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Abstract: The use of additive manufacturing technologies for biomedical applications must begin
with the knowledge of the material to be used, by envisaging a very specific application rather than a
more general aim. In this work, the preliminary study was focused on considering the cartilaginous
tissue. This biological tissue exhibits different characteristics, such as thickness and mechanical
properties, depending on its specific function in the body. Due to the lack of vascularization, cartilage
is a supporting connective tissue with limited capacity for recovery and regeneration. For this reason,
any approach, whether to repair/regenerate or as a total replacement, needs to fulfill the adequate
mechanical and chemical properties of the surrounding native cartilage to be successful. This work
aims to explore the possibility of using new polymers for cartilage total replacement approaches with
polymeric materials processed with the specific 3D printing technique of fused filament fabrication
(FFF). The materials studied were Nylon® 12 (PA12), already described for this purpose, and LAY-
FOMM® 60 (FOMM). FOMM has not been described in the literature for biomedical purposes.
Therefore, the chemical, thermal, swelling capacity, and mechanical properties of the filaments were
thoroughly characterized to better understand the structure–properties–application relationships
of this new polymer. In addition, as the FFF technology is temperature based, the properties were
also evaluated in the printed specimens. Due to the envisaged application, the specimens were also
characterized in the wet state. When comparing the obtained results with the properties of native
cartilage, it was possible to conclude that: (i) PA12 exhibits low swelling capacity, while FOMM,
in its dry and wet forms, has a higher swelling capacity, closer to that of native cartilage; (ii) the
mechanical properties of the polymeric materials, especially PA12, are higher than those of native
cartilage; and (iii) from the mechanical properties evaluated by ultra-micro hardness tests, the values
for FOMM indicate that this material could be a good alternative for cartilage replacement in older
patients. This preliminary study, essentially devoted to expanding the frontiers of the current state
of the art of new polymeric materials, provides valuable indications for future work targeting the
envisaged applications.

Keywords: cartilage tissue; 3D printing; Nylon® 12; LAY-FOMM® 60; mechanical properties

1. Introduction

Cartilaginous tissue, or simply cartilage, is a supporting connective tissue composed
of collagen, proteoglycan-rich matrix, and a single cell type, chondrocytes. This tissue
differs from other human tissues due to its unique properties, especially a lack of blood
vessels and nerve cells [1]. In the human body, cartilage formation is based on a process
called chondrogenesis that, unfortunately, fails to enable the tissue to naturally self-repair
after injury or degeneration [2].

Damage in cartilage can be induced by trauma and some clinical pathologies such as
osteoarthritis [3]. Although the degeneration of cartilage is more common in the elderly
due to sports activity, younger patients are increasingly being diagnosed [3]. Since this
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condition strongly interferes with the patients’ quality of life, an effective solution for the
repair/replacement of cartilaginous tissue is needed.

As mentioned before, cartilage plays an important role in the human body, especially
concerning supporting functions. Therefore, this tissue can adapt and bear mechanical
loading while being able to deform and recover to the original volume, similar to a sponge
with water [4]. Such demanding requirements increase the difficulty when designing
devices for its substitution.

Nowadays, the two most common approaches for cartilage replacement and repair
are total replacement, usually with cobalt–chrome (CoCr) or ultrahigh molecular weight
polyethylene (UHMWPE)-based structures, and the scaffold implantation, in the case of
tissue regeneration approach [5–7]. In the case of total replacement, the major challenges are
related to the materials used and their mechanical performance, namely tensile strength and
Young modulus. Even though CoCr is considered as a biocompatible and non-degradable
material, its stiffness leads to the mechanical shielding of the bone induced by mechanical
loading [7]. Although UHMWPE presents mechanical properties similar to those of native
cartilage, it can be structurally unstable under loading, hindering its mechanical and
tribological performance [6]. Moreover, due to wear, metal ions can be released, leading to
genotoxic effects such as carcinogenicity and DNA damage [8–10].

For repair or regeneration purposes, biomedical scaffolds are often indicated as an
advantageous solution as they can provide a 3D framework to enable cell proliferation, ma-
trix deposition, and consequent tissue regeneration [11]. From work published in this area,
the most common natural materials used in such devices are collagen, agarose, chitosan,
hyaluronic acid, fibrin, and alginate [12–14]. Of the synthetic polymers, poly(ethylene
glycol) (PEG) [15,16], poly(lactic acid) (PLA) [17,18], poly(vinyl alcohol) (PVA) [19,20] and
polyurethane (PU) [21,22] are the most described and the produce best outputs.

For the design and architecture of the scaffolds and biomedical devices already re-
ported for cartilage regeneration, structures such as membranes, hydrogels, and nanofibers
produced by phase inversion [23], solvent-casting particle leaching [24], freeze–drying [25],
and electrospinning [26] are among the approaches providing the most promising results.
Nonetheless, the outcomes are still insufficient.

Additive manufacturing (AM) or 3D printing is a technology that enables the prepara-
tion of fully customizable scaffolds [27,28] with intricate shapes that can be designed using
computer-aided design (CAD) or computed tomography (CT) data [29–31]. Due to the ease
of processing and geometric freedom, this has been investigated for cartilaginous tissue
regeneration purposes. Indeed, She et al. published a work describing the preparation of
a scaffold prepared by 3D printing using two different materials [32]. The outside was a
printed PCL hollow ring with a collagen sponge inside to mimic the anatomy of the native
trachea of white rabbits. In vitro tests proved the growth of tracheal cartilage within the
scaffold. The production of a silk fibroin-based scaffold with a 3D printed PCL mesh filling
was also reported elsewhere [33]. 3D printed PCL/graphene composite scaffolds were also
reported showing improved lubricity and drug-releasing properties [34].

In a different approach, a scaffold combining 3D printed polycarbonate–urethane
(PCU) and UHMWPE was studied for the purposes of native lubrication mechanisms [35].
Unfortunately, surface roughness and consequent high friction coefficient have jeopardized
its performance. In order to investigate the role of inner scaffold architecture, Jung et al.
developed a 3D-printed PU tracheal scaffold with microscale design, which proved to
be beneficial for cell infiltration and biological integration of the device [36]. Despite the
number of publications and studies, each material and design approach needs to be directed
to a specific type of cartilage and local implantation, which impairs the agreement and
standardization of which route (material/processing technique) to follow.

PA12 is a semicrystalline polymer with excellent impact resistance at low temperatures,
low water absorption, resistance to stress cracking, and fatigue under high-frequency
cyclical loading conditions, which is frequently used in AM due to the feasibility of the
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process [37,38]. In addition, it is commonly used for applications related to the biomedical
field, including for cartilage [39]. Therefore, it was used as a control material.

FOMM is a new commercially available material, and constitutes a mixture of two
polymers, one of which is PVA. FOMM becomes flexible and porous when immersed in
water due to the removal, by dissolution, of the PVA content. This characteristic may be
of the main interest when applying this polymeric material for cartilage replacement. As
cartilage does not contain blood vessels or nerves, and is supplied with nutrients through
the compression and flexion of the tissue, it needs to have a porous structure to allow these
interactions. Pitaru et al. published a work in which they use FOMM in an attempt to match
the mechanical properties of native anterior cruciate ligaments, with promising results [40].
Nevertheless, the cited article is the only one concerning the consulted bibliography that
presents research with FOMM material.

The present work describes a preliminary study exploring the possibility of using
PA12 and FOMM for the preparation of structures, by 3D printing, for cartilage repair. To
the best of our knowledge, this is the first time that such materials have been proposed for
this specific application.

2. Materials and Methods
2.1. Materials

In the present work, polymeric filaments with a diameter of 1.75 ± 0.03 mm were
used. Nylon® 12 (PA12) filament was supplied by DoWire® (Seixal, Portugal) and LAY-
FOMM® 60 (FOMM) filament was acquired from Filament2print® (Nigrán, Spain). For
comparative purposes, and prior to some characterization techniques, PA12 and FOMM
filaments and printed parts were immersed in deionized water for four days (wPA12 and
wFOMM, respectively).

2.2. Processing by 3D Printing

All specimens were printed using a FlashForgeTM Creator 3 3D printer (Ílhavo, Portu-
gal) with a dual extruder, each with a 0.4 mm diameter nozzle. PA12 filament was printed
at 260 ◦C with a bed temperature of 110 ◦C, while FOMM was printed at 230 ◦C with a bed
temperature of 70 ◦C (Figure 1). The printing parameters for FOMM were previously opti-
mized by varying a set of parameters that included: printing temperature from 220–250 ◦C,
bed temperature from 30–80 ◦C, and printing speed from 15 to 30 mm·s−1. Both materials
were printed at the same speed, 25 mm·s−1, with a 50% hexagonal infill pattern and 180 µm
layer thickness. Two bottom and upper layers (100% infill with a linear pattern) were used
to support and facilitate the specimen printing. The geometry of the printed specimens
was chosen according to the requirements of the characterization technique, as discussed
in the following sections.
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Figure 1. Macrograph of FOMM printed test specimen for flexural tests.

2.3. Characterization
2.3.1. Chemical Characterization

The infrared (IR) spectra of the studied filaments were acquired with FTNIR/MIR
equipment (PerkinElmer, Frontier model, Waltham, MA, USA), equipped with an attenu-
ated total reflectance (ATR), an FR-DTGS detector, and a KBr beam splitter, at 20 ◦C. For
the data acquisition, the resolution was 4 cm−1, a constant force of 80 N, and 16 accumula-
tion interferograms. PerkinElmer also supplied the ATR module with a diamond/ZnSe
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crystal. After the data collection, the spectrums were analyzed through the SPECTRUM 10
STD software.

2.3.2. Thermal Characterization

The thermal stability of filaments and printed parts was studied using a TGA Q500
V20.13 equipment by TA instruments (New Castle, DE, USA), with a heating rate of
10 ◦C·min−1, between 25–600 ◦C, with a nitrogen flux of 50 mL·min−1. The results
were analyzed using the TA Instruments Universal Analysis 2000 software supplied by
the manufacturer.

The thermal events of the studied filaments and printed specimens were assessed using
a DSC Q100 V9.9 equipment by TA instruments, with a heating rate of 10 ◦C·min−1 and a
50 mL·min−1 constant flux of nitrogen. The analysis of the results of the first heating cycle
and the determination of the crystallization and enthalpies (∆Hcc and ∆Hm, respectively)
were performed using TA Instruments Universal Analysis 2000 software, supplied by TA
Instruments. The percentage of crystallinity (Xc) was calculated using Equation (1):

Xc (%) =
∆Hm − ∆Hcc

∆H∞
× 100 (1)

where ∆H∞ is a characteristic value of each material, corresponding to the melting enthalpy
variation considering 100% of crystallinity [41].

The weight of the samples used for both thermal characterization techniques was kept
constant at 8 mg.

2.3.3. Morphological Characterization

The scanning electron microscopy (SEM) technique was used to observe the morpho-
logical dissimilarities between FOMM and wFOMM. The equipment used for the filament
characterization was a ZEISS® Merlin 61–50 Microscope (Carl Zeiss, Oberkochen, Ger-
many), Gemini 2, with an accelerating voltage of 2 kV. Using a sputtering technique, all
samples were coated with a 3 nm layer of gold. Samples were coated for 60 s with the
help of EDWARDS EXC 120 sputtering equipment (Crawley, UK), with a power source
Huttinger PFG 1500 DC (Schwaig bei Nuremberg, Germany). The sputtering conditions
were: power, 0.11 kW; voltage, 1000 V; current, 1.83 A. The surface and cross-section mor-
phologies of the printed specimens were characterized using an FEI Quanta 400FEG ESEM
(FEI, Hillsboro, OR, USA). For the cross-sectional observation, the samples were immersed
for 90 s in liquid nitrogen. This allowed for a clean fracture of the samples by mechanical
impact. The printed samples were observed without any metallic coating.

2.3.4. Swelling Capacity

The water uptake of the filaments studied at the present work was assessed by swelling
capacity tests (SC). Five test samples of PA12, FOMM, and wFOMM filaments were dried
at 50 ◦C until weight equilibrium and their initial weight collected. Then, all samples were
immersed in 15 mL of ionized water at room temperature for seven days. The weight of
the samples was collected every 24 h or 48 h and the water was substituted. The SC of the
materials was determined through Equation (2):

SC (%) =
WS − W0

WS
× 100 (2)

where WS represents the swollen weight and W0 is the initial dried weight [42].

2.3.5. Mechanical Characterization

The tensile strength of the studied materials was determined using a Shimadzu appa-
ratus, more specifically the Autograph AGS-X model (Tokyo, Japan), with a 5 kN load cell
and a grip speed of 5 mm·min−1. All materials (PA12, wPA12, FOMM, and wFOMM) were
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tested at both filament (100 mm segments) and printed specimen (100 mm × 20 mm × 2 mm,
according to ASTM D3039) configurations. Figure 2 shows a representative filament test.
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Figure 2. Representative macrograph of tensile test of the FOMM filaments.

Five samples of each material and form were considered for the study. For all tested
materials, the distance between opposite ends, span, was 50 mm, and the obtained results
were analyzed on Trapezium X software (Tokyo, Japan). The results were displayed in
stress–strain curves, from which the calculation of Young’s modulus (E) was performed,
according to Equation (3) [43],

E =
σ

ε
(3)

where σ refers to stress and ε is the strain.
Three-point bending (3PB) tests determined the flexural strength of the printed spec-

imens. Five samples of each printed material were considered for the calculations. The
dimensions of the testing specimens (60 mm × 10 mm × 2 mm) were chosen according
to the ASTM Standard D790 recommendations. Tests were conducted using an Auto-
graph AGS-X equipment from Shimadzu, with a 5 kN load cell and a displacement rate of
2 mm·min−1. The flexural strength (σf) was determined as the nominal stress in the middle
span section obtained using the maximum load value, according to Equation (4),

σf =
3PL
2bh2 (4)

where P refers to the maximum load, h and b are the thickness and the width of the
specimen, respectively, and L represents the span length, which was kept constant at
40 mm. Flexural modulus (Ef) was determined following the linear elastic bending beams
theory relationship, which can be expressed by Equation (5),

Ef =
∆PL3

48∆uI
(5)

where ∆P is the load range, ∆µ is the flexural displacement range, and I refers to the
moment of inertia. Ef was acquired by linear regression of the obtained load–displacement
curves contemplating the interval in the linear segment with a correlation factor greater
than 95%.

Ultra-microhardness characterization results were recorded by Fischerscope H100
equipment (Sindelfingen, Germany). Three printed specimens of PA12, wPA12, FOMM,
and wFOMM were submitted to 5 indentation runs in 2 different areas. The test cycles
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consisted of a load–hold–unload function. The load rate was tuned so that each run
would last about 60 s, with 30 s hold period at the maximum load for thermal drift
correction. Six indentations were performed, in each run, at maximum load using 0.525 root
increments, and 19 measurements in 30 s were made to access the creep value. The load
increased from 0.4 mN to 1000 mN.

3. Results and Discussion
3.1. Filament Characterization
3.1.1. Chemical Composition

The polymeric filaments were used as received. As is usual, suppliers do not share
factual information on several aspects, including the percentage and type of additives
mixed in the main polymeric material. For this reason, the chemical composition of PA12
and FOMM filaments was evaluated by FTIR. Poly(vinyl alcohol) (PVA) and wFOMM
filaments were also analyzed and compared with the original FOMM spectrum to confirm
the existence of PVA in the original formulation and its dissolution by immersion in water,
as stated by the supplier. Figure 3 displays the obtained spectrum for each tested filament.

Figure 3a confirms the chemical structure of PA12, as it displays similarity with other
spectra already reported in the literature [44]. The presence of the stretching vibration of
N–H, CH2, and C=O at 3286 cm−1 (a), 3000–2800 cm−1 (b), and 1633 cm−1 (c), respectively,
are highlighted; the overlapping of the bands corresponding to the bending vibration
of C=O and the stretching vibration of C–N at 1537 cm−1 (d); and finally, the bending
vibration of CH2 at 1447 cm−1 (e) [44]. Therefore, if any additives have been added to PA12,
they are present in a residual concentration that will not affect the chemical properties of
the polyamide.

For the analysis of FOMM results, it must be reminded that the literature lacks infor-
mation concerning this material’s chemical composition. In addition, the supplier only
refers to the presence of PVA and does not provide any more details concerning the other
polymer. For this reason, a PVA filament spectrum was overlapped with FOMM to identify
the peaks referring to PVA. From the comparison the spectra of PVA and FOMM, it is
possible to identify the well-defined PVA peaks located between 3500–3000 cm−1 (f) related
to the stretching vibrations of the O-H group and the stretching vibration of the C=O group
between 1750–1650 cm−1 (c), even though they are slightly shifted. These variations were
already expected since the mixture of PVA with another polymeric material, as reported
by Alireza Kharazmi et al. obtained a similar outcome when ZnS nanoparticles were
incorporated into PVA [45].

To identify the remaining FOMM peaks, Pitaru et al. proposed that FOMM is com-
posed of a mixture of PVA and flexible thermoplastic polyurethane (TPU) [40]. This is the
only published work that analyzes the other polymer present besides PVA, to the best of
our knowledge. For this reason, the obtained wFOMM spectrum (with no PVA due to
dissolution in water) was compared with TPU spectra from the literature. It is possible to
observe the typical bands associated with TPU, such as the stretching vibration of the N–H
group at 3350–3250 cm−1 (a), the band corresponding to CH2 between 2950–2850 cm−1

(b), the stretching vibration of C=O at 1750–1650 cm−1 (c), and the stretching vibration of
C–N between 1260–1230 cm−1 (g). Since only the N–H stretching band is not common to
PVA, it is not possible to fully conclude, at this stage, that TPU may be the other polymer
mixed with PVA. However, considering the literature and the obtained results, this is a
strong possibility.
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3.1.2. Thermal Characterization

Thermogravimetric analysis (TGA) was used to assess the thermal stability of the PA12
and FOMM filaments. The resulting thermogravimetric curves are plotted in Figure 4.

The thermal stability of materials is especially important when processing by 3D
printing since it is a temperature-based process. For this reason, it is important to ensure
that materials are extruded without jeopardizing their integrity. From the observation of
Figure 4a it is possible to conclude that the decomposition of PA12 occurred within a single
step between 375 ◦C and 500 ◦C, which was an expected result and in agreement with other
results [46].
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In the case of FOMM, once again, no direct comparisons can be established with the
scientific literature due to the lack of studies of this polymer. Nonetheless, the obtained
thermogravimetric curves exhibited three weight loss stages: around 100 ◦C, between
250–360 ◦C, and 360–475 ◦C. The first stage (100 ◦C) is assigned to the loss of water. In turn,
the second and third stages (250–340 ◦C and 340–450 ◦C) match the decomposition stages
of urethane bonds and polyol chains, respectively, and are usually found in TPU decompo-
sition profiles [47]. One can then assume that TPU seems to be one of the counterparts that
constitute the FOMM filament. However, one cannot exclude the information concerning
the chemical composition of FOMM provided by the supplier which indicates that PVA
is part of the composition of FOMM. For this reason, the profile obtained for FOMM was
compared with pure PVA decomposition profiles found in the literature. Herein, three
decomposition stages were found, and their temperatures also matched with FOMM. How-
ever, in the case of PVA, the second stage refers to the decomposition of bound water, which
is water that is directly bonded to the polymeric structure, not only absorbed on the surface,
and the third stage is assigned to the decomposition and consequent carbonization of the
PVA network [48].

Since TPU and PVA degradation stages overlap and match the FOMM profile, the
presence of TPU in the composition of FOMM could not be wholly confirmed by TGA
measurements.

The onset and peak temperatures determined from the analysis of the displayed
thermograms are presented in Table 1.

Table 1. Reference temperatures obtained by TGA.

Filament Ton (◦C) T5% (◦C) T10% (◦C) Tp1 (◦C) Tp2 (◦C)

PA12 433.1 416.3 426.9 454.6 -
FOMM 296.5 298.7 314.4 333.5 403.1

Ton—Onset temperature; T5%—Temperature to which corresponds 5% of weight loss; T10%—Temperature to
which corresponds 10% of weight loss; Tp—peak temperature.

By comparing the values of the two filaments, it is evident that PA12 has superior
thermal stability and can withstand temperatures close to 400 ◦C, as all decomposition
and onset temperatures are above this value. The experimentally determined Ton of PA12
was 433.1 ◦C; above this temperature, PA12 starts to disintegrate and does not maintain its
structural integrity. On the other hand, the Ton of FOMM occurs slightly before the material
loses 5% of its mass.

The thermal events of the filaments were studied by DSC to correctly define the
printing parameters according to the thermal transitions of the materials. The resulting
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curves are plotted in Figure 5 and the determined transition temperatures are presented in
Table 2.
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Table 2. Transition temperatures obtained by DSC of the filaments.

Filament Tg1 (◦C) Tg2 (◦C) Tcc (◦C) Tm (◦C)

PA12 107.6 - 143.6 246.6
FOMM −42.9 82.4 - 155.9

The heat flux curve of PA12 presents three different thermal events at specific temper-
atures, where the first endothermic reaction, at 107.6 ◦C, corresponds to the glass transition
temperature (Tg). Then, at 143.6 ◦C, the plot displays an exothermic curve which indicates
the cold crystallization (Tcc) of the polymeric structure. Finally, at 246.6 ◦C, the material
undergoes melting (Tm). The determined values of ∆Hcc and ∆Hm were 3.25 J·g−1 and
19.06 J·g−1, respectively. Assuming that PA12 ∆H∞ is 209.3 J·g−1 [41], the calculated value
for Xc was 6.7%.

Regarding FOMM, the identification of the thermal events was first established con-
sidering the known data available in the literature for the same PVA sample used in the
previous FTIR analysis. Pure PVA presents a single Tg close to around 80 ◦C [49], which
was also observed in the FOMM curve, and thus reinforced the possible presence of PVA
in FOMM.

Then, the FOMM profile was compared with heat flux curves of TPU available in the
literature to confirm if TPU was part of FOMM composition. As reported elsewhere [31],
TPU displays two glass transitions, the first negative and the second around 70–80 ◦C. In
addition, TPU has a melting temperature, Tm, between 150–160 ◦C [50], also observed
in the FOMM profile. Since these three transitions can be observed in FOMM, it can be
concluded that FOMM contains PVA and TPU. DSC measurements were crucial for the
selection of printing temperatures since they should be higher than the Tm of the materials
(246.6 ◦C for PA12 and 155.9 ◦C for FOMM).

3.1.3. Morphological Characterization

The morphology of FOMM and wFOMM filaments was observed by SEM, and the
obtained micrographs are displayed in Figure 6.
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(a) and (b) = 20 µm; (c) and (d) = 4 µm.

From the SEM micrographs, it is possible to observe that the structure of wFOMM
is more porous when compared with the as-received material. The absence of PVA can
explain such a fact due to its dissolution in deionized water. Consequently, the space
previously occupied by PVA was left empty, creating pores in the FOMM structure. Thus,
SEM micrographs confirm the successful removal of PVA from the FOMM structure, which
had already been hypothesized in the discussion of the thermal characterization results.

3.1.4. Swelling Capacity

In the presence of water, native cartilage presents a sponge-like behavior as it increases
its total volume due to water uptake. Nonetheless, it can release the water into the medium
when mechanically deformed to maintain the system equilibrium. Despite this fact, its
permeability is extremely low [51]. Swelling capacity (SC) tests were conducted to assess
the behavior and affinity of the studied filaments with water. The results are plotted in
Figure 7.

Polymers 2022, 14, 1044 10 of 19 
 

 

The morphology of FOMM and wFOMM filaments was observed by SEM, and the 
obtained micrographs are displayed in Figure 6. 

 
Figure 6. SEM micrographs of (a) and (c) FOMM filament; (b) and (d) wFOMM filament. Scale bars 
(a) and (b) = 20 μm; (c) and (d) = 4 μm. 

From the SEM micrographs, it is possible to observe that the structure of wFOMM is 
more porous when compared with the as-received material. The absence of PVA can ex-
plain such a fact due to its dissolution in deionized water. Consequently, the space previ-
ously occupied by PVA was left empty, creating pores in the FOMM structure. Thus, SEM 
micrographs confirm the successful removal of PVA from the FOMM structure, which 
had already been hypothesized in the discussion of the thermal characterization results. 

3.1.4. Swelling Capacity 
In the presence of water, native cartilage presents a sponge-like behavior as it in-

creases its total volume due to water uptake. Nonetheless, it can release the water into the 
medium when mechanically deformed to maintain the system equilibrium. Despite this 
fact, its permeability is extremely low [51]. Swelling capacity (SC) tests were conducted to 
assess the behavior and affinity of the studied filaments with water. The results are plotted 
in Figure 7. 

 
Figure 7. SC of the studied filaments. Results are presented as mean ± SD. Figure 7. SC of the studied filaments. Results are presented as mean ± SD.

The profile exhibited by PA12 is characteristic of a hydrophobic material displaying
only 3% of SC. On the other hand, FOMM and wFOMM present swelling capacity percent-
ages of ca. 72.6% and 79.6%, respectively. Such difference can be related to the increased
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amount of porous and consequent free space in the structure of wFOMM, which favors
water penetration into the polymeric network [52].

The content of PVA in the original FOMM network was calculated using SC mea-
surements by the subtraction of the FOMM initial and final weights, equivalten to the
dissolution of PVA during the test. The PVA content in FOMM initial structure represented
15% of the total weight.

The SC measured from adult meniscus cartilage is approximately 70% [53]. There-
fore, considering the SC properties, FOMM and wFOMM seem to be more suitable for
replacing such tissue. Therefore, a multimaterial approach using PA12 and FOMM may
be interesting since the SC of the combined structure would decrease compared to FOMM
alone, which may be beneficial for reducing tissue disturbance and interaction with the
surrounding media.

After the printing step, the swelling capacity of the specimens was evaluated. As
expected, the results did not present any significant difference with those of the filaments,
since the processing technique does not induce any chemical modification and, therefore,
the interaction of the materials with water was not affected.

3.1.5. Tensile Tests

Tensile strength tests determined the mechanical behavior of the filaments. Further-
more, dry and wet samples were tested since the envisaged application of the studied
materials concerns the in vivo environment. The wet samples were immersed in water
until maximum swelling was reached. All tests were conducted until fracture except for
FOMM-based materials, which were stopped at 20 N of maximum load due to their ductile
behavior. The maximum load (P), σ, and ε parameters determined are summarized in
Table 3.

Table 3. Tensile strength results of PA12, wPA12, FOMM, and wFOMM filaments.

PA12 wPA12 FOMM wFOMM

P (N) 110.2 ± 9.4 83.3 ± 13.4 20.0 ± 0.0 6.0 ± 0.2
σ (MPa) 45.8 ± 3.9 34.6 ± 5.6 8.3 ± 0.0 * 2.5 ± 0.0 *
ε (%) 14.6 ± 9.9 12.4 ± 3.6 1.4 ± 0.0 * 5.0 ± 0.2 *

* value at 20 N of applied load.

From the PA12 and wPA12 results, it can be concluded that the wetting process
contributes to the decrease in the mechanical resistance of the filament. Indeed, it is
possible to observe a 24% decrease in P and σ parameters and a 15% reduction in the value
of ε. Such behavior may be related to the plasticizer effect of water [33], even though PA12
showed low water absorption, as discussed earlier. Nonetheless, at the surface level, the
water present in the material (that was not dried after immersion) slightly reduced the
tensile strength and strain at break of the PA12 filament.

In the case of FOMM and wFOMM, it is noteworthy to mention that none of the
tensile tests conducted were performed until failure due to the materials’ flexibility. The
FOMM filament proved to be more resistant than wFOMM owing to its more compact
structure [54] and PVA content [55], in contrast to the porous structure of wFOMM created
by the diffusion of PVA.

3.2. Characterization of Printed Specimens
3.2.1. Differential Scanning Calorimetry

The FFF technique is temperature based, where polymeric materials are extruded layer
by layer to form 3D objects with pre-defined geometry. It is important to ensure that the
polymeric materials do not suffer degradation during the extrusion step. In the present
work, this was evaluated by TGA measurements, and the printing temperature adjusted
accordingly. Nonetheless, the temperature cycle to which the materials were subjected may
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cause some changes in the polymeric thermal events. For this reason, DSC measurements
were conducted in printed specimens.

When comparing the DSC PA12 curves obtained prior and after printing, it can be
noticed that the peak profile is the same but with slight peak deviations. Such facts may
be related to the alignment of the polymeric chains induced by processing, namely the
extrusion process. It is reported in the literature that when materials are extruded, their
polymeric chains tend to align and turn into a more organized network [56]. These results
are supported by the literature where it is well established that the level of organization
of a polymeric network influences the temperature at which the thermal events occur, as
more organized structures require a higher amount of energy to trigger the movement of
the chains [57].

Regarding FOMM (Figure 8), a slight transition temperature deviation was also no-
ticed in the heat flux curves for the printed samples with and without PVA (Table 4). These
deviations might be explained by the alignment of the polymeric chains induced by ex-
trusion process and the reorganization of the polymeric network after the dissolution of
PVA. Furthermore, the Tg at approximately 80 ◦C disappeared in wFOMM which means
that PVA was completely removed. However, for both PA12 and FOMM, the temperature
deviations are not significant for the envisaged application.
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Table 4. Transition temperatures of the FOMM printed specimens obtained by DSC.

Filament Tg1 (◦C) Tg2 (◦C) Tm (◦C)

FOMM −51.6 79.6 117.3 to 181.4
wFOMM −24.9 to 0.7 - 116.3

3.2.2. Tensile Tests

The tensile strength tests were repeated for dry and wet printed specimens (wFOMM
not dried) to investigate if the processing technique influenced the mechanical performance
of the used materials. Table 5 summarizes the main values obtained by this technique.

Table 5. Tensile strength results obtained for dry and wet printed specimens.

PA12 wPA12 FOMM wFOMM

P (N) 951.7 ± 103.7 920.3 ± 157.9 252.3 ± 14.2 55.6 ± 4.9
σ (MPa) 23.8 ± 2.6 23.0 ± 4.0 6.3 ± 0.4 * 1.4 ± 0.1 *
ε (%) 11.4 ± 6.2 11.4 ± 8.2 12.6 ± 0.7 * 2.8 ± 0.2 *

* value at 20 N of load applied.

No significant differences were observed in the values obtained for dry and wet PA12
samples. However, it is known that the printing process contributes to the alignment of the
polymeric chains [58], which may jeopardize the penetration of water into the polymeric
network and thus avoid water interference.
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Commercial filaments are processed by extrusion in one direction, which is always the
same as the pulling force of the tensile strength apparatus favoring mechanical performance.
PA-printed specimens can sustain higher loads, but the tensile strength and strain at break
were lower than those observed for the filaments. On the other hand, printed specimens
are constructed layer by layer and, in the present work, with 50% of infill. Considering that
the printing parameters and process influence the mechanical properties of materials [59],
the empty spaces inside the specimen structures and the cohesion between layers may have
contributed to the decrease in PA12 performance.

In the case of FOMM, following the same behavior already observed for filaments,
wFOMM, owing to its less compact structure as confirmed by SEM observation of the cross-
sections (Figure 9), displays lower mechanical resistance than the printed specimens with
the original FOMM. When comparing FOMM filaments and printed specimens, similar
behavior to PA12 was observed. Since printed specimens were designed with 50% infill,
their structures are by default less compact than the original filament. Therefore, filaments
are more resistant than printed specimens. These results reinforce the role of the printing
parameters in the mechanical performance of the materials.
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Figure 9. SEM micrographs of printed specimens of (a,c) FOMM t; (b,d) wFOMM. Scale
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3.2.3. Flexural Tests

In an attempt to simulate the loading supported by cartilage tissue, three-point bend-
ing tests were conducted to determine the σf and Ef of dry and wet printed specimens
(Figure 10).
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The data from Figure 10 imply that the results displayed by PA12 and wPA12 are
quite similar, showing that water does not affect the flexural behavior of the PA12-based
specimens. On the other hand, the FOMM and wFOMM stress–displacement profiles are
quite different as the wFOMM structure highly deforms under lower loading values. The
calculated σf and Ef values of the printed specimens are presented in Figure 11.
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The calculated values for PA12 agree with the literature [31]. In the comparison be-
tween PA12 and wPA12, a slight decrease in the flexural modulus (ca. 5%) can be observed,
while the maximum flexural strength increases by around 3% for the wet specimens. Such
behavior can be explained by the plasticizer effect of water [33], which directly influences
the flexural modulus as the material becomes slightly less stiff.

In the case of FOMM, considering the assumption that it is mostly composed of TPU,
it was expected to display an elastomer-like behavior. Indeed, both FOMM and wFOMM
showed similar profiles to those found for TPU [50], with low Ef and σf values. However,
the flexural strength of wFOMM is significantly lower than FOMM due to the porous
structure of wFOMM. The original structure of FOMM already behaves like an elastomer,
and is therefore quite deformable. If the structure presents porosity, and consequently
free spaces, it will deform even more under the same load. For this reason, both σf and Ef
values will significantly decrease, as proven by the experiments.

For cartilage replacement, materials should match the mechanical properties of native
cartilage to reduce possible implant malfunction and rejection and avoid the need for
revision surgery [60]. However, cartilage presents distinct mechanical properties according
to the different functions of this tissue in different parts of the human body. For this reason,
when considering materials for cartilage repair, it is important to focus on a specific type of
tissue. In the literature, studies provide some information on the mechanical properties
of different types of cartilage, such as septum and rib cartilage, whose σf and Ef values
are reported to be approximately 1.5 MPa and 7.2 MPa for the septum and 24.3 MPa and
8.8 MPa for the rib, respectively (Table 6) [60].

A comparison between our results and the literature reveals some promising similar-
ities. wFOMM has an Ef of 14.4 ± 2.0 MPa, which is relatively close that of rib cartilage
and septum cartilage. In turn, FOMM (210.4 ± 39.0 MPa), wPA12 (1005.0 ± 44.5 MPa),
and PA12 (1059.4 ± 49.6 MPa) all have higher Ef values compared with native cartilage.
Nonetheless, 3PB cartilage values available in the literature [61] show that deeper layers of
cartilage tissue, such as the zone calcified cartilage (ZCC), which serves as a transitional
zone between the deep zone of cartilage and subchondral bone, are closer to those obtained
for dry and wet PA12 (around 1000 MPa). Considering the results from this work and
the reported studies in the literature, the combination of FOMM and PA12 could be an
attractive approach for cartilage replacement, with a possible structure constituted by an
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inner part of PA12 to provide strength and structure to the implant, surrounded by FOMM
in the outer part to mimic the native cartilage performance.

3.2.4. Ultra-Microhardness

Ultra-microhardness experiments were conducted to assess the reduced modulus (Er)
and Vickers hardness (Hv) values of the printed specimens for comparison of the results
with the literature, as these tests are often reported for cartilage-related studies. The results
are plotted in Figure 12.
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The results show that both materials present higher Er values than those calculated
by 3PB tests. Since ultra-microhardness only evaluates the properties of the outer layers
(shells with 100% infill), contrary to what is verified for macroscale techniques such as 3PB,
these results were expected [62].

Table 6. Mechanical properties of native human cartilage.

Cartilage σf (MPa) Ef (MPa) E (MPa Hv (MPa) Technique Ref.

Septum - - 951.7 0.50 µ-hardness [60]
Rib - - 23.8 1 µ-hardness [60]
Rib 24.3 8.8 - - Tensile tests [60]

Septum 1.5 7.2 - - Tensile tests [60]
Knee - - 5.8 - µ-hardness [63]

Articular
cartilage - - 4.4 0.31 µ-hardness [64]

wPA12 displays higher modulus and hardness values when compared with the dry
specimens, in contrast to what was observed in the macroscale tests. This can be related to
the influence of water at the molecular level. The chemical structure of PA12 comprises
N–H bonds that can be protonated by water, forming NH3

+ [62]. As a result of these
interactions, at the molecular scale, instead of plasticizing the material, water will have a
deleterious effect on the mobility of the polymeric chains by stiffening the structure due to
a pseudo-crosslinking effect.

In the case of wFOMM, the porosity created by the absence of PVA does not seem
to affect the Er and Hv of the material negatively. Once again, as the depth range of the
ultra-microhardness tests does not comprise the inner porosity of wFOMM, this explains
the calculated values. Considering the envisaged application, Table 6 summarizes data
collected from the literature concerning the mechanical properties of native cartilage, with
different functions and determined by different characterization techniques.

Compared to the Hv values of native cartilage obtained by µ-hardness (0.5 MPa for
septum and 1 MPa for rib) [60], those of PA12, in both the dry and wet forms, are notably
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higher. On the contrary, FOMM results are closer to the human rib cartilage evaluated by
the same technique. However, it is important to note that the listed values from native
cartilage refer to male patients between 63 and 86 years old [60]. Chondrocytes begin to
dissipate from the superficial region with increased age, and accumulate in the deeper
layers. As a result, the hydration decreases, and the matrix becomes stiffer [65]. Thus, these
values should be lower in younger patients. Nevertheless, FOMM presents closer results
to native cartilage than PA12, indicating that this material could be a good alternative for
cartilage replacement in older patients. Since the prevalence of cartilage diseases is higher
in older patients, the impact of FOMM results is even more relevant.

4. Conclusions

The present work aimed to produce 3D printed structures that could be used in the
biomedical field, specifically for cartilage repair/substitution. This work also intended
to expand the frontiers of knowledge using a polymeric material rarely reported in the
literature, FOMM. The study also examined PA12. Both the dry and wet forms of each
materials were subjected to filament characterization (chemical, thermal, and mechanical),
confirming the chemical composition of PA12 and, in the case of FOMM, calculating the
amount of PVA in its structure (15%). In addition, it was concluded that FOMM was
composed of PVA and TPU.

3PB tests conducted on dry and wet specimens showed that wFOMM samples had
compelling results similar to native cartilage. The SC of FOMM and wFOMM proved to be
similar to native cartilage. PA12, in turn, exhibited a poor swelling rate, which could be
helpful for cartilage repair/regeneration in a multimaterial approach.

In the ultra-microhardness test, as expected, all test pieces had higher Er compared
with the 3PB test. However, wPA12 displayed a stiffer behavior than dry PA12 owing to
the molecular interactions between water and N–H groups. On the other hand, FOMM and
wFOMM presented similar results to native cartilage of older patients. This similarity could
be beneficial as most cases of cartilage replacement occur in aged patients. The obtained
results provide promising evidence that 3D printed parts may be part of the future of
regenerative medicine. Furthermore, this study highlighted new research paths, such as
designing multimaterial structures with a PA12 core and outer shell in wFOMM. Future
work should include the preparation of such multimaterial structures and their in vitro
characterization, which will include prokaryotic and eukaryotic cell tests.

Author Contributions: Conceptualization, G.F.D., A.C.P. and A.P.P.; methodology, A.C.P. and A.P.P.;
validation, A.C.P. and A.P.P.; formal analysis G.F.D. and A.C.P.; investigation, G.F.D. and A.C.P.;
resources, A.P.P.; writing—original draft preparation, G.F.D. and A.C.P.; writing—review and editing,
A.P.P.; visualization, A.C.P.; supervision, A.C.P. and A.P.P.; project administration, A.P.P.; funding
acquisition, A.P.P. All authors have read and agreed to the published version of the manuscript.

Funding: The research was developed within the scope of the project CEMMPRE, UIDB/00285/2020,
financed by national funds through the FCT. This work was also partially supported by Portugal
2020 through the European Regional Development Fund (FEDER), in the frame of Operational
Competitiveness and Internationalization Program (POCI), under the scope of projects POCI-01-0145-
FEDER-024533 and POCI-01-0145-FEDER-030767.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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



Polymers 2022, 14, 1044 17 of 19

References
1. Krishnan, Y.; Rees, H.A.; Rossitto, C.P.; Kim, S.E.; Hung, H.H.K.; Frank, E.H.; Olsen, B.D.; Liu, D.R.; Hammond, P.T.; Grodzinsky,

A.J. Green fluorescent proteins engineered for cartilage-targeted drug delivery: Insights for transport into highly charged
avascular tissues. Biomaterials 2018, 183, 218–233. [CrossRef] [PubMed]

2. Zhang, Z. Chondrons and the Pericellular Matrix of Chondrocytes. Tissue Eng. Part B Rev. 2015, 21, 267–277. [CrossRef] [PubMed]
3. Cohen, D.; Kay, J.; Memon, M.; Slawaska-Eng, D.; Simunovic, N.; Ayeni, O.R. A high rate of children and adolescents return to

sport after surgical treatment of osteochondritis dissecans of the elbow: A systematic review and meta-analysis. Knee Surg. Sport.
Traumatol. Arthrosc. 2021, 29, 4041–4066. [CrossRef] [PubMed]

4. Lu, X.L.; Mow, V.C. Biomechanics of Articular Cartilage and Determination of Material Properties. Med. Sci. Sports Exerc. 2008,
40, 193–199. [CrossRef]

5. Chan, S.M.T.; Neu, C.P.; Komvopoulos, K.; Reddi, A.H.; Di Cesare, P.E. Friction and wear of hemiarthroplasty biomaterials in
reciprocating sliding contact with articular cartilage. J. Tribol. 2011, 133, 041201. [CrossRef]

6. Kyomoto, M.; Moro, T.; Takatori, Y.; Kawaguchi, H.; Ishihara, K. Cartilage-mimicking, High-density Brush Structure Improves
Wear Resistance of Crosslinked Polyethylene: A Pilot Study. Clin. Orthop. Relat. Res. 2011, 469, 2327–2336. [CrossRef]

7. Beddoes, C.M.; Whitehouse, M.R.; Briscoe, W.H.; Su, B. Hydrogels as a Replacement Material for Damaged Articular Hyaline
Cartilage. Materials 2016, 9, 443. [CrossRef]

8. Scharf, B.; Clement, C.C.; Zolla, V.; Perino, G.; Yan, B.; Elci, S.G.; Purdue, E.; Goldring, S.; MacAluso, F.; Cobelli, N.; et al.
Molecular analysis of chromium and cobalt-related toxicity. Sci. Rep. 2014, 4, 1–12. [CrossRef]

9. De Boeck, M.; Kirsch-Volders, M.; Lison, D. Cobalt and antimony: Genotoxicity and carcinogenicity. Mutat. Res. 2003, 533,
135–152. [CrossRef]

10. Bhabra, G.; Sood, A.; Fisher, B.; Cartwright, L.; Saunders, M.; Evans, W.H.; Surprenant, A.; Lopez-Castejon, G.; Mann, S.;
Davis, S.A.; et al. Nanoparticles can cause DNA damage across a cellular barrier. Nat. Nanotechnol. 2009, 4, 876–883. [CrossRef]

11. Liu, X.; Song, S.; Huang, J.; Fu, H.; Ning, X.; He, Y.; Zhang, Z. HBC-nanofiber hydrogel scaffolds with 3D printed internal
microchannels for enhanced cartilage differentiation. J. Mater. Chem. B 2020, 8, 6115–6127. [CrossRef] [PubMed]

12. Irawan, V.; Sung, T.C.; Higuchi, A.; Ikoma, T. Collagen Scaffolds in Cartilage Tissue Engineering and Relevant Approaches for
Future Development. Tissue Eng. Regen. Med. 2018, 15, 673–697. [CrossRef] [PubMed]

13. Zhao, W.; Jin, X.; Cong, Y.; Liu, Y.; Fu, J. Degradable natural polymer hydrogels for articular cartilage tissue engineering. J. Chem.
Technol. Biotechnol. 2013, 88, 327–339. [CrossRef]

14. Rahmani, A.; Bakhshayesh, D.; Asadi, N.; Alihemmati, A.; Nasrabadi, H.T.; Montaseri, A.; Davaran, S.; Saghati, S.; Akbarzadeh,
A.; Abedelahi, A. An overview of advanced biocompatible and biomimetic materials for creation of replacement structures in the
musculoskeletal systems: Focusing on cartilage tissue engineering. J. Biol. Eng. 2019, 13, 1–21.

15. Zhang, J.; Wang, J.; Zhang, H.; Lin, J.; Ge, Z.; Zou, X. Macroporous interpenetrating network of polyethylene glycol (PEG) and
gelatin for cartilage regeneration. Biomed. Mater. 2016, 11, 035014. [CrossRef] [PubMed]

16. Fu, N.; Liao, J.; Lin, S.; Sun, K.; Tian, T.; Zhu, B.; Lin, Y. PCL-PEG-PCL film promotes cartilage regeneration in vivo. Cell Prolif.
2016, 49, 729–739. [CrossRef]

17. Haaparanta, A.-M.; Järvinen, E.; Fatih Cengiz, I.; Ellä, V.; Kokkonen, H.T.; Kiviranta, I.; Kellomäki, M. Preparation and
characterization of collagen/PLA, chitosan/PLA, and collagen/chitosan/PLA hybrid scaffolds for cartilage tissue engineering. J.
Mater. Sci: Mater. Med. 2014, 25, 1129–1136. [CrossRef]

18. Yu, F.; Li, M.; Yuan, Z.; Rao, F.; Fang, X.; Jiang, B.; Wen, Y.; Zhang, P. Mechanism research on a bioactive resveratrol– PLA–gelatin
porous nano-scaffold in promoting the repair of cartilage defect. Int. J. Nanomed. 2018, 13, 7845. [CrossRef]

19. Stocco, E.; Barbon, S.; Dalzoppo, D.; Lora, S.; Sartore, L.; Folin, M.; Parnigotto, P.P.; Grandi, C. Tailored PVA/ECM Scaffolds for
Cartilage Regeneration. Biomed. Res. Int. 2014, 2014, 1–12. [CrossRef]

20. Ng, K.W.; Torzilli, P.A.; Warren, R.F.; Maher, S.A. Characterization of a macroporous polyvinyl alcohol scaffold for the repair of
focal articular cartilage defects. J. Tissue Eng. Regen. Med. 2014, 8, 164–168. [CrossRef]

21. Grad, S.; Kupcsik, L.; Gorna, K.; Gogolewski, S.; Alini, M. The use of biodegradable polyurethane scaffolds for cartilage tissue
engineering: Potential and limitations. Biomaterials 2003, 24, 5163–5171. [CrossRef]

22. Wen, Y.T.; Dai, N.T.; Hsu, S. hui Biodegradable water-based polyurethane scaffolds with a sequential release function for cell-free
cartilage tissue engineering. Acta Biomater. 2019, 88, 301–313. [CrossRef] [PubMed]

23. Duarte, A.R.C.; Mano, J.F.; Reis, R.L. Novel 3D scaffolds of chitosan–PLLA blends for tissue engineering applications: Preparation
and characterization. J. Supercrit. Fluids 2010, 54, 282–289. [CrossRef]

24. Yang, Q.; Chen, L.; Shen, X.; Tan, Z. Preparation of Polycaprolactone Tissue Engineering Scaffolds by Improved Solvent
Casting/Particulate Leaching Method. J. Macromol. Sci. Phys. 2006, 45, 1171–1181. [CrossRef]

25. Bahrami, N.; Farzin, A.; Bayat, F.; Goodarzi, A.; Salehi, M.; Karimi, R.; Mohamadnia, A.; Parhiz, A.; Ai, J. Optimization of
3D Alginate Scaffold Properties with Interconnected Porosity Using Freeze-drying Method for Cartilage Tissue Engineering
Application. Arch. Neurosci. 2019, 6, e85122. [CrossRef]

26. Chen, W.; Xu, Y.; Li, Y.; Jia, L.; Mo, X.; Jiang, G.; Zhou, G. 3D printing electrospinning fiber-reinforced decellularized extracellular
matrix for cartilage regeneration. Chem. Eng. J. 2020, 382, 122986. [CrossRef]

27. Ng, W.L.; Chua, C.K.; Shen, Y. Print me an organ! Why we are not there yet. Prog. Polym. Sci. 2019, 97, 101145. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2018.08.050
http://www.ncbi.nlm.nih.gov/pubmed/30173104
http://doi.org/10.1089/ten.teb.2014.0286
http://www.ncbi.nlm.nih.gov/pubmed/25366980
http://doi.org/10.1007/s00167-021-06489-9
http://www.ncbi.nlm.nih.gov/pubmed/33620512
http://doi.org/10.1249/mss.0b013e31815cb1fc
http://doi.org/10.1115/1.4004760
http://doi.org/10.1007/s11999-010-1718-5
http://doi.org/10.3390/ma9060443
http://doi.org/10.1038/srep05729
http://doi.org/10.1016/j.mrfmmm.2003.07.012
http://doi.org/10.1038/nnano.2009.313
http://doi.org/10.1039/D0TB00616E
http://www.ncbi.nlm.nih.gov/pubmed/32558871
http://doi.org/10.1007/s13770-018-0135-9
http://www.ncbi.nlm.nih.gov/pubmed/30603588
http://doi.org/10.1002/jctb.3970
http://doi.org/10.1088/1748-6041/11/3/035014
http://www.ncbi.nlm.nih.gov/pubmed/27305040
http://doi.org/10.1111/cpr.12295
http://doi.org/10.1007/s10856-013-5129-5
http://doi.org/10.2147/IJN.S181855
http://doi.org/10.1155/2014/762189
http://doi.org/10.1002/term.1510
http://doi.org/10.1016/S0142-9612(03)00462-9
http://doi.org/10.1016/j.actbio.2019.02.044
http://www.ncbi.nlm.nih.gov/pubmed/30825604
http://doi.org/10.1016/j.supflu.2010.05.017
http://doi.org/10.1080/00222340600976783
http://doi.org/10.5812/ans.85122
http://doi.org/10.1016/j.cej.2019.122986
http://doi.org/10.1016/j.progpolymsci.2019.101145


Polymers 2022, 14, 1044 18 of 19

28. Vijayavenkataraman, S.; Yan, W.; Lu, W.F.; Wang, C.; Fuh, J.Y.H. 3D bioprinting of tissues and organs for regenerative medicine.
Adv. Drug Deliv. Rev. 2018, 132, 296–332. [CrossRef]

29. Sousa, A.M.; Pinho, A.C.; Messias, A.; Piedade, A.P. Present status in polymeric mouthguards. A future area for additive
manufacturing? Polymers 2020, 12, 1490. [CrossRef]

30. Pinho, A.C.; Piedade, A.P. Influence of build orientation, geometry and artificial saliva aging on the mechanical properties of 3D
printed poly(ε-caprolactone). Materials 2021, 14, 3335. [CrossRef]

31. Sousa, A.M.; Pinho, A.C.; Piedade, A.P. Mechanical properties of 3D printed mouthguards: Influence of layer height and device
thickness. Mater. Des. 2021, 203, 109624. [CrossRef]

32. She, Y.; Fan, Z.; Wang, L.; Li, Y.; Sun, W.; Tang, H.; Zhang, L.; Wu, L.; Zheng, H.; Chen, C. 3D Printed biomimetic PCL scaffold
as framework interspersed with collagen for long segment tracheal replacement. Front. Cell Dev. Biol. 2021, 9, 1–14. [CrossRef]
[PubMed]

33. Cengiz, I.F.; Pereira, H.; Espregueira-Mendes, J.; Kwon, I.K.; Reis, R.L.; Oliveira, J.M. Suturable regenerated silk fibroin scaffold
reinforced with 3D-printed polycaprolactone mesh: Biomechanical performance and subcutaneous implantation. J. Mater. Sci.
Mater. Med. 2019, 30, 1–17. [CrossRef] [PubMed]

34. Jiang, Y.; Yang, Y.; Zheng, X.; Yi, Y.; Chen, X.; Li, Y.; Sun, D.; Zhang, L. Multifunctional load-bearing hybrid hydrogel with
combined drug release and photothermal conversion functions. NPG Asia Mater. 2020, 12, 1–11. [CrossRef]

35. Araujo Borges, R.; Choudhury, D.; Zou, M. 3D printed PCU/UHMWPE polymeric blend for artificial knee meniscus. Tribol. Int.
2018, 122, 1–7. [CrossRef]

36. Jung, S.Y.; Lee, S.J.; Kim, H.Y.; Park, H.S.; Wang, Z.; Kim, H.J.; Yoo, J.J.; Chung, S.M.; Kim, H.S. 3D printed polyurethane prosthesis
for partial tracheal reconstruction: A pilot animal study. Biofabrication 2016, 8, 045015. [CrossRef]

37. Touris, A.; Turcios, A.; Mintz, E.; Pulugurtha, S.R.; Thor, P.; Jolly, M.; Jalgaonkar, U. Effect of molecular weight and hydration on
the tensile properties of polyamide 12. Results Mater. 2020, 8, 100149. [CrossRef]

38. Salazar, A.; Rico, A.; Rodríguez, J.; Segurado Escudero, J.; Seltzer, R.; Martin De La Escalera Cutillas, F. Monotonic loading and
fatigue response of a bio-based polyamide PA11 and a petrol-based polyamide PA12 manufactured by selective laser sintering.
Eur. Polym. J. 2014, 59, 36–45. [CrossRef]

39. Jacob, J.; More, N.; Kalia, K.; Kapusetti, G. Piezoelectric smart biomaterials for bone and cartilage tissue engineering. Inflamm.
Regen. 2018, 38, 1–11. [CrossRef]

40. Pitaru, A.A.; Lacombe, J.-G.; Cooke, M.E.; Beckman, L.; Steffen, T.; Weber, M.H.; Martineau, P.A.; Rosenzweig, D.H. Investigating
Commercial Filaments for 3D Printing of Stiff and Elastic Constructs with Ligament-Like Mechanics. Micromachines 2020, 11, 846.
[CrossRef]

41. Chen, P.; Wu, H.; Zhu, W.; Yang, L.; Li, Z.; Yan, C.; Wen, S.; Shi, Y. Investigation into the processability, recyclability and crystalline
structure of selective laser sintered Polyamide 6 in comparison with Polyamide 12. Polym. Test. 2018, 69, 366–374. [CrossRef]

42. Pinho, A.C.; Vieira Branquinho, M.; Alvites, R.D.; Fonseca, A.C.; Caseiro, A.R.; Santos Pedrosa, S.; Luís, A.L.; Pires, I.; Prada, J.;
Muratori, L.; et al. Dextran-based tube-guides for the regeneration of the rat sciatic nerve after neurotmesis injury. Biomater. Sci.
2020, 8, 798–811. [CrossRef] [PubMed]

43. Saba, N.; Jawaid, M.; Sultan, M.T.H. An overview of mechanical and physical testing of composite materials. Mech. Phys. Test.
Biocomposites Fibre Reinf. Compos. Hybrid Compos. 2019, 1–12.

44. Nur-A-Tomal, M.S.; Pahlevani, F.; Handoko, W.; Cholake, S.T.; Sahajwalla, V. Effect of cyclic reprocessing on nylon 12 under
injection molding: Working toward more efficient recycling of plastic waste. Mater. Today Sustain. 2021, 11–12, 100056. [CrossRef]

45. Kharazmi, A.; Faraji, N.; Hussin, R.M.; Saion, E.; Mahmood, W.; Yunus, M.; Behzad, K. Structural, optical, opto-thermal and
thermal properties of ZnS-PVA nanofluids synthesized through a radiolytic approach. Beilstein J. Nanotechnol. 2015, 6, 529–536.
[CrossRef] [PubMed]

46. Rahim, T.N.A.T.; Abdullah, A.M.; Akil, H.M.; Mohamad, D.; Rajion, Z.A. Preparation and characterization of a newly developed
polyamide composite utilising an affordable 3D printer. J. Reinf. Plast. Compos. 2015, 34, 1628–1638. [CrossRef]

47. Tabuani, D.; Bellucci, F.; Terenzi, A.; Camino, G. Flame retarded Thermoplastic Polyurethane (TPU) for cable jacketing application.
Polym. Degrad. Stab. 2012, 97, 2594–2601. [CrossRef]

48. Goma, M.M.; Hugenschmidt, C.; Dickmann, M.; Abdel-Hady, E.E.; Mohamed, H.F.M.; Abdel-Hamed, M.O. Crosslinked
PVA/SSA proton exchange membranes: Correlation between physiochemical properties and free volume determined by positron
annihilation spectroscopy. Phys. Chem. Chem. Phys. 2018, 20, 28287–28299. [CrossRef]

49. Reguieg, F.; Ricci, L.; Bouyacoub, N.; Belbachir, M.; Bertoldo, M. Thermal characterization by DSC and TGA analyses of PVA
hydrogels with organic and sodium MMT. Polym. Bull. 2020, 77, 929–948. [CrossRef]

50. Kabir, S.; Kim, H.; Lee, S. Physical property of 3D-printed sinusoidal pattern using shape memory TPU filament. Text. Res. J. 2020,
90, 2399–2410. [CrossRef]

51. Mantovan, J.; Giraldo, G.A.G.; Marim, B.M.; Garcia, P.S.; Baron, A.M.; Mali, S. Cellulose-based materials from orange bagasse
employing environmentally friendly approaches. Biomass Convers. Biorefinery 2021, 2021, 1–12. [CrossRef]

52. Baylon, E.G.; Levenston, M.E. Osmotic Swelling Responses Are Conserved Across Cartilaginous Tissues with Varied Sulfated-
Glycosaminoglycan Contents. J. Orthop. Res. 2020, 38, 785–792. [CrossRef] [PubMed]

53. Wang, X.; Zhao, L.; Fuh, J.Y.H.; Lee, H.P. Effect of Porosity on Mechanical Properties of 3D Printed Polymers: Experiments and
Micromechanical Modeling Based on X-Ray Computed Tomography Analysis. Polymers 2019, 11, 1154. [CrossRef] [PubMed]

http://doi.org/10.1016/j.addr.2018.07.004
http://doi.org/10.3390/polym12071490
http://doi.org/10.3390/ma14123335
http://doi.org/10.1016/j.matdes.2021.109624
http://doi.org/10.3389/fcell.2021.629796
http://www.ncbi.nlm.nih.gov/pubmed/33553186
http://doi.org/10.1007/s10856-019-6265-3
http://www.ncbi.nlm.nih.gov/pubmed/31127379
http://doi.org/10.1038/s41427-020-0199-6
http://doi.org/10.1016/j.triboint.2018.01.065
http://doi.org/10.1088/1758-5090/8/4/045015
http://doi.org/10.1016/j.rinma.2020.100149
http://doi.org/10.1016/j.eurpolymj.2014.07.016
http://doi.org/10.1186/s41232-018-0059-8
http://doi.org/10.3390/mi11090846
http://doi.org/10.1016/j.polymertesting.2018.05.045
http://doi.org/10.1039/C9BM00901A
http://www.ncbi.nlm.nih.gov/pubmed/31904045
http://doi.org/10.1016/j.mtsust.2020.100056
http://doi.org/10.3762/bjnano.6.55
http://www.ncbi.nlm.nih.gov/pubmed/25821695
http://doi.org/10.1177/0731684415594692
http://doi.org/10.1016/j.polymdegradstab.2012.07.011
http://doi.org/10.1039/C8CP05301D
http://doi.org/10.1007/s00289-019-02782-3
http://doi.org/10.1177/0040517520919750
http://doi.org/10.1007/s13399-021-01279-2
http://doi.org/10.1002/jor.24521
http://www.ncbi.nlm.nih.gov/pubmed/31709600
http://doi.org/10.3390/polym11071154
http://www.ncbi.nlm.nih.gov/pubmed/31284532


Polymers 2022, 14, 1044 19 of 19

54. Al-Taie, A.; Pan, J.; Polak, P.; Barer, M.R.; Han, X.; Abbott, A.P. Mechanical properties of 3-D printed polyvinyl alcohol matrix for
detection of respiratory pathogens. J. Mech. Behav. Biomed. Mater. 2020, 112, 104066. [CrossRef]

55. Jing, J.; Chen, Y.; Shi, S.; Yang, L.; Lambin, P. Facile and scalable fabrication of highly thermal conductive polyethylene/graphene
nanocomposites by combining solid-state shear milling and FDM 3D-printing aligning methods. Chem. Eng. J. 2020, 402, 126218.
[CrossRef]

56. Sangroniz, A.; Chaos, A.; Iriarte, M.; del Río, J.; Sarasua, J.-R.; Etxeberria, A. Influence of the Rigid Amorphous Fraction and
Crystallinity on Polylactide Transport Properties. Macromolecules 2018, 51, 3923–3931. [CrossRef]

57. Yunus, D.E.; Shi, W.; Sohrabi, S.; Liu, Y. Shear Induced Alignment of Short Nanofibers in 3D Printed Polymer Composites.
Nanotechnology 2016, 27, 495302. [CrossRef] [PubMed]

58. Eutionnat-Diffo, P.A.; Chen, Y.; Guan, J.; Cayla, A.; Campagne, C.; Zeng, X.; Nierstrasz, V. Stress, strain and deformation of
poly-lactic acid filament deposited onto polyethylene terephthalate woven fabric through 3D printing process. Sci. Rep. 2019, 9,
14333. [CrossRef]

59. Nicharat, A.; Sapkota, J.; Weder, C.; Foster, E.J. Melt processing of polyamide 12 and cellulose nanocrystals nanocomposites. J.
Appl. Polym. Sci. 2015, 132, 42752. [CrossRef]

60. Grellmann, W.; Berghaus, A.; Haberland, E.-J.; Jamali, Y.; Holweg, K.; Reincke, K.; Bierögel, C. Determination of strength and
deformation behavior of human cartilage for the definition of significant parameters. J. Biomed. Mater. Res. Part A 2006, 78A,
168–174. [CrossRef]

61. Hargrave-Thomas, E.; van Sloun, F.; Dickinson, M.; Broom, N.; Thambyah, A. Multi-scalar mechanical testing of the calcified
cartilage and subchondral bone comparing healthy vs early degenerative states. Osteoarthr. Cartil. 2015, 23, 1755–1762. [CrossRef]
[PubMed]

62. Jun, B.M.; Kim, S.H.; Kwak, S.K.; Kwon, Y.N. Effect of acidic aqueous solution on chemical and physical properties of polyamide
NF membranes. Appl. Surf. Sci. 2018, 444, 387–398. [CrossRef]

63. Vidal-Lesso, A.; Ledesma-Orozco, E.; Daza-Benítez, L.; Lesso-Arroyo, R. Mechanical characterization of femoral cartilagem under
unicompartimental osteoarthritis. Ingenier. Mecáni. Tecnol. Desarroll. 2014, 4, 239–246.

64. Mieloch, A.A.; Richter, M.; Trzeciak, T.; Giersig, M.; Rybka, J.D. Osteoarthritis severely decreases the elasticity and hardness of
knee joint cartilage: A nanoindentation study. J. Clin. Med. 2019, 8, 1865. [CrossRef]

65. Kwoh, C.K. Epidemiology of osteoarthritis. In Epidemiology of Aging; Newman, A., Cauley, J., Eds.; Springer: Dordrecht, The
Netherlands, 2012; pp. 523–536.

http://doi.org/10.1016/j.jmbbm.2020.104066
http://doi.org/10.1016/j.cej.2020.126218
http://doi.org/10.1021/acs.macromol.8b00833
http://doi.org/10.1088/0957-4484/27/49/495302
http://www.ncbi.nlm.nih.gov/pubmed/27834313
http://doi.org/10.1038/s41598-019-50832-7
http://doi.org/10.1002/app.42752
http://doi.org/10.1002/jbm.a.30625
http://doi.org/10.1016/j.joca.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26028136
http://doi.org/10.1016/j.apsusc.2018.03.078
http://doi.org/10.3390/jcm8111865

	Introduction 
	Materials and Methods 
	Materials 
	Processing by 3D Printing 
	Characterization 
	Chemical Characterization 
	Thermal Characterization 
	Morphological Characterization 
	Swelling Capacity 
	Mechanical Characterization 


	Results and Discussion 
	Filament Characterization 
	Chemical Composition 
	Thermal Characterization 
	Morphological Characterization 
	Swelling Capacity 
	Tensile Tests 

	Characterization of Printed Specimens 
	Differential Scanning Calorimetry 
	Tensile Tests 
	Flexural Tests 
	Ultra-Microhardness 


	Conclusions 
	References

