive manufacturing includes several processes; however,
the 3D printing technology using material extrusion (MEX) process [44] has been widely
used to fabricate complex geometries such as cellular solids. Moreover, the base materials
have significant influenced on the design of LSs. The LSs should be able to contribute
to the functional purpose of structure with excellent damping performance, strength-
to-weight ratio, and others. Thermoplastic polymers have been widely utilized in the
fabrication of cellular solids due to their adaptability for 3D printing and their unique
properties. The most utilized polymers are acrylonitrile butadiene styrene (ABS), and
polylactic acid (PLA) [7,8]. The comparison of the flexural properties of ABS, PLA and a
PLA–wood composite manufactured through MEX process has been presented [45]. Several
authors have extensively studied the manufacturing of PLA using MEX process such an
in-process monitoring of temperature evolution, multiscale damage and fatigue modeling
of PLA [46–48]. The influence of process parameters has also been investigated on the
mechanical properties [49], impact resistance properties [50] and interlayer adhesion on the
tensile strength of 3D printed PLA [51].

In this study, the effect of architected structural member geometry and base mate-
rial on the viscoelastic response of 3D printed lattice structure has been experimentally
investigated. The LSs possessing simple cubic symmetry based on plate-, truss-, and shell-
type structural members were considered to describe the microstructure of the LSs. The
proposed LSs were fabricated with two materials, i.e., PLA and ABS using the material
extrusion (MEX) process. The quasi-static compression response of lattice structures was
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investigated, and mechanical properties were obtained. Then, the creep, relaxation and
cyclic viscoelastic response of the lattice structure were characterized and some interesting
conclusions were presented.

2. Methodology

2.1. Design of Lattice Architecture and Manufacturing

In this study, the three lattice microstructures of simple cubic family were considered.
The three designs are named as simple cubic truss-based lattice (SCTL), simple cubic plate-
based lattice (SCPL), and simple cubic shell-based lattice (SCSL). The SCTL, SCPL, and SCSL
unit cells consist of struts, plate and shell, respectively. The arrangement of these structural
members yield simple cubic LSs. Solidworks software was used to model the considered
designs. The 3D designs were made with overall dimensions of 25 × 25 × 25 mm3. The
investigation was conducted using two polymeric materials: Polylactic acid (PLA), and
acrylonitrile butadiene styrene (ABS). Raw materials of ABS and PLA were procured in the
form of filament with 1.75 mm thickness. The specifications of the utilized materials are
shown below in Table 1 as provided by the manufacturing company.

Table 1. Specifications of PLA and ABS filaments.

Materials Thickness Density
Young’s

Modulus
Strain at

Break
Melting

Temperature
Printing

Temperature
Brand

ABS 1.75 mm 1.03 g/cm3 2 GPa 9% 245 ◦C 220–270 ◦C RS Pro
PLA 1.75 mm 1.25 g/cm3 2.7 GPa 2% 150 ◦C 190–220 ◦C Raise3D

Additive manufacturing based on material extrusion (MEX) process, was adopted to
fabricate all specimens. In this study, we employed the Raised3D Pro2 printer, which is
equipped with a 0.4 nozzle. Several attempts were made to attain the best designs in terms
of lightweight, manufacturability, and flexibility. The printing parameters that were given
using software Idea Maker are shown below in Table 2.

Table 2. Parameters of 3D printing.

Materials
Printing

Temperature
Heated Bed

Temperature
Printing
Speed

Extrusion
Width

Infill
Topology

ABS 250 ◦C 100 ◦C 50 mm/s 0.4 mm Lines
PLA 205 ◦C 60 ◦C 50 mm/s 0.4 mm Lines

For all specimens, the faces of the infill were perpendicular to the direction of the
build (out-of-plane). All samples were printed with a raft platform to ensure the flatness of
the base and stability throughout the printing process. Concerning solid infill density, all
candidates were designed with 27% solid infill density. Table 4 shows the unit cell CAD
design, the LS with array of 5 × 5 × 5 unit cells, the design and printing parameter, and
the fabricated LSs made of PLA and ABS. Throughout this study, the investigated samples
will be referenced by the assigned ID codes shown in Table 3.

Table 3. ID codes of the 3D printed specimens.

Material Geometry Code

ABS Simple cubic Plate-based lattice ABS/Plate-based
ABS Simple cubic Truss-based lattice ABS/Truss-based
ABS Simple cubic Shell-based lattice ABS/Shell-based
PLA Simple cubic Plate-based lattice PLA/Plate-based
PLA Simple cubic Truss-based lattice PLA/Truss-based
PLA Simple cubic Shell-based lattice PLA/Shell-based
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Table 4. Details of considered designs.

Type Unit Cell Thickness Infill Density
Lattice

Structure
PLA Sample ABS Sample

Shell-based
lattice

 

0.5 mm 27%

   

Truss-based
lattice

 

1.1 mm 27%

  

Plate-based
lattice

 

0.5 mm 27%

 

2.2. Experiments

Four experiments were performed to understand the mechanical properties and time-
dependent behavior of the 3D printed polymeric LSs, i.e., quasi-static compression test,
stress relaxation test, creep test, and compressive cyclic loading test, as shown in Figure 1.
The experiments were conducted using an Instron universal testing machine with 5KN and
30KN load cells. The crosshead speed was 2.5 mm/min in all tests, chosen based on ASTM
D1621-16 [52]. A pre-load was applied to guarantee a full initial contact between plates
and specimen; all tests were conducted at room temperature. The experimental setup is
shown in Figure 1. Pre-experimenting, the relative density of considered specimens were
measured using a weight scale and Equation (1)

ρ =
ρc

ρ
(1)

where ρ: relative density, ρc: density of cellular solid, ρ: density of solid material.

Figure 1. Experiment set-up and loading program.
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2.2.1. Quasi-Static Compression Test

First, the quasi-static compression test was performed until fracture. The quasi-static
compression test was performed according to ASTM D1621-16 “Standard Test Method for
Compressive Properties of Rigid Cellular Plastics”. The specimens were placed between
the compression plates ensuring that the specimen centerline was aligned with the load
cell centerline. Pre-loading was applied to ensure the stability of the samples and full
initial contact between plates and specimens. The LSs were compressed at a constant
crosshead speed of 2.5 mm/min and the effective stress–strain behavior was recorded.
Many interesting characteristics of LS such as elastic modulus (E) and specific stiffness (C)
were calculated using Equations (2) and (3).

E =
σ

ε
(2)

C =
E
ρ

(3)

2.2.2. Stress Relaxation Test

A stress relaxation test is necessary to understand the viscoelasticity behavior (time-
dependent response), in which the specimen is compressed and held at a certain dis-
placement; accordingly, the stress relaxation response is recorded as a function of time.
The relaxation response can be measured by calculation stress-relaxation modulus using
Equation (4).

Esr =
σt

ε0
(4)

The samples made from the different materials were compressed to the same strain
level called effective strain. The effective strain should be on or below the yield point,
which was determined using the data obtained from the quasi-static compression test. It
was considered to be a value below the least yield limit among the three samples. Table 5
shows the effective strain levels used during stress relaxation test. The stress relaxation
test were performed according to ASTM E328 − 21: Standard Test Methods for Stress
Relaxation for Materials and Structures [53]. In this study, the displacement was applied on
the specimen at the strain rate of 2.5 mm/min until reaching the desired displacement. The
position (displacement) was held constant for 30 min and the stress relaxation response
was recorded as a function of time.

Table 5. Parameters of stress relaxation test.

Sample Hold at (Displacement) Time for Holding

ABS/Truss-based lattice 0.375 mm 30 min
ABS/Plate-based lattice 0.375 mm 30 min
ABS/Shell-based lattice 0.375 mm 30 min
PLA/Truss-based lattice 0.625 mm 30 min
PLA/Plate-based lattice 0.625 mm 30 min
PLA/Shell-based lattice 0.625 mm 30 min

2.2.3. Creep Test

Viscoelastic behavior can also be measured by creep testing, in which constant stress
is applied for a period of time and changes in strain are observed as a function of time.
The viscoelastic behavior can be measured by finding creep compliance (J) using Equation
(5). The creep test was performed according to ASTM D2990 − 17: Standard Test Methods
for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastics [54]. Table 6
shows the forces levels used during creep test. Here, the sample was compressed with a
strain rate of 2.5 mm/min to the predetermined load limit and held constant for 30 min.
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While constant stress was applied, the strain will continue to increase with time and
therefore recorded.

Jt =
εt

σ0
(5)

Table 6. Parameters of creep test.

Sample Hold at (Load) Time for Holding

ABS/Truss-based lattice 600 N 30 min
ABS/Plate-based lattice 600 N 30 min
ABS/Shell-based lattice 600 N 30 min
PLA/Truss-based lattice 1500 N 30 min
PLA/Plate-based lattice 1500 N 30 min
PLA/Shell-based lattice 1500 N 30 min

2.2.4. Compressive Cyclic Loading Test

The viscoelastic phenomenon and energy dissipation behavior of cellular materials can
be observed by loading and unloading a specimen at a constant strain rate. The compressive
cyclic loading test involves an appropriate repeating pattern of loading-unloading. The test
may be conducted with a peak strain-controlled, or peak stress-controlled technique. In
this study, the experiments were carried out with a peak stress-controlled method and the
specimens were compressed with a strain rate of 2.5 mm/min to the predetermined load
limit. The testing parameters are illustrated in Table 7. In total, three loading-unloading
cycles were applied, and the load-displacement hysteresis loop were recorded. OriginLab
software was used to calculate the area under the hysteresis curve, which represents the
amount of energy absorption.

Table 7. Parameters of compressive cyclic loading test.

Sample Maximum Load Number of Cycles

ABS/Truss-based lattice 600 N 3 Cycles
ABS/Plate-based lattice 600 N 3 Cycles
ABS/Shell-based lattice 600 N 3 Cycles
PLA/Truss-based lattice 1500 N 3 Cycles
PLA/Plate-based lattice 1500 N 3 Cycles
PLA/Shell-based lattice 1500 N 3 Cycles

3. Results and Discussion

In this section, the data obtained from the experiments described above will be shown,
analyzed, and discussed. A weight scale was used to measure the weight of the 3D printed
specimens, then the relative density was calculated using Equation 1 as shown in Table 8.

Table 8. Weight, density, and relative density of the 3D printed specimen.

Specimen ABS/Shell ABS/Plate ABS/Truss PLA/Shell PLA/Plate PLA/Truss

Weight (g) 3.95 4.01 3.98 4.94 5.1 4.99
Density (g/cm3) 0.253 0.257 0.255 0.316 0.326 0.319

Relative density (g/cm3) 0.246 0.250 0.248 0.253 0.261 0.255

The measured values show that all ABS samples having almost the same weight
with a variation of ±0.06 (1.5%), similarly shown in all PLA specimens with a variation
of ±0.16 (3%). The equality in weights verifies that the initial designs have the same
solids infill density and the excellent accuracy of the manufacturing process. Several
factors may have contributed to the slight variations, such as the uncertainty of the scaling
device, the surrounding conditions in the lab, or minor uncertainties in the design or
fabrication process.
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3.1. Quasi-Static Compression Test

Figure 2 shows the compression stress–strain curves for the investigated LSs. The
stress–strain curve provides the mechanical behavior of LSs and could help to find the
Young’s modulus and yield strength. The main purpose of this test is to obtain the linear
stress–strain limit so that the effective load, and strain levels can be identified for creep,
stress relaxation, and cyclic loading-unloading tests. It can be observed that the overall
compressive behavior of LSs depends mainly on its microstructural design and relative
density, and the mechanical properties of the base material. Generally, the higher the
density, the higher the collapse stress. As defined early, PLA has a higher density than
ABS, 1.25 and 1.03 g/cm3, respectively. Therefore, the fracture stress of the PLA samples is
higher than that of the ABS specimens, as illustrated in Figure 2. With regards to the effect
of the architected structural member geometry, it is evident that plate-based lattices are
stiffer than others, followed by truss-based lattices then shell-based lattices made of the
same material and relative density.

 
Figure 2. Compression stress–strain curves for the investigated samples.

The Young’s modulus values were determined through the tangent value of the initial
slope of the stress–strain curves, by using Equation 2 and the values Young’s Modulus
are shown in Table 9. The plate-based lattice in both materials has the highest Young’s
modulus values, and the least value of Young’s modulus belongs to the shell-based lattice.
Moreover, another interesting property that can be obtained from the stress–strain curve is
the specific stiffness, whereby the stiffness-to-density ratio can be measured using Equation
3; specific stiffness values are shown in Table 9.

Another important point to be noticed that the yield limit was not clearly defined
as the LSs demonstrated nonlinear stress–strain response. The method of offset point
was used to compute the yield point, that indicates the limit of elastic behavior and the
beginning of plastic deformation. Table 9 shows the yield stress for the considered samples,
which was important to be identified for subsequent experiments.
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Table 9. Obtained properties from quasi-static compression test.

Specimen
Fracture

Stress (MPa)
Young’s

Modulus (MPa)
Specific Stiffness

(MPa/(g/cm3))
Yield Limit

Load (N)

ABS/Plate-based lattice 5.38 168 672 2563
ABS/Truss-based lattice 2.7 70 275 1481
ABS/Shell-based lattice 1.64 59.5 242 781
PLA/Plate-based lattice 12.7 443 1697 7250
PLA/Truss-based lattice 4.9 177.8 697 2750
PLA/Shell-based lattice 3.64 93.75 370 1812

We investigated the architected structural member geometry on the deformation
mechanism. All the three structures were deformed under uni-axial compression and
representative pictures were taken during the tests at different strain levels as presented in
Figure 3. Noticeably, there is no physical failure in the identified yield point as shown in the
1st row in Figure 3. Moreover, it was observed that buckling occurred when compressive
strain reached to some critical value and consequently led to rapid and dramatic changes
of the material microstructure, as illustrated in the 2nd row in Figure 3 (in which all three
structures demonstrated clear buckling). Subsequently, the middle region of structural
members reached to a completely collapsed and then the deformation progressed to the
neighboring cells. The plate-based lattice deformation occurred by compressing layers
over each other, while truss-based lattice deformed due to buckling of its struts, whereas
shell-based lattice deformed by squeezing its unit cells.

Generally, it was observed that all samples have deformed in a stretching-dominated
manner; however, each specimen has its characteristics. For examples, the high stiffness in
plate-based lattice is due to its plates involvement to carry load capacity and the integration
or configuration of the plate-based structure. On the other hand, when a truss-based lattice
experiences a compression load, and most of the load is carried by struts located in the
longitudinal direction of the force, which means more stress concentration in thin struts.
Therefore, vertical struts are the first to fail via buckling. Moreover, shell-based lattice has a
novel geometry that doesn’t contain struts or walls, the advantages of its architecture were
observed during the experiment, whereby it exhibited great extension, resulting from the
uniform distribution of the stresses.

3.2. Stress Relaxation Test

The stress relaxation experiment was undertaken according to the procedure explained
in above methodology section. Equal effective strain was applied in each sample made of
the same material, based on the outcomes of quasi-static compression test, the elastic limit
of PLA samples is higher than ABS samples. Therefore, PLA samples experienced higher
initial stress than ABS, as shown in Figure 4.

As can be seen in Figure 4, the stress relaxation curves can be divided into three
stages. The first stage is the effective elastic stage, in which the specimens were compressed
to the predetermined displacement and then held for 30 min. This initial displacement
determined the starting point of stress relaxation. Then, the stress relaxation started
after the first stage and can also be divided into two stages: transient stage and stable
stage, representing the regions of decreasing stress relaxation rate and near-constant stress
relaxation rate, respectively.
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Figure 3. Deformation mechanism of the samples under investigation.

Figure 4 shows the plate-based lattice experienced the greatest stress to deform to the
predetermined strain level, followed by the truss-based lattice. In contrast, the shell-based
lattice demonstrated the least load bearing capacity. These results are due to the stiff
plate-based structure, which is aligned with the conclusions drawn from the quasi-static
test. As shown in Figure 4, all considered samples exhibited different stress relaxation
behavior over time, which demonstrates that different viscoelastic mechanism exists in
each specimen.
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Figure 4. Stress relaxation response of all considered specimens.

For further analysis, the percentage of the normalized stress was calculated and shown
in Table 10. It was found that the shell-based lattice outperformed the truss-based lattice
and the plate-based lattice in terms of normalized stress over time. In addition, to determine
the viscoelastic response from the stress relaxation test, the stress relaxation moduli were
calculated using Equation 4. Then, the stress-relaxation moduli were converted to the
relative moduli to compare based on the two considered materials as listed in Table 10.
From the calculated values, it can be seen that the shell-based lattices have the greatest
viscoelastic behavior, followed by the truss-based lattice, then the plate-based lattice. The
outperformance of the shell-based lattice is due to its smooth geometry and curvature
interconnections, by which the stress concentration is reduced, and the applied stress
distributed uniformly. However, the stiffness of plate-based lattice has an adverse effect on
the viscoelastic response. From the relative modulus values, it can be concluded that ABS
samples have better viscoelasticity than that of PLA, resulting from the less stiffness and
better elongation of ABS.

Table 10. Obtained properties from the stress relaxation test.

Specimen Normalized Stress (%) Stress Relaxation Modulus (MPa) Relative Modulus (MPa)

ABS/Plate-based lattice 17% 104 0.62
ABS/Truss-based lattice 19% 48.67 0.69
ABS/Shell-based lattice 21% 47.3 0.79
PLA/Plate-based lattice 19% 210.8 0.48
PLA/Truss-based lattice 21% 104.4 0.59
PLA/Shell-based lattice 23% 72 0.77

3.3. Creep Test

The creep experiment was conducted following the procedure discussed earlier in
the methodology section. The data obtained from the creep test are plotted in Figure 5.
The shell-based lattice experienced the highest initial strain level, while the least value of
applied strain belongs to the plate-based lattice. Those results are because all samples made
of the same material have compressed to the same effective stress level and conform to
the conclusions of previous experiments. The shell-based lattice was the compliant, while
plate-based lattice was the stiffest.
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Figure 5. Strain–time plots of creep test for all considered specimens.

Additionally, the creep curves can be divided into three stages: the first stage is the
elastic deformation stage, in which a uniaxial compression load was applied at a constant
rate to the specimen until it reached the predetermined stress level and then be held.
In this stage, the slope of PLA specimens is higher than that of ABS specimens due to
the higher stiffness of PLA, which required more strain energy. The creep started after
the first stage and can be divided into two stages: the transient stage and near-stable
stage. All samples demonstrated creep deformation over time, which verifies the nature
of viscoelastic behavior. However, only plate-based LSs demonstrated steady state creep
strain for the considered testing time. The percentage of the creep strain increase was
calculated and shown in Table 11. All shell-based lattice outperformed the truss-based
lattice and plate-based lattice in terms of creep response. Moreover, the creep compliance
was calculated using Equation 5. whereby the greatest compliance behavior belongs to the
shell-based lattices, followed by the truss-based lattice, then the plate-based lattice. The is
again because of the smooth interconnection of the shell-based lattice and uniform stress
distribution and transfer from one cell layer to another. It is concluded that the viscoelastic
behavior of ABS is better than that of PLA due to the softness and elongation of ABS.

Table 11. Obtained properties from the creep test.

Specimen Strain Increased (%) Strain Compliance (1/MPa)

ABS/Plate-based lattice 10% 0.0086
ABS/Truss-based lattice 15% 0.0202
ABS/Shell-based lattice 19% 0.0308
PLA/Plate-based lattice 17% 0.0041
PLA/Truss-based lattice 24% 0.0095
PLA/Shell-based lattice 26% 0.0130

3.4. Compressive Cyclic Loading Test

The compressive cyclic loading experiment was conducted following the procedure
described in the methodology section. Figures 6 and 7 show plots of the load vs. displace-
ment values for ABS and PLA samples. All tested specimens demonstrated a viscoelastic
behavior and formed a hysteresis loop. The shape of the hysteresis curves dictates the
energy dissipation capacity of LSs. The samples can be ranked by estimating the area
inside the hysteresis loop; the wider loop means the better damping performance, energy
dissipation capacity, or viscoelastic behavior. Figure 8 shows the estimation of the area of
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the hysteresis loop for all samples, which was calculated using OriginLab software. The
results show that the shell-based lattice has a wider hysteresis loop, then the truss-based
lattice and the plate-based lattice, respectively. Thus, the shell-based LS exhibits the greatest
energy dissipation performance. This phenomenon shows that the energy dissipation of a
hysteresis loop increases with the growth of the displacement as the PLA samples were
compressed to a displacement level higher than that of the ABS samples, as illustrated in
Figure 8.

 

Figure 6. Cyclic loading of ABS specimens.

 
Figure 7. Cyclic loading of PLA specimens.
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Figure 8. Area of hysteresis curves of the considered specimens.

In the end, a table is formulated comparing the specific elastic properties of the
proposed architecture with those available in the literature, as shown in Table 12. There
is abundant of studies available but here we mainly selected few architectures having
cubic symmetry and made from polymeric materials such as ABS, PA and PLA using
material extruding process (MEX). Table 12 shows that the specific Young’s modulus of the
PLA/Plate-based lattice have properties like the ones obtained from PA2200/Sheet-based
IWP TPMS structures. However, as per the considered cellular materials shown in table
below the sheet based Neovius TPMS structures has the highest specific Young’s modulus.
There is no experimentl data available in the literature that investigate the viscoelastic
behavior of cellular materials with cubic symmetry, though few studies are available that
characterize the time dependent response of bulk material made of PA2200 using Selective
Laser Sintering technology (SLS) [55]. The authors are actively working in this area and
more studies are ongoing related to the time dependent response of cellular materials.

Table 12. Elastic properties comparison of cubic symmetry cellular materials.

Polymer Architecture E/Es Reference:

ABS

Plate-based lattice 0.084

Current Work

Truss-based lattice 0.035

Shell-based lattice 0.030

PLA

Plate-based lattice 0.164

Truss-based lattice 0.066

Shell-based lattice 0.035

PLA
Honeycomb-Hexagonal 0.067

Leon et al. [56]
Honeycomb-Triangular 0.122

ABS Honeycomb-Trianglular 0.048 Monkova [57]

PA2200

TPMS sheet Primitive 0.082

Abueidda [58]TPMS sheet IWP 0.163

TPMS sheet Neovius 0.184

PA1102

TPMS ligament Diamond 0.039

Abou-Ali [59]TPMS ligament Gyroid 0.048

TPMS ligament IWP 0.030
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4. Conclusions

In this study, the effect of the architected structural member’s geometry on the vis-
coelastic behavior of lattice structures with simple cubic crystal symmetry was investigated.
The structural members of simple cubic LS were designed with three architectures: plate-
based LS, truss-based LS, and shell-based LS. Three-dimensional (3D) printing based on
material extrusion (MEX) process technology was utilized to fabricate the considered de-
signs. The behavior of LSs were investigated for two different materials, namely, PLA and
ABS. The LSs mechanical response was obtained under quasi-static compression, stress-
relaxation, creep, and compressive cyclic loading tests. The obtained data was analyzed
and the following conclusions are summarized:

1. From the quasi-static compression test, it was found that the plate-based LS has the
greatest stiffness and strength. The shell-based LS has excellent extension but least
strength. Moderate properties are observed in the truss-based lattice with a rapid
fracture mechanism. In terms of materials, PLA showed greater stiffness and strength
than ABS, which is due to its higher density. However, ABS showed better viscoelastic
behavior at the same infill density.

2. The shell-based has the greatest normalized stress and strain over time, which indicates
its remarkable viscoelastic behavior, followed by truss-based lattice then plate-based
lattice. In addition, the results of compressive cyclic loading testing showed that the
shell-based lattice had formed a wide load-displacement hysteresis curves, meaning
it has the greatest damping performance, and energy dissipation capacity. Whereas
truss-based ranked in the second, followed by the plate-based LS. By comparing the
ABS and PLA materials, the better viscoelastic behavior belongs to ABS, due to its
elongation and flexibility.

3. A wide variety of material properties can be achieved by controlling the design of
cellular solids. A material with maximum stiffness, as demonstrated in the plate-based
lattice, is valuable as an engineering material for stiffness-dominated applications
and lightweight structures. Whereas a material with excellent energy dissipation
response, as observed in the shell-based lattice, is a great choice to be utilized where
an application requires to be designed with bending-dominated behavior.

4. This study provides the comparison of viscoelastic behavior of simple cubic LSs made
of different structural members. This research methodology will open up new research
paths where the researchers can explore the effect of different types of symmetries on
the isotropic and anisotropic viscoelastic properties of LSs.
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Abstract: The aim of our research was to investigate and optimise the main 3D printing process
parameters that directly or indirectly affect the shape transformation capability and to determine
the optimal transformation conditions to achieve predicted extent, and accurate and reproducible
transformations of 3D printed, shape-changing two-material structures based on PLA and TPU. The
shape-changing structures were printed using the FDM technology. The influence of each printing
parameter that affects the final printability of shape-changing structures is presented and studied.
After optimising the 3D printing process parameters, the extent, accuracy and reproducibility of the
shape transformation performance for four-layer structures were analysed. The shape transformation
was performed in hot water at different activation temperatures. Through a careful selection of
3D printing process parameters and transformation conditions, the predicted extent, accuracy and
good reproducibility of shape transformation for 3D printed structures were achieved. The accurate
deposition of filaments in the layers was achieved by adjusting the printing speed, flow rate and
cooling conditions of extruded filaments. The shape transformation capability of 3D printed structures
with a defined shape and defined active segment dimensions was influenced by the relaxation of
compressive and tensile residual stresses in deposited filaments in the printed layers of the active
material and different activation temperatures of the transformation.

Keywords: additive manufacturing; 4D printing; PLA; TPU; printability; shape transformation

1. Introduction

Four-dimensional printing evolved from the 3D printing concept by incorporating
the fourth dimension, i.e., the ability of the 3D printed object to change over time, to
transform its geometry after being produced [1]. Today, 4D printing is becoming an
increasingly interesting and widespread field of research. Some of the research is focused
on the printing process parameters. Other research is more focused on the development
of new, programmable printing materials that can change shape as a response to external
stimuli. Based on the stimuli that can trigger a response, materials can be classified into
thermo-responsive, magneto-responsive, chemo-responsive, photo-responsive or mechano-
responsive materials [2].

One of the simplest options for 4D printing applications is the use of materials that
are thermo-responsive, e.g., shape memory polymers (SMPs). SMPs have been used in 3D
printing since 2013 [3]. These are dual-shape materials belonging to a group of actively
moving polymers [4]. The shape memory effect is not an intrinsic property; it results from
the combination of polymer morphology and specific processing. SMPs can be programmed
into temporary shapes and return to their original shapes [5]. The mechanism of the shape
memory effect (SME) can be described by two systems within the polymer, these being
the net points and switching segments [6]. The net points, consisting of the more ordered,
entangled or crystalline structure, act as the memory component of the polymer network
that wants to return the SMP to its original shape [6]. The switching segments, consisting
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of less entangled structures, act to keep the SMP in its programmed shape [7]. Similarly to
SMPs, the stimuli that induce time-dependent behaviour are temperature changes or water
exposure [8].

The shape transformation depends on the residual stresses created during the 3D
printing process in the thermoplastic materials. During the extrusion process, the thermo-
plastic materials are in a viscoelastic state—the high temperature enables the stretching
and alignment of polymer chains in the direction of the material flow through the extrusion
nozzle. After the material leaves the extrusion nozzle, it begins to cool and solidify. If the
cooling is rapid, the polymer chains are forced to keep their extended state, which causes
the development of internal stresses. When the 3D printed object is reheated above its glass
transition temperature (Tg), the polymer chains start to rearrange, during which stress can
be released, which causes shrinkage or changes in the shape of the 3D printed object [9–12].

Thermoplastic SMPs can be printed with the most widespread and cost-effective
3D printing technology, i.e., fused deposition modelling (FDM). The structure printed in
the FDM process that will be capable of shape transformation is printed using one or a
combination of two thermoplastic materials. In the first case, the shape transformation is
controlled by a different orientation of deposited filament layers of the polymer [10–14],
the so-called active material. In the second case, it is controlled by the multi-material
structure, consisting of active and passive segments. For the active segment, a combination
of polymers that differ in thermal transition temperatures and have different physical
and mechanical properties is used [9,15]. One of the polymers, the active one, shrinks
when heated above its Tg, and the second polymer, called the passive material, remains
unchanged and serves only as a support for the active material to twist in a certain direction
and plane. However, only one, i.e., the passive material, is used for the passive, inactive
segment of the 3D printed structure. One article reported that single layer mono-material
structures produce highly varying, unpredictable bending-twisting motions which are not
desirable [15].

Polylactide (PLA) has shown shape memory properties based on the physical entangle-
ments of polymer chains that maintain the structure of the 3D printed object [4,6,16,17]. After
stretching into a temporary shape, the entanglements can recover to the unstretched state at
Tg when the material becomes highly elastic [7]. Another thermoplastic material studied in
4D printing is thermoplastic polyurethane (TPU). The process parameters for filament extru-
sion and printing influencing shape memory behaviour were studied [1,18–20] using FDM to
print a shape memory TPU for a thermoactivated self-folding part. Five parameters that are
important for shape memory properties were studied, i.e., material/surface of the platform,
material/surface temperature, printing speed, liquefier temperature and delay time for printing
each layer. In our research, two different thermoplastics materials, i.e., PLA and TPU, were used
to fabricate 3D printed shape-changing structures.

To be able to control the shape transformation, high printability and controlled trans-
formation conditions must be achieved. The shape transformation capability is defined
by extent, accuracy and reproducibility. The extent of transformation is defined by chang-
ing the angle or radius of the active segment of the 3D printed structure. It depends on
the type and properties of the thermoplastic material; the shape of the active segment;
3D printing parameters that affect the generation of residual stresses; and transforma-
tion conditions defined by the type of the thermal stimulus, activation temperature and
activation time. The shape transformation accuracy is defined by the transformation of
the 3D printed structure in the predicted plane, depending on the direction of filament
deposition. The reproducibility of the shape transformation is defined by the accuracy of
the transformations of several active segments printed and transformed under the same
conditions. The reproducibility and accuracy of the shape transformation depend on the
properties of 3D printing filaments; printing process parameters which affect the accuracy
of extruded filament deposition in layers; and transformation conditions. Among the
research dealing with 3D printing filaments and printing process parameters, there is little
about the accuracy and reproducibility of shape transformation, which is a topic of our

124



Polymers 2022, 14, 117

research. We wanted to provide some insight into the optimisation of 3D printing process
parameters that directly or indirectly affect the print quality, and consequently the quality
of the shape transformation.

2. Materials and Methods

2.1. Materials

The thermoplastic materials used in the research were PLA and TPU, obtained from
Plastika Trček (Ljubljana, Slovenia) in the form of monofilaments with a 1.75 mm diameter.
These two commercial filaments were selected due to their different physical and mechani-
cal properties, glass transition (Tg) and melting (Tm) temperature. White coloured PLA
with Tg at around 60 ◦C and Tm between 150–160 ◦C was used for the fabrication of a part
of an active segment, whereas black coloured TPU with the shore hardness A89, Tg bellow
0 ◦C and Tm at around 180 ◦C was used for the fabrication of the passive segment of 3D
printed structures.

Drying of Thermoplastic Materials

Thermoplastic materials are mostly hygroscopic and must be dried before 3D printing to
achieve good printability. Evaporation of moisture during extrusion causes the formation of
pores in the printed object, which affects their geometry and mechanical performance [21–23].
To remove the initial moisture in filaments, drying in an oven was performed—PLA at 45 ◦C
and TPU at 50 ◦C for 24 h. After the drying, the filaments were stored in an airtight container
filled with a desiccant and fed to the 3D printer through a PTFE tube to protect them from
environmental humidity.

2.2. 3D Printing

All 3D printed structures, hereinafter referred to as 3D test samples, were fabricated
using a 3D printer ZMorph VX (ZMorph S.A., Wroclaw, Poland). Prior to the printing, 3D
modelling of 3D test samples was performed with the software Blender. A G-code file to
produce the 3D printed samples was generated from STL files using the software Slic3R.

Several printing process parameters were kept constant throughout the experiment to
avoid their influence on shape transformation, among them the extrusion nozzle diameter
and layer height. It was reported that with a higher layer height, lower residual stress and
thus lower shrinking ratio are achieved [10,11,24]. In our study, an extrusion nozzle with
the diameter of 300 μm was used and each layer was 200 μm in height.

To obtain high printability, it is necessary to calibrate the printer, to level the print
bed and the extrusion nozzles height above it. If the printer is not calibrated, the nozzle
cannot extrude the material properly, the first few layers can be compressed or may not
stick to the platform [25]. To level the print bed, a ZMorph probe for a semi-automatic
calibration was used in our case. To set the extrusion nozzle height, a single layer 3D test
sample with the layer height of 200 μm was printed and its height was measured using a
Holex digital caliper.

2.3. Optimisation of 3D Printing Process Parameters

The optimisation of printing process parameters is important to ensure the quality
and dimensional accuracy of the printed object [26,27]. In our study, the flow rate, printing
speed and cooling conditions were optimised to ensure high printability and reproducible
residual stress formation in printed layers. The extrusion temperature was set to the
lowest possible recommended by the producer. It was reported that with a lower extrusion
temperature, a larger shrinkage in the filament length can be achieved [10]. The extrusion
temperature for PLA and TPU was set to 195 and 230 ◦C, respectively.

2.3.1. Printing Speed

The printing speed influences the shape transformation. Higher printing speed pro-
duces higher residual stress and as a result, higher shrinkage ratio [9,15,28–30]. Higher
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printing speed also leads to a less accurate extrusion process and lower print quality [31].
We assume that an increase in printing speed influences the accuracy of the shape transfor-
mation performance.

To achieve the largest possible and most accurate shape transformation, the highest
printing speed at which a satisfactory filament deposition accuracy was achieved was set
as optimal speed. It was determined separately for both materials, based on the image
analysis of 3D printed test samples (Figure 1). The recommended printing speeds for
PLA and TPU are according to the producer 30–120 mm/s and 10–30 mm/s, respectively.
To eliminate as many factors as possible which influence the shape transformation, the
printing speed was set to the same value for both materials. Single wall 3D test samples,
consisting of sequences of curved lines, were printed at 10, 20, 30 and 60 mm/s. The shape
of curved lines, the width of filaments and precision of filament deposition at junctions
were analysed with image analyses, as shown in Figure 1.

Figure 1. Scheme of 3D printed test sample.

2.3.2. Flow Rate

By varying the ratio of extrusion speed to printing speed, more or less material can be
extruded, and if they are not appropriately synchronised, problems with the flow rate can
occur [32]. In the case of over-extrusion, the defined shape of the printed object results in
lower dimensional accuracy [33]. Deposited filaments are deformed and overlap, which
affect the stress formation. Over-extrusion also increases the contact between the deposited
filaments and the bonding between the polymer chains and provides high strength of the
printed objects [34]. Another problem that occurs due to an insufficient material flow and
orientation of deposited filaments are the voids between the deposited filaments, which
reduce the strength of printed objects [34,35].

For the shape-changing structures, the extruded filaments must be deposited as evenly
and precisely as possible, with constant shape without overlapping and deformation, and
the size of voids between them must be as small as possible. In Figure 2, a schematic
representation of the theoretically ideal filament deposition is presented, which could be
achieved by changing the extrusion width and flow rate at the same layer height. The
extrusion width determines the position of each filament deposited, and the flow rate
determines the amount of the extruded material. In our research, the extrusion width
settings were left as default, only the flow rate was changed. The flow rate was controlled
with an extrusion multiplier. The extrusion multiplier influences the amount of the material
extruded in the unit of length travelled by the printhead with a given speed [33]. The
extrusion multiplier value 1 means 100%, whereas 1.1 means 110% material flow. In our
research, different values were studied to optimise filament deposition.
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Figure 2. Scheme of theoretically ideal filament deposition.

The flow rate was determined separately for PLA and TPU at a predetermined extru-
sion temperature and printing speed. The average value of the filament diameter measured
with a digital caliper at several locations was entered into the slicing software to reduce
the impact of the filament diameter deviation on flow rate. It was reported that the in-
consistency across filament length will change the rate of material extrusion, resulting in
dimensional imprecision [36]. For the determination of the flow rate, a 3D test sample of
size 5 (x) × 50 (y) × 2 (z) mm was fabricated (Figure 2). A linear pattern with the infill
density of 100%, oriented longitudinally in all layers was used.

The filament deposition was determined by determining the distribution and coverage
of voids at the cross-sectional area of the 3D printed test specimens using the ImageJ
software. The images, taken with a stereo microscope Nikon SMZ800 with a built-in high-
resolution camera Nikon D850 (FX) (Nikon Europe, Amsterdam, Netherlands), with the
lightning adapted to each material, were cropped to 2400 × 1400 pixels and converted to
grayscale (8 bit). The images were processed using the Auto Local Threshold algorithm
in ImageJ [37]. Based on a comparative analysis of different methods for deciding the
threshold level (Bernsen, Contrast, Mean, Media, Midgrey, Niblack, Otsu, Phansalkar and
Sauvola) and determining the radius of the pixel conversion area, the Midgrey method with
the radius of 100 pixels for PLA and 70 pixels for TPU was chosen. With this method, the
most accurate binary image of voids of all different sizes was achieved. The size distribution
of voids was determined and is shown as a histogram.

2.3.3. Cooling Conditions

The cooling conditions of the extruded filament are a very important printing process
parameter, which influences the mechanical properties, visual quality and formation of
residual stress. Immediately after the extruded filament leaves the extrusion nozzle, it
begins to cool and solidify. The process of cooling is affected by the cooling fan speed
parameter and the temperature of the extrusion nozzle, print bed and consequently ambient
air. An article reported that the time interval between printing two adjacent layers also has
a significant effect on the cooling and strength of the printed object [38]. Rapid cooling and
fast solidification lead to limited chain diffusion and weak bonding between the deposited
filaments and layers. In this case, lower strength is achieved [38]. In the case of insufficient
cooling, the 3D printed object can deform [39]. During the printing, the surrounding air can
heat up, which affects the solidification and formation of residual stress. It was reported
that different environmental temperatures lead to different thermal gradients in the printed
specimen. The specimen temperature decreases with the distance from the build plate
and leads to different thermal expansions in different layers, causing warping defects.
Cooler and higher layers shrink more due to a larger temperature difference between the
specimen temperature and glass transition temperature of the material than lower and
warmer layers [23].
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In our research, the cooling fan speed was set to the average fan speed recommended
by the producer, for PLA to 35% and for TPU to 20%, respectively. To control the cooling as
much as possible and to eliminate the influence of the room air temperature, the printer
enclosure was used.

In the works by Byoungkwon et al. [8] and Kačergis et al. [15], it was shown that the
temperature of the print bed affects the shape transformation ability. Printing on a cooler
print bed reduces the chain mobility, increases residual stress, leading to higher shape
transformation performance. However, in the case of too low bed temperature, warping,
bending of edges and even detachment of the first layer from the print bed can occur [25]. It
was reported, that the optimal adhesion of printed objects to the print bed is achieved when
the print bed is heated slightly above the Tg of the polymer material [40]. In our study,
the temperature of the print bed was set to 60 ◦C (Tg of PLA) to achieve the dimensional
accuracy of printed structures without warping and bending and good polymer chain
diffusion between the deposited filaments. It was also reported that better adhesion is
achieved by applying suitable glue [41]. To ensure adequate adhesion, the Dimafix spray
adhesive (DIMA 3D, Valladolid, Spain) was used. To analyse the heating of the print bed,
heat maps were taken with a Seek Thermal Reveal PRO camera (Seek Thermal Inc., Santa
Barbara, CA, USA).

To achieve good accuracy and reproducibility of transformation, it is important that
the cooling of the extruded filament stays constant throughout the printing process to
create the reproducible residual stress in deposited filaments in all layers. To analyse the
cooling of extruded filaments, a 3D test sample of size 200 (x) × 220 (y) × 0.8 (z) mm was
prepared. A linear pattern with the infill density of 100%, oriented longitudinally in all
layers, was used. The air temperature was measured in the vicinity of the 3D printed test
sample at the distance of 1 to 2 mm. The temperature was measured with a FLUKE 287
instrument (Fluke Corporation, Everett, WA, USA), separately for PLA and TPU prints,
and at printing both materials simultaneously. The measurements were performed within
three hours with every minute reading.

2.4. Shape Transformation Capability
2.4.1. Extent of Shape Transformation

The extent of the shape transformation was determined on the samples printed with
optimised printing process parameters in water at different activation temperatures. It
was reported that with a higher activation temperature, a larger shrinkage in the filament
length can be achieved [10]. A four-layered 3D test sample with the size of 10 (x) × 60
(y) × 0.8 (z) mm and an active segment length of 15 mm (Figure 3a) was printed. In the
study by Byoungkwon et al. [9] and by Shunsuke et al. [42], it was shown that the length of
the active segment influences the shape transformation performance. With a larger active
segment, a larger angle of transformation can be achieved. Our related preliminary research
revealed that the optimal length of the active segment was 15 mm. The length of the passive
segment on both sides of the active segment was set to 22.5 mm to be able to determine
the transformation angle precisely (Figure 3b). The active segment was built from 3 layers
of PLA and 1 layer of TPU, as also reported in the research by Byoungkwon et al. [9],
since by increasing the number of layers, i.e., thickness of the active segment, the shape
transformation performance deteriorates [28,43]. In our research, the passive segment of
the 3D printed test sample consisted of 4 layers of TPU. A linear pattern with the infill
density of 100%, oriented longitudinally in all layers, was used.
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Figure 3. (a) Scheme of 3D printed test sample, (b) determination of extent (angle) of transformation.

The shape transformation in water was performed in a bath with controlled heating,
with ±1 ◦C accuracy. It was reported that hot water as a trigger provides uniform heating
and high controllability with little gravitational effects, leading to better accuracy and
repeatability; however, the triggering conditions must remain consistent [14]. The tempera-
ture during the transformation was monitored in the immediate vicinity of the 3D printed
test sample. The activation temperatures used were 60, 70, 80 and 90 ◦C. The extent of the
shape transformation, determined by measuring the transformation angle, was tested at
different time intervals, i.e., 60 min at 60 ◦C, 15 min at 70 ◦C, 10 min at 80 ◦C and 5 min at
90 ◦C. The image analysis was applied to determine the change in the transformation angle.
The images were captured with a Sony rx100V camera in a certain time interval/every 30 s
(Figure 3b). From the measured angles, supplementary angles were determined and then
applied to show the change in the angle as a function of the transformation time.

2.4.2. Accuracy of Shape Transformation

In the study by Bona et al. [13], it was shown that the newly printed layer solidifies and
shrinks on the previously deposited already hardened layer. Thus, the first printed layer
undergoes compressive residual stress, and the upper layer undergoes tensile residual stress.
When the stresses are released, the thermal deformation occurs in the opposite direction.
The tensile deformation occurs in the first printed layers and the compressive deformation
in the upper layers, resulting in sample bending. We assume that the differences in residual
stresses affect the accuracy of the transformation and cause an unpredictable deformation
during the transformation.

The influence of the optimisation of the 3D printing process and transformation
conditions on the accuracy of the shape transformation capability was analysed. Our
previous research has shown that a higher undesired deformation occurs at a thinner,
longer and wider 3D printed structure. To eliminate as many factors as possible, 5-layered
3D test sample made entirely from PLA, with the size of 10 (x) × 50 (y) × 1 (z) mm was
fabricated. A linear pattern with the infill density of 100%, oriented longitudinally in all
layers, was used.

The accuracy of the shape transformation performance or the unpredictable defor-
mation was determined on two sets of samples. The first set was composed from the test
samples printed at optimised 3D printing process parameters, as previously discussed
(hereafter called optimised printing or printing at optimised printing conditions). For
comparison, the second set of samples was fabricated, using the same printing process
parameter settings, though without 3D printer calibration (hereafter called non-optimised
printing conditions). Afterwards, 3D printed test samples from both sets of samples were
exposed to hot water at two different temperatures, i.e., 70 ◦C for 15 min and 90 ◦C for
5 min. For each series of testing, 5 specimens were prepared.

The dimensions of 3D printed test samples, before and after the exposure to hot water,
were measured to 0.01 mm accuracy using a digital caliper to determine the directional
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strain (ε) and effective thermal expansion coefficient (α) in each printing direction (x, y and
z) by using Equation (1).

α =
ε

ΔT
=

1
ΔT

(
L f − L0

)
L0

(1)

where L0 and Lf are the directional dimensions of printed samples before and after the
exposure to hot water with the temperature change of ΔT.

In few cases, the dimensions could not be measured accurately with a caliper due to an
excessive deformation of 3D printed structures. Therefore, test samples were captured with
a Shining 3D OptimScan-5M inspection 3D scanner (SHINING 3D Technology, Hangzhou,
China), with the scanning accuracy of 0.015 mm and their dimensions determined using
the Blender software. The deflection in the vertical direction of printing (z direction) was
determined using the 3D Scan-Optim software by fitting the 3D printed test specimen
exposed to hot water to the reference sample (unexposed 3D printed test sample). 3D
printed test samples were cut and the cross-sectional area was captured with a stereomicro-
scope Nikon SMZ800 with a built-in high-resolution camera Nikon D850 (FX). The surface
coverage and circularity of voids and the dimensions of the deposited filaments in layers
were determined with image analysis using the ImageJ software. The measurements were
performed on ten randomly selected deposited filaments in each layer.

2.4.3. Reproducibility of Shape Transformation

The reproducibility of the shape transformation was determined on the 3D printed test
sample containing four identical active segments of 11.7 mm in length and passive segments
of different lengths (10 and 20 mm). The previous testing of the length of the active segment
and model prediction namely showed that with the length of 11.7 mm, the transformation
angle of 90◦ could be reached. Five specimens were analysed. The transformation was
performed in water at the temperature of 70 ◦C and a time of 15 min. After the shape
transformation, the 3D printed test sample was captured with a high-resolution camera
Nikon D850 (FX). The transformation angle was determined for each individual active
segment with image analysis with the ImageJ software.

3. Results

3.1. Optimisation of Printing Process Parameters
3.1.1. Printing Speed

Our research confirmed that the printing speed affects the deposition of filaments,
and thus print quality. Irregularities occurred in the curved parts of the filaments, in the
width of them and at junctions of two adjacent filaments due to the poor synchronisation
of the printing speed and extrusion speed. The results of image analysis showed that
satisfactory deposition of PLA filaments was achieved at printing speeds of 20–30 mm/s
(Figure 4). At higher speeds, the extruded filaments deformed at the junctions and curved
parts when deposited, and the width of the filaments in a layer was not the same and
constant, as seen from Figure 4d. For TPU, however, irregularities occurred at the junction
at the printing speed of just 20 mm/s (Figure 5b). The cause for this problem was oozing
that could not be fixed due to their viscoelastic state at a certain extrusion temperature.
Finally, the printing speed of 22 mm/s was determined as the maximum possible for TPU.
At higher printing speeds, the feeding of the filament into the extrusion nozzle presented a
problem due to the insufficient rigidity of the filament, interrupting the extrusion process.
Elastomers, e.g., TPU, are prone to buckling during printing, which limits the printing
speed. To have as few variables as possible that affect the deposition of extruded filaments
when printing both materials at the same time, and to achieve the largest extent and most
accurate transformation, both materials were printed at 22 mm/s.
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Figure 4. Images of 3D printed PLA test samples printed at different printing speeds: (a) 10 mm/s,
(b) 20 mm/s, (c) 30 mm/s and (d) 60 mm/s.

Figure 5. Images of 3D printed TPU test samples printed at different printing speeds: (a) 10 mm/s
and (b) 20 mm/s.

3.1.2. Flow Rate

The influences of flow rate on the deposition of extruded filaments and size of voids
in 3D printed structures were accessed at three different extrusion multiplier settings for
both materials: 1.0 (default setting), 1.05 and 1.1 for PLA; and 1.1, 1.15 and 1.2 for TPU. The
cross-sectional area of 3D printed test samples printed at different extrusion multipliers
and their binary images are shown in Figure 6 for PLA and Figure 7 for TPU.

Figure 6. Images of cross-sectional area of 3D printed test samples from PLA and binary images
belonging to them at extrusion multipliers: (a) 1, (b) 1.05 and (c) 1.1.
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Figure 7. Images of cross-sectional area of 3D printed test samples from TPU and binary images
belonging to them at extrusion multipliers: (a) 1.1, (b) 1.15 and (c) 1.2.

When printing PLA with default settings, the flow rate was too low. From the image
of the cross-sectional area of the 3D printed test sample and its binary image, it can be
seen that only limited contact and bonding between the filaments was present (Figure 6a).
The total coverage of voids was determined to be 5.37%, and the average size was 8753.99
(±11,267.85) μm2. The size distribution histogram shown in Figure 8a is symmetrical, with
a wide range and one outlier. This outlier was a void larger than 15,000 μm2, caused by an
insufficient flow rate. Increasing the extrusion multiplier by 5% improved the bonding of
extruded filaments; all filaments were joined and the voids were reduced in size (Figure 6b).
The size distribution histogram remained symmetrical, without outliers. The total coverage
of voids was determined to be 3.66%, and the average size was 5343.63 (±1373.46) μm2. In
the case of an additional increase by 5%, however, the extruded filaments began to deform;
the voids disappeared (Figure 6c). This phenomenon occurred in the central part of each
3D printed test sample due to the filament deposition within each layer, which was set from
outside towards inside. The total coverage of voids was determined to be 2.03%, and the
average size was 2707.81 (±2069.229) μm2. The size distribution histogram is asymmetric,
and the outliers, below 1000 μm2 in size, stand out (Figure 8a). These outliers represent the
voids in the central part; they started to close due to too much material being extruded.

Figure 8. Size distribution of voids at different extrusion multipliers: (a) PLA and (b) TPU.

The analysis of the size and distribution of voids showed that the optimal flow rate in
the case of PLA was achieved with the extrusion multiplier of 1.05. The voids were mostly
even in size and shape, which indicates even and precise deposition of the filaments in
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all layers. This is very important for the transformation accuracy and reproducibility of
3D printed structures. The deformation of the shape of individual filaments during the
printing and their deposition when printing the active PLA segment influences the residual
stress relaxation and leads to unwanted deformations of 3D printed structures.

When printing TPU at default settings and at the extrusion multiplier of 1.05, under-
extrusion occurred, resulting in filaments being too far away to merge. Also, at the extrusion
multiplier 1.1, the flow rate was too low, resulting in a limited contact and bonding between
the filaments, as it is seen in Figure 7a. The total coverage of voids was determined to be
5.79% and the average size 8729.59 (±6850.44) μm2. The size distribution histogram shows
a broad range and has a similar shape to the histogram for the PLA printed with default
settings (Figure 8). In the case of a 5% increase in the flow rate, the total coverage of voids
was reduced to 3.24% and the average size to 4561.54 (±1353.94) μm2. From the binary
images and histogram, some smaller voids were clearly present, caused by the impurities
in the voids and the deformation of the filaments (Figure 7b). By further increasing the flow
rate, the size of voids reduced and the bonding of extruded filaments increased, whereas
the filaments began to deform and deposited unevenly (Figure 7c). The total coverage of
voids was determined to be 2.66%, and average size was 3242.19 (±2722.79) μm2. The
size of voids was lower than 1000 μm2 in 40% of cases. As with PLA, the voids began to
double due to the deformation of the filaments. The optimal flow rate in the case of TPU
was achieved with the extrusion multiplier of 1.15. Though TPU is not an active material,
the quantity of the extruded material is important, since it influences the transformation
performance of the active material. A larger amount of the extruded material gives higher
resistance to transformation and reduces the extent of transformation.

It is evident that the voids were quite large and could be reduced; however, in our
case, this was not the priority. It was more important to obtain evenly deposited and
interconnected filaments, with as little deformation as possible. A higher flow rate, besides
reducing the size of voids and deforming the shape of the filaments, could lead to the
dimensional inaccuracy of 3D printed structures. For the shape transformation ability,
the ratio between the amounts of TPU and PLA materials is important. If the amount of
TPU is higher, this could result in higher resistance and hinder the shape transformation
performance. Therefore, the amount of the extruded material is even more important.

3.1.3. Cooling Conditions

Measuring the ambient air temperature in the immediate vicinity of the 3D printed test
specimen confirmed that the air temperature was below the Tg of the active PLA material,
which prevented rapid residual stress relaxation during the printing process. Figure 9
shows the temperature of ambient air as a function of time for printing PLA and TPU
separately, and PLA and TPU together.

Figure 9. Temperature of ambient air in vicinity of 3D printed test sample as a function of time.
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As seen from Figure 9, the air temperature is slightly higher in the initial phase due to
the heating of the extrusion nozzle before the printing when the cooling fan is switched off.
As soon as the printing process begins, the fan is turned on and the temperature begins
to drop to a certain point; then it starts to rise again before levelling out. A quite large
fluctuation in the air temperature was observed, with a CV of 6.1% when printing PLA,
slightly lower at that of TPU (5.1%), and below 3% during the simultaneous printing of
both materials. The air temperature fluctuations depend on the position of the printhead
and temperature of the working extrusion nozzle. The highest temperature was measured
when the printhead was in the middle of the print bed. This is shown at around 60 and
135 min in the graph where individual PLA and TPU curves have the highest peaks. Along
the sides of the print bed, the air temperature dropped significantly. This can be seen from
the curves for the initial part of the printing at about 90 min, and for the final part of the
printing, at about 180 min. The findings can also be confirmed from the series of images in
Figure 10, which show the heat maps of the print bed, measured with a thermal camera.
The heat maps show that the print bed was unevenly heated. The temperature was 59 ◦C
in the warmest parts and 48 ◦C in the coldest parts (edges), although the print bed was
heated to 60 ◦C. Such changes in temperature influence the formation of different residual
stress in the active PLA material and consequently affect the shape transformation ability.

Figure 10. Heat maps of print bed.

When printing a single material, a higher ambient air temperature (up to 44.9 ◦C) was
measured for TPU, as the extrusion nozzle was heated to a higher temperature. Moreover,
in this case, the air temperature did not exceed the Tg of the active PLA. When PLA
and TPU were printed simultaneously, the air temperature was slightly higher, i.e., up to
45.6 ◦C.

3.2. Shape Transformation Capability
3.2.1. Extent of Shape Transformation

The research showed that the activation temperature influences the extent of shape
transformation. In Figure 11, the changes in the transformation angle of the 3D printed test
sample exposed to water as a function of the transformation time at different activation
temperatures are presented. From the slopes and shapes of the curves, it can be deduced
that the transformation rate and the achieved final angle were higher at higher activation
temperatures. The shape transformation was quicker initially; then, depending on the
activation temperature, it slowed down and stopped at a certain point, when the relaxation
of residual stresses in all layers of the active part of the 3D printed test sample was reached.
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Figure 11. Transformation angle as a function of transformation time.

The lower the temperature of the water, the more time needed for the shape trans-
formation. At 60 ◦C, the relaxation of residual stresses took about 60 min, although after
50 min, the change in the transformation angle was barely evident (about 1◦). As the acti-
vation temperature rose, the relaxation of residual stresses accelerated and was completed
earlier. At the activation temperature of 70 ◦C, it ended in 12 to 15 min; at 80 ◦C, after 8 min.
When the temperature of 90 ◦C was used, the transformation was very fast, although it
was difficult to determine the final transformational angle due to the length of the passive
segment, which hindered the transformation (Figure 12d). From Table 1 and Figure 12, it
is evident that a higher activation temperature causes a higher final transformation angle.
For the water temperature of 60 ◦C, the transformation angle was around 83◦, whereas
it was around 195◦ for 90 ◦C water. The determination of the final transformation an-
gles represent the basis for the determination of model prediction, which is the topic of
another publication.

Figure 12. Determination of final transformation angles in water: (a) 60 ◦C, (b) 70 ◦C, (c) 80 ◦C and
(d) 90 ◦C.

Table 1. Transformation angles at different activation temperatures in hot water.

Water Temperature

60 ◦C 70 ◦C 80 ◦C 90 ◦C

Angle min. [◦] 80.6 117.9 157.4 194.0
Angle max. [◦] 85.1 120.9 161.1 196.6

Average [◦] 83.1 119.8 159.6 195.2
CV [%] 2.28 1.35 1.22 0.67

The results of the research showed that any fluctuations of the activation temperature
have a strong effect on the relaxation of residual stresses and the final transformation
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angle. Therefore, it is very important that the activation temperature remains as constant
as possible.

An example of the shape transformation of a 3D printed test sample exposed to water
at 90 ◦C can be seen in the Video S1 (Supplementary Materials).

3.2.2. Accuracy of Shape Transformation

In Figure 13 and Table 2, the changes in the dimensions of the 3D printed test samples
after the shape transformation in water are shown. It is evident that the thermal expansion
coefficient (α) is negative in the longitudinal direction of 3D printing (y direction) and
positive in the vertical direction (z direction) for all printing and shape transformation
modes. This suggests that the residual stress relaxation is an anisotropic dimensional
change of the 3D printed test samples. In the transverse direction (x direction), the thermal
expansion coefficient is positive for optimised printing and negative for non-optimised
printing. This means that different printing conditions affect the accuracy of the transfor-
mation. The coefficient of thermal expansion is higher at a higher activation temperature,
meaning that the active PLA would shrink more, resulting in higher shape transforma-
tion. This was already found when determining the extent of the shape transformation of
shape-changing structures.

Figure 13. Test samples printed in (a) optimised printing conditions and (b) non-optimised printing
conditions—no exposure (printed and not transformed), 70 and 90 ◦C (printed and transformed in
water at 70 and 90 ◦C).

Table 2. Linear elongation and thermal expansion coefficient of 3D printed test samples in x, y and
z directions.

Printing Conditions Activation T [◦C] Direction ε α (×10−3 ◦C−1)

Optimised

70
Transverse (x) 0.013 0.285

Longitudinal (y) −0.064 −1.432
Vertical (z) 0.064 1.417

90
Transverse (x) 0.058 0.887

Longitudinal (y) −0.152 −2.342
Vertical (z) 0.160 2.460

Non-optimised

70
Transverse (x) −0.024 −0.539

Longitudinal (y) −0.072 −1.596
Vertical (z) 0.084 1.858

90
Transverse (x) −0.021 −0.327

Longitudinal (y) −0.121 −1.869
Vertical (z) 0.181 2.791

The binary images of the cross-sectional area photos are 2400 × 700 pixels in size and
are shown in Figure 14. The total coverage of voids determined for the sample printed
with optimised printing settings was 1.58%, and via non-optimised printing it was only
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0.15%. 3D printing at optimised printing settings resulted in even and accurate deposition
of filaments, with an even distribution of voids across the layers (Figure 14a). In non-
optimised printing, the filaments were deposited more unevenly and inaccurately, resulting
in smaller voids due to the deformation of the filaments. Some voids could not be captured
even when adjusting contrast and brightness with global thresholding (Figure 14b).

Figure 14. Cross-sectional areas and associated binary images of 3D printed test samples: (a) op-
timised printing conditions, (b) non-optimised printing conditions, (c) optimised printing and
transformed at 70 ◦C, (d) non-optimised printing and transformed at 70 ◦C, (e) optimised printing
and transformed at 90 ◦C, (f) non-optimised printing and transformed at 90 ◦C.

After the shape transformation in water at the temperature of 70 ◦C (Figure 14c),
the total coverage of voids in samples printed at optimised printing settings was 1.41%,
which is only 0.17% less than the total coverage determined immediately after the printing.
The difference is very small and is difficult to explain. The size of the voids may have
been reduced due to the thermal expansion of the filaments in x and z directions, or the
cause may have been the inhomogeneity of the sample or measurement uncertainty. Slight
curvature or deformation of the 3D printed test sample in z direction was seen. The
maximum measured deviation was 35.25 μm. With the deviation being so small, it had no
impact on the transformation accuracy. The transformation in water at the temperature of
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90 ◦C resulted in an increase of the total coverage of voids (3.38%). The voids were larger
and of different shapes, and the filaments in the upper layers were deformed (Figure 14e).
Furthermore, the curvature of the 3D printed test sample increased to 307.21 μm.

For non-optimised printing, the total levels of coverage of voids determined for
samples before and after the transformation in water at the temperature of 70 ◦C were the
same, i.e., 0.15%. Additionally, in this case, the smallest voids could not be captured after
thresholding. However, a very large twist/bend occurred in the z direction of printing,
with a maximum measured deviation of 624.57 μm (Figure 14d). The total coverage of
voids of the sample exposed to water at the temperature of 90 ◦C increased to 0.58% due to
the larger size of the voids. The curvature of the sample increased as well, the maximum
measured deviation being 749.24 μm (Figure 14f).

The analysis of the circularity of voids determined between the deposited layers in the
samples printed and transformed under different conditions is shown in Figure 15. The
shape of the voids after the transformation in water at 70 ◦C remained mostly the same as
after the printing for both printing conditions, whereas at 90 ◦C, the voids took the form of
a regular circle. For the samples transformed in water at 90 ◦C, the circularity of the voids
increased after each deposited layer and peaked in the 4th row, i.e., between the 4th and
5th layer. Moreover, the size of voids increased from the 1st to the 4th row, as is clearly
shown in Figure 14e.

Figure 15. Circularity of voids in rows between layers determined on 3D printed test samples:
(a) optimised printing conditions, (b) non-optimised printing conditions.

The determination and results of the analysis of height (h) and width (w) of deposited
filaments in the samples printed under optimised printing conditions and exposed to water
are shown in Figures 16 and 17. The analysis of the samples printed under non-optimised
printing conditions could not be performed, as the filaments were too deformed for an
accurate analysis. Nevertheless, we could visually determine that the filaments in the last
deposited layer had the most regular shape, whereas the filaments in the first layer were
the most deformed and compressed, most likely due to the incorrectly set offset of the
extrusion nozzles from the print bed.
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Figure 16. Images of the cross-section of a 3D printed sample for determination of height (h) and
width (w) of deposited filaments: (a) no exposure, (b) after transformation at 90 ◦C.

Figure 17. Dimensions of deposited filaments in layers determined in samples without exposure
and after exposure to water at 70 and 90 ◦C: (a) heights of deposited filaments, (b) widths of
deposited filaments.

The average measured height of filaments determined in all five layers in the sample
after the printing was 202.9 ± 5.24 μm, which indicates that the printing process parameters
were optimised well, as the predicted height was 200 μm and the deviation was very small.
After the transformation in water at 70 ◦C, the height of the filaments increased on average
to 216.8 ± 6.45 μm, which coincides with a small thermal expansion coefficient (Table 2).
After the transformation in water at 90 ◦C, the height increased to 247.1 ± 7.26 μm, which
coincides with a higher thermal expansion coefficient. The cause for the thermal expansion
is the compression of the extruded filament to the height of the layer. After leaving the
extrusion nozzle with the diameter of 300 μm, the extruded filament must be compressed
to the predicted layer height of 200 μm, whereby internal stresses are created inside the
filament. During the shape transformation process, the residual stresses are released, the
rearrangement of the polymer chains leads to changes in dimensions and the height of the
filaments increases.

The widths of the filaments show similar values for the 3D printed test samples before
and after the exposure to water at 70 ◦C. Differences, however, occurred in the 4th and
5th layer after the exposure to water at 90 ◦C. After the printing, the average width of
the filaments of every layer was 356.9 ± 6.83 μm, which after the transformation at 70 ◦C
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increased slightly to 363.3 ± 6.84 μm, coinciding with the thermal expansion coefficient
(Table 2). After the transformation at 90 ◦C, the width increased to 374.4 ± 8.54 μm in the
first three layers, whereas in the 4th and 5th layers, the average widths were slightly higher,
i.e., 381 ± 8.76 μm and 391.1 ± 6.66 μm, respectively. As a result, the upper two layers of
the sample expanded more, causing the bending/twisting or deformation of the sample.
The cause of the thermal expansion in the width of the filaments is related to the contraction
of the filaments in the longitudinal direction. During the transformation/relaxation process,
the filaments shrink in the longitudinal direction, and at the same time, the height and
width of the filaments increase.

The graph in Figure 18a shows the deflection of the 3D printed test samples in the
vertical direction in regard to the xy-plane. The starting point of the coordinate system
(z = 0, y = 0) represents the origin, and the upper surface of the undeformed specimen
represents the reference. The curves on the graph, however, represent the deviations of the
3D printed test samples after the shape transformation in hot water from the xy-plane. The
samples printed with the optimised 3D printing process parameters showed a negative
deviation from the xy-plane, as they bent/twisted downward during the transformation.
This can be explained by the difference in the temperature between filaments in adjacent
layers. In the first layer, they were deposited on a relatively cold print bed (measured
temperature 48–59 ◦C), so higher internal stresses were created in the material than in
the remaining layers, where the temperature was higher and the cooling of the deposited
filaments slower, enabling the residual stress relaxation. As a result, greater shrinkage of
the first layer and twisting of the 3D printed test sample in the negative direction occurred.

Figure 18. (a) Deflection in vertical direction of 3D printed test sample, (b) colour matching 3D plot
of the sample transformed 70 ◦C with respect to reference.

The test samples printed with non-optimised printing, however, twisted in a positive
direction. Bending in the positive direction is attributed to the inaccurate deposition of
extruded filaments and their deformation. The deposition of the extruded filaments in
non-optimised printing was not accurate enough; the filaments were differently stretched
and deformed, which resulted in the differences in the temperature distribution, as is
seen in the colour matching 3D plot (Figure 18b). The deflection from the xy-plane was
higher when the printing process is not optimised and when it was performed at a higher
activation temperature, as already determined with the extent of the shape transformation.
At the temperature of 90 ◦C, the bending/twisting motion was not the same at both ends of
specimen, suggesting a difference in the structure. The smallest deformation was detected
in the optimised 3D printing process and at the activation temperature of 70 ◦C.
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3.2.3. Reproducibility of Shape Transformation

Figure 19 shows five 3D printed test samples transformed into the predicted shape of
a square with rounded edges. The average transformation angle of the 20 active segments
from specimens was 90.4◦ with the deviation of 5.9◦. Two active segments deviated by more
than 10◦, and two between 6 and 8◦. Different times for the transformation of the active
segments in the same specimen were noticed, although the same final transformation angle
was reached at the end of the shape transformation process. It is very important that the
transformation reaches the final angle and stops there. If we could determine intermediate
angles, due to different transformation speeds, we would also get different angles in the
end. The reason for the transformations in some cases still ending with incorrect angles
is still being investigated. We assume that the main causes were the unevenly heated
heat bed, which affected the residual stresses, as explained in Section 3.1.3, and the time
interval between the printing of two adjacent layers of a different active segment. The
cause may also have been related to the geometry of the transformation of the 3D printed
test sample and to water resistance during the transformation. Figure 19e shows that one
active segment achieved a larger transformation angle than 90◦ if it was connected to a
shorter passive element (10 mm), since it had less water resistance. Figure 19d shows the
opposite. Additionally, some parts of the sample touched the bottom wall of the bath and
inhibited the transformation.

Figure 19. 3D printed test samples after shape transformation in water at 70 ◦C: (a) and (b) ideal case;
(c) small deflection of angle; (d) and (e) larger deflection of angle from 90◦.

4. Discussion

Printability is a very important factor influencing the shape transformation of 3D
printed structures. Prior to the optimisation of the 3D printing process parameters, the cali-
bration of the 3D printer was an important step to obtain an even and accurate distribution
of filaments, with an even distribution of voids across the layers. By carefully selecting 3D
printing process parameters, accuracy and good reproducibility of shape transformation for
multi-material (PLA/TPU) 3D printed structures was obtained. High precision of filament
deposition in layers was achieved by adjusting the printing speed, flow rate and cooling
conditions of extruded filaments for both polymers printed simultaneously. The optimal
printing speed which gave satisfactory deposition was 22 mm/s, which was the highest
achievable for TPU and lowest feasible for PLA. For the optimal flow rate, the extrusion
multiplier was selected with which the deposited filaments were as even in size and shape
as possible, evenly deposited and spaced apart. The voids between them had to be as small
as possible, and the connections between the deposited filaments as optimal as possible.
The optimal flow rate was achieved with the extrusion multiplier of 1.05 for PLA and 1.15
for TPU. 3D printing was performed with a closed printer; the cooling speed was set to the
average fan speed recommended by the producer; and the temperature of the print bed
was set to 60 ◦C to ensure as constant cooling conditions as possible, to create the same
residual stresses in the deposited filaments in all layers.

The shape transformation performance in hot water of a multi-material (PLA/TPU)
3D printed structure with a defined shape and defined active segment dimensions was
substantially influenced by activation temperature. The extent and transformation rate
increased with activation temperature and the uncontrolled deformation of the 3D printed
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structure. The activation temperature of 70 ◦C resulted in achieving the highest shape
transformation accuracy.

To obtain the high transformation accuracy for multi-material (PLA/TPU) 3D printed
shape-changing structures, the optimisation of printing process parameters is necessary, and
exposure to water at the temperature of 70 ◦C is recommended. To achieve reproducibility
in the case of printing PLA and TPU with a FDM 3D printer, we recommend using a
print bed with evenly heating, or an unheated print bed and installing a local heating
element to control and maintain constant ambient air temperature throughout the printing
process to eliminate the formation of various residual stresses in the active PLA. The
shape transformation must be performed in still water with the temperature remaining as
constant as possible, and without the touching of other specimens or bath walls. In the case
of touching the bottom of the bath, additives could be added to the water to increase the
density of the water to reduce the effect of gravity.

Based on a pre-calibrated 3D printer and careful consideration of all the above param-
eters of printing flat four-layer structures with a combination of PLA and TPU materials,
high-quality shape transformation was achieved. Based on repeatable empirical measure-
ments under water exposure at 70 ◦C, the mathematical or analytical model of a bilayer
beam composed of two materials with different thermal expansion coefficients can be es-
tablished that predicts the transformation of printed structures that will change at different
angles or radii of curvature by only changing the lengths of the active segments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14010117/s1, Video S1: An example of the shape transfor-
mation of a 3D printed test sample exposed to water at 90 ◦C.
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Abstract: In this study, two structurally different scaffolds, a polycaprolactone (PCL)/45S5 Bioglass
(BG) composite and PCL/hyaluronic acid (HyA) were fabricated by 3D printing technology and
were evaluated for the regeneration of dentin and pulp tissues, respectively. Their physicochemical
characterization was performed by field emission scanning electron microscopy (FESEM) equipped
with energy dispersive spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), atomic force microscopy (AFM), contact angle, and compressive strength tests.
The results indicated that the presence of BG in the PCL/BG scaffolds promoted the mechanical
properties, surface roughness, and bioactivity. Besides, a surface treatment of the PCL scaffold with
HyA considerably increased the hydrophilicity of the scaffolds which led to an enhancement in cell
adhesion. Furthermore, the gene expression results showed a significant increase in expression of
odontogenic markers, e.g., dentin sialophosphoprotein (DSPP), osteocalcin (OCN), and dentin matrix
protein 1 (DMP-1) in the presence of both PCL/BG and PCL/HyA scaffolds. Moreover, to examine
the feasibility of the idea for pulp-dentin complex regeneration, a bilayer PCL/BG-PCL/HyA scaffold
was successfully fabricated and characterized by FESEM. Based on these results, it can be concluded
that PCL/BG and PCL/HyA scaffolds have great potential for promoting hDPSC adhesion and
odontogenic differentiation.

Keywords: 3D bioprinting; tissue engineering; pulp-dentin; polycaprolactone; 45S5 Bioglass;
hyaluronic acid

1. Introduction

Tooth loss can be caused by a range of incidents and complications, including trauma,
periodontal disease, or tooth decay [1,2]. Several approaches are currently used to address
the problem of missing teeth, such as dentures, dental bridges, or dental implants, all of
which are nonbiological methods and entail further complications. As tooth decay is one
of the most common causes of tooth loss, the effective treatment of pulp necrosis has been
the focus of various treatment strategies. With root canal therapy being the most widely
used treatment option, the following consequences, such as brittleness of the teeth, have
given rise to research on the regeneration of dental pulp as a promising alternative [3].
Tissue engineering is an approach that combines support materials and cells aimed at the
regeneration of different tissues [4–6]. In this strategy, scaffolds provide mechanical support
along with biological cues required for cells to form the new tissues, hence, playing a
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central part in the regeneration strategy [6–8]. Due to the limitations of current regenerative
endodontic treatments, such as variability in the outcome, various studies have focused on
the development of tooth tissue engineering scaffolds, supporting the viability and growth
of cells in dental pulp and dentin, encouraging them to regenerate damaged tissue [9].
A range of techniques has been used traditionally to manufacture scaffolds for tissue
engineering, including salt leaching [10], solvent casting [11], gas foaming [12], freeze
casting [13], freeze drying [14], and electrospinning [15,16]. However, there are limitations
associated with these methods, mainly, (1) restricted control over the microstructure (size,
shape, spatial distribution, and interconnectivity of the pores), (2) difficulty with removing
residual solvent from the final structure and, (3) inability to replicate complex structures [17].
A layer-by-layer deposition of materials, known as additive manufacturing or 3D printing,
enables the production of three dimensional constructs with complex shapes in a significantly
more facile manner compared to other techniques [18–22]. Moreover, the use of 3D printing
techniques for regeneration applications of various tissues including pulp [23] and dentin [24]
has been attracting increasing attention due to its promising results.

Presenting a host of opportunities, 3D-printed scaffolds made out of polymers, ce-
ramics, or composites are being widely investigated as candidates for dental tissue engi-
neering [24–26]. Polycaprolactone (PCL) is a biocompatible, biodegradable, and printable
polymer with a reasonably high mechanical strength, which has been approved by the
FDA to be used in medical devices [27]. Because of these favorable properties, PCL has
been the most widely used material among the candidate materials [24]. However, PCL
suffers from disadvantages such as being hydrophobic or lack of support for cell adhe-
sion [7]. To address these challenges, various methods and techniques have been proposed,
such as surface treatment with hyaluronic acid (HyA) [28] or supplementing with addi-
tional active materials. Based on the literature, HyA is a promising biomaterial for use
in pulp-dentin regeneration due to its ability to enhance cellular metabolism leading to
increased deposition of the mineralized matrix deposition by human dental pulp stem
cells (hDPSCs) [29]. In addition, 45S5 Bioglass (BG) which was developed by Hench et al.
for first the time in 1969 [30], is a silicate glass containing 45% SiO2, 24.5% CaO, 24.5%
Na2O, and 6% P2O5, in wt% [31]. This material has a great ability to bond with host tissue
which makes it a potential candidate for use in both soft and hard tissue regeneration
applications [32]. In the last years, a lot of studies have dealt with the incorporation of BG
particles as a reinforcement for polymeric scaffolds to improve the mechanical properties,
bioactivity, and biocompatibility of the scaffolds [33,34]. For these reasons and while most
of the studies focused on 3D printing of dental tissues, reconstruction of either dental
pulp [35,36], or dentin [24,25], it was demonstrated that due to the intertwined nature of
these tissues, a successful tissue engineering approach requires development of hybrid
scaffolds supporting regeneration of both tissues simultaneously.

In this present study, two different PCL-based scaffolds were fabricated by 3D printing
technique and were evaluated physicochemically and biologically by field emission scan-
ning electron microscopy (FESEM), atomic force microscopy (AFM), water contact angle,
cell viability, cell adhesion and gene expression, e.g., PCL/BG and PCL/HyA scaffolds
with the aim of supporting dentin and pulp regeneration, respectively. Since pulp and
dentin have a close relationship during the life of the tooth, an ideal scaffold for successful
tooth tissue engineering is a bilayer scaffold where each layer differs in the geometry and
material. To examine the feasibility of this idea, a novel biphasic 3D-printed scaffold was
designed and successfully fabricated.

2. Materials and Methods

2.1. Preparation of BG Powder

To produce 25 g of BG powder, briefly, 41.9 mL tetraethyl orthosilicate (TEOS,
Si(OC2H5)4; Merck, Darmstadt, Germany) was added to 62.4 mL nitric acid (1M) in a
glass beaker. The mixture was stirred for 1 h to complete the hydrolysis process. Then,
3.6 mL triethyl phosphate (TEP, (C2H5)3PO4; Merck, Darmstadt, Germany), 25.2 g calcium
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nitrate tetrahydrate (Ca(NO3)2·4H2O; Merck, Germany) and 16.9 g sodium nitrate (NaNO3;
Merck, Darmstadt, Germany) were sequentially added to the stirring mixture at 45 min
intervals. The prepared sol was stored in a sealed container at room temperature for three
days, followed by aging at 70 ◦C for one day and drying at 120 ◦C for one day. Eventu-
ally, the dried gel was stabilized in a furnace in a planetary ball mill at 300 rpm using a
ball-to-powder mass ratio of 5 and a milling time of 1 h. Yttria-stabilized zirconia vial and
3 mm balls were utilized. The 45S5 powder was prepared for use in the PCL/BG scaffold
fabrication process by sieving on sieve No. 270 (53 μm).

2.2. Fabrication of 3D-Printed PCL, PCL/HyA, and PCL/BG Scaffolds

Figure 1 delineates the method used to fabricate 3D-printed PCL, PCL/HyA, and
PCL/BG scaffolds. Initially, the PCL/BG composite film was fabricated by making 5%
(w/v) PCL solution (Merck, Darmstadt, Germany) in DCM (Dichloromethane; Merck,
Darmstadt, Germany) on a magnetic stirrer for 3 h at 40 ◦C. Next, the required amount
of BG to make a PCL:BG ratio of 70:30 was gradually added to the PCL solution, and
the mixture was left under stirring for 1 h until a milky-white-colored suspension was
obtained. Subsequently, to obtain dry films, the suspension was cast into glass petri dishes
and placed in a clean environment at room temperature. To print the scaffolds, dried films
were cut into 5 mm slices and loaded into 3D printer (3D BIOPRINTER N2, 3DPL Co. Ltd.,
Tehran, Iran) cartridges at a temperature of 90 ◦C, pressure 6 bar, and speed of 2 mm/s.
The pure PCL film was prepared through the same protocol by casting PCL solution. The
printing process was the same as PCL/BG scaffolds. To fabricate PCL/HyA scaffolds, a
two-stage technology was used, consisting of plasma treatment of pure PCL scaffolds (LFG
40, Diener Electronic, Ebhausen, Germany) and subsequent immobilization of HyA on its
surface. PCL scaffolds were placed in the chamber (frequency of 40 kHz, power of 100 W,
and pressures of 0.6 mbar), and both top and bottom sides were exposed to plasma for
5 min (total exposure time = 10 min). The aim of plasma treatment in this study was to
activate the PCL scaffold surface before immersion in HyA solution. To coat the activated
scaffolds with HyA, first 4 mg/mL HyA (1.2 MDa, bloomage Freda Biopharm Co., Ltd.,
Jinan, China) solution in distilled water was prepared and stored at 4 ◦C for 24 h. Then,
plasma-treated scaffolds were immersed in HyA solution on a stirrer for 12 h. Finally, the
scaffolds were freeze-dried (FD-10, Pishtaz Engineering Co., Tehran, Iran) at a temperature
of −58 ◦C and pressure 0.5 Torr for 24 h.

Figure 1. Schematic diagram of 3D-printed PCL/BG and PCL/HyA scaffold fabrication as artificial matrices for dentin and
pulp tissue engineering, respectively. Abbreviations used in this Figure are as follows: PCL: polycaprolactone, BG: 45S5
bioactive glass, HyA: hyaluronic acid, h: hour, RT: room temperature.

147



Polymers 2021, 13, 4442

2.3. Characterization of 45S5 Bioglass Powder

The microstructure and apatite formation ability of the BG powder was characterized
using a TESCAN MIRA3 Field emission scanning electron microscopy (FESEM) equipped
with energy dispersive spectroscopy (EDS). Additionally, Fourier-transform infrared spec-
troscopy (FTIR) was performed before and after immersion in SBF. According to the in vitro
standard described by Kokubo et al., 1 g of BG powder was immersed in 20 mL SBF (in
a 50 mL falcon tube) and kept in a humidified 37 ◦C/5%CO2 incubator for 14 days [37].
SBF solution was refreshed twice a week, simulating the circulation of biological fluids
inside a human body. After 14 days, the sample was transferred to a glass plate and
allowed to be dried at 40 ◦C for 12 h. Samples were coated with gold and analyzed at an
accelerating voltage of 15 kV. The heat treated 45S5 powder was characterized by X-ray
diffraction (XRD), using a Philips PW 3710 X-rays diffractometer equipped with CuKα

radiation, (λ = 1.5405 Å) operating at 40 kV and 30 mA. The chemical composition of the
synthesized BG powder was analyzed by XRF using Philips PW 1480 XRF Spectrometer.
Thermogravimetric analysis (TGA)-differential thermal analysis (DTA) was undertaken
from 50 ◦C to 900 ◦C using TGA instrument (STA 504, TA Instruments) at a heating rate of
10 ◦C min–1.

2.4. Characterization of Scaffolds

FESEM/EDS were used to analyze the surface morphology and chemical composition
of the samples. All the samples were sputter coated with gold for 150 s. Hydrophilicity
was evaluated using a contact angle measuring (CAM) device. Images were taken using
DFK 23U618 USB 3.0 Color Industrial Camera using a 2X lens. Briefly, a 4 μL droplet of
distilled water was deposited at the center of the PCL, PCL/HyA, and PCL/BG scaffolds.
The contact angle was measured 1 min after deposition through image processing. Three
samples were analyzed for each group.

To study the in vitro bioactivity of the samples, they were immersed in simulated body
fluid (SBF) solution and then placed inside an incubator at 37 ◦C for 14 days. The formation
of apatite crystals on the surface of the 3D-printed scaffolds was examined by FESEM/EDS.
To evaluate the mechanical properties of the scaffolds, universal compressive strength
test system (STM20, Santam Engineering Design Co., Tehran, Iran). Electromechanical
compression testing machine equipped with a 5 kN load cell at a compression rate of
1 mm/min was used. Three replicates were tested for each sample.

To further evaluate the impact of HyA grafting on the surface structure of PCL scaf-
folds, the surface topography and roughness of PCL and PCL/HyA scaffolds were ex-
amined and compared using atomic force microscopy (AFM, AP 010, Park Scientific
Instruments, Suwon, South Korea). AFM images were obtained by scanning the surface in
contact mode (scan rate 0.1 Hz). To compare topologies of each surface, the arithmetical
mean roughness, Ra values, were determined in three random areas per sample.

2.5. In Vitro Cell Viability Assay

The cytotoxicity and cell viability analyses were performed on PCL/BG and PCL/HyA
scaffolds using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Initially, 3D-printed scaffolds were cut in dimensions of 5 mm × 5 mm. The sterilized
scaffolds were placed in 96-well culture plates and incubated in a 5% CO2 incubator at
37 ◦C in cell culture medium in triplicate. After 1 day, a cell suspensions of human gingival
fibroblast (HGF) cells (Pasteur Institute of Iran, Tehran, Iran) containing the cell density
of 5 × 104 cells/well were added in each well and left undisturbed for 24 h. Afterwards,
100 μL of MTT solution (5 mg/mL) was added to the wells to be incubated. After 4 h of
incubation, the supernatant was removed carefully, 100 μL DMSO was added to each well,
and the optical density was measured using an automatic microplate reader (BIO-TEK, VT,
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USA) at a wavelength of 570 nm. The wells without 3D-printed scaffolds were applied as
control. The cell viability was calculated using the formula below [38,39]:

Cell viability (%) = [mean OD of test group/mean OD of control group] × 100

2.6. Cell Adhesion Assay

To assess the cell adhesion on 3D-printed PCL/BG and PCL/HyA scaffolds (disc
with diameter 5 mm and thickness of 2 mm), hDPSCs (Pasteur Institute of Iran, Tehran,
Iran) were seeded on the scaffolds with a density of 5 × 104 cells/well and incubated in a
CO2 incubator at 37 ◦C for 2 days. Following incubation, the cell-cultured samples were
extracted and rinsed with PBS solution to remove non-attached cells. The cells were fixed
using 4% paraformaldehyde followed by dehydration with ethanol solutions of ascending
concentrations.

2.7. Gene Expression Analysis

After 21 days of hDPSCs culture on 3D-printed PCL/BG and PCL/HyA scaffolds
(disc with diameter 5 mm and thickness of 2 mm with pore size of 200 ± 5 μm and
300 ± 5 μm for PCL/HyA and PCL/BG, respectively) with a density of 5 × 105 cells/ well,
the total RNA was extracted from samples using a Qiagen RNeasy Mini kit (Qiagen, Seoul,
South Korea), and then, converted to complementary DNA (cDNA) with a first-strand
cDNA using the TaKaRa RNA PCR Kit (AMV) Ver.3.0 (Takara Bio., San Jose, CA, USA).
The differentiation of hDPSCs was monitored by measuring mRNA expression levels of
differentiation markers, including osteocalcin (OCN), dentin matrix protein 1 (DMP1), and
dentin sialophosphoprotein (DSPP). The selected housekeeping gene was β-actin for all
real-time polymerase chain reaction (PCR) runs.

Primer sequences for OCN, DMP 1, DSPP, and β-actin were designed based on
published cDNA sequences (Table 1). The cells were cultured for a total of 3 weeks, with
the differentiation medium being changed every 3–4 days. Each measurement was assessed
in triplicate.

Table 1. Real-time PCR primer sequences of the genes coding osteocalcin (OCN), dentin sialophosphoprotein (DSPP), and
dentin matrix protein 1 (DMP1) and β-actin.

Gene
Primer Sequence

Forward Reverse

OCN 5′-GCAAAGGTGCAGCCTTTGTG-3′ 5′-GGCTCCCAGCCATTGATACAG-3′
DSPP 5′-CCATTCCAGTTCCTCAAAGC-3′ 5′-TGGCATTTAACTCCTGTA C-3′
DMP1 5′-TTCTTTGTGAACTACGGAGG-3′ 5′-TTGATACCTGGTTACTGGGA-3′
β-actin 5′-CTTCCTTCCTGGGCATG-3′ 5′-GTCTTTGCGGATGTCCAC-3′

2.8. Statistical Analysis

All data were expressed as means ± standard deviation and represented at least three
independent experiments. All data were analyzed using a two-way ANOVA test. p-values
< 0.05 were considered significant. All analyses were carried out using GraphPad Prism
version 9.0 for Windows (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

3.1. Characterization of 45S5 Bioglass Powder

The TGA-DTA of the BG powder was carried out to obtain the right sintering tem-
perature. As shown in Figure 2A, the mass loss occurred in three stages. The first mass
loss happened between 85 ◦C and 165 ◦C, demonstrated by an endothermic peak at 114 ◦C
in the DTA curve assigned to the elimination of physically absorbed water, which was
not removed in the drying process. Another mass loss in 250–310 ◦C range could be at-
tributed to the removal of chemically absorbed water. The third mass loss took place at the
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530–620 ◦C interval was attributed to eliminating the residual nitrates and condensation
of silanol groups. The TGA trace exhibited a mass stability after 630 ◦C, reflected by an
endothermic peak caused by glass transition, followed by an exothermic peak emerging at
650 ◦C. These curves confirmed that the residuals could be removed before 650 ◦C, which
is also shown in other reports [40–43]. The result from the TGA-DTA allowed us to set the
temperature of 650 ◦C for stabilization of the sample.

Figure 2. (A) DTA-TGA thermogram of 45S5 powder; showing a three-stage mass loss in TG and two exothermic and
endothermic peaks in DTA curve. (B) XRD pattern of heat-treated BG; demonstrating amorphous structure. (C) Elemental
analysis of 45S5 powder revealing similarity of the weight percentages to standard weight percentages of 45S5. * LOI: loss
on ignition. (D) FESEM micrograph and EDS spectrum of synthesized 45S5 Bioglass powder after immersion in SBF for
14 days. (E) FTIR spectra of 45S5 Bioglass powder before and after immersion in SBF for 14 days. Abbreviations used in this
Figure are as follows: Ca: calcium, P: phosphor, SBF: simulated body fluid.

The results of XRD analysis on heat treated BG powders are demonstrated in Figure 2B.
The presence of a broad hump at around 30◦ has been known as a hallmark of amorphous
materials [44]. Consequently, this feature demonstrates the amorphous nature of the
synthesized Bioglass and confirms the synthesis of Bioglass powder.

The mass oxide concentrations obtained by XRF and nominal amounts are shown in
Figure 2C. The weight percentage of the element oxides is consistent with standard weight
percentages of 45S5 Bioglass [45,46]. The results verify 45S5 Bioglass was produced with
desired weight percentages.

In order for the scaffold to bond with native tissue, there needs to be a hydroxyapatite
layer at the interface. The formation of such a layer is one of the main results of using
45S5 Bioglass in the scaffolds. This happens due to a process of glass dissolution when in
contact with SBF, during which the remainder of the dissolution process leads to a change
in chemical composition and environment pH, causing nucleation of hydroxyapatite. As
shown in Figure 2D, formation of an apatite layer was observed on the samples’ surfaces
after 14 days of immersion in SBF. Presence of an apatite phase was also validated by the
EDS spectrum, as shown in Figure 2D. The ratio of Ca to P ions was approximately 1.81,
which is known to be a characteristic of non-stoichiometric hydroxyapatite phase [47].
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FTIR spectroscopic imaging was performed on the samples to detect the hydroxyapatite
signal on the surface of SBF-treated BG powder. Figure 2E shows the spectra of BG powder
before and after immersion in SBF for 14 days. The P–O bending vibration peaks at 560
and 604 cm−1 and the P–O asymmetric stretching vibration bands between 1000 and
1150 cm−1 represented the hydroxyapatite layer [48,49]. The most widely used peaks to
differentiate hydroxyapatite and bioactive material are the ones corresponding to bending
vibration. This is because of the superimposition of P–O stretching band and the Si–O
stretching band of Bioglass, while the peak corresponding to Si-O bending was observed at
400–500 cm−1 [50]. The magnitude of hydroxyapatite peaks at 560 and 604 cm−1 increased
after immersion in SBF which indicates the formation of an HA layer on the surface of the
BG powder immersed in SBF solution for 14 days. The spectra exhibited bands at 1030 and
470 cm−1 corresponding to the Si–O–Si stretch and Si–O–Si bend, respectively [50–52]. The
appearance of the shoulder at around 1630 cm–1 resulted from the H-O-H bond bending
vibrations attributed to the absorbed water by the hydroxyapatite layer [53].

3.2. Physicocheimical Characterization of Scaffolds
3.2.1. Morphology Observations

FESEM images of PCL/BG, PCL/HyA, and bilayer scaffolds are shown in Figure 3.
As observed by FESEM, the 3D printing strategy leads to the precise production of pre-
designed scaffolds (Figure 3A,D,G). The 0◦/90◦ design was chosen for both PCL/HyA
and PCL/BG scaffolds, because this pattern can be mechanically the strongest 3D-printed
architecture [54]. The obtained results indicated that the scaffolds have the strut diameter
of approximately 400 ± 5 μm and pore sizes of 200 ± 5 μm and 300 ± 5 μm for PCL/HyA
and PCL/BG, respectively. Regarding the bilayer scaffolds, a clear transition from the
PCL/HyA phase to the PCL/BG phase was observed (Figure 3H,I). FESEM observation
confirmed the presence of well-distributed BG particles on both the surface and the inner
part of the struts (Figure 3E,F). Furthermore, the upper and lower parts of Figure 3G–I,
represent the PCL/BG phase (aimed at dentin regeneration) and the PCL/HyA phase
(aimed at pulp regeneration), respectively. However, after showing the recuperation of the
biological behavior of each phase, further investigation of the bilayer PCL/BG-PCL/HyA
should be done in future studies.

3.2.2. Atomic Force Microscopy (AFM)

To analyze and quantify the surface roughness of hyaluronic acid-grafted samples,
AFM analysis was utilized (Figure 4A). A statistically significant increase in the surface
roughness of the PCL/HyA scaffolds was demonstrated by AFM resulting from HyA
grafting compared with PCL scaffolds (p < 0.01, n = 3). The untreated pure PCL surface
showed an average roughness (Ra) of 42.8 nm. However, after the plasma treatment and
hyaluronic acid coating, the PCL/HyA surface became rougher with an Ra of 140 nm.
These values confirmed the observations made through FESEM. It is generally recognized
that an increase in roughness may drastically increase the biological response due to the
higher surface/volume ratio [55,56].

3.2.3. Static Water Contact Angle

PCL, PCL/BG, PCL/HyA scaffolds were subjected to contact angle measurements to
evaluate the effect of the composition and surface treatment. As shown in Figure 4B, the
contact angles for pure PCL, PCL/BG, and PCL/HyA scaffolds were 86 ± 2◦, 80 ± 1◦,
and 63 ± 1◦, respectively. For all samples, the contact angle values were below 90◦,
showing a hydrophilic tendency [57]. However, a slight decrease in the contact angle
was observed after the addition of BG to the PCL, which is agreement with the findings
in other studies [58,59]. The reason for this subtle change in contact angle could be that
BG causes a local increase of pH when dissolved, and hydroxide ions can accelerate
the cleavage of ester linkages [60]. In addition, the surface treatment of PCL scaffolds
with plasma and HyA immobilization resulted a significant decrease in contact angle,
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that showed the plasma treatment can increase the surface wettability of the PCL-based
scaffolds. Therefore, the results demonstrated that oxygen plasma treatment and HyA
immobilization can affect hydrophilicity more than adding 45S5 Bioglass which probably
increases cell adhesion. Similar results were obtained by Bruyas et al., who found that the
addition of calcium phosphate-based materials did not significantly affect the contact angle
of the PCL scaffold [58].

Figure 3. Morphological characterization of the 3D-printed PCL/BG, PCL/HyA, and bilayer scaffolds (A,D,G) CAD models
of the scaffolds; (B,E) top view and (C,F,H,I) cross sectional FESEM images.

3.2.4. Mechanical Properties of 3D-Printed Scaffolds

In order to determine the impact of 45S5 Bioglass on the structural integrity of the
scaffolds, the mechanical properties of porous PCL and PCL/BG scaffolds were char-
acterized using compression strength tests. Figure 4C demonstrates the representative
compressive stress versus strain responses of PCL and PCL/BG. The sample behaves as
an elastomeric or elastic-plastic solid as shown by the three regimes: (i) a linear elastic
regime, (ii) a plateau of stress resulting from macropores collapsing progressively, and
finally (iii) an area of densification after the pores have totally collapsed throughout the
material. The Young’s modulus increased from 51.6 ± 0.62 MPa to 67.4 ± 0.54 MPa by
the addition of 45S5 Bioglass to the composition (Figure 4D), which is in the range of the
average value of the Young’s modulus of PCL-based 3D-printed scaffolds characterized
by other researchers [61,62]. Roohani et al. also obtained the range of 19.3–49.4 MPa for
Young’s modulus by adding BG to PCL [63]. The average yield stress value was 6.1 MPa
and 9.16 MPa for the PCL and PCL/BG scaffolds, respectively. It can be concluded that by
adding BG to a PCL-based scaffold’s composition, the mechanical strength is increased [64].
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Figure 4. (A) Surface topography of 3D-printed PCL scaffolds with differential morphologies PCL and PCL/HyA obtained
with AFM analysis; (B) contact angle measurement of 3D-printed PCL, PCL/BG, and PCL/HyA scaffolds; (C) compressive
stress versus strain responses of PCL and PCL/BG 3D-printed scaffolds; (D) Young’s modulus and yield strength values of
PCL and PCL/BG 3D-printed scaffolds.

3.3. Cytotoxicity Assay

The cytotoxicity and cell viability of PCL/BG and PCL/HyA scaffolds were analyzed
by MTT assay. The basis of this assay is the reduction reaction initiated by living cells’
enzymes turning a yellow MTT to purple MTT-formazan crystal [65,66]. As displayed
in Figure 5A, the relative cell viability of all the samples was higher than 90%, which
confirms that they are cytocompatible and suitable for use in tissue engineering applications.
Hyaluronic acid-coated PCL scaffolds (PCL/HyA) presented higher cell viability than pure
PCL and PCL/BG scaffolds. The lowest cell viability was found for pure PCL samples,
indicating that coating PCL with a hydrophilic material like HyA or compositing with 45S5
Bioglass can improve cell adhesion by increasing the hydrophilicity of the PCL scaffolds,
which is in confirmation with the result obtained by Jensen et al. [67] and Kandelousi
et al. [68].
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Figure 5. Viability of HGF cells, and morphology and differentiation ability of hDPSCs on 3D-printed scaffolds. (A) MTT
cell viability analysis; (B) hDPSCs attachment on 3D-printed PCL/BG scaffold; (C) hDPSCs attachment on 3D-printed
PCL/HyA scaffold; (D) Gene expression levels of DSPP, OCN, and DMP-1 in hDPSCs cultured in control conditions. ns
(not significant), p-value > 0.05; * p-value ≤ 0.05; ** means p-value ≤ 0.01; *** means p-value ≤ 0.001; **** p-value ≤ 0.0001.
Abbreviations used in this Figure are as follows: PCL: polycaprolactone, BG: 45S5 bioactive glass, HyA: hyaluronic acid,
DSPP: dentin sialophosphoprotein, OCN: osteocalcin, and DMP-1: dentin matrix protein 1.

3.4. Cell Adhesion and Morphology Assay

Adhesion and morphology of the cells on 3D-printed PCL/BG and PCL/HyA scaf-
folds were analyzed using FESEM. As shown in Figure 5B,C, after two days’ culture, the
hDPSCs adhered to the surface of PCL/BG and PCL/HyA scaffolds, demonstrating a
uniform dispersion. The presence of long cytoplasmic prolongations on both PCL/BG
and PCL/HyA scaffolds revealed an appropriate cytocompatibility of the material and
positive interaction between stem cells and 3D-printed scaffolds. However, both scaffolds
promoted cellular adhesion, and hDPSC felt comfortable on the surface of both PCL/BG
and PCL/HyA scaffolds; it seems that PCL/Hya scaffold provides the most favorable
environment for hDPSC, which is due to the effective surface modification of PCL/HyA
scaffold with plasma and HyA. This finding was in agreement with the obtained results of
static water contact angle. In addition, Kudryavtseva et al. [69] also proved that the surface
modification with plasma and HyA enhances cell attachment. Overall, the results of this
section verified the role of these modified bioactive and hydrophilic scaffolds in supporting
cellular adhesion of hDPSCs and indicated the impressive potential of these scaffolds for
pulp-dentin regeneration applications.

3.5. Gene Expression Analysis

The odontogenic differentiation ability of hDPSCs seeded on PCL/BG and PCL/HyA
scaffolds as well as on a petri dish as a 2D culture was investigated after 21 days of culture in
differentiation medium. The expression level of the culture dish was set to baseline (=1.0).
The gene expression of dentin-associated genes including dentin sialophosphoprotein
(DSPP), dentin matrix protein-1 (DMP-1), and osteocalcin (OCN) were analyzed through
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PCR. The results of gene expression are presented in Figure 5D with statistical differences
among the groups. A very significant upregulation was observed in cells cultured on 3D-
printed PCL/BG and PCL/HyA scaffolds compared to the 2D culture dish. Furthermore,
the PCL/BG resulted in a significantly higher OCN and DMP-1 expression compared
to PCL/HyA scaffolds (p < 0.01). The reason for the higher expression of DSPP, DMP-1,
and OCN genes in PCL/BG scaffold compared to PCL/HyA scaffold is the presence of
bioactive glass in PCL/BG, which makes the structure more mineralized and these markers
are related to dentin which is a mineralized hard tissue. This difference in the expression of
factors between the two scaffold types, along with the upregulation of odontoblast related
genes DSPP, DMP-1 and OCN demonstrates the potential for PCL/HyA and PCL/BG
scaffolds to be used in pulp and dentin regeneration, respectively, in conjunction with
hDPSC.

4. Conclusions

With the failure of existing approaches in addressing many dental tissue complica-
tions, regenerative medicine seems like a promising approach to improve the regeneration
of the dentin-pulp complex. However, traditional strategies producing scaffolds for tissue
engineering in dental tissue have been ineffective. For this reason, this study presented a
new strategy to fabricate 3D-printed tissue-engineering scaffolds. Polycaprolactone supple-
mented with 45S5 Bioglass and HyA was used to produce the scaffolds. It was shown that
the coating of scaffolds with HyA had a significant impact on increasing the hydrophilicity
of the scaffolds, resulting in a more favorable environment for the cells. At the same time,
the addition of 45S5 Bioglass also resulted in a slightly more hydrophilic surface. The
45S5 Bioglass was found to increase the mechanical strength of the material. Furthermore,
it was shown that both HyA-coated and 45S5 Bioglass-supplemented scaffolds present
high cell viability. Moreover, the cellular attachment observed through FESEM and the
significant upregulation of differentiation of the odontoblast-related markers DSPP, DMP-1,
and OCN in both scaffold groups represent an environment assisting cellular activities.
Overall, under the conditions of the present study, it might be concluded that PCL/HyA
and PCL/BG scaffolds can induce an organized matrix formation similar to that of pulp
and dentin tissues, respectively. The findings in this study show that the properties ob-
tained through combining PCL with either 45S5 Bioglass or hyaluronic acid lead to the
opportunity of producing a bilayer scaffold capable of assisting the regeneration of the
dentin-pulp complex.
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Abstract: Polymer membranes are central to the proper operation of several processes used in a
wide range of applications. The production of these membranes relies on processes such as phase
inversion, stretching, track etching, sintering, or electrospinning. A novel and competitive strategy
in membrane production is the use of additive manufacturing that enables the easier manufacture
of tailored membranes. To achieve the future development of better membranes, it is necessary
to compare this novel production process to that of more conventional techniques, and clarify the
advantages and disadvantages. This review article compares a conventional method of manufacturing
polymer membranes to additive manufacturing. A review of 3D printed membranes is also done to
give researchers a reference guide. Membranes from these two approaches were compared in terms
of cost, materials, structures, properties, performance. and environmental impact. Results show
that very few membrane materials are used as 3D-printed membranes. Such membranes showed
acceptable performance, better structures, and less environmental impact compared with those of
conventional membranes.

Keywords: 3D-printed membranes; additive manufacturing; membrane process

1. Introduction

Membrane technology, particularly polymer membranes, has multiple applications,
including water treatment, electrodialysis, in batteries, and in the food and pharmaceutical
industries [1–3]. A polymer membrane is a physical barrier separating two environments,
endowed with selective permeability to certain species. In all applications, it is desirable
that membranes possess high selectivity and stability, and low cost. Membrane choice
depends on application type. Membranes can be of the following types: microporous,
asymmetric composite thin-film, dense, or ion-exchange [1,4,5]. A microporous membrane
is very similar in function to a conventional filter, where it rejects large particles (greater
than 10 μm) while allowing for the smallest particles to pass [4]. For a dense membrane,
permeants are transported by diffusion under the driving force of pressure, concentration,
or electric potential gradient. A thin-film composite asymmetric membrane (TFC) is a
microporous membrane featuring a dense thin selective layer. Ion exchange membranes
can be either dense or microporous, and carry positively or negatively charged fixed ions
in their polymer matrix. Their operating principle is based on the exclusion of ions of
the same charge as the fixed ions of the membrane structure and the passage of ions of
opposite charge.

Polymer membranes are produced using one of several approaches. Common ap-
proaches include phase inversion, stretching, track etching, sintering, electrospinning,
and surface coatings of a support [1,4]. Manufacturing methods play an important role
in membrane technology and its applications. Not only can membrane performance be
significantly affected, but also their cost. Commercial activities and urgent needs have
led to a rapid increase in membrane R&D to optimize performance, cost, and durability.
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Although conventional methods offer efficient membranes, the precise control of prepa-
ration parameters remains problematic. To overcome these challenges, some researchers
have been adopting the additive manufacturing (AM) of membranes. AM, also called 3D
printing (3DP), is considered to be a possible approach to produce custom membranes
with more manufacturing control than any other method of membrane manufacturing
available today [5]. Membrane 3DP has thus attracted much interest, with many research
and development studies on 3D-printed membranes. Review articles attempted to provide
specific discussions in this regard [5–7], focusing only on the discussion of 3D printing
technologies [5] and their water-related applications [6,7]. However, the difference between
3D-printed membranes and conventional membranes has not been studied. Some ques-
tions remain to be clarified. Do 3D-printable materials include common materials used
for membranes? Do 3D-printed membranes offer the required properties to compete with
conventional membranes? Do these 3DP membranes have lower cost and environmental
impact than those of conventional membranes? All these questions can lead to many
thoughts about conventional and additive membranes. These are some of the topics that
this article attempts to elucidate while highlighting differences between conventionally and
3D-fabricated membranes. This comparison is inevitable to evaluate the potential of 3D
membranes compared to membranes produced with methods that had undergone decades
of optimization. Recent developments in AM membrane production is also summarized
to highlight the current research areas. This paper briefly overviews conventional and
3DP membrane fabrication methods, followed by a critical review of 3DP membranes com-
pared to conventionally produced membranes. Prospects for developing high-performance
polymer membranes highlight the potential of such manufacturing techniques.

2. Membrane Manufacturing Techniques

When developing high-performance membranes, researchers focus much more on ma-
terials, while paying little attention to the used manufacturing processes. These processes,
however, significantly affect membrane characteristics. This section presents conventional
membrane production methods and 3D printing methods.

2.1. Conventional Methods

Conventional manufacturing methods are based on phase-inversion techniques, stretch-
ing, track etching, sintering, electrospinning, and layer by layer (Figure 1). Phase inversion,
being a simple and fast method, is the most widely used for manufacturing membranes
in which different kinds of polymers can be used for different applications. In such an
approach, a polymer is first dissolved in a solvent to form a more or less viscous solution.
This solution is then spread onto a glass plate and solidified [8,9]. This solidification can
occur either through thermally or nonsolvent-induced phase separation.
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Figure 1. Schematic illustrations of membrane techniques. (A) Phase inversion [9] Reproduced
from Doyan, A.; Leong, C.L.; Bilad, M.R.; Kurnia, K.A.; Susilawati, S.; Prayogi, S.; Narkkun, T.;
Faungnawakij, K. Cigarette Butt Waste as Material for Phase Inverted Membrane Fabrication Used
for Oil/Water Emulsion Separation. Polymers; published by MDPI, 2021. (B) Electrospinning [8]
Reproduced from Tan, X. and Rodrigue, D., A Review on Porous Polymeric Membrane Preparation.
Part I: Production Techniques with Polysulfone and Poly (Vinylidene Fluoride) Polymers; published
by MDPI, 2019. (C) Layer by layer [10] Reproduced from Dmitrenko, M.; Kuzminova, A.; Zolotarev, A.;
Ermakov, S.; Roizard, D.; Penkova, A. Enhanced Pervaporation Properties of PVA-Based Membranes
Modified with Polyelectrolytes. Application to IPA Dehydration, Polymers; published by MDPI, 2021.
(D) TFC manufacturing [11] Reproduced with permission from Shi, M.; Wang, Z.; Zhao, S.; Wang, J.;
Wang, S. A Support Surface Pore Structure Re-Construction Method to Enhance the Flux of TFC RO
Membrane; published by Journal of Membrane Science: published by Elsevier, 2017.

Another approach to produce porous membranes is by stretching dense extruded
films [4,12]. Stretching a dense film perpendicularly to its extrusion direction creates small
breaks that result in pore formation. The stretching technique is generally used to prepare
microfiltration (MF), ultrafiltration (UF), and membrane-distillation (MD) membranes, and
is preferred for highly crystalline polymers [13].
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Track etching is also a technique to fabricate porous membranes for various applica-
tions including filtration and cell culture [14]. Track etching instead relies on the irradiation
of the dense film perpendicularly to the surface [4,14]. The radiation-damaged material
is then removed by postprocessing to create straight cylindrical pores. It is an expensive
technique due to the use of high-energy radiation [15]. The most commonly used materials
for track etched membranes are polyethylene naphthalate (PET), polypropylene (PP), and
polycarbonate (PC) [13].

Membranes can also be produced by sintering powders of polymeric materials. Com-
pressing and heating particles slightly below their melting temperature induce bond-
ing [8,15], with spaces between the sintered particles becoming pores. Sintering is mainly
used for the preparation of microfiltration membranes. The used polymers must have
excellent resistance to chemicals and high temperatures [15].

Membranes are also produced from polymer nanofibers obtained through electro-
spinning. Polymers such as polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), or
polystyrene (PS) are electrospinable. In the process, a viscoelastic polymer solution is
loaded into a syringe placed at an optimal distance from a target (or collector). A strong
electrical voltage is applied between syringe and manifold to stretch droplets from the
syringe tip. It generates jets of nanofibers which then settle on the collector to form an
electrospun membrane [1,8], which can be used for filtration and MD processes [13].

Support coatings are conventional methods for the surface treatment of membranes.
For example, the fabrication of a TFC membrane relies on interfacial polymerization. In
the process, an aqueous polyamine solution is first deposited on a microporous support;
then, this amine-loaded support is immersed in a diacid chloride solution. The amine and
acid chloride react at the interface between the two solutions to form an extremely thin and
densely cross-linked membrane layer [11,16]. Membrane surfaces can also be modified by
a layer-by-layer (LBL) process where electrostatic interaction between charged surfaces are
exploited through a simple immersion process. LBL can also be used to fabricate multilayer
thin films [10].

2.2. Additive Manufacturing Method

Additive manufacturing is a layer-by-layer manufacturing process capable of easily
building complex, real custom objects. Various 3D printing techniques are available such as
stereolithography, digital light processing (DLP), fused deposition modeling (FDM), multi-
jet printing (MJP), and selective laser sintering (SLS) [17,18]. All these processes work on the
same basic concept to produce the final object. The whole process begins with a computer-
aided design (CAD) model, which is then converted into the stereolithography format (STL).
The obtained 3D file is then preprocessed by specific software, where process parameters
such as 3D part orientation into the build volume and slicing parameters are defined. The
information is then sent to the 3D printer that carries out layer-by-layer manufacturing.

The FDM 3D printing process (or fused filament fabrication (FFF)) consists of filament
extrusion that is deposited layer by layer through a printing nozzle (Figure 2A) [19]. This
deposit is produced according to the X, Y and Z coordinates of the 3D model to be printed.

Stereolithography (SLA) consists of solidifying a photosensitive liquid resin layer
by layer using an ultraviolet (UV) laser beam [18,20]. As shown in Figure 2B, the build
platform is initially positioned in the tank with the photopolymer resin, one layer height
away from the build window. The laser beam follows a predetermined path based on
the cross-section of the 3D model. After one layer is hardened, the build platform is then
raised to expose a new layer of liquid polymer. The laser again traces the cross section of
the object, which instantly sticks to the hardened part. A digital light-processing (DLP)
projector can replace the UV laser to achieve resin hardening, enabling a cost reduction
system and faster processing. However, this results in reduced XY resolution.

SLS relies on a powerful laser beam to fuse powder at very precise points of the 3D
file [17,20] (Figure 2C). A new layer of fine powder is then spread before fusing the laser
onto the previous layer.
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Figure 2. Schematic illustrations of 3D printing technologies. (A) FDM printing. (B) SLA printing.
(C) SLS printing. [5]. Adapted from Low, Z.-X.; Chua, Y.T.; Ray, B.M.; Mattia, D.; Metcalfe, I.S.;
Patterson, D.A. Perspective on 3D Printing of Separation Membranes and Comparison to Related
Unconventional Fabrication Techniques, Journal of Membrane Science; Published by Elsevier, 2017.

3. Comparison of Conventional and 3DP Membranes

A comparison of 3DP polymer membranes with conventional membranes relies on
available information from the literature, using a common basis. It includes material,
structure, properties, performance, and cost. For example, the cost of a 3DP membrane is
compared with the cost of a conventional membrane in the same application. Only some
values of 3DP membrane properties were compared with those of conventional membranes
due to the lack of available data for some 3DP membranes.

3.1. Membrane Materials

For material comparison, only the base polymer of the membrane is considered, as
production of 3D membranes is usually carried out in the form of a composite membrane,
i.e., 3D printing is used to manufacture the support, while other techniques are used to
produce a selective layer. Materials are listed on the basis of reviews of conventional mem-
branes [1,21–25], 3DP polymers [17,18,20,26], and reviewed articles on 3DP membranes.

Some 3D membrane materials are directly produced using common 3D printing tech-
nologies. FDM facilitates directly obtaining membranes from poro-lay [27,28], polylactic
acid (PLA) [29], polylactide-co-glycolide (PLGA) [30], and polyethylene terephthalate
(PET) [31]. The SLS technique is used to print polyamide 12 [32,33] and polysulfone [34]
membranes, while SLA is used for diurethane dimethacrylate-co-polyethylene glycol
diacrylate (DUDA-co-PEGDA) [35] and tangoplus [36] membranes. MJP can produce acry-
lonitrile butadiene styrene membranes (ABS-Like) [37,38]. Approaches based on solution
casting printing allow for the direct production of PDMS [39], poly (vinyl alcohol) (PVA),
polybenzimidazole (PBI) [40] and polyvinylidene fluoride (PVDF) [41] membranes. TFC
membranes are also fabricated using 3D technology [42].

Figure 3 illustrates the materials used in conventional and 3DP membranes. Acronyms
for those materials are listed and explained in the Supplementary Materials. Conventional
membranes can be produced from a wide range of either natural or synthetic polymers,
including vinyls, polyesters, fluorinated or chlorinated halogens, and acrylates. Very
few materials are available for 3DP membranes, representing only 12% of those used in
conventional membranes. The wide choice of polymers in conventional manufacturing
is due to the expertise and increased development of new materials. As most polymers
are soluble in solvents required to prepare cast or electrospinable solutions, this facilitates
their use in phase inversion or electrospinning processes. Polymers can also be processed
even without a suitable solvent, relying on sintering, track etching, or drawing processes
to transform the extruded state into membranes. On the other hand, 3D printing systems
are limited regarding membrane materials, as they are not compatible with all types of
polymers. While printable polymers for membranes are gaining ground, the number of
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printed membranes remains very small. Solution casting printing can, however, allow for
the printing of a wide range of currently not printable polymers [40]. If these polymers
cannot be dissolved in an appropriate solvent, 3DP system development with extended
printing materials is necessary.

Figure 3. Polymers used for the manufacture of membranes: conventional membrane (CM) vs.
3D-printed membrane (3DPM) materials.

3.2. Membrane Structures

According to the nature of FFF process, each deposition has its own strong influence
on different aspects of the constructed parts. This issue clearly means that the final parts’
thermal, mechanical, and rheological characteristics are affected by different deposition
mechanisms. There are various mechanisms of deposition based on the filling of layers,
namely, counter fill, raster fill, counter, and raster fill.

The structure of a membrane influences its properties, hence the need for proper
control during preparation. Structures of 3D-printed and conventional membranes are
shown in Figure 4A,B, respectively. Conventional membranes generally have smooth
surface morphologies (i.e., low roughness), as shown in Figure 4Bb1. Pore structure in
conventional membranes, including porosity, interconnectivity, distribution, and size, is
often asymmetric or unordered. For example, membranes formed by phase inversion
exhibit structures characterized by their fingerlike pores under a thin layer of dense skin
(Figure 4Bb2). For membranes obtained through electrospinning, a scaffold structure with
disorganized but interconnected pores and low tortuosity is observed (Figure 4Bb3). This
lack of uniformity in the pore structure of conventional membranes can be attributed to
difficulties in controlling the preparation parameters. Although pore size can be controlled
in the stretching technique, this pore formation mechanism only applies to high crystallinity
polymer membranes [12]. On the other hand, 3DP membranes result from a CAD object
(Figure 4Aa1), enabling the control of all parameters to achieve the desired structure.
Figure 4Aa2,a3 show images of such 3DP patterned membranes. The 3DP membranes
with embossed or grooved structures can easily be produced, resulting in larger surfaces
than those of flat membranes. Patterned membranes are of great interest to researchers, as
such membranes can exhibit improved transport performance and reduced concentration
polarization while alleviating fouling [35]. The technique of 3D printing offers great
manufacturing flexibility while enabling easier fabrication of complex structures than
conventional methods can. The resolution limits of 3D printing are, however, limiting in
membrane production. While available 3D printing methods are capable of high resolution
in the z dimension, the same precision cannot be obtained for the x and y axes [7].
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Figure 4. Structures of (A) 3D-printed and (B) conventional membranes. (a1,a2) 3D membrane
support and its CAD, respectively; (a3–a6) 3D-printed membranes surface structures [31,37]; Repro-
duced with permission from Koh, E.; Lee, Y.T. Development of an Embossed Nanofiber Hemodialysis
Membrane for Improving Capacity and Efficiency via 3D Printing and Electrospinning Technology,
Separation and Purification Technology; published by Elsevier, 2020. Reproduced with permission
from Al-Shimmery, A.; Mazinani, S.; Ji, J.; Chew, Y.M.J.; Mattia, D., 3D Printed Composite Membranes
with Enhanced Anti-Fouling Behaviour, Journal of Membrane Science; published by Elsevier, 2019.
(b1) surfaces of a conventional membrane, (b2) SEM micrographs of cross-sections of conventional
membranes (phase inversion) [43] Reproduced with permission from Zhu, L.-J.; Liu, F.; Yu, X.-M.;
Gao, A.-L.; Xue, L.-X. Surface Zwitterionization of Hemocompatible Poly(Lactic Acid) Membranes
for Hemodiafiltration. Journal of Membrane Science; Elsevier 2015. (b3) SEM images of the surface
of electrospinning membrane [44] Reproduced with permission from Zhang, Z.-M.; Gan, Z.-Q.;
Bao, R.-Y.; Ke, K.; Liu, Z.-Y.; Yang, M.-B.; Yang, W. Green and Robust Superhydrophilic Electrospun
Stereocomplex Polylactide Membranes: Multifunctional Oil/Water Separation and Self-Cleaning,
Journal of Membrane Science; Elsevier, 2020.

If we look at TFC membranes used in desalination, the formation of the polyamide
layer by interfacial polymerization is more successful for 3D printing than with the tra-
ditional method. Although conventional TFC membranes exhibit excellent permeability
selectivity, their fabrication procedure is inherently limiting [42,45]. The intrinsic roughness
of polyamide films has long been associated with a high fouling propensity in reverse-
osmosis (RO) processes. Moreover, one cannot precisely control membrane thickness
during fabrication, as the process simply self-terminates during film formation, yielding
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thickness of 100–200 nm [46]. The 3D printing can instead be used to deposit monomers
as nanoscale droplets that forms polyamide onto a substrate. A thickness of 37 nm was
achieved for 3D TFC membranes [42], meaning that the 3D membrane offers controllable
roughness and independence during the in situ formation of an active polyamide film on a
support. Figure 5 illustrates examples of conventional and 3DP polyamide layers.

Figure 5. SEM images of polyamide TFC membranes with a polyamide layer: (A) printed [7].
Reproduced from Yanar, N.; Kallem, P.; Son, M.; Park, H.; Kang, S.; Choi, H. A New Era of Water
Treatment Technologies: 3D Printing for Membranes, Journal of Industrial and Engineering Chemistry;
published by Elsevier, 2020 and (B) conventional [47]. Reproduced with permission from Perera,
D.H.N.; Song, Q.; Qiblawey, H.; Sivaniah, E. Regulating the Aqueous Phase Monomer Balance for
Flux Improvement in Polyamide Thin Film Composite Membranes, Journal of Membrane Science;
published by Elsevier, 2015.

Most 3DP technologies do not produce membranes with the flexibility of traditional
methods. However, the configuration of membranes using traditional methods is limited to
simple structures (e.g., flat). This limitation can benefit the increased use of 3DP techniques
where almost any complex geometric shape can be designed and produced. Examples of
complex-shaped membranes are shown in Figure 6. The technology of 3D printing can
create a one-print system that incorporates both the membrane and other components
(Figure 6A).

Figure 6. Structures of complex shapes of 3D-printed membranes. (A) Design of an integrated
membrane device [27]. Reproduced with permission from Kalsoom, U.; Hasan, C.K.; Tedone, L.;
Desire, C.; Li, F.; Breadmore, M.C.; Nesterenko, P.N.; Paull, B., Low-Cost Passive Sampling Device
with Integrated Porous Membrane Produced Using Multimaterial 3D Printing; Anal. Chem., Ameri-
can Chemical Society, 2018. (B) Sheetlike triply periodic minimal-surface architecture (TPMS)-like 3D
membrane [48]. Reproduced with permission from Femmer, T.; Kuehne, A.J.C.; Wessling, M. Print
Your Own Membrane: Direct Rapid Prototyping of Polydimethylsiloxane, Lab Chip; published by
Royal Society of Chemistry, 2014.
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3.3. Properties and Performance

Some of the major properties of 3D-printed membranes are given in Table 1. Thickness
is a key factor in determining membrane performance. A thicker membrane generally
exhibits lower permeability but higher surface resistance, thus affecting performance. The
thickness of conventional membranes can reach values of 150–250 μm (for separation:
e.g., water–oil), and 150 μm (for RO) [49]. The thickness of 3DP membranes is more
significant, with values of 800 μm (for water–oil separation) [39] or 500 μm (water–oil
separation) [37]. The thickness of a cation exchange membrane fabricated by FDM for
use in microbial fuel cells reached 2000 μm [28]. It is much thicker than conventional
membranes for such application, where an average thickness of 142.75 μm is found [50]. It
results from the layer-by-layer operation of additive manufacturing, where the lower single
layer height cannot go below 25 μm (example of SLA and DLP). The need for multiple
layers to achieve structural integrity results in thicker membranes.

Table 1. Properties of 3D-printed membranes compared with conventional membranes.

Application Membrane Preparation Method
Thickness

(μm)
Pore Size

(μm)
Roughness

(μm)
WCA (◦)

Tensile
Strength

(MPa)
Reference

hemodialysis PET(PMMA-g-
PDMS)

FDM combined with
Electrospinning 150 0.14 0.500 50 12 [31]

hemodialysis PLA/PDA-g-
PSBMA

Nonsolvent induced
phase separation

(NIPS)
35 - - 55.1 [43]

oil–water
separation (PDMS)/SiO2 FDM using ink 800 370 - 160 - [39]

oil–water
separation ABS–PES MultiJet 3D Printing 500 200 73 83 ± 2 - [37]

oil–water
separation

PLA/polystyrène
(PS) FDM - 250 - 151.7 - [29]

oil–water
separation

polysulfone
(PSU) SLS 355 51.8 0.135 161 17.3 [34]

ultrafiltration PSU/Fe3O4 Electrospinning 234–241 0.07362 - 21.78 1.75 [51]
wastewater
treatment PA6 Electrospinning 0.753 - 123 0.047 [52]

filtration PVDF 3D printing near-field
electrospinning (NFES) - 250 - 130 ~50 [53]

filtration PVDF Melt spinning and
stretching - 0.550 3.617 92.6 27.9 [12]

Pores of 3DP membranes are generally larger than those of conventional membranes
for a given application. For example, 3DP membranes applied to water–oil separation
have pores diameters of 370 μm [39], 200 μm [37], 250 μm [29] and 51.8 μm [34], while
those in conventional membranes are generally less than 1 μm [51,53,54]. Pore size in 3DP
membranes varies according to the desired structure and depends on the resolution of the
used printing technology. The actual product resolution is usually lower than the nominal
3D printer resolution [5]. While most available 3D printers are not yet able to print below
submicron resolution [6], two-photon polymerization (TPP) technology has achieved a
resolution currently capped at ~100 nm [5]. Technologies with finer resolution are required
to achieve smaller pore size without post modification.

Thickness and pores are not the only factors influencing membrane performance.
Surface roughness also has positive or negative influence during application. For 3DP
membranes, surface roughness depends on the 3D production technology. Conventional
membranes can exhibit a rougher or smoother surface than 3DP membranes, depending on
the process used. Chowdhury et al. [42] confirmed that their 3DP TFC membrane had a
lower controlled roughness (~4.3 nm) than conventional TFC membranes. Reduction in
roughness helps reduce the risk of membrane fouling.

Hydrophobicity or hydrophilicity are properties that could be advantageous or dis-
advantageous to membranes depending on the application. This depends on the used
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materials and/or the surface structure of the membrane. The use of a hydrophobic polymer,
for example, likely results in a hydrophobic membrane. This membrane hydrophobicity is
characterized by its water contact angle (WCA). Conventional membranes for separation
have contact angles of 92.6◦ (PVDF) [12] or 21.87◦ (PSU) [51]. The 3DP membranes, using
the same base materials and the same applications, exhibit higher contact angles at 130◦
(PVDF) [53] and 161◦ (PSU) [34]. The surface structure can also affect membrane behavior
against water. 3D printing can produce superhydrophobic membranes inspired by the
leaves of plants [29,54], with a structure behaving like a leaf to achieve high hydrophobicity
at the surface.

Mechanical properties are also important in membrane applications. While the tensile
strength of a conventional membrane used for water–oil separation can reach 1.75 MPa
(PSU) [51] or 27.9 MPa (PVDF) [12], values of 17.3 (PSU) [34] and 50 MPa (PVDF) [53] were
achieved for 3DP membranes. The improved mechanical properties of 3DP membranes
against traditional membranes can be explained by their higher thickness. The 3DP mem-
branes can nevertheless experience mechanical anisotropy that depends on the printing
technology used and the raster orientation (layer) [6].

All membrane properties influence application performance. A PLA 3DP mem-
brane decorated with polystyrene (PS) nanospheres [29], denoted 3DP-M1, was compared
with conventional membranes used for water/oil separation. The performance of this
membrane was compared with that of the conventional membranes of similar materials.
The chosen systems include a nanofiber membrane based on PLA modified with SiO2
(P-2) [55], an electrospun stereocomplex PLA membrane (sc-PLA) [44], a membrane in fi-
brous Janus in PLA containing carbon nanotubes (PLA/CNT) [56], and another containing
SiO2 (PLA/SiO2) [56]. Results of water/hexane separation efficiency and the flux of the
membranes are shown in Figure 7. The separation efficiency of the membranes, including
3DP membranes, were all equal to or greater than 99%. The 3DP-M1 membrane exhibited
a higher flux (60,000 LMH) than that of conventional membranes (Table 2). This flux
was almost stable after 10 cycles, similar to conventional membranes. The water contact
angle value for these membranes is also given in Table 2. Surface wettability has crucial
influence on the oil/water separation performance of materials. A 151.7◦ WCA value was
observed for the 3DP-M1 membrane, revealing hydrophobic behavior, while conventional
membranes P-2, sc-PLA, PLA/CNT and PLA/SiO2 exhibited WCA of 135◦, 141◦, 142◦, and
0◦, respectively. Modifying pure PLA is thus a way to achieve a superhydrophobic surface
in PLA membrane. Manufacturing membranes with lotus leaf structures can also increase
hydrophobicity, feasible through a 3D printing approach.

Figure 7. Separation performance of 3DP-M1 and conventional membranes. (A) Water contact
angle. (B) Separation efficiency (n-hexane/water). (C) Permeation flux. (D) Permeation flux of
n-hexane/water mixture for 10 separation cycles.
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Table 2. Comparison of 3DP-M1 performance with conventional membranes.

Membrane WCA (◦) Flux (LMH)
Separation

Efficiency (%)
Reference

3DP-M1 151.7 60,000 99.4% [29]
P-2 135 14,379 100 [55]

sc-PLA 141 4200 99.6 [44]
PLA/CNT 142 1435 99 [56]
PLA/SiO2 0 1025 99 [56]

The water flux and salt rejection efficiency of a TFC membrane with a 3D printing
deposited polyamide layer [42] were compared with those of conventional membranes
using information collected from [46,47,57–70]. Figure 8 shows the performance of these
membranes. The 3DP TFC membrane exhibited a >96% rejection of salt and high permeance
(>3 LMH. Bar−1) at the same time (Figure 8, colored area). Surface roughness of ~100 nm
was observed for conventional membranes [46], which is much higher than the 4.3 nm ob-
tained for 3DP membranes. The technology of 3D printing, unlike the conventional method,
can achieve a controlled polyamide layer formation, explaining the good performance
achieved by 3DP TFC membrane.

Figure 8. Desalination performance of printed polyamide vs. conventional membranes [46,47,57–70].
NaCl salt rejection and pure water permeance.

A 3DP membrane offers acceptable performance in desalination and water–oil sepa-
ration applications. This membrane type has also been tested in other applications with
promising results. The 3DP PDMS membranes applied for gas–liquid contact showed
higher CO2 transport in water than that of common hollow fiber membranes [48]. Philam-
ore et al. [36] compared a conventional cation exchange membrane (CEM) of a microbial
fuel cell to a 3DP membrane. The conventional CEM produced the highest power at
11.39 mW, against the 0.92 mW achieved by the Tangoplus 3DP membrane. A hemodialysis
membrane fabricated via 3D printing and electrospinning technology showed a blood water
removal capacity of 27% [31], while the removal of urea and NaCl during 4 h of hemodial-
ysis reached ~17% (from 1.45 to 1.21 mg/L) and ~14% (from 0.9% to 0.8%), respectively.
Isozyme clearance approached 68%.
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3.4. Cost and Environmental Impact

Manufacturing methods affect not only membrane performance, but also the produc-
tion costs. In the current circumstances, it is challenging to compare production costs of
conventional and 3DP membranes, mainly due to the lack of price information in the case
of 3DP membranes. Some studies nevertheless confirmed that their 3DP membrane is less
expensive than conventional membranes. In the case of 3DP membranes, manufacturing
costs include 3D printer purchase costs (investment) and used printing materials (consum-
ables, operating). According to Low et al. [5,6], 3D printers are more expensive than most
conventional manufacturing techniques such as solution casting, LBL, and phase inversion.
This is reversed in the case of the material used during 3D printing, as Philamore et al. [36]
reported significantly lower raw material costs to produce a 20 cm2 Tangoplus 3DP mem-
brane compared to the equivalent area of conventional material. The Tangoplus resin
used to produce a membrane costs USD 0.16, while an equivalent area of conventional
membrane costs between USD 0.22 and 0.40. You et al. [28] mentioned that, while their
materials are cheaper than conventional membrane material, membrane production costs
(in Lay-Fomm, Gel-Lay, and Lay-Felt) were EUR 0.58–0.60 (USD 0.65–0.67). This is higher
than the EUR 0.30–0.56 (USD 0.33–0.62) costs of conventional membranes [28]. Their study
used 30 cm2 membranes, resulting in production costs of around 0.022 USD. cm−2. This is
low compared to the 0.25 USD. cm−2 cost of the commonly used Nafion membrane [71].
These costs are shown in Table 3. Membrane cost would also depend on production volume.
Although 3D printers are more expensive, a large production volume with inexpensive raw
material results in inexpensive 3DP membranes.

Table 3. Cost comparison of 3D and conventional membranes for microbial fuel cell.

Cost Reference

Material cost to produce a 3D membrane (USD/membrane) 0.16 [36]
Material cost to produce a conventional membrane (USD/membrane) 0.22–0.40 [36]

Production cost of a 3D membrane (USD cm−2) 0.022 [28]
Production cost of a conventional Nafion membrane (USD cm−2) 0.25 [71]

One of the hazards of 3D printing processes is emissions from used materials, such as
ultrafine particles (UFP) and volatile organic compound (VOC) [6]. Additive manufactur-
ing could nevertheless be greatly significant for green environments, as waste is reduced or
recycled. Large-scale conventional membrane production, on the other hand, can have po-
tential environmental impacts because most preparations require toxic products such as N-
methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF), or N,N-dimethylacetamide
(DMAc). Although there are regulations (e.g., Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH)) [72] currently aimed at reducing solvent emissions and
the harmful use of toxic solvents, stricter regulations require either more environmentally
friendlier solvents or alternative solutions. Nonuniform manufacturing associated with
these conventional methods also results in high amounts of waste [7]. As polymers used
to manufacture conventional or 3D membranes are mostly derived from fossil sources,
environmentally friendlier products are also needed to reduce the environmental impact.

4. Conclusions

In this study, conventionally prepared polymer membranes and 3D printed mem-
branes were compared, accounting for recent developments in membrane production
by additive manufacturing. Results showed differences between 3DP and conventional
membranes in terms of materials, properties, performance cost, and environmental impact.
This study showed that common materials for membranes are not well-adapted to additive
manufacturing. This can be observed by the low number of suitable printing materials
in comparison with conventional membrane materials, explainable by the inability of 3D
printing technologies to use a wide range of materials. The 3DP membranes exhibited,
however, a much better structure than that of conventional membranes. It can be attributed
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to the possibility of printing complex shapes in a controlled manner, whereas parameters
are not measured or precisely controlled in conventional processes. The 3D membranes
were shown to exhibit properties and performance approaching conventional membranes,
and 3D printing has shown its ability of creating nature-resembling structures to improve
performance. Another benefit of 3D printing is the ease in customizing membrane design
to satisfy customer needs within a short turnaround time. The advantages associated
with additive manufacturing could thus revolutionize the manufacture of low-cost high-
performance membranes.

To achieve this, key areas must be further developed, including improvement in XY
resolution and development of printers able to process a wide range of materials. The
introduction of hybrid materials could be advantageous for the properties of 3DP mem-
branes. An issue to address is the long-term stability and performance of 3D membranes,
something not fully known due to the limited number of research groups working on 3D
membranes. Further investigations are thus needed to demonstrate their suitability in
membrane applications. Another essential area of 3DP research is the creation of a unique
printing system incorporating both membrane and other components. Such development
would greatly benefit membrane production. Another research direction with exciting
possibilities is 4D printing, where the element of time is added to 3D printing. This enables
changes in properties, function, or shape to a 3D-printed part with time [6]. Such 4D
approaches could enable the production of more efficient membranes. All these eventu-
alities, combined with larger 3D printers having very high printing speeds, can increase
the potential for industrial use. Environmental considerations, including fees associated to
proper waste disposal, can encourage traditional membrane manufacturing to switch to 3D
printing to reduce the amount of produced waste.
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