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Abstract: One trend in tissue engineering and regenerative medicine is the development of degrad-
able composite polymers. The aim of this study was the comprehensive analysis of Polylactic acid
(PLA)/Polyhydroxybutyrate (PHB) + Hydroxyapatite (HA)/Tricalcium phosphate (TCP) material
from filament production to mechanical testing of samples with different infills and the production of
an implant replacement for an intervertebral disc. Filament Maker—Composer 450 (3devo; Nether-
lands) was used to produce filaments. Experimental samples and the implant for the intervertebral
disc were made using FDM technology using a DeltiQ2 3D printer (Trilab, Czech Republic). Mechani-
cal testing of experimental samples was performed on an Inspekt TABLE 5 kN (Hegewald & Peschke,
Nossen, Germany). Microscopic analysis, cytotoxicity test, and filament diameter analysis using
descriptive statistics were also part of the focus. The results of the analysis of the diameter of the
filament show that the filament meets the prescribed standard. The cytotoxicity test for PLA/PHB
+ HA/TCP material showed no toxicity. Microscopic analysis showed an even distribution of the
ceramic component in the composite polymer. Mechanical testing showed a reduction in mechanical
properties with 75% and 50% of the filling of experimental samples. All experimental samples
subjected to mechanical testing showed higher tensile and compressive strength values compared to
the values of the mechanical properties of vertebral trabecular bones, as reported in the literature. It
can therefore be concluded that the material under investigation, PLA/PHB + HA /TCP appears to
be a suitable candidate for hard tissue replacement.
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1. Introduction

In today’s world, the development of new advanced materials plays a significant role
in new applications in various industries. In connection with these progressive materials,
the question is asked as to the selection of the appropriate technology for the actual imple-
mentation of the final output. According to statistical data in the study from the authors
Wickramasinghe et al. [1], it is mentioned that additive manufacturing technologies are
used in various sectors such as the automotive industry [2,3] or aerospace [4,5]. However,
medicine is also a no less important sector where additive manufacturing technology is
used [6-8]. Statistical data indicate that in 2018, additive manufacturing was used in this
area at 0.973%. However, forecasts indicate that by 2026, its share of technology use will be
as high as 18.2% [9]. This fact creates new questions and requirements for materials in the
form of the production of new and high-quality filaments. Due to the fact that the materials
PLA/PHB (polylactic acid / polyhydroxybutyrate) and also HA (Hydroxyapatite) and TCP
(Tricalcium phosphate) have excellent properties within a biological environment, it can be
concluded that this composite biopolymer is suitable for medical applications. This fact is
confirmed by extensive studies examining various aspects of material research, whether
chemical [10], morphological [11], production [12], biological [13], or mechanical [14].
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One of the most common additive manufacturing technologies is Fused Deposition
Modeling (FDM) [15]. This technology uses most commonly plastic strings (filaments)
with a diameter of 1.75 mm or 2.85 mm. This raises new challenges for researchers and
technologists to provide a well-made filament. A study by Kristiawan et al. [16] was
intended to investigate the factors that influence the results of 3D printing in FDM tech-
nology. They agreed that filament production plays a key function in the 3D printing
process, while the reduced quality of the 3D printing process, in turn, has an impact on the
mechanical testing of experimental samples. Aspects that significantly reduce the quality
of the filament are the composition of the filament, the working parameters of extrusion
such as temperature, extrusion rate, and also the method of cooling the extruded filament.
However, despite this, the author of the study states that there are certain relationships
between factors and parameters that are not yet clear, and therefore in the future, it is very
important to concentrate on optimization processes for composite materials, according to
a review study by Wasti et al. [17] where FDM technology and its process parameters are
described when using different composite polymers. The findings of this review study
indicate that parameters such as layer thickness and height, infill application, extruder,
and substrate temperature have an effect on the mechanical properties of the compos-
ite polymer. The study further describes that an important factor is also the choice of
the polymer matrix, particle size and amount of filler, and homogeneity of the filament,
which can affect the clogging of the extruder during the 3D printing process. A study by
Koch et al. [18] describes an open-source hybrid 3D printer for the simultaneous printing
of thermoplastics and hydrogels. The 3D printer enables alternating microextrusion of
hydrogel and extrusion of molten thermoplastic fiber. Thanks to the 3D printer, two designs
suitable for relevant bioprinting applications were created. The first design was a printed
porous scaffold filled with hydrogel for bone replacement, and the second design was
a printed plastic chamber that can be used in organ-on-a-chip applications. The advantage
of this method in extruding two materials with two extruders is the reduction in demands
on material characteristics in the form of mixing. However, from a structural point of view,
it is necessary to carry out extensive modifications. A similar study by Lovecchio et al. [19]
describes the modification of a commercial 3D printer based on the FDM principle with
a 3D bioplotter. The goal of the work was to use these two devices and achieve the required
porosity and thickness of the printed scaffold. The resulting prints of the given prototype
showed sufficient resolution and repeatability, which indicates the given fusion between
FDM technology and 3D Bioplotter technology is suitable for cell culture and tissue en-
gineering. Another study by the author's Park et al. [20] describes the materials for the
production of polymer-based filaments for additive manufacturing, where it explains the
advantages/disadvantages of single and twin-screw extruders. Twin-screw extrusion was
found to create a higher shear force between the material and the screw, which helps to
better mix two or more components of the material and is, therefore, more suitable for the
production of a composite polymer. Single-screw extrusion tends to produce insufficient
shear deformation of the extruded material and, thereby, the accumulation of one com-
ponent over another and poor mixing of the composite material. Therefore single-screw
extrusion is suitable for single-component polymers.

Another area of research in composite biopolymer materials is microscopic
analysis [21-23]. A study by Parias et al. [24] on the composite biopolymer PLA /PHB in
multiple recycling examines the issue using SEM (Scanning Electron Microscope) analysis.
This showed that with an increase in recycling cycles of more than 3 times, the course PHB
particles in the PLA matrix became finer and more homogeneous. However, a greater num-
ber of recycling cycles also resulted in a significant reduction in viscosity. The author also
noted that after multiple cycles, the percentage of crystallinity of the mixture as measured
by DSC (Differential Scanning Calorimetry) increased from 6.3% to 17.5%.

Extensive studies on the subject of PLA /PHB material with an admixture of a ceramic
component are also of interest [25-27]. A study by Senatov et al. [28] examines the mechan-
ical properties of the PHB material with different percentages of HA ceramics (10%, 20%,
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30%, 40%, and 50% mass fraction). From each material option, a scaffold was made using
sintering technology. A high volumetric proportion of pore coupling was achieved at sizes
of 50 pum—>500 pm. Subsequently, the material options were compared with pure PHB. The
comparison evaluated tensile and compressive mechanical properties, biocompatibility,
osseointegration, and cytotoxicity. The most comprehensive results were achieved by
a scaffold with a 20 percent share of HA, whose Young’s modulus of elasticity reached
values of 901 MPa (against 106 MPa). PHB/20%HA samples showed no significant level
of cytotoxicity after 24 h. The results of MMSC (Multipotent mesenchymal stromal cells)
proliferation against net PHB (31% = 6.1% vs. 20% =% 5.7%; p = 0.039) underwent significant
improvement. In the ceramic admixture option, increased bone tissue formation was ob-
served, making PHB/20%HA a more suitable option for biomedical engineering. Another
study focused on mechanical testing is from the author's Porter et al. [29] under the name
of porous HA /PHB composites made using a new centrifugation method. In addition
to mechanical testing, they examined porosity, HA/PHB volume fractions, and surface
adhesion of the resulting HA /PHB composites.

The results showed a slight increase in strength for all composites. Conversely, the
coated samples showed increased rigidity compared to pure HA samples (from 35 to
105 MPa). The authors report that the increased rigidity in the coated samples was due to
strong interactions between the HA and PHB phases.

The aim of the present study was to create a comprehensive study for PLA/PHB +
HA /TCP material with real outputs in the form of manufactured filament and an implant
for an intervertebral disc. The analysis was performed to examine the diameter of the
filament produced to optimize the 3D printing process for the material. Further, mechanical
testing under tensile and compressive conditions was performed.

2. Methodology
2.1. Characteristics of the Material

For the production of filaments, a composite biocompatible material (Corbion, Am-
sterdam, The Netherlands) was chosen with a majority polylactic acid (PLA) content in
a weight ratio of 85%. In order to improve biocompatibility, the biodegradable polymer
Polyhydroxybutyrate (PHB) was added at 15% by mass. Tricytyl 2-Acetyl Citrate (TAC)
was added to the composite mixture as a natural plasticizer due to its better workability
in the 3D printing process at a mass fraction of 5%. In order to ensure cellular adhesion,
the mixture was enriched with bioactive fillers in the form of Hydroxyapatite (HA) and
B-Tricalcium phosphate (TCP) in a mass ratio of 10%. The mixing of these materials was
performed using extrusion, while the composite material itself was pellet-shaped. Table 1
shows the basic chemical and physical properties of the investigated materials. Glass
transition of HA and 3-TCP was not analyzed (n.a.).

Table 1. Chemical and physical parameters of the materials used.

PLA PHB HA B-TCP
Melting point 170-180 175-180 1100 °C 1670 °C
temperature [°C]

Glass transition 50-80 °C 5°C na na
temperature [°C] < <
Molecular weight 72.06 86 502.3 310.18

[g/mol]
Density [g/cm?] 124 3.07 5.12 1.25
Granulate size 2-4 mm 2-4 mm 2-6 um 2-6 um
Morphology spherical spherical angular spherical/ angular
Purity Medical grade Medical grade >95% >95%
Supplier Purasorb® (Amsterdam, Netherlands) ~ Biomer P300 (Frankfurt, Germenny) Captal® (Pune, India) Captal® (Pune, India)

The individual components were mixed using a twin-screw extruder, while in the first phase, pellets of PLA/PHB
materials were formed. Subsequently, this process was repeated with the same extrusion system but as an-
other admixture, in this case, HA and TCP. As a result, pellets were created from the PLA/PHB + HA/TCP
composite polymer.
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2.2. Filament Production

Before the production of the filament, the pellets were subjected to a drying process
due to the possible appearance of moisture. For this purpose, an AirID Polymer Dryer
(3devo, Utrecht, The Netherlands) was used. Drying took place at a temperature of 80 °C
over a duration of 3 h. The entire filament production process was performed in an air-
conditioned environment at a temperature of 18 °C. The production of filaments was
performed using the Filament Maker—Composer 450 (3devo, Utrecht, Netherlands). The
device includes 4 heating zones that melt the material. The temperature range of the
heating zones was from 150 to 180 °C when the screw mechanism rotated 3 &+ 0.4 RPM.
The cooling of the extruded filament was performed using two fans. During the extrusion
of the material in the form of a filament, the diameter of the filament was also measured
using an optical sensor with an accuracy of 43 um (see Figure 1). The sampling frequency
was 1 s. The duration of the recording was 6000 s (1 h and 40 min). The boundary point
range for measuring the filament diameter was set in the range of 1850 pm to 1650 pm.
The cooling of the manufactured filament was performed using 2 fans located under the
nozzle of the device. The nominal diameter of the filament was determined at 1750 pm.
After the extrusion process, the newly formed filament was automatically wound onto
a plastic spool.

Figure 1. Production and measurement of manufactured filament from PLA/PHB + HA/TCP
material. (a) Filament Maker, (b) Material extrusion, (c) Winding the filament onto the coil.

2.3. Microscopic Analysis

For the purpose of expert analysis, an experimental technique of light microscopy
was used: an inverse metallographic microscope (Olympus GX71, Tokyo, Japan) with
a camera (Olympus DP12, Tokyo, Japan). The microscope used accessories for observation
in polarized light and using differential interference contrast. The total number of samples
for microscopic analysis was n = 10. The samples were randomly selected with different
lengths of filament produced. The sample size was a pellet from filament with dimensions
h =3 mm; & = 1.75 mm. The samples were cleaned with methanol in an ultrasound before
observation. The details of the microstructure were checked using scanning electron mi-
croscopy JSM 7000F (Jeol, Tokyo, Japan) in secondary electron mode (SEI), which obtained
information on the morphology of ceramic particles and their distribution in the polymer
filament matrix. The back-scattered electron (BSE) mode provided information about the
distribution of elements in the sample by atomic number. The areas in which elements
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with a higher atomic number are present are lighter in this representation, and the areas
formed by elements with a low atomic number are shown as darker. A necessary condition
for the analysis of filament samples from the polymer matrix was to provide an electrically
conductive surface of the preparation with each polymer matrix sample. Before being
observed in an electron microscope, a layer of gold was deposited on all the samples
analyzed. As a result, it was not possible to detect phosphorus in energy-dispersive X-ray
(EDX) microanalyses. The K-alpha emission line of that overlaps with the M-alpha line of
gold. The advanced preparation of samples for microstructure control involved preparation
in dentacryle, sanding on sandpapers of granularity of 240, 400, 600, and 800, moistening
with water, polishing with diamond paste, granularity 1/0 and 1/4 on satin moistened
with kerosene, washing and rinsing with Ethanolum benzino denaturatum.

2.4. Cytotoxicity Test

The aim of the test was to determine the quantitative level of biocompatibility of the
filament produced when performing an in vitro cytotoxicity test. The total number of pellet
samples was n = 10, and they were randomly selected from the filament produced. The
preparation of the samples was performed by inserting sterile samples into the minimum
essential medium (MEM) + 5% FBS + ATB (acetyltheventin B). The defined ratio was S/V
(0.2 g/mL). The temperature, in this case, was 37 °C with shaking at 120 RPM. The extraction
was set at 24 h. The deployment of cells was performed through a 96-hole arrangement.
The 1.929 cell line (1 x 10° cells mL~') was used. MEM + 10% FBS (Fetal bovine serum)
was used as the medium. All these procedures were performed in conformance with ISO
10993-5. Figure 2 shows the details of the cytotoxicity test procedure

In vitro cytotoxicity test: ISO 10993-5

1. day Preparation of extracts Deployment of cells
* Placement of sterile samples in * 96-hole layout
MEM+5% FBS+ATB medium P -
 Defined ratio S/V (0.2g/mL) Sl
* 37°C, shaking (120 RPM) \ \\%&“
+  24h extraction NS
Cell line L929
10°cells / mL

Medium MEM + 10% FSB
24h incubation
2. day Addition of extracts to cells I

* (control = medium itself)
* 24hincubation

e o o o

A metabolically active
cell

NAD+ resazurin
3. day
Measurement of metabolic activity NADH
¢ Mesazurin preparation in MEM I
: 1h incubation ) | Resorufin
Fluorescence measurement (ex/em = 560/590nm) |

Figure 2. Details of the cytotoxicity test procedure.

2.5. Production of Experimental Samples

A biocompatible composite filament of PLA/PHB + HA/TCP material was used
for the production of experimental samples. The total number of samples produced was
n = 180 for tensile and compressive mechanical testing. The first type of experimental
sample was in a “Dogbone” shape, type 5B, according to the STN EN ISO 527-2 stan-
dard. The second type of experimental sample was a “Cylinder” shape with dimensions
@ =10 mm, h =20 mm. Both types of experimental samples were produced with 100%, 75%,
and 50% infill (see Figure 3). Before the printing process, Simplify3D software was used for
the correct positioning of the sample and also the parameter settings for 3D printing. For
printing, a nozzle size of 0.4 mm was used to set the layer size to 0.25 mm and the layer
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thickness to 0.4 mm. The bed temperature was set at 65 °C and the extraction temperature
at 220 °C. The cooling of the layers during printing was performed using a fan, which was
part of the extruder. The print speed was set to 1800 mm/min. A DeltiQ2 3D printer (Trilab,
Hradec Kralové, Czech Republic) was used for printing. The temperature of the printing
environment was 20 °C.

Experimental sample (Dogbone ; n = 90)

Dogbone (100% infill ; n=30) Dogbone (75% infill ; n=30) Dogbone (50% infill ; n=30)

Experimental sample (Cylinder ; n = 90)

i

Cylinder (100% infill ; n=30) Cylinder (75% infill ; n=30) Cylinder (50% infill ; n=30)

Figure 3.  Preprocessing and printing experimental samples for mechanical testing
(Cylinder—uniaxial mechanical compressive testing; Dogbone—uniaxial mechanical tensile testing).

As part of the 3D printing process for PLA/PHB + HA /TCP material, an intervertebral
disc implant was printed. The setup of the 3D printing process was the same as when
printing experimental samples for mechanical testing. The design of the implant of the
intervertebral disc was performed using SolidWorks software. The pre-processing of 3D
printing was performed in Simplify3D software. The printing itself was performed using
DeltiQ2 3D printer (Trilab, Hradec Krdlové, Czech Republic). The actual pre-processing
can be seen in Figure 4. The simulation of the 3D printing process of the intervertebral disc
model was performed in Simplify 3D software (Simplify 3D, Cincinnati, OH, USA).

Figure 4. Pre-processing of 3D printing and output in the form of an intervertebral disc implant made
of PLA/PHB + HA /TCP material. (a) Intervertebral disc model; (b) Simulation progress—detail on
he filling of the model; (c) Final stage of simulation.

The manufacture and design of the implant of the intervertebral disc from PLA/PHB
+ HA /TCP material also included a basic dimensional characteristic. The nominal values
were considered to be those from the CAD model. The measurement of the CAD model was
performed in SolidWorks software. The measurement of the printed implant was performed
using an LM-1100 optical comparator (Keyence, Mechelen, Belgium). The accuracy of the
device was determined at +0.7 um. The basic dimensions that were compared between the
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CAD model and the printed structure were the total height, overall width, and outermost
points of the lateral and medial sides of the implant (see Figure 5).

&

Figure 5. CAD model of the implant of the intervertebral disc (height, width, and thickness of
the model).

2.6. Mechanical Testing

The total number of experimental samples (1 = 180) with different infills (100%, 75%,
and 50%) were subjected to mechanical tests, with 90 samples being analyzed using a single-
axis tensile test and 90 samples using a single-axis compressive test. Mechanical testing
was performed on the Inspekt TABLE 5 kN (Hegewald & Peschke, Nossen, Germany). The
set maximum power of the device was at 5 kN. Experimental samples were mechanically
tested in accordance with STN EN ISO 527-2:2012. The size of the experimental samples
was in the form of a “Dogbone” type 5B and a cylinder in dimension & = 10 mm, h = 20 mm.
The loading speed was set at 2 mm/min. The distance of the clamping mechanism was
given at 50 mm. The RTSS extensometer (LIMESS, Krefeld, Germany) was used to detect
relative elongation. The tested area of the experimental sample examined in mechanical
tensile testing was 20 mm, according to the applicable standards. In Figure 6, it is possible
to see the fixation of experimental samples in mechanical tensile/compressive testing and
also the detection of relative elongation using the extensometer.
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Mechanical Comprcsswc Testing (Cylmdcr) Recording of the relative elongation measurement

Mechanical testing while lying down (Dogbone)

i

Figure 6. Mechanical tensile/compressive testing of experimental samples (Cylinder, Dogbone) and

measurement of relative elongation.

3. Results and Discussion
3.1. Analysis of Manufactured Filament

The diameter of the filament plays a significant role in the 3D printing process. The
aim of the analysis is to determine the quality of the filament in relation to its diameter.
Descriptive statistics were used for this analysis, comparing the nominal value of the
filament diameter of 1750 pm. The parameters evaluated were the average diameter (the
value expresses the mean level of the total set of measured values), MIN/MAX value
(minimum /maximum measured value), standard deviation (a value that determines the
statistical dispersion), variance (variability of the data in the set from the calculated average
value) and skewness (expresses the skewness of the population and therefore whether
values higher or lower than the average predominate in the given population).

Table 2 describes the analysis of the filament produced using descriptive statistics.
By comparing the nominal value (1750 pm) with the measured average diameter (x) of
the filament produced, a difference of 22.3 um was found. The standard deviation, in this
case, was £22.3 um. After recording these parameters, the tolerance margin of the filament
produced is 44.6 um. When comparing commercially produced filaments, manufacturers
give a tolerance margin of 50 um [30,31], which means that the filament produced by us
falls within the tolerance margin indicated by the commercial filament manufacturer. The
maximum measured mean value was recorded in 1840 um and the lowest at 1663 um.

Table 2. Analysis of filament produced using descriptive statistics.

Filament Diameter (Average) 1.773 mm

Standard deviation (SD) 0.0223 mm
Max. value of filament 1.84 mm
Min. value of filament 1.663 mm
Variance (VAR) —0.00049
Skewness (SKS) —0.1006

Another parameter for analyses of the filament produced is the VAR parameter, which
determines the variability in the set and, therefore, how the measured values are different
from the mean. This parameter, in this case, is —0.00049, which represents the minimum
variance in the statistical population. When analyzing the SKS parameter, it was found
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that the value of the parameter is —0.1006, which means that the measured values of
the diameter of the filament produced from PLA /PHB + HA /TCP material show higher
values than the nominal value (1.75 mm) in the statistical set. This means that the filament
produced is predominantly thicker than the set nominal value.

A similar experience with the results of filament production was also recorded in
a study by the authors Cardona et al. [31], where they describe the effects of filament
diameter tolerance using FFF (Fused Filament Fabrication), and their research showed
that manipulating both the speed and the height of the nozzle can affect the volumetric
flow. This fact also correlates with our results, where when after changing the PRM even
by small values, the diameter of the filament produced changed. However, in this case,
the measured diameter of the filament is not the same throughout the measurement. This
can be due to several factors, such as melt temperature [32-34], the rotational speed of the
screw mechanism [35], cooling of the filament produced [36], or nozzle design [37].

Figure 7a shows the measurement of the filament diameter during the manufacturing
process. The figure also shows the limit values of the filament diameter (min = 1650 pm;
max = 1850 um). It is clear that in the total measuring range of the diameter of the filament
produced, these limit values were not exceeded. Figure 7b shows changes in the level
of current that was required to extrude the material during filament production. When
comparing Figure 7a,b, it can be observed that over a time period of 1500 s, the current
of the apparatus increases slightly, which may be due to the higher stress on the screw
mechanism during the extrusion of the material. Subsequently, over the time period in
Figure 7a, we can observe a slight increase in the diameter of the filament. This can be
caused by a higher ceramic component in the melt resulting in a higher viscous factor
which can affect filament production. This fact is confirmed by studies by the authors
Chen et al. [38] and Mackay et al. [39].
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Figure 7. Cont.
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Figure 7. Analysis of filament produced (a), Measurement of the diameter of the filament;
(b), measurement of RPM Filament Maker (c) Measurements of current on Filament Maker.

A study by Phan et al. [40] describes the computational simulation of the fluid dynam-
ics of the melting process in additive manufacturing using fusion fiber technology. The
simulations show that in melting and shifting the melt, a recirculation vortex is formed,
while the high viscosity in this vortex effectively seals the extrusion system, generating
a voltage of around 10 MPa. This tension is the result of standard extrusion conditions with
pure materials.

However, in our case, a multi-component material was used where one of the compo-
nents is ceramics in the form of HA and TCP. Due to the fact that ceramic material has high
thermal stability [41-43], it is highly likely that these particles in composite materials cause
higher viscosity values than in pure PLA materials. For this reason, it can be concluded
that the increased viscosity of the material during the extrusion process has an impact on
the quality and, therefore, on the diameter of the filament produced, which also affects the
3D printing process itself [44].

3.2. Microscopic Analysis of the Filament Produced

Microscopic analysis plays a significant role in the evaluation of composite polymers.
The purpose of this analysis was to quantitatively describe the distribution of the ceramic
component in the composite biopolymer PLA /PHB. Figure 8 shows a stereo microscope
(SM) image of a given composite polymer at a scale of 500 pm (Figure 8a) and 50 pm
(Figure 8b). Figure 8a,b indicate that the PLA and PHB components show a high level of
mixing. This is due to the molecular mass of the PLA and PHB polymers. While PLA has
a high molecular mass (Mw > 18,000), PHB has a low molecular mass (Mw < 18,000), and
this caused the two components to mix well. Minor clusters of HA and TCP were noted
in all observed samples. HA and also TCP is concentrated throughout the cross-section
of the sample in small clusters. For all samples examined, a cluster size above 5 um was
not exceeded.

In the surface microanalysis of the PLA/PHB + HA/TCP material in the samples
examined, a two to three-layer composite structure of the polymer matrix was observed.
Defects in the integrity of the polymer matrix were not detected in all samples. Figure 8
shows the distribution of phosphorus, oxygen, and calcium elements. In all cases, the
distribution was uniform except for small clusters that were not significant.

There are several studies that disassemble HA material in polymers based on SEM
analysis. One of them is a study by Ramier et al. [45], namely biocomposite scaffolding for
bone tissue applications. The scaffolds were prepared by electrospinning with a PHB/HA
mixture and compared with scaffolds that had been coated with HA using electro-spraying.
On the scaffolds using SEM analysis, the presence of an HA element on the outer surface
was demonstrated. The clusters of HA grew primarily along the fibers, forming several
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nodes between the fibers in the direction of spraying. This fact correlates with our results.
This is evidence of the appropriate application of the HA element. By using FDM technology
and also the electrospinning technique, it is possible to produce samples that will have
an even distribution of HA material over the entire surface or cross-section.

(a) SM analysis (500um)

' ol TR AR AR TIN5+ Sl
’. Ye : a..,‘l‘

Distribution of phosporous in the polymer matrix

Oxygen distribution in the polymer matrix

(d) Area microanalysis of PLA/PHB + HA/TCP material

Calcium distribution in the polymer matrix

Figure 8. Microscopic analysis of composite biopolymer PLA/PHB + HA/TCP. (a) SM analysis
(500 pm); (b) SM analysis (50 um); (¢) SEM analysis (500 x zoom); (d) Area microanalysis of PLA/PHB
+ HA /TCP material.

Another similar study is from the authors Danoux et al. [46], where they evaluate the
biologically active PLA/HA composite for bone regeneration. The percentage composition
of this composite was 50/50. After 12 weeks of exposure to saline, SEM analysis revealed
a dense surface area in PLA/HA samples, while samples from pure PLA showed a rather
porous surface. This result is due to better degradation of pure PLA samples compared
to samples with an admixture of HA. However, in cell proliferation, a higher value was
recorded for samples from PLA/HA material. This evidence supports the theory that
the HA component aids in better osteointegration between the bone and the composite
biomaterial. Another study on this topic discussed the production and evaluation of
biodegradable composites based on the PHB/PHYV copolymer by a group of researchers
Chen et al. [47]. As an admixture to the copolymer, they used ceramic components in the
form of HA and TCP. Part of this investigation was also the analysis of the distribution of
these ceramic components. The results point to a homogeneous distribution of HA and
TCP in the PHB/PHYV copolymer, even after pressing. These results correspond to the
results of our study. This may also be due to the high level of pre-treatment of the materials
studied. In our case, the materials in question were joined using extrusion techniques, and
pellets were created, which were used in the production of filament. In the study by Chen
et al,, the starting materials were in the form of fine powders (for HA and TCP) and small
granules (for PHB/PHV), which were mixed at 140 °C and 25 RPM.
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3.3. Test of Cytotoxicity

It is important to subject biomedical materials that are intended for medical application
to biological tests to see if they are a potential risk to the human body. In this case,
a significant role is played by the cytotoxicity test and cell proliferation on a given composite
biopolymer in the form of PLA /PHB with the admixture of HA and TCP.

The evaluation of the metabolic activity of the cells on the investigated material can
be seen in Figure 9. In Figure 10, quantitative results for the cytotoxicity of PLA/PHB
+ HA /TCP material can be observed when using mouse fibroblast L929. The control
metabolic activity was set at 70%.

PLA/PHA + HA/TCP cytotoxicity test

L 120

o

2 100

o

L]
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§ 20 metabolic activity)
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& 0

100% extract 75% extract

Figure 9. Cytotoxicity test for PLA/PHB + HA /TCP material using L929 fibroblast mouse.

Cells before exposure

Check after 24 hours of exposure (extraction medium on material PLA/PHB + HA/TCP)

Figure 10. Quantitative imaging of cell culture (check vs. 24 hrs. exposure).

None of the extracts of the test materials caused a decrease in the metabolic activity
of cells below 70%, even after a negative control, even with the reference material. Only
sample No. 4 showed slightly reduced metabolic activity (still above 70%). It follows
from the above that the extracts are not cytotoxic. A visual inspection showed that in all
types of material, there was an appropriate increase in the number of cells after 24 h of
cultivation with the extract, which means proliferation. Cells after culture with extracts
are morphologically comparable to unaffected cells, which means that the extracts are
not cytotoxic.
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The results obtained correlate with the study by Kovalcik et al. [48], where they
investigated the properties of a skeleton made of PLA and PHB material prepared using
FDM technology. In the evaluation, the scaffolds were subjected to a cytotoxicity test with
no negative results for toxicity. On the contrary, a large proliferation of mouse embryonic
fibroblast cells was demonstrated within 96 h. However, there are also studies that describe
materials that are physically modified for better cell growth, but this, in some cases, does
not avoid changing the mechanical properties [49]. A similar study by Moorkoth et al. [50]
investigated the cytotoxicity of biopolymer nanoparticles from PLA and PHB material
using a cell viability test (MTT). The results from the authors show that no significant
change in viability was detected in any of the tested concentrations, suggesting that the
cells in question are viable in the presence of these types of materials.

3.4. Mechanical Testing Analysis

The aim of the analysis was to detect mechanical properties in uniaxial compres-
sive/tensile testing for PLA/PHB + HA/TCP material with different infills of experimental
samples. The parameters studied were Young’'s modulus of elasticity (E), the yield point
(Rp), and the maximum achieved force (Fmax). The student’s T-test was used to determine
statistical significance.

3.4.1. Tensile Mechanical Testing

Figure 11 shows the parameters E, Rp, and Fmax of single-axis tensile tests for
PLA/PHB + HA /TCP material at 100%, 75%, and 50% infill of experimental samples. The
mean E value for samples with 100% infill was recorded at 2566.78 + 533.32 MPa, while the
average value of samples with 75% infill was recorded at 1947.45 4 220.9 MPa. Experimen-
tal samples with 50% infill have even lower values for this parameter (1345.86 & 180.76 MPa).
When comparing experimental samples with 100% and 75% infill, a decrease in E of 24.13%
was observed, while for samples with 50% infill, this parameter was reduced by up to
47.57%. Similar results were also noted for the examined parameters Rp and Fmax. The
mean Rp for samples with 100% infill was 17.45 + 3.88 N/mm? while samples with 75%
infill showed Rp at 11.81 + 1.16 N/mm?. The Rp value for 50% infill samples was detected
at 8.76 + 1.48 N/mm?. By comparison, it was found that samples with 75% infill had lower
Rp values than samples with 100% infill by 32.32%. A decrease in about 49.8% in the level of
Rp was also observed for samples with 50% infill. The mean Fmax for samples with 100% in-
flation was found to be 26.97 £ 7.26 MPa, but for samples with 75% infill, 17.43 = 1.19 MPa.
A comparison of these two groups of samples revealed a decrease in Fmax of 35.37%. The
average values of samples with 50% infill show a value of 12.79 + 1.48 MPa, which means
a 52.62% decrease in the parameter when compared to samples with 100% infill. The
statistically significant (p < 0.001) results were the comparisons of the sample groups with
100% and 75% infill and also with 50% infill for all the parameters studied (E, Rp, Fmax).

Elastic modulus Yield strenght Ultimate strenght
4000 4 30 404
35004 a ) b) C)
3000 4 304
20
§ 2500 4 § D;:
N % " i
1000 v v L2 T T T 10 T
100% 75% 50% 100% 75% 50% 100%

Experimental samples Experimental samples Experimen:aslﬂ,“samples o
Figure 11. Results of mechanical tensile testing for PLA/PHB + HA/TCP material with in-
fills of 100%, 75%, and 50% infills of experimental samples (a) Elastic modulus; (b) Yield point;
(c) Ultimate strength).
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3.4.2. Compressive Mechanical Testing

Figure 12 shows the investigated parameters (E, Rp, Fmax) of the mechanical compres-
sive tests for the material PLA/PHB + HA /TCP at 100%, 75%, and 50% infill experimental
samples. By comparing individual groups of experimental samples, the statistical signifi-
cance (p < 0.001) of the decrease in mechanical properties (E, Rp, Fmax) in samples with
infills of 75% and 50% versus experimental samples with 100% infills was demonstrated.

Modulus of compression Yield strenght Ultimate strenght
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Figure 12. Results of mechanical tensile testing for PLA/PHB + HA/TCP material with infills of
100%, 75%, and 50% infills of experimental samples (a) Elastic modulus; (b) Modulus of compression;
(c) Ultimate strength.

The mean “Modulus of compression” for samples with 100% infill was
1515.2 4= 50.97 MPa, while the average for 75% infill samples was 1377.62 4= 45.93 MPa. This
difference represents a reduction in the Modulus of compression of 9.08%. Experimental
samples with 50% infill showed an even greater decrease in this parameter (a decrease in
31.61%). In the evaluation of the Rp parameter, the mean values of samples with 100%
infill were recorded at 51.89 £ 1.87 MPa, while the mean value for samples with 75%
infill was 23.75 £+ 1.4 MPa. The difference represents a decrease in the parameter by
54.19%. Experimental samples with 50% infill showed mean Rp values of 16.93 & 0.74 MPa,
which represents a decrease in the Rp parameter of 67.37% compared to samples with
100% infill. Similarly, decreasing results were also reported for the Fmax parameter
(75% infill samples = 29.3% decrease; 50% infill samples = 51.42% decrease).

The application of a new composite biopolymer for medical applications requires
a detailed analysis of mechanical testing. Young’s modulus of elasticity (YME) plays
a significant parameter in determining the appropriate application [51]. According to expert
literary sources, this parameter is different for every single component (PLA = 4-5 GPA;
PHB= 3-3.3 GPa; HA= 80-175 GPa; TCP= around 100 GPa) [52-54]. A similar study by
Russias et al. [55] investigated the mechanical properties of composite materials at different
grain sizes and HA concentrations in PLA coupling. They demonstrated that the modulus
of elasticity of HA composites is heavily dependent on HA content. The largest YME value
was recorded for an 80% HA mass fraction in the composite, with the value being measured
as slightly below 10 GPa. This finding did not correspond to our results when the YME
values measured by us averaged around 2.5 GPa. This significant difference in results could
be due to a number of factors. One of them may be a different technological process for
the production of samples [56]. Another reason for the difference in results may be due
to the different mass ratios of the HA component in the composite, which is confirmed
by a study by the authors Ingole et al. [57]. Another similar study, which focused on the
mechanical properties of PHB composite material with different mass concentrations of
HA, is described by the group of authors Tehrani et al. [58]. They found that they had
the highest YME at a concentration with a 5% mass fraction of HA. This finding is partly
correlated with our results. The partial difference in results can be attributed to the PLA
component in our composite material, which shows higher YME values compared to the
PHB material. An equally significant factor is that, in our case, the PLA material had
a representation of up to 70% of the total mass ratio.
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Another study focusing on the effects of combined fill patterns on mechanical properties
in the FDM process is discussed by a group of researchers in the study by Dezaki et al. [59].
From the study, it can be concluded that the most critical parameters in terms of the strength
properties of the printed structure are the layer thickness, the fill pattern, and the fill density.
The density of the filler can reduce the YMP value several times. This finding correlates with
our mechanical testing results for samples with 75% and 50% infill. The cause of the YME
sample reduction in the cross-section area. Samples with 100% infill have a cross-section
area of approximately 8 mm?, samples with 75% infill have a cross-section area of about
6 mm?, and samples with 50% infill have only 4 mm?. This fact is confirmed by a study by
the authors Bakir et al. [60].

3.5. Analysis of the Dimensions of the Printed Implant

The aim of the analysis of the basic dimensions of the printed implant of the interverte-
bral disc was to determine the dimensional characteristics of the CAD model as a reference
value and the printed implant. Table 3 shows the nominal values of the dimensions ex-
amined on the CAD model and the measured values on the printed implant made of
PLA/PHB + HA /TCP material. Figure 13 shows the printed implant of the intervertebral
disc made from the studied material.

Table 3. Dimensional parameters of the CAD model (reference value) vs. dimensional parameters of

the printed implant.
3D Model (Nominal) [mm] Printed Implant [mm]
Height 14 13.967
Width 16 15.963
Thickness 8.144 8.198

Figure 13. The implant of the intervertebral disc printed by FDM technology (a) Bottom side of the
intervertebral disc model; (b) Top side of the intervertebral disc model.

When comparing the basic dimensions of the 3D model and the printed implant, mini-
mal deviations were detected. In terms of the height of the structure studied, a difference of
33 um was noted. When measuring the overall width of the implant, a deviation of 37 um
was noted. When measuring the total thickness of the implant, a difference of 0.054 pm
was noted.

The accuracy of 3D printing technology is essential for clinical applications. The
accuracy of 3D printing is influenced by several factors [61,62]. A study by Kim et al. [63]
describes the accuracy of 3D printing of surgical guides for dental applications. The aim of
the study was to compare the dimensional differences between the CAD model and surgical
guides in 3 types of 3D printers. Moreover, in this case, differences were noted between the
CAD model and the printed surgical guides (0.06 £ 0.05 mm for PolyJet, 0.09 & 0.05 mm
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for SLA, and 0.31 + 0.33 mm for MJP). These results correspond to the results of our
study. However, it should be noted that the equipment used, and the methodology for
evaluating the measured data have a significant influence on the accuracy of printed
structures. A similar study by the authors El-Katatny et al. [64] analyzed the defects
of medical models produced by FDM technology. The study showed an absolute mean
deviation of 0.24% for skull models and 0.22% for jaw models using ABS material. These
results are partly correlated with our results, and in our study, we also noted variations,
but not so significantly. This could be due to a number of factors. The first is that the model
was modified in the Magics software, where there may have been a minor change from the
original dimensions from the CT scan. The shrinkage of the material during 3D printing
also plays an important role in this case. ABS is considered a polymer that has a high
level of shrinkage (around 0.8% of the volume), while the PLA material has a low level of
shrinkage, which precedes the deformation of the structure and, therefore, the accuracy of
the printed structure.

4. Conclusions

Comprehensive analysis and outputs in the form of manufactured filament and im-
plant of the intervertebral disc from PLA/PHB + HA /TCP material indicate a promising
future for medical applications. Analysis of the diameter of the filament showed that
the filament produced meets the required standard for the 3D printing process in terms
of diameter, which was confirmed by the printing itself. Microscopic analysis showed
a homogeneous distribution of the ceramic component HA and TCP in a given filament.
The cytotoxicity test did not show any toxic effects of the material, and, on the contrary,
the level of cell proliferation exceeded the established standard. Mechanical testing of
experimental samples with different fillings amply proves that mechanical properties are
suitable to replace hard tissues.

Author Contributions: Conceptualization, R.H. and M.S.; methodology, M.K. and S.L.; software,
S.L.; validation, M.K.; resources, S.L.; data curation, M.K.; writing—original draft preparation,
M.K.; writing—review and editing, M.K. and S.L.; visualization, S.L.; supervision, M.S.; project
administration, R.H. and ].Z.; funding acquisition, ].Z. All authors have read and agreed to the
published version of the manuscript.

Funding: The achieved results were created within the investigation of project no. 2018/14432:
1-26C0, which is supported by the Ministry of Education, Science, Research and Sport of the Slovak
Republic within the provided incentives for research and development from the state budget in
accordance with Act No. 185/2009 Coll. on incentives for research and development. This publication
is the result of the project implementation CEMBAM-Center for Medical Bioadditive Research
and Production, ITMS2014+: 313011V358, supported by the Operational Programme Integrated
Infrastructure funded by the European Regional Development Fund. This publication is the result
of the project implementation Center for Advanced Therapies of Chronic Inflammatory Disease of
the Locomotion, ITMS2014+: 313011W410, supported by the Operational Programme Integrated
Infrastructure funded by the European Regional Development Fund. This work was supported by
the Slovak Research and Development Agency under the contract No. APVV-17-0278. This work was
supported by the Slovak Research and Development Agency under the contract No. APVV-20-0068.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wickramasinghe, S.; Do, T.; Tran, P. FDM-Based 3D Printing of Polymer and Associated Composite: A Review on Mechanical
Properties, Defects and Treatments. Polymers 2020, 12, 1529. [CrossRef] [PubMed]
2. Vasco, J.C. Additive Manufacturing for the Automotive Industry. In Additive Manufacturing; Elsevier: Amsterdam, The Nether-

lands, 2021; pp. 505-530.


http://doi.org/10.3390/polym12071529
http://www.ncbi.nlm.nih.gov/pubmed/32664374

Polymers 2022, 14, 5357 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ghahfarokhi, P.S.; Podgornovs, A.; Kallaste, A.; Cardoso, A.J.M.; Belahcen, A.; Vaimann, T.; Tiismus, H.; Asad, B. Opportunities
and Challenges of Utilizing Additive Manufacturing Approaches in Thermal Management of Electrical Machines. IEEE Access
2021, 9, 36368-36381. [CrossRef]

Rohan, P,; Lukag, F,; Kolatikova, M.; Krum, S.; Hornik, J.; Lukes, J.; éepitka, J.; Kuchat, J. Pulsed Plasma Surfacing of Titanium
Matrix Cermet Based on B4C. J. Therm. Spray Technol. 2022, 31, 1975-1984. [CrossRef]

Levashkin, D.; Ogin, P; Vasilyev, E. Efficiency of Hybrid Cyclic Processing with the Use of Additive Technologies on CNC
Machines for the Manufacture of Composite Aviation Parts Due to the Reduction of Processing Errors. Mater. Sci. For. 2019,
946, 959-965. [CrossRef]

Haleem, A.; Javaid, M.; Saxena, A. Additive Manufacturing Applications in Cardiology: A Review. Egypt. Heart |. 2018,
70, 433-441. [CrossRef]

Ramola, M.; Yadav, V,; Jain, R. On the Adoption of Additive Manufacturing in Healthcare: A Literature Review. |. Manuf. Technol.
Manag. 2019, 30, 48-69. [CrossRef]

Javaid, M.; Haleem, A. Additive Manufacturing Applications in Medical Cases: A Literature Based Review. Alex. |. Med. 2018,
54, 411-422. [CrossRef]

Allied Market Research. Allied Market Research. 3D Printing Healthcare Market to Reach $3.69 Bn, Globally, by 2026 at
18.2% CAGR. Available online: https:/ /www.prnewswire.com/news-releases/3d-printing-healthcare-market-to-reach-3-69-bn-
globally-by-2026-at-18-2-cagr-allied-market-research-300944847 html (accessed on 31 October 2022).

Kervran, M.; Vagner, C.; Cochez, M.; Pongot, M.; Saeb, M.R.; Vahabi, H. Thermal Degradation of Polylactic Acid
(PLA)/Polyhydroxybutyrate (PHB) Blends: A Systematic Review. Polym. Degrad. Stab. 2022, 201, 109995. [CrossRef]

Arrieta, M.P,; Perdiguero, M.; Fiori, S.; Kenny, ].M.; Peponi, L. Biodegradable Electrospun PLA-PHB Fibers Plasticized with
Oligomeric Lactic Acid. Polym. Degrad. Stab. 2020, 179, 109226. [CrossRef]

Aversa, C.; Barletta, M.; Puopolo, M.; Vesco, S. Cast Extrusion of Low Gas Permeability Bioplastic Sheets in PLA/PBS and
PLA/PHB Binary Blends. Polym.-Plast. Technol. Mater. 2020, 59, 231-240. [CrossRef]

Dawin, T.P,; Ahmadi, Z.; Taromi, F.A. Biocompatible PLA /PHB Coatings Obtained from Controlled Solid State Polymerization.
Prog. Org. Coat. 2019, 132, 41-49. [CrossRef]

Frone, A.N.; Batalu, D.; Chiulan, I.; Oprea, M.; Gabor, A.R.; Nicolae, C.-A.; Raditoiu, V.; Trusca, R.; Panaitescu, D.M. Morpho-
Structural, Thermal and Mechanical Properties of PLA /PHB/Cellulose Biodegradable Nanocomposites Obtained by Compression
Molding, Extrusion, and 3D Printing. Nanomaterials 2019, 10, 51. [CrossRef] [PubMed]

Tan, D.K.; Maniruzzaman, M.; Nokhodchi, A. Advanced Pharmaceutical Applications of Hot-Melt Extrusion Coupled with Fused
Deposition Modelling (FDM) 3D Printing for Personalised Drug Delivery. Pharmaceutics 2018, 10, 203. [CrossRef]

Kristiawan, R.B.; Imaduddin, F.; Ariawan, D.; Ubaidillah; Arifin, Z. A Review on the Fused Deposition Modeling (FDM) 3D
Printing: Filament Processing, Materials, and Printing Parameters. Open Eng. 2021, 11, 639-649. [CrossRef]

Wasti, S.; Adhikari, S. Use of Biomaterials for 3D Printing by Fused Deposition Modeling Technique: A Review. Front. Chem.
2020, 8, 315. [CrossRef] [PubMed]

Koch, F; Thaden, O.; Trondle, K.; Zengerle, R.; Zimmermann, S.; Koltay, P. Open-Source Hybrid 3D-Bioprinter for Simultaneous
Printing of Thermoplastics and Hydrogels. HardwareX 2021, 10, e00230. [CrossRef]

Lovecchio, J.; Cortesi, M.; Zani, M.; Govoni, M.; Dallari, D.; Giordano, E. Fiber Thickness and Porosity Control in a Biopolymer
Scaffold 3D Printed through a Converted Commercial FDM Device. Materials 2022, 15, 2394. [CrossRef]

Park, S.; Fu, K. Polymer-Based Filament Feedstock for Additive Manufacturing. Compos. Sci. Technol. 2021, 213, 108876. [CrossRef]
Rydz, J.; Siskova, A.; Andicsova Eckstein, A. Scanning Electron Microscopy and Atomic Force Microscopy: Topographic and
Dynamical Surface Studies of Blends, Composites, and Hybrid Functional Materials for Sustainable Future. Adv. Mater. Sci. Eng.
2019, 2019, 6871785. [CrossRef]

D’Anna, A.; Arrigo, R.; Frache, A. PLA /PHB Blends: Biocompatibilizer Effects. Polymers 2019, 11, 1416. [CrossRef]

Liu, A.R.; Xu, B.Z.; Chen, C.C.; Huang, D.Y;; Liang, EW.; Ge, EX_; Ge, G.J. Effects of Modified SWCNT on the Mechanical and
Thermal Properties of PLA /PHB Bio-Composites. AIP Adv. 2020, 10, 075122. [CrossRef]

Farias, N.C.; Major, I.; Devine, D.; Brennan Fournet, M.; Pezzoli, R.; Farshbaf Taghinezhad, S.; Hesabi, M. Multiple Recycling
of a PLA / PHB Biopolymer Blend for Sustainable Packaging Applications: Rheology-morphology, Thermal, and Mechanical
Performance Analysis. Polym. Eng. Sci. 2022, 62, 1764-1774. [CrossRef]

Arif, U.; Haider, S.; Haider, A.; Khan, N.; Alghyamah, A.A_; Jamila, N.; Khan, M.I.; Almasry, W.A.; Kang, I.-K. Biocompatible
Polymers and Their Potential Biomedical Applications: A Review. Curr. Pharm. Des. 2019, 25, 3608-3619. [CrossRef] [PubMed]
Surisaeng, J.; Kanabenja, W.; Passornraprasit, N.; Aumnate, C.; Potiyaraj’, P. Polyhydroxybutyrate/Polylactic Acid Blends:
An Alternative Feedstock for 3D Printed Bone Scaffold Model. J. Phys. Conf. Ser. 2022, 2175, 012021. [CrossRef]

Azami, M.; Moztarzadeh, F; Tahriri, M. Preparation, Characterization and Mechanical Properties of Controlled Porous
Gelatin/Hydroxyapatite Nanocomposite through Layer Solvent Casting Combined with Freeze-Drying and Lamination Tech-
niques. J. Porous Mater. 2010, 17, 313-320. [CrossRef]

Senatov, F; Anisimova, N.; Kiselevskiy, M.; Kopylov, A.; Tcherdyntsev, V.; Maksimkin, A. Polyhydroxybutyrate/Hydroxyapatite
Highly Porous Scaffold for Small Bone Defects Replacement in the Nonload-Bearing Parts. J. Bionic Eng. 2017, 14, 648-658.
[CrossRef]


http://doi.org/10.1109/ACCESS.2021.3062618
http://doi.org/10.1007/s11666-022-01421-0
http://doi.org/10.4028/www.scientific.net/MSF.946.959
http://doi.org/10.1016/j.ehj.2018.09.008
http://doi.org/10.1108/JMTM-03-2018-0094
http://doi.org/10.1016/j.ajme.2017.09.003
https://www.prnewswire.com/news-releases/3d-printing-healthcare-market-to-reach-3-69-bn-globally-by-2026-at-18-2-cagr-allied-market-research-300944847.html
https://www.prnewswire.com/news-releases/3d-printing-healthcare-market-to-reach-3-69-bn-globally-by-2026-at-18-2-cagr-allied-market-research-300944847.html
http://doi.org/10.1016/j.polymdegradstab.2022.109995
http://doi.org/10.1016/j.polymdegradstab.2020.109226
http://doi.org/10.1080/25740881.2019.1625396
http://doi.org/10.1016/j.porgcoat.2019.03.024
http://doi.org/10.3390/nano10010051
http://www.ncbi.nlm.nih.gov/pubmed/31878292
http://doi.org/10.3390/pharmaceutics10040203
http://doi.org/10.1515/eng-2021-0063
http://doi.org/10.3389/fchem.2020.00315
http://www.ncbi.nlm.nih.gov/pubmed/32457867
http://doi.org/10.1016/j.ohx.2021.e00230
http://doi.org/10.3390/ma15072394
http://doi.org/10.1016/j.compscitech.2021.108876
http://doi.org/10.1155/2019/6871785
http://doi.org/10.3390/polym11091416
http://doi.org/10.1063/5.0011522
http://doi.org/10.1002/pen.25962
http://doi.org/10.2174/1381612825999191011105148
http://www.ncbi.nlm.nih.gov/pubmed/31604409
http://doi.org/10.1088/1742-6596/2175/1/012021
http://doi.org/10.1007/s10934-009-9294-3
http://doi.org/10.1016/S1672-6529(16)60431-6

Polymers 2022, 14, 5357 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Porter, M.M.; Lee, S.; Tanadchangsaeng, N.; Jaremko, M.].; Yu, J.; Meyers, M.; McKittrick, ]J. Porous Hydroxyapatite-
Polyhydroxybutyrate Composites Fabricated by a Novel Method via Centrifugation. In Mechanics of Biological Systems and
Materials, Volume 5; Springer: New York, NY, USA, 2013; pp. 63-71.

Grabowik, C.; Kalinowski, K.; Cwikla, G.; Paprocka, I.; Kogut, P. Tensile Tests of Specimens Made of Selected Group of the
Filament Materials Manufactured with FDM Method. MATEC Web Conf. 2017, 112, 04017. [CrossRef]

Cardona, C.; Curdes, A.H.; Isaacs, A.]. Effects of Filament Diameter Tolerances in Fused Filament Fabrication. IU J. Undergrad.
Res. 2016, 2, 44-47. [CrossRef]

Mirén, V.; Ferrandiz, S.; Juarez, D.; Mengual, A. Manufacturing and Characterization of 3D Printer Filament Using Tailoring
Materials. Procedia Manuf. 2017, 13, 888-894. [CrossRef]

Mohammed, M.L; Wilson, D.; Gomez-Kervin, E.; Tang, B.; Wang, J. Investigation of Closed-Loop Manufacturing with Acrylonitrile
Butadiene Styrene over Multiple Generations Using Additive Manufacturing. ACS Sustain. Chem. Eng. 2019, 7, 13955-13969.
[CrossRef]

Spinelli, G.; Kotsilkova, R.; Ivanov, E.; Petrova-Doycheva, I.; Menseidov, D.; Georgiev, V.; Maio, R.D.; Silvestre, C. Effects of
Filament Extrusion, 3D Printing and Hot-Pressing on Electrical and Tensile Properties of Poly(Lactic) Acid Composites Filled
with Carbon Nanotubes and Graphene. Nanomaterials 2019, 10, 35. [CrossRef] [PubMed]

Prasad, E.; Islam, M.T.; Goodwin, D.].; Megarry, A.].; Halbert, G.W.; Florence, A.]J.; Robertson, J. Development of a Hot-Melt
Extrusion (HME) Process to Produce Drug Loaded AffinisolTM 15LV Filaments for Fused Filament Fabrication (FFF) 3D Printing.
Addit. Manuf. 2019, 29, 100776. [CrossRef]

Mcllroy, C.; Olmsted, P.D. Disentanglement Effects on Welding Behaviour of Polymer Melts during the Fused-Filament-Fabrication
Method for Additive Manufacturing. Polymer 2017, 123, 376-391. [CrossRef]

Anderegg, D.A.; Bryant, H.A_; Ruffin, D.C.; Skrip, S.M., Jr; Fallon, ].].; Gilmer, E.L.; Bortner, M.]. In-Situ Monitoring of Polymer
Flow Temperature and Pressure in Extrusion Based Additive Manufacturing. Addit. Manuf. 2019, 26, 76-83. [CrossRef]

Chen, J.; Smith, D.E. Filament Rheological Characterization for Fused Filament Fabrication Additive Manufacturing: A Low-Cost
Approach. Addit. Manuf. 2021, 47, 102208. [CrossRef]

Mackay, M.E. The Importance of Rheological Behavior in the Additive Manufacturing Technique Material Extrusion. J. Rheol.
2018, 62, 1549-1561. [CrossRef]

Phan, D.D.; Horner, ].S.; Swain, Z.R.; Beris, A.N.; Mackay, M.E. Computational Fluid Dynamics Simulation of the Melting Process
in the Fused Filament Fabrication Additive Manufacturing Technique. Addit. Manuf. 2020, 33, 101161. [CrossRef]

Wagh, A.S.; Poeppel, R.B.; Singh, J.P. Open Pore Description of Mechanical Properties of Ceramics. J. Mater. Sci. 1991,
26, 3862-3868. [CrossRef]

Maté-Sanchez de Val, J.E.; Calvo-Guirado, J.L.; Delgado-Ruiz, R.A.; Ramirez-Fernandez, M.P,; Negri, B.; Abboud, M.; Martinez,
I.M.; de Aza, P.N. Physical Properties, Mechanical Behavior, and Electron Microscopy Study of a New o-TCP Block Graft with
Silicon in an Animal Model: New Block Graft of «-TCP with Silicon. . Biomed. Mater. Res. A 2012, 100, 3446-3454. [CrossRef]
Rh Owen, G.; Dard, M.; Larjava, H. Hydoxyapatite /Beta-Tricalcium Phosphate Biphasic Ceramics as Regenerative Material for
the Repair of Complex Bone Defects. J. Biomed. Mater. Res. B Appl. Biomater. 2018, 106, 2493-2512. [CrossRef]

Spoerk, M.; Arbeiter, F.; Raguz, I.; Holzer, C.; Gonzalez-Gutierrez, J]. Mechanical Recyclability of Polypropylene Composites
Produced by Material Extrusion-Based Additive Manufacturing. Polymers 2019, 11, 1318. [CrossRef]

Ramier, J.; Bouderlique, T.; Stoilova, O.; Manolova, N.; Rashkov, I.; Langlois, V.; Renard, E.; Albanese, P.; Grande, D. Biocomposite
Scaffolds Based on Electrospun Poly(3-Hydroxybutyrate) Nanofibers and Electrosprayed Hydroxyapatite Nanoparticles for Bone
Tissue Engineering Applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 38, 161-169. [CrossRef]

Danoux, C.B.; Barbieri, D.; Yuan, H.; de Bruijn, J.D.; van Blitterswijk, C.A.; Habibovic, P. In Vitro and in Vivo Bioactivity
Assessment of a Polylactic Acid/Hydroxyapatite Composite for Bone Regeneration. Biomatter 2014, 4, e27664. [CrossRef]

Chen, L.J.; Wang, M. Production and Evaluation of Biodegradable Composites Based on PHB-PHV Copolymer. Biomaterials 2002,
23,2631-2639. [CrossRef]

Kovalcik, A.; Sangroniz, L.; Kalina, M.; Skopalova, K.; Humpoli¢ek, P.; Omastova, M.; Mundigler, N.; Miiller, A.J. Properties
of Scaffolds Prepared by Fused Deposition Modeling of Poly(Hydroxyalkanoates). Int. J. Biol. Macromol. 2020, 161, 364-376.
[CrossRef]

Shangguan, Y.-Y.; Wang, Y.-W.; Wu, Q.; Chen, G.-Q. The Mechanical Properties and in Vitro Biodegradation and Biocompatibility
of UV-Treated Poly(3-Hydroxybutyrate-Co-3-Hydroxyhexanoate). Biomaterials 2006, 27, 2349-2357. [CrossRef]

Moorkoth, D.; Nampoothiri, K.M. Production and Characterization of Poly(3-Hydroxy Butyrate-Co-3 Hydroxyvalerate) (PHBV)
by a Novel Halotolerant Mangrove Isolate. Bioresour. Technol. 2016, 201, 253-260. [CrossRef]

Maskery, I.; Sturm, L.; Aremu, A.O.; Panesar, A.; Williams, C.B.; Tuck, C.J.; Wildman, R.D.; Ashcroft, I.A.; Hague, R.J.M.
Insights into the Mechanical Properties of Several Triply Periodic Minimal Surface Lattice Structures Made by Polymer Additive
Manufacturing. Polymer 2017, 152, 62-71. [CrossRef]

Borges, R.; Ribeiro, S.; Marchi, J.; Yoshimura, H.N. Mechanical Characterization of Tricalcium Phosphate Ceramics Doped with
Magnesium. Mater. Sci. For. 2014, 798-799, 454-459. [CrossRef]

Ratner, B.D.; Hoffman, A.S.; Schoen, EJ.; Lemons, J.E. Biomaterials Science: An Introduction to Materials in Medicine, 3rd ed.;
Academic Press: San Diego, CA, USA, 2012.

Black, J. Biological Performance of Materials: Fundamentals of Biocompatibility, 3rd ed.; CRC Press: Boca Raton, FL, USA, 1999.


http://doi.org/10.1051/matecconf/201711204017
http://doi.org/10.14434/iujur.v2i1.20917
http://doi.org/10.1016/j.promfg.2017.09.151
http://doi.org/10.1021/acssuschemeng.9b02368
http://doi.org/10.3390/nano10010035
http://www.ncbi.nlm.nih.gov/pubmed/31877817
http://doi.org/10.1016/j.addma.2019.06.027
http://doi.org/10.1016/j.polymer.2017.06.051
http://doi.org/10.1016/j.addma.2019.01.002
http://doi.org/10.1016/j.addma.2021.102208
http://doi.org/10.1122/1.5037687
http://doi.org/10.1016/j.addma.2020.101161
http://doi.org/10.1007/BF01184983
http://doi.org/10.1002/jbm.a.34259
http://doi.org/10.1002/jbm.b.34049
http://doi.org/10.3390/polym11081318
http://doi.org/10.1016/j.msec.2014.01.046
http://doi.org/10.4161/biom.27664
http://doi.org/10.1016/S0142-9612(01)00394-5
http://doi.org/10.1016/j.ijbiomac.2020.06.022
http://doi.org/10.1016/j.biomaterials.2005.11.024
http://doi.org/10.1016/j.biortech.2015.11.046
http://doi.org/10.1016/j.polymer.2017.11.049
http://doi.org/10.4028/www.scientific.net/MSF.798-799.454

Polymers 2022, 14, 5357 19 of 19

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Russias, J.; Saiz, E.; Nalla, RK.; Gryn, K,; Ritchie, R.O.; Tomsia, A.P. Fabrication and Mechanical Properties of PLA/HA
Composites: A Study of in Vitro Degradation. Mater. Sci. Eng. C Biomim. Supramol. Syst. 2006, 26, 1289-1295. [CrossRef]

Kabir, SSMLE,; Mathur, K.; Seyam, A.-EM. A Critical Review on 3D Printed Continuous Fiber-Reinforced Composites: History,
Mechanism, Materials and Properties. Compos. Struct. 2020, 232, 111476. [CrossRef]

Ingole, V.H.; Vuherer, T.; Maver, U.; Vinchurkar, A.; Ghule, A.V.; Kokol, V. Mechanical Properties and Cytotoxicity of Differently
Structured Nanocellulose-Hydroxyapatite Based Composites for Bone Regeneration Application. Nanomaterials 2019, 10, 25.
[CrossRef]

Tehrani, A.H.; Zadhoush, A.; Karbasi, S. Preparing Nanocomposite Fibrous Scaffolds of PSHB/NHA for Bone Tissue Engineering.
In In Proceedings of the 2010 17th Iranian Conference of Biomedical Engineering (ICBME), Isfahan, Iran, 34 November 2010;
IEEE: Piscataway, NJ, USA.

Lalegani Dezaki, M.; Mohd Ariffin, M.K.A. The Effects of Combined Infill Patterns on Mechanical Properties in FDM Process.
Polymers 2020, 12, 2792. [CrossRef]

Bakar, A.A.; Atik, R.; Ozering, S. Mechanical Properties of Thermoplastic Parts Produced by Fused Deposition Modeling:A Review.
Rapid Prototyp. J. 2021, 27, 537-561. [CrossRef]

Kim, S.; Shin, Y.; Jung, H.; Hwang, C.; Baik, H.; Cha, J. Precision nad trueness of dental models manufactured with different
3-dimensional printing techniques. Am. J. Orthod. Dentofac. Orthop. 2018, 153, 144-153. [CrossRef]

Choi, J.-Y.; Choi, J.-H.; Kim, N.-K,; Kim, Y.; Lee, J.-K.; Kim, M.-K_; Lee; J.-H.; Kim, M.-]. Analysis of errors in medical rapid
prototyping models. Int. J. Oral Maxillofac. Surg. 2002, 31, 23-32. [CrossRef]

Kim, T.; Lee, S.; Kim, G.B.; Hong, D.; Kwon, J.; Park, ].-W.; Kim, N. Accuracy of a simplified 3D-printed implant surgical guide.
J. Prosthet. Dent. 2020, 124, 195-201. [CrossRef]

El-Katatny, I.; Mosood, S.H.; Morsi, Y.S. Error analysis of FDM fabricated medical replicas. Rapid Prototyp. J. 2010, 16, 36—43.
[CrossRef]


http://doi.org/10.1016/j.msec.2005.08.004
http://doi.org/10.1016/j.compstruct.2019.111476
http://doi.org/10.3390/nano10010025
http://doi.org/10.3390/polym12122792
http://doi.org/10.1108/RPJ-03-2020-0061
http://doi.org/10.1016/j.ajodo.2017.05.025
http://doi.org/10.1054/ijom.2000.0135
http://doi.org/10.1016/j.prosdent.2019.06.006
http://doi.org/10.1108/13552541011011695

	Introduction 
	Methodology 
	Characteristics of the Material 
	Filament Production 
	Microscopic Analysis 
	Cytotoxicity Test 
	Production of Experimental Samples 
	Mechanical Testing 

	Results and Discussion 
	Analysis of Manufactured Filament 
	Microscopic Analysis of the Filament Produced 
	Test of Cytotoxicity 
	Mechanical Testing Analysis 
	Tensile Mechanical Testing 
	Compressive Mechanical Testing 

	Analysis of the Dimensions of the Printed Implant 

	Conclusions 
	References

