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Abstract: Bone tissue engineering is constantly in need of new material development with improved
biocompatibility or mechanical features closer to those of natural bone. Other important factors are
the sustainability, cost, and origin of the natural precursors involved in the technological process.
This study focused on two widely used polymers in tissue engineering, namely polylactic acid (PLA)
and thermoplastic polyurethane (TPU), as well as bovine-bone-derived hydroxyapatite (HA) for the
manufacturing of core-shell structures. In order to embed the ceramic particles on the polymeric
filaments surface, the materials were introduced in an electrical oven at various temperatures
and exposure times and under various pressing forces. The obtained core-shell structures were
characterized in terms of morphology and composition, and a pull-out test was used to demonstrate the
particles adhesion on the polymeric filaments structure. Thermal properties (modulated temperature
and exposure time) and the pressing force’s influence upon HA particles’ insertion degree were
evaluated. More to the point, the form variation factor and the mass variation led to the optimal
technological parameters for the synthesis of core-shell materials for prospect additive manufacturing
and regenerative medicine applications.

Keywords: bioceramic coating; fused filament fabrication; fused deposition modelling; biogenic
hydroxyapatite; core-shell structure

1. Introduction

By combining the knowledge and needs of scientists, engineers, and surgeons, the field of
biomaterials is constantly expanding. Thus, daily, new biocompatible materials are developed with the
sole purpose of ensuring the tissues and organs proper functioning in the human body in a safe and
efficient way [1]. In the case of bone tissue defects generated by traumas or diseases, the reconstruction
of its structural integrity is a long-studied problem and of current interest to the specialists [2-5].

In this light, the already reported reconstruction methods involving metallic structures, polymeric
biomaterials [6,7] (such as polylactic acid (PLA), thermoplastic polyurethane (TPU), polyglycolic acid
(PGA), poly (vinyl alcohol) (PVA) [1,8,9]), and ceramics (mostly hydroxyapatite) [1,10-13] are of crucial
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importance. Among these, PLA was widely used, mainly due to its biocompatibility with the human
organism and the advantageous synthesis alternative from sustainable natural resources (e.g., beet
or maize) [14]. Along with PLA, TPU was remarked in the additive manufacturing technology [15].
The TPU applications in the medical field spread from blood vessels, implants, and prosthetics, to
scaffolding in tissue engineering, dialysis membranes, or breast implants [16].

Furthermore, naturally derived hydroxyapatite (HA) is a bioactive ceramic, with similar chemical
and structural properties to the mineral component of the natural bone tissue, and exceptional
biocompatibility and osteoconductivity. HA can be synthesized from various renewable resources (e.g.
fish, sheep, cattle or bovine bones [17,18] or marine shells [19,20]).

Along with the development of new biomaterials, the cost-efficient and highly performant
processing techniques for final products manufacturing are also in need of improvement. Additive
manufacturing (AM) or 3D printing can be considered 21st century technology due to the possibility to
attain patient-customized and adapted products [14]. However, the most widely and accessible used
technique in orthopedics is fused deposition modeling (FDM) or fused filler fabrication (FFF) [8,14,21,22],
which provide 3D scaffolds with a well-defined design by extruding a digital 3D model from
thermoplastic polymeric materials heated to their melting point [22].

This study aims to provide a new core-shell material that can be used in the FDM technique,
targeted due to its rigorous control of parameters (temperature, bed temperature, feed rate, printing
speed, etc.) [23-27].

Therefore, this study focused on the development of a completely new technique for the HA
particle adhesion on PLA and TPU filaments’ surface, destined for scaffolds manufacturing with
applicability in both dentistry and orthopedic reconstruction surgery.

When addressing the prospect of generating a ceramic coating on a polymeric surface, two
important aspects are to be considered: i) the necessity (if any) of polymeric surface features modification
and ii) the involved coating technique. Dedicated studies reported several methods for polymers’
surface modification, both physical (flame treatment, metal deposition, irradiation techniques and
corona-discharge techniques, plasma treatment, etc.) [28-30] and chemical (wet chemical methods,
surfaces treated with hydrogen peroxide, solution processing method, etc.) [28,30]. In comparison,
the novelty of the proposed method described in this study relies on no modification treatment of
the polymeric filaments surface prior to ceramic particles” adhesion. More to the point, in terms of
coating techniques, the specialized literature pictures a wide range of simulations (e.g., the Monte
Carlo method, the finite element method, etc.) [31,32] and mathematical modelling approaches [33,34]
for particle coating and adhesion on different substrates, polymeric included [22,35-39]. None of these
are involved whatsoever in the proposed synthesis route of the core-shell materials. Our strategy
targets the formation of an osteoconductive HA shell coating through rigorous control of the synthesis
key-working parameters for particle distribution and incorporation on the polymeric surface.

This leads to a tunable synthesis technology with a precise optimal range for the pressing
force, thermal treatment time, and temperature applied to the core-shell materials for future
compatible additive manufacturing and medical applications. In this regard, the present
study followed a well-designed and complex investigation program, starting with preliminary
morpho-compositional [40,41], thermogravimetric, and differential scanning calorimetry analysis,
which afford the choice of the heat treatment parameters for an optimal adhesion and insertion of
HA particles on the polymeric filaments. Furthermore, the implantation/adhesion degree of the HA
particles and the polymeric filaments deformation degree were exposed through form factor variation
and mass variation analyses. The performed mechanical tests in terms of compression resistance
and pull-out analysis intend to demonstrate the similarity with the cortical bone tissue, the particle
adhesion strength on the polymeric surface, and the applicability extent of these material types in the
dentistry and orthopedic fields.

As a result, a complete and compatible replacement of the core-shell structures with newly formed
bone tissue is expected, when implanted.
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2. Materials and Methods

2.1. Core-shell Materials Synthesis

In order to obtain the core-shell structures, namely the polymer coated with bioceramic,
the two types of well-known polymeric materials with acknowledged history, composition, and
properties [42,43] were involved, namely PLA filament (Innofil, BASF 3D Printing Solutions BV,
Emmen, Netherlands) and TPU filament (Ninja Flex, NinjaTek, Manheim, PA, USA). The diameter of
both full structure filaments (not tubular) specified by the manufacturer is of 1.75 + 0.05 mm.

The filaments were placed on a bed of bovine-bone-derived HA powder (synthesized through an
established and completely reproductible method, as previously reported [44]), with a particle size of
>125 um, on top of which a new powder layer was added (necessary to completely cover the filament).
HA powder was obtained after three thermal processes, one of boiling, one of deproteinization and one
of calcination in electric oven, followed by grinding in ball mill and granulometric sorting [20,45,46].

The soaked filaments were pressed under the action of different pressing forces (see Figure 1
and Table 1). The next step involved the thermal treatment of these samples into an electrical oven
for different periods of time (30’, 60, and 120’) and different temperatures (195, 205, and 215 °C).
These temperatures were chosen based on the working temperatures range of 3D printers [47,48] and
following the thermo-gravimetric and differential scanning calorimetric analysis of the polymeric
filaments. The last step involved the ultrasonic vibration of the samples in order to remove the particles
that did not adhere to the polymers’ surface. Due to the small size of the filaments, a high embedding
degree was necessary in order to obtain a good accuracy of the results.

The modification of the technological parameters, namely the pressing force, time, and temperature,
has a direct influence on the final coating morphology, as can be seen in Figure 1 below.

Pressing force direction

Pressing time
g
Temperature
o0
S
%

Figure 1. Schematic influence of the synthesis parameters on the final bioceramic coating.

Based on the aforementioned technological synthesis process, the samples’” denomination was
performed according to Table 1 below.

Table 1. Samples” denomination according to synthesis parameters.

Thermal Treatment

Sample Type Pressing Force [MPa]
Exposure Time [min]* Temperature [°C]*
Reference 0
0.5 x 107 MPa 0.5 x 1074 30 195
1.5 x 107 MPa 1.5 x 1074 60 205
2.5 x 107 MPa 2.5x 1074 120 215
5x 107* MPa 5x 1074

* parameters applied for each pressing force.
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All technological synthesis and investigation stages were performed in the laboratories of
the University Politehnica of Bucharest on calibrated equipment; the experimental data were
acquired through calibrated software, and, for all the quantitative results, the standard deviation was
graphically disclosed.

2.2. Characterization Techniques

The morpho-compositional evaluation of the core-shell samples on both surface and cross-section
and the degree of ceramic particle incorporation were determined by scanning electron microscopy
(SEM) with a Philips XL 30 ESEM TMP microscope (FEI/Phillips, Hillsboro, OR, USA) equipped with
an auxiliary energy dispersive spectrometer (EDAX Sapphire UTW). To achieve the micrographs,
an acceleration voltage of 25 kV and a 10-mm working distance was used. The investigations were
performed in five randomly chosen areas. Compositional analysis is an additional indicator regarding
the ceramic/polymer ratio in the sample surface.

Thermo-gravimetric analysis was performed on a Q500 equipment (TA Instruments, New Castle,
DE, SUA), in air atmosphere, at temperatures between 20-350 °C and a heating rate of 10 °C/min.
The differential scanning calorimetric analysis was performed on a Netzch Proetus equipment (TA
Instruments, New Castle, DE, SUA), in air atmosphere, at temperatures between 20-350 °C and a
heating rate of 10 °C/min.

The TGA/differential scanning calorimetry (DSC) analysis was imperative for choosing the
appropriate heat treatment program.

Mass variation was performed on a calibrated four decimal analytical balance (Kern and Sohn
GmbH, Balingen, Germany) before and after the filaments” embedment in HA powder.

The compression test was performed using a universal test machine Walter + Bai AG, Loehningen
(Schafthausen, Switzerland), type LFV300. The used test speed was 1 mm/min with an acquisition rate
of 0.01 s. The measurements were performed in triplicate.

The pull-out test was performed using the same universal test machine Walter + Bai AG,
Loehningen (Schafthausen, Switzerland), type LFV300. The samples were requested in traction by
moving the crossbar with a speed of 5 mm/min. The measurements were performed on five samples
from each core-shell material type. The test was performed by adapting the procedure of ASTM
C633-13 "Standard test method for adhesion or cohesion strength of thermal spray coatings" [49] to the
dimensions of the obtained samples, i.e., core-shell materials with a 2-mm average diameter (as can be
seen in Figure S1 in the Supplementary Material). Thus, for fixing the filaments, a 2-mm diameter steel
rod was used, and the surface in contact with the adhesive was processed in the same way for all the
rods in order to ensure the reproducibility and repeatability of the test. In the specialized literature, the
epoxy adhesive [29,50-54] is most often encountered for such applications, but it was considered to be
inadequate due to the mechanical characteristics (elasticity of approx. 35 GPa), as compared to PLA
(approx. 3.5 GPa) and TPU (approx. 2.5 GPa), which would lead to a non-uniform state of deformations
(the polymers would be more intensely deformed and could yield before the joint). In this light, the
chosen adhesive for our particular study is a cyanoacrylate (Fenedur, Montevideo, Uruguay) with an
elasticity modulus of approx. 1.3 GPa, which was previously reported in applications destined for
different medical fields (orthopedics, plastic surgery, dermatology, etc.) [55].

3. Results and Discussion

3.1. Morpho-compositional Characterization

The present research involved preliminary studies on PLA and TPU filaments with modified core
(polymer)-shell (ceramic) structure. These studies were based on morpho-compositional analysis,
given that coating morphology is a must-criteria and the most important factor for the targeted
materials along with chemical composition [44].
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In terms of morphology, the differences between samples can be clearly observed. The temperature
is the main factor that influenced the samples” morphology, as illustrated in Figure 2.

At 195 °C, different amounts of small sized particles adhered to the surface of both polymeric
materials: a larger quantity of particles generated a rougher appearance of the PLA filaments surface,
as compared to a lower degree in the case of TPU samples, which led to a smoother surface with a
roughly uniform distribution.

As the temperature increases, a change in the coating morphology is observed, so that at 205 °C,
both small and large particles” dimensions adhered to the surface of both polymers. In the case of
the PLA filament, small particles adhered to the polymeric surface, whereas in the case of TPU, the
predominance is attributed to the particles in the upper dimension range of the HA powder type used.

The maximum temperature used in this study (215 °C) has a defining influence on the appearance
of the materials’ coatings, so that, on the surface of both types of polymers, only large particles
ultimately adhered.

195°C _ 205°C_ 215°C

PLA

Ca

[

c
I ca o [ Ca
f a CA M n HaMa—R

Figure 2. Preliminary morpho-compositional characterization of polylactic acid (PLA) and thermoplastic
polyurethane (TPU) polymer coated with hydroxyapatite (HA) particles at 195, 205, and 215 °C.

Regarding the compositional analysis, the EDS (Energy-Dispersive X-ray Spectroscopy) spectra
of both polymer types revealed specific peaks of the HA main elements, especially Ca and P [44].
The presence of the carbon peak in the spectra denotes the existence of the polymeric substrate.

Thus, at 195 °C, the intensity of the carbon peak is high, which supports the morphological
investigations that have shown the addition of the small particles and the presence of the polymer
between them. In addition, as mentioned above, a clear difference can be observed between the PLA
and TPU filament regarding carbon peak intensity. In the case of the first polymer, several particles
adhered to its surface; therefore, a higher degree of surface coverage determined a low carbon peak
intensity. As the temperature rises to 205 °C, the intensity of the carbon peak drops drastically, and
stands as proof of the addition of a large number of particles to the surface of the polymer, and thus a
high degree of coverage.
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Further increased temperature up to 215 °C generates changes in the compositional analysis of the
samples. The carbon peak intensities begin to increase (compared to the temperature of 205 °C), this
phenomenon being attributed to the fact that at elevated temperatures the polymer infiltrates between
particles and incorporates them.

3.2. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

The thermal properties of both polymeric filaments (PLA and TPU) represent a key point in
the synthesis of core-shell materials. Due to their direct influence on the final morphology of these
materials, the thermal studies were carried out through TGA and DSC analyses (Figures 3 and 4).

In Figure 3a, a complete one-step-degradation of the PLA polymer was noticed between 310 and
390 °C (TGA curves). In the derived TG (DTG) curve, the samples undergo a mass loss of about 98.3%
at around 310 °C [14,56]. These results denote a direct dependency—by increasing the temperature,
the degree of polymer degradation also increases.

Regarding the DSC curve (Figure 3b), three typical states of thermoplastic polymers, namely the
Tg point (glass transition temperature), the Tc point (the point of crystallization) and the Tm point (the
melting point), were present [57-59]. During the heating cycle, an endothermic event was observed
at around 65 °C, which corresponds to the Tg point. The crystallization point Tc was found around
the temperature of 87 °C, and as the temperature increased, a strong endothermic melting process
occurred around the temperature of 179 °C [59].
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Figure 3. (a) TGA curve of PLA filament; (b) the differential scanning calorimetry (DSC) curve of
PLA filament.

Figure 4a presents the TPU thermogram, where a mass loss of 100% was recorded at around 356 °C,
suggesting a low thermal stability [60]. The complete degradation of the polymer is accomplished in a
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singular step, in the range 380430 °C. In addition, at lower temperatures, down to 380 °C [61], the
DTG curve presents a mass loss of only 2%.

Comparatively to the PLA sample, on the DSC curve of the TPU polymer (Figure 4b), only one
endothermic event developed around 165 °C, which is the characteristic temperature of the melting
point Tm. In addition, during the temperature rise and after 210 °C, the DSC curve indicates a
degradation of the polymer composition [62].
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Figure 4. (a) TGA curve of TPU filament; (b) the DSC curve of TPU filament.
3.3. Form Factor Variation

In order to determine the influence of all factors involved in the manufacturing process of these
core-shell materials, namely the pressing force, time, and temperature, different investigations were
carried out. Firstly, a morphological cross-section analysis of both material types was necessary in
order to determine the variation of the form factor, a defining aspect of these materials.

The form factor represents the deviation from the initial cylindrical form of the filaments, up to
indefinite and irregular shapes. Due to the incrementally applied pressing force (see Table 1), the
cross-section form of the samples becomes more complex and distinct than the ovoid shape present in
the case of the reference material (obtained at no pressing force). The maximum and minimum shape
measured perpendicular to the longitudinal axis, on each micrograph, were used to explain the degree
of deformation. In consequence, x and y axes were chosen according to the preferential direction of
deformation, and not as the horizontal and perpendicular to the page.

The experimentally determined deviation from the initial cylindrical shape of the core-shell
materials is plotted in Figure 5B, Figure 6B, and Figure 7B. The more the samples’ irregularity increases,
the lower the values are (from max. value 1.0 corresponding to the reference material down to zero).
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Polymeric filaments melt in the feeding hose of commercial 3D printers, after proceeding through
a defined route (as can be seen in Figure S2 in the Supplementary Material). Therefore, the cross-section
form should be considered a viable and important parameter.

In these terms, it is important to preserve the initial round form of the filament as faithful as
possible without being affected by the softening in the HA mass. This aspect ensures its suitability for
future additive manufacturing applications [63-65].

In the case of PLA (Figure 5A), at a temperature of 195 °C, the exposure time has a direct influence
on the filament shape. With the increase in time, the material begins to deform and at the same
time the addition of HA particles increases. The pressing force also influenced the addition of HA
particles—as the force increases, the addition of particles increases and the bioceramic coating is formed
(Figure S3-Supplementary Material). Similarly, the same temperature does not drastically influence
the morphology in a cross-section view of TPU materials, as the initial cylindrical shape is maintained.
However, it can be observed that the bioceramic coating is formed when the pressing force increases
(see Figure 5A TPU - 607, 120" — 2,5 x 107 MPa, 5 x 10~* MPa).

I PLA v TPU
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Figure 5. Form factor variation at 195 °C temperature. (A) Section morphology; (B) variation graphs.
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In addition, in the case of both PLA and TPU samples, one can note that a uniform or even
addition of HA particles causes the cylindricity retention of the polymer filament (see Figure 5A PLA -
30, 60" — 0.5 x 1074 MPa and TPU - 60’ — 2.5 x 10~* MPa and 60’ - 5 x 10~ MPa).

In order to quantify these variations (Figure 5B), measurements were performed on all of these
micrographs. The obtained data were graphically represented for a clear view over the influences of
all parameters involved in the technological process. In this regard, i) PLA presents an accentuated
variation of the form factor as compared to TPU and ii) the increment of the exposure time is directly
proportional to the form factor decrease. At 195 °C, TPU tends to maintain its cylindricity, but as the
pressing force increases, the form factor begins to decrease. This is due to the forces and tensions that
act upon it.

As the temperature increases, the cross-section morphology changes completely. The micrographs
show that, for PLA, the addition of HA particles increases and the cylindricity of the filaments is
strongly affected at a higher exposure (see Figure 6A PLA—120’"—all pressing forces). This is also
highlighted in Figure 6B, where a visible decrease in the form factor of the samples obtained after 120
exposure in the oven can be observed. In addition, at higher pressing forces, the uniform addition
of particles increases and the bioceramic coating is well defined, but the filament shape changes to
abstract forms (Figure S4-Supplementary material).

PLA
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o 4 502y
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Reference  0.5x10¢ MPa 1.5x10¢ MPa 2.5x10* MPa  5x10~ MPa

Figure 6. Form factor variation at 205 °C temperature. (A) Section morphology; (B) variation graphs.



Coatings 2020, 10, 283 10 of 18

Regarding the TPU samples, a 10 °C increased temperature does not significantly influence the
addition of HA powder or the initial shape of the filament. In this case, an increased particle addition
occurred at higher pressure forces (2.5 x 107 MPa and 5 x 10~* MPa). Figure 6B disclose a tendency
to a stable variation of the form factor close to 1 value, which indicates a very small variation in the
polymer shape compared to its initial one. When the temperature is increased by another 10 °C, the
morphology in the cross-section view reveals major changes. Regarding the PLA (Figure 7A), the
filaments’ behavior is totally different, slightly chaotic, and cannot be included in a certain pattern. The
reference in this case retains its initial shape and also a uniform addition of the particles. Moreover, one
can observe that the particles addition increases proportionally with the increase of the exposure time.

Comparatively, in the TPU case, the most visible aspect is related to the addition of HA particles for
all investigated samples (Figure S5-Supplementary ). In general, these samples retain their cylindricity,
but, in this case, it is not possible to discuss a certain visible pattern influenced by the modification of
the synthesis parameters, and also the bioceramic coating may not be well defined.

However, the influence of the synthesis parameters’ modification was graphically evidenced in
terms of form factor variation (Figure 7B). Only in the case of TPU may it be argued that with the
increase of the exposure time, the form factor decreases.

=1 mm PLA =1 mm TPU

Reference IEI

0.5x10%
MPa

1.5x104
MPa

2.5x10°
4 MPa

5x104
MPa

2.5x104 MPa  5x10* MPa

Rference .5x10‘4MPa 1.5x10* MPa

Figure 7. Form factor variation at 215 °C temperature. (A) Section morphology; (B) variation graphs.
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3.4. Mass Variation

The mass variation is directly proportional with the addition of HA powder to the surface of the
polymeric material and thus with the formation of the bioceramic coating. In the case of PLA filaments,
at a temperature of 195 °C, as previously observed in Figure 5A, the materials with the highest amount
of powder addition, were the reference ones, regardless of the exposure time. At this temperature, the
reference sample displayed the largest mass variation, i.e., 100% (see Figure 8 A). Therefore, the mass of
the final core-shell material is double that of the initial polymer.

The addition of HA powder to the surface of the TPU filament at 195 °C was slightly diverted as
compared to PLA, which is why the mass variation was quite low.

A temperature of 205 °C determined in the case of PLA filaments a good particle addition, directly
proportional to both the increment of the exposure time and the increase in the pressing force, as shown
in Figure 8B. The final mass of the obtained core-shell materials can vary up to 120% of the initial mass
of the polymer, indicating an increased addition of HA powder.
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Figure 8. Mass variation at: (A) 195, (B) 205, and (C) 215 °C.
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Furthermore, in this case, the addition to the surface of the TPU filament follows the same
downtrend, with an unpredictable pattern depending on the parameters” modification. Furthermore,
their mass hardly varied—the final mass values were at most 50% higher than those of the initial polymer.

The increased temperature of 215 °C drastically influenced the final mass of the obtained materials.
A significant increase in the core-shell materials’ mass with a PLA polymer base was recorded. As the
exposure time and pressing force increased, their mass increased proportionally, up to 200% values
(see Figure 8C).

Moreover, in the case of TPU filaments, significant changes in mass variation were depicted.
At this high temperature, the particles adhere easily to the polymer surface, and therefore their mass
increases up to 160% at an exposure time of 120’

3.5. Compression Mechanical Test

To support the preliminary research carried out in this study, the compression strength of the most
promising samples (PLA-based materials obtained at 205 °C temperature, an exposure time of 60’, and
a maximum pressing force of 0.5 X 10~* MPa, and TPU based materials obtained at 215 °C temperature,
60’ of exposure and 2.5 X 10~* MPa pressing force) was analyzed together with cortical bone tissue.

From the curves of the PLA and TPU filaments with HA insertion (Figure 9), a malleable behavior
can be observed, with significant plastic deformation.

180 — _
Cortical bone
150 o [l TPU + HA
120 B rLa+HA
=
[aW
S 90 -
5 60—
wl
30 -
0
[ T
0.1 1 10 100

Strain (%)

Figure 9. Compression curves of cortical bone, TPU-based materials obtained at 215 °C, 60" of exposure,
and 2.5 x 10~* MPa pressing force with HA particles embedded and PL- based materials obtained at
205 °C, an exposure time of 60’, and a maximum pressing force of 0.5 x 10~* MPa.

In contrast, for compressive loading on cortical bone, rapid hardening occurs after yielding,
followed by softening. The bone is considered to be an ideal fragile solid that yields at elasticity limit,
which coincides with the compressive strength.

Comparing the compressive strength values of the experimental samples with those of the
cortical bone, values of approximatively four times smaller than those of the cortical bone in the
longitudinal direction were noticed (Table 2). The obtained results show lower values than those of
the consecrated metallic materials used in medicine [66—68] but higher than values than those of the

ceramic ones [19,69,70].
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Table 2. Compressive strength comparison.

Sample Compression Strength [MPa]
PLA
(obtained at 205 °C temperature, 60" exposure time of 60’ and 27.67 + 3.02
0.5 x 10~* MPa pressing force)
TPU
(obtained at 215 °C temperature, 60" exposure time of 60’ and 4232 +£273
2.5 x 10~* MPa pressing force)
Longitudinal cortical bone 115

3.6. Pull-out Test. Particle Adhesion Strength

The results of the pull-out test performed on the most promising samples (PLA-based materials
obtained at 205 °C, for 60, and a maximum pressing force of 0.5 X 10~* MPa, and TPU based materials
obtained at 215 °C, for 60’, and a maximum pressing force of 2.5 x 104 MPa) are displayed in Figure 10.

The comparative presentation of the PLA and TPU filament curves (Figure 10A) revealed a
uniform distribution of deformations with a concentrated loading area at the adhesive —filament
interface in the case of PLA samples. In contrast, the deformation of the TPU samples occurred in
the incipient part of the filament and was subsequently transferred to the adhesive-filament interface.
This uneven behavior can be explained based on the different elasticity modules of the PLA, TPU and
the chosen adhesive (the PLA has an elasticity module of approximate three times higher than the
adhesive, while the TPU values are close to those of the adhesive) [71-74].

Furthermore, a similar behavior was also depicted for the core-shell materials (Figure 10A).
Here, the particles presence changed the state of stresses and deformations, as they were mainly
concentrated in the particle coating—adhesive contact region and were gradually transferred to the
particle coating—substrate interface. In this case, any particle reorientation/slippage can be encountered,
along with the decrease in the assembly rigidity and the displacement increment. Moreover, the
breaking occurs at the particle coating—substrate joint and is predominantly cohesive in nature, as
particles appear on both adhesive and substrate surface.

60 —TPU [A] 60 - [B] -
| —PLA
——TPU+HA
504 ——PLA+HA R 50 - _
_ 40+ B 40 4
Z o~
~ Z
S ©
z 304 E 9 30
- 4}
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Figure 10. (A) Displacement force curves of TPU, PLA, the TPU-based materials obtained at 215 °C, 60’
of exposure, and 2.5 X 10~* MPa pressing force with HA particles embedded, and PLA-based materials
obtained at 205 °C, an exposure time of 60’, and a maximum pressing force of 0.5 X 10~% MPa. (B) The
maximum displacement forces for the same samples.

The extraction of the maximum displacement forces” values from Figure 10A was outline in
Figure 10B. The obtained results expose a decrease with 61.82% of the displacement force in the
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case of PLA-HA coated samples and 67.14% in the case of TPU-HA coated samples, as compared
to the displacement forces of blank (as-acquired) polymeric filaments. In respect to both type of
coated samples, a large to medium spread of experimental values was reckoned (Figure 10B), which
correlates with the SEM investigation’s results through the varied particle proportion found at the
filament-adhesive interface and also the adhesion/insertion degree of the HA particles.

4. Conclusions

This study targeted the development of a completely new synthesis route for the obtaining of
core-shell materials, namely biocompatible polymers coated with bioceramic HA powder. Their
manufacturing involved two different types of filaments, PLA and TPU, and the variation of several
technological parameters: exposure time and temperature in the electrical oven and the pressing force.

All modifications induced on the working parameters had a direct influence on all the final
core-shell materials’ properties, especially on their coating.

In this regard, for PLA-based materials, the obtained results recommend a temperature of 205
°C, an exposure time of 60’, and a maximum pressing force of 0.5 X 10~* MPa, as compared to TPU
materials for which an increased temperature of 215 °C, 60" of exposure, and higher pressing forces (up
to 2.5 X 10~* MPa) were found adequate because of the i) preserved cylindricity of the filament and
ii) their uniform and well-defined coating. In addition, a comparative study with the cortical bone,
of compression resistance, was performed for these samples to demonstrate their applicability in the
dentistry and orthopedic fields. These technological parameters hold great promise for an optimum
synthesis route of core-shell materials destined for additive manufacturing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/3/283/s1,
Figure S1: Schematic representation for the adapted preparation method of the pull-out test samples, Figure S2:
Schematic representation of the filament travel route inside of an 3D printer, Figure S3: Form factor variation at
195 °C at higher magnifications, Figure S4: Form factor variation at 205 °C at higher magnifications, Figure S5:
Form factor variation at 215 °C temperature at higher magnifications.
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