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ABSTRACT

Material extrusion (MEX), particularly Fused Filament Fabrication (FFF), is a widely used 3D printing technology, with growing
interest in composite materials due to their broad range of applications. This study focuses on commercially available copper-
and bronze-filled polylactic-acid (PLA) composites printed with FFF technology and on providing guidance for future practical
applications, particularly in the biomedical field and 4D printing. In this research, static and dynamic mechanical tests, scanning
electron microscopic imaging, and electric resistance measurements were conducted, and the thermal properties were determined
by thermal conductivity measurements and differential scanning calorimetry, and thermogravimetric analysis (DSC-TGA).
Cytotoxicity was assessed using an A549 cell viability assay. The results show that the material’s brittleness increases in proportion
to the volume percentage of metal particles; among the copper composites FormFutura MetalFil — Classic copper (29.14 vol.%)
had the lower tensile strength (15.4 MPa + 0.17 MPa), while for bronze composites, the tensile strength was lower for ColorFabb
BronzeFill (33.64 vol.%, 17.7 MPa + 0.54 MPa). Furthermore, these composites have no cytotoxic effect in short-term contact, and
their enhanced thermal conductivity over traditional prosthetic materials makes them promising candidates for the development
of prostheses intended to mitigate thermal discomfort.

1 | Introduction melting the filaments in an extruder and depositing the material

layer-by-layer onto a plate that moves vertically [2, 3]. A wide
Material extrusion (MEX) processes, like Fused Filament Fabrica- selection of materials is available commercially, and research
tion (FFF), are among the most widely used 3D printing technolo- ~ groups have also developed special, functional composites with

gies [1, 2] processing thermoplastic polymers and composites by ~ enhanced mechanical, electrical, or biological properties [4, 5].
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Additive manufacturing technologies have played a substan-
tial role in the biomedical field, including advancements in
diagnostics, intervention, and rehabilitation [6-8]. Previous
research works widely explored the possibilities of 3D printing
in education, communication between patients and healthcare
providers, preoperative planning, medical device prototyping and
development, as well as in prosthetics, orthotics, and implant
manufacturing [9-15].

Numerous different fillers and matrix materials have been used
in 3D printable composites, among which copper is particularly
frequent due to its favorable physical characteristics, including
excellent electric and thermal conductivity, and its remarkable
resistance to corrosion in various environments [16, 17]. Fur-
thermore, copper is noteworthy for its inherent antimicrobial
properties, as it can inhibit the growth of microorganisms 18, 19].
The most well-known copper alloys are brass and bronze. Brass
is more corrosionresistant and has better mechanical properties
than pure copper, but because of the zinc content, it has decreased
conductivity compared to pure copper. Bronze has significantly
increased toughness and is also valued for its superior corrosion
resistance and aesthetic appearance, which makes it suitable as a
filler material [20, 21].

The integration of metal-filled PLA composites into 3D printing
workflows opens potential avenues for 4D printing applications,
particularly in the biomedical field [6]. The concept of 4D printing
was first described by Skylar Tibbits in 2013, at a TED conference
[22]. In this process, the 3D-printed materials can change their
functionality, shape, and properties due to external stimuli like
changes in humidity, temperature, level of light, or pH. Moreover,
advanced 4D-printed structures can exhibit complex behaviors
such as shape morphing, self-assembly, and self-repair, often
triggered by electromagnetic fields or exposure to dynamic chem-
ical or physical environments. These dynamic material responses
open novel pathways in biomedical engineering, such as deploy-
able stents, self-healing implants, or drug delivery systems that
activate under specific physiological conditions [23-26].

Prior studies have explored custom-made and some commercially
available PLA-copper and PLA-bronze composites, primarily
focusing on 3D-printing parameters, with a limited examination
of the mechanical properties of the composites. Kottasamy et al.
developed copper-reinforced PLA filaments with 28 and 80 wt.%
copper content and found that the samples with lower cop-
per content exhibited more advantageous properties regarding
mechanical parameters [16]. A study compared the mechanical
properties and morphology of a PLA-copper composite to those
of PLA and revealed that the presence of copper particles
negatively affected the toughness of the material but improved
the compression strength, dynamic linear elastic modulus, and
hardening modulus [27].

A research group examined the influence of different infill
patterns and densities on the FFF 3D-printed samples using
commercially available copper composites (ColorFabb Copper
Fill, Gizmo Dork Copper Metal Filled) [17]. Further research
investigating the effect of infill pattern and density of the Gizmo
Dork Copper Metal Filled filament compared to pure PLA
showed that the tensile strength and elastic modulus of the copper
composites were lower than those of the pure PLA for almost all

the tested infill configurations [28]. The dimensional accuracy
and porosity of the same ColorFabb material under different
printing conditions were also investigated in another study, which
proposed guidelines for the use of metal-filled filaments in the
FFF process [29].

ColorFabb CopperFill and BronzeFill composites were also inves-
tigated by Vakharia et al., and the metal-reinforced PLA exhibited
lower tensile strength and fracture toughness than pure PLA,
regardless of the type of metal used as a filler [30].

A bronze-filled PLA composite was compared to pure PLA
material in terms of mechanical properties, and it was found that
both tensile strength and flexural strength of the pure material
are greater than that of the bronze-PLA composite material [31].
A commercially available composite filament with 8% bronze
content with PLA matrix material from eSun manufacturer was
investigated, and the results of the study showed that the small
amount of bronze in the composite changes the mechanical
properties [32]. Moradi and his colleagues found that Kexcelled
bronze-filled PLA exhibits poorer mechanical properties than
pure PLA [33].

The thermal conductivity of the PLA is low, typically ranging from
0.09 to 0.25 W/(mK); however, the incorporation of metal fillers
can enhance the thermal conductivity of the composite materials
in comparison to pure polymer matrix [34-36]. A study examined
the thermal properties of ColorFabb BronzeFill and CopperFill,
finding that the composites did not exhibit the expected high
thermal conductivity associated with metal particles that have
a high weight percentage [37]. Materials with distinct thermal
conductivity or glass transition behavior could be programmed
to bend, contract, or expand when heated. Their tunable ther-
mal and mechanical properties, combined with noncytotoxicity,
position them as viable candidates for thermally responsive or
shape-changing constructions [38]. These capabilities could be
further explored to develop self-adaptive prosthetics, wearable
electronics, or customized medical implants, where environ-
mental responsiveness adds an additional layer of functionality
[39]. Bronze- or copper-filled PLA might allow localized stiffness
tuning or temperature-dependent movement, especially relevant
in personalized assistive devices or wearables [40].

Although previous studies have examined copper and bronze
as filler materials, most of these studies have focused on the
effect of the printing parameters, and the available literature
concerning the use of these composites remains limited. The aim
of the present study is to evaluate the potential of commercially
available copper- and bronze-filled PLA composite materials pro-
duced to be used with FFF technology in biomedical applications.
To this end, the study provides a comprehensive investigation
of the mechanical, structural, and biological properties of these
materials, focuses on characteristics that are critical for the
safe and reliable design of biomedical applications. Also, the
research aimed to critically evaluate the selected copper- and
bronze-filled filaments in order to provide informed guidance for
future practical applications. A further objective is to assess the
assumed thermal and electrical conductivity of these metal-filled
composites, which supports their use in 4D-printing technologies
that allow the development of structures that can respond to
external stimuli.
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FIGURE 1 | Protocol of the study.

2 | Materials and Methods

This research was focused on PLA-based nonmagnetic metal
composites, which do not require a sintering process and were
developed for modeling, prototyping, and aesthetic purposes. The
protocol of the study is illustrated in Figure 1.

2.1 | Test Materials and Specimen Preparation

Three manufacturers’ PLA-metal composite filaments were sub-
jected to examination and were compared to pure PLA filament
(Herz Hungaria Ltd., Pesti rd. 284., U116 2225, Hungary) (Table 1).
The BronzeFill Composite PLA was produced by ColorFabb
(ColorFabb, Bremweg 7, 5951 DK Belfeld, The Netherlands). This
PLA-based filament is loaded with bronze particles. The Bronze-
Filled Metal Composite HTPLA and the Copper-Filled Metal
Composite HTPLA were sourced from Protopasta (Protoplant
Inc, 12001 NE 60th Way, Suite B-2, Vancouver, WA 98682), which

are heat-treatable PLA-based filaments containing a high amount
of metal powder. Additionally, the MetalFil — Classic Copper
filament manufactured by FormFutura (Tarweweg 3, 6534 AM
Nijmegen, The Netherlands) was also used. This PLA-based
filament contains 80 wt.% copper filler.

The test specimens were produced by FFF technology, using
a Craftbot+ 3D printer (Craftbot Ltd., Salgétarjani rd. 12-14.,
Budapest 1087, Hungary), except for the MetalFil - Classic Cop-
per, which was printed with an Ultimaker 3 Extended (Ultimaker
B.V., Watermolenweg 24191 PN Geldermalsen, The Netherlands)
due to the larger diameter of the filament. For materials printed
with the Craftbot+ the filament diameter was 1.75 mm, the
nozzle diameter was 600 pm, the extruder temperature was
210°C, and the heated bed temperature was 50°C. The specimens
were printed with 200 um layer height and 100% infill, and the
printing speed was set to 30 mmy/s. In the case of the material
printed with the Ultimaker 3 Extended, the filament diameter
was 2.85 mm. The extruder temperature was 220°C, the printing
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TABLE 1 | Summary of commercially available metal-polymer composites used for specimen preparation.

Abbreviated name of the Filament diameter

Manufacturer Official name of the filament material used in the article (mm)
Herz Hungaria PLA PLA 1.75
Protopasta Copper-Filled Metal Composite HTPLA PP Copper 1.75
FormFutura MetalFil - Classic Copper FF Copper 2.85
Protopasta Bronze-Filled Metal Composite HTPLA PP Bronze 1.75
ColorFabb BronzeFill Composite PLA CF Bronze 1.75

speed was 50 mm/s, and all other printing parameters (nozzle,
bed temperature, layer height, infill) were identical.

2.2 | Mechanical Tests
2.2.1 | Tensile Test

Tensile tests were conducted using a Zwick/Roell Z100 THW uni-
versal material tester (ZwickRoell, 89079, August-Nagel-Strafie 11
Ulm, Germany) equipped with an extensometer. The measure-
ments were carried out following the ISO 527-1:2019 standard,
with A5 specimens (ISO 527-2:2012) [41]. The preload was set to
0.1 MPa, and the testing speed was 1 mm/min for the determi-
nation of tensile Young’s modulus and then 2 mm/min for the
rest of the test. The measurements were repeated five times at an
ambient temperature (23°C + 1°C) for every mechanical test. Pho-
tographs of the instruments and test specimens utilized during
the testing processes are available in the Supporting Information.

2.2.2 | Three-Point Flexural Test

Three-point flexural tests were performed using the same
Zwick/Roell Z100 THW universal material tester with preferred
test specimens based on ISO 178:2019 standard [42]. The support
distance was 64 mm. The tests were conducted with a preload of
0.1 MPa and at a consistent speed of 2 mm/min. The maximal
strain was 4.7%.

2.23 | Charpy Impact Test

The impact values of the specimens were measured by a
Zwick/Roell HIT50P (ZwickRoell, 89079, Ulm, Germany) instru-
ment with a 5 J pendulum. The tests were performed in
accordance with the ISO 179-1:2010 standard, on the edgewise
of the test samples [43]. The dimensions of the specimens were
4 mm x 10 mm X 80 mm, without a notch.

2.2.4 | Shore D Hardness Measurement

Shore D hardness tests were conducted using a Zwick/Roell
3130/3131 instrument (ZwickRoell, 89079, August-Nagel-Strafie
11 Ulm, Germany), which was placed on a stable stand during the
measurement. The test was carried out according to ISO 868:2003
standard [44].

2.3 | Scanning Electron Microscopy

Scanning electron microscopy analyses were conducted on the
fracture surface of the Charpy specimens with JEOL JSM-
ITS00HR SEM (3-1-2 Musashino, Akishima, Tokyo 196-8558,
Japan) at 50x and 500x magnification. The samples were coated
with gold using a JEOL JFC-1300 auto-fine coater.

2.4 | Electrical Resistance Measurement

Electrical resistance measurements were carried out using a
Rohde & Schwarz HMC 8012 Digital Multimeter (Rohde &
Schwarz GmbH & Co KG, Munich, Germany). Probes were
positioned at equivalent locations on the surface of bolt nuts. The
bolt nuts were then affixed to the endpoints of the specimens
using screws.

2.5 | Thermal Conductivity Measurement

Thermal conductivity measurements were carried out on each of
the investigated materials. The specimens were based on a disc
with a diameter of 35 mm and a thickness of 5 mm. Figure 2
is a schematic representation of the measurement. The thermal
conductivity factor of the materials was measured three times
on three specimens of all investigated materials at temperatures
33°C, 37°C, and 40°C.

The measurement setup was controlled by an Arduino UNO
(Arduino, Sommerville, MA, USA). Temperature was measured
by two NTC temperature sensors on the opposite surfaces of the
disc specimens. Heating was provided by a Rohde & Schwarz
NGE100 Power Supply Series (Rohde & Schwarz GmbH & Co KG,
Munich, Germany), which was controlled by a F~TEK SSR-10 DD
Solid State Module (Techfun s. . 0., Zaskov, Slovak Republic). The
power [W] was measured using a Rohde & Schwarz HMC 8012
Digital Multimeter (Rohde & Schwarz GmbH & Co KG, Munich,
Germany). The heat flow (Q[W]) can be calculated by deducting
the heat loss from the measured power. The thermal conductivity
was calculated by the following equation [11]:

— @

where 1 [W/(mK)] is the thermal conductivity factor, Q [W]is the
heat flow, A [m?] is the cross section of the specimen, d [m] is the
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closed test environment

specimen

heated side

FIGURE 2 | Schematic representation of the thermal conductivity test.

distance between the two measurement points, and T;, T, [K] are
the measured temperatures at the surface of the specimen.

The zero-point correction factor (k) was calculated for each
material using the ratio of the reference (from the literature) and
the measured thermal conductivity factors (A eferences Ameasured) Of
a reference specimen from the investigated materials:

A
k= reference (2)
/‘lmeasured
2.6 | Differential Scanning Calorimetry and

Thermogravimetric Analysis (DSC-TGA)

The thermal properties of the investigated materials were ana-
lyzed using a LabSys Evo DSC-TGA (Setaram Ltd., 6 Rue
de I’Oratoire, 69300 Calauire-et-Cuire, France) machine. The
calibration of the temperature and enthalpy of the LabSys
device was performed officially by the manufacturer. DSC-TGA
measurements were performed under 100 mL/min nitrogen
atmosphere, and the mass of each sample was set in the range
from 8 to 13 mg. All measurements were carried in V = 100 yL
uncovered Al,O; crucibles (Setaram Ltd., 6 Rue de I'Oratoire,
69300 Calauire-et-Cuire, France) out up to 600°C with a heating
rate of 10°C/min.

2.6.1 | Mass and Volume Ratio Calculations

For all metal-filled PLA composite materials, the proportion
of metal in the material was estimated. In order to undertake
this procedure, a 10 cm filament of each material was meticu-
lously measured using an analytical balance (Ohaus Discovery
DV215CD—Ohaus Corporation, 7 Campus Drive, Suite 310, Par-
sippany, NJ 07054, USA). This value was then calculated with due
consideration for the average density of PLA and the filler. The
mass ratio can be calculated in the following steps:

m

1.d2%
4

©))

Prilament =

heating cartridge

cooled side

sensors

specimen

where Pgamen: 18 the density of the filament [g/cm?], m is the
measured mass of the filament [g], [ is the length of the filament
[cm], and d is the diameter of the filament [cm].

Minetal =1- PrLA .
m P

P — Pmetal ( 4)
PrLA ~ Pmetal
where m,,.; is the mass of the metal part of the filament [g], m
is the mass of the whole filament [g], pp; 4 is the density of the
PLA material [g/cm?], p is the density of the filament [g/cm?],
and P 1S the density of the metal in the filament [g/cm?].
This calculation is based on average values found in the literature
(Ppra, Pmetar)- To verify the calculation results, the reduction in
mass during the TGA measurements was used as a metric.

To interpret the scanning electron microscopy results, the vol-
ume percentage of metal content in the tested materials was
determined using the TGA results.

2.7 | Cytotoxicity Test
2.7.1 | Cell Cultures and Treatments

Human epithelial A549 cells (ATCC, Manassas, VA, Cat. No.:
CRM-CCL-185) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Lonza, Belgium, Cat. No.: 12604F) supple-
mented with 10% fetal bovine serum (FBS; Euroclone, Italy,
Cat. No.: ECS0180L), 100 U/ml penicillin-streptomycin (Lonza,
Belgium, Cat. No.: DE-17-602E), 0.1 mM nonessential amino acids
(Lonza, Belgium, Cat. No.: 13-114E), 10 mMm HEPES buffer (Lonza,
Belgium, Cat. No.: 17-737E), and f-mercaptoethanol (Thermo
Fisher Scientific, USA, MA, Cat. No.: 21985-023). Cells were
maintained at 37°C in a humidified incubator with 5% CO,.

A549 cells were suspended in DMEM and seeded into 24-well
plates at a density of 3 x 10* cells per well in 1 mL of medium. Fol-
lowing an 8-h attachment period, 3D-printed polymer composite
inserts were introduced into each well and co-cultured with the
cells for 48 h under standard incubation conditions. Prior to cell
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exposure, the inserts were sterilized by UV irradiation (30 min per
side, two rounds) to minimize the risk of contamination.

To establish a positive control for apoptosis, cells were treated
with 1 uM staurosporine (Sigma-Aldrich, USA, Cat. No.: S-
6942), a known inducer of programmed cell death. All viability
experiments were performed in triplicate.

2.7.2 | Quantification of Cell Viability via Total Nucleic
Acid Content

Cell viability was assessed based on total nucleic acid content
using propidium iodide (PI) (Sigma-Aldrich, Cat. No.: 81845)
staining, measured with a PerkinElmer EnSight multimode plate
reader. This modified PI-based assay differs from conventional
protocols by quantifying lysed cell-associated nucleic acids rather
than selectively staining nonviable cells. After 48 h of incubation
with the test materials, wells were rinsed with 500 pL phosphate-
buffered saline (PBS, pH 7.4) to remove nonadherent apoptotic
cells. Remaining adherent cells were lysed in 500 uL of alkaline
borate buffer (pH 9.2) containing PI at a final concentration of
2 pg/mL.

After a 5-min incubation in the dark on an orbital shaker,
fluorescence was measured at an excitation wavelength of 530 nm
and emission at 620 nm. Data were normalized to untreated
control wells to determine relative cell viability.

2.7.3 | Statistical Analysis

Statistical analyses and the graphical representations of the
mechanical results were performed using OriginPro 2018
software (OriginLab Corporation, One Roundhouse Plaza,
Northampton, MA, USA). After normality testing, the results of
the measurements were compared using One Way ANOVA with
Tukey post hoc test. The confidence interval was 95%. Power
analyses were also carried out during the statistical tests, and the
power level was above 0.98 in all cases.

The cell viability data were analyzed using GraphPad Prism
8.0. Normality was assessed using the Kolmogorov-Smirnov test.
Statistical significance was determined using one-way ANOVA
followed by Dunnett’s post hoc test. Results were reported as
significant at the following thresholds: p < 0.0332 (*), p < 0.0021
(**), p < 0.0002 (***), and p < 0.0001 (*+*+*),

3 | Results

3.1 | Mechanical Tests

3.1.1 | Tensile Test and Three-point Flexural Test

The results of the tensile and three-point flexural tests are pre-
sented together to facilitate a more comprehensive comparison

of the main parameters.

The tensile Young’s modulus of the pure PLA was
3373 MPa + 82.1 MPa. Only one material exhibited no significant

Tensile and flexural Young's modulus
r 8000
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= - ©
& [ a
=

2. 5000 - Lsooo =
3 - . =]
3 3
S 4000 - 3
s - i =
» . = b 4000 ©
o 3000 <)
c

S S
° W . >C_’
> 2000 . -
% 2000 £
C x
@ 1000 A @
= [T

0 0

T T T T T
Pure PLA PP Copper  FF Copper PP Bronze  CF Bronze
Materials

FIGURE 3 | Tensile and flexural Young’s modulus of PLA and
PLA-metal composites. The black squares indicate the tensile Young’s
modulus, while the blue squares refer to the flexural Young’s modulus
with standard deviations of the materials. Abbreviations: PP: Protopasta,
FF: FormFutura, CF: ColorFabb.

difference in this term: the FF MetalFil - Classic Copper,
with a value of 3334 MPa + 58.7 MPa, which was the lowest
measured value. The other three materials had significantly
higher Young’s modulus, particularly the CF BronzeFill with
5547 MPa =+ 155 MPa. The FF MetalFil - Classic Copper also
exhibited significantly lower value in flexural Young’s modulus
than other materials, it was 2336 MPa + 24.8 MPa. The highest
flexural Young’s modulus was observed in the case of the PP
Copper-filled material, with 4682 MPa + 53.8 MPa. Further
results are presented in Figure 3.

The pure PLA exhibited the highest tensile strength and elonga-
tion at tensile strength, with a value of 52.13 MPa + 1.33 MPa and
1.93% + 0.01%, respectively. These values are significantly higher
than those observed for other materials, with one exception in the
elongation, which was similar for the PP Bronze-filled material
as seen in Figure 4a. The lowest tensile strength and elongation
at tensile strength were observed for the FF MetalFil - Classic
Copper with 15.4 MPa + 0.17 MPa and 0.93% + 0.03%.

During the three-point flexural test, only the Pure PLA did
not break until reaching the measured maximum deflection
(4.7%). In addition to the pure PLA, the CF BronzeFill did not
break until reaching the conventional deflection (3.5%). For these
materials, only the stress at conventional deflection could be
specified, which was 87.9 MPa + 3.40 MPa for pure PLA and
41.9 MPa + 2.64 MPa for the CF BronzeFill.

The highest flexural strength, which was measured for PP
Bronze-Filled material, was 78.2 MPa + 0.55 MPa, and the CF
BronzeFill showed the highest strain at maximal flexural stress
(3.06% + 0.25%) as illustrated in Figure 4b. The lowest flexural
strength was observed for the FF MetalFil - Classic Copper
and strain at maximal flexural stress, 2336 MPa + 24.8 MPa,

29.9 MPa + 0.52 MPa, and 1.82% + 0.12%, respectively.

3.1.2 | Charpy Impact Test

The Charpy impact strength was variable for the materials
under examination, as illustrated in Figure 5. The highest
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FIGURE 4 | Tensileand flexural properties of PLA and PLA-metal composites (a) Tensile strength (black squares) and elongation at tensile strength

(blue squares) of examined materials, (b) Flexural strength (black squares) and strain at maximal flexural strength (blue squares) of the materials.

Abbreviations: PP: Protopasta, FF: FormFutura, CF: ColorFabb.
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FIGURE 5 | Charpy impact strength and Shore D hardness of the
PLA and PLA-metal composites. The black squares show the impact
strength with standard deviation, while the blue squares indicate the
Shore D hardness with corresponding standard deviations. Abbreviations:
PP: Protopasta, FF: FormFutura, CF: ColorFabb.

impact strength was measured for the PP Bronze-filled material
with a value of 14.65 kJ/m? + 0.12 kJ/m?, but the pure PLA
(14.38 kJ/m? + 0.47 kI/m?) and the other material from Pro-
topasta (PP Copper-filled: 13.04 kI/m? + 0.43 kJ/m?) exhibited
similar values with no significant difference. The lowest impact
strength was observed for the CF BronzeFill material, with
6.51 kJ/m? + 0.20 kJ/m?.

3.1.3 | Shore D Hardness

The hardness of the specimens made from CF BronzeFill was
80.5 + 0.65, which was significantly higher than other materials.
In contrast, the FF MetalFil - Classic Copper demonstrated the
lowest Shore D hardness with a measured value of 66.3 + 0.75.
Figure 5 provides a detailed visual comparison of the measured
hardness.

3.2 | Scanning Electron Microscopy

Scanning electron microscopy images were taken of the fracture
surfaces of the Charpy specimens to gain insight into their
internal structure. The SEM images revealed the presence of
metal particles, but in varying forms within the composites. The
original SEM images can be found in the supplementary materials
in the SEM folder.

In the case of PP composites, the layer adhesion was poor, the
printing layers were clearly separated, these can be seen in
Figure 6a2 and a4. In these two materials, the metal particles
exhibited an irregular shape and were found to adhere more
strongly to the surrounding polymer matrix. The average metal
particle size of the PP Copper-filled was 3-5 um, whereas the
PP Bronze-filled exhibited a wider range of particle sizes from 6
to 30 um. Additionally, the number of visible particles was low,
particularly in the PP Bronze-filled composite (Figure 6b2 and
b4). The surface between the particles is observed to be smoother
and having a structure similar to that of pure PLA.

The images of the FF MetalFil - Classic Copper and the
CF BronzeFill demonstrate that the printing layers of these
composites exhibited better adhesion compared to Protopasta
composites. However, large pores can be observed (Figure 6a3 and
a5). The distribution of spherical-shaped metal particles is mostly
homogenous in both materials. The metal particles are clearly
visible as separate from the polymer matrix, suggesting that their
cohesion is poor (Figure 6b3 and b5). In these two materials, the
diameter of the metal spheres demonstrate variability. It ranges
from 5 to 25 um for FF Copper, and from 10 to 25 um for CF Bronze.

3.3 | Electrical Resistance Measurement

During the study, electrical resistance was found to be infinite
in all cases of the metal composite materials that were analyzed.
Consequently, it can be deduced that the materials examined do
not facilitate the transmission of electricity.
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FIGURE 6 | The figure shows SEM images at two magnifications: (a) 50x and (b) 500x. Image 1) shows native PLA; 2) PP Copper; 3) FF Copper;
4) PP Bronze; and 5) CF Bronze. The marks represent the following: dashed lines indicate layer borders, blue arrows indicate gaps, dashed arrows
indicate copper bronze particles, dashed circles indicate copper and bronze particles or their place. Abbreviations: PP: Protopasta, FF: FormFutura, CF:
ColorFabb.
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FIGURE 7 | Thermal conductivity factor of all investigated materi-
als. The squares represent the mean of the measured values, while the
size of the rectangles represents the standard deviation. Abbreviations:
PP: Protopasta, FF: FormFutura, CF: ColorFabb.

3.4 | Thermal Conductivity

The thermal conductivity of all materials was investigated. As
illustrated in Figure 7, the standard deviation of the thermal
conductivity factor of specimens from materials from the man-
ufacturer Protopasta (Bronze-filled and Copper-filled) is smaller
than that of the other two metal-filled specimens. The thermal
conductivity factor value of the two PP materials is also lower
than (PP Copper: 0.21 W/(mK) + 0.077 W/(mK), PP Bronze:
0.073 W/(mK) + 0.012 W/(mK) at 37°C) that of the other two
materials (FF Copper: 0.28 W/(mK) + 0.17 W/(mK), CF Bronze:
0.34 W/(mK) + 0.066 W/(mK)), but higher than that of Pure PLA
material (0.038 W/(mK) + 0.018 W/(mK) at 37°C).

3.5 | Differential Scanning Calorimetry and
Thermogravimetric Analysis (DSC-TGA)

The materials have been tested with DSC-TG to validate the
thermal conductivity results and to check the stability of the
materials in the relevant temperature range. The parameters of
the glass transition and the melting point temperatures are shown
in Table 2.

3.6 | Mass Ratio Calculations

Density calculation was performed on all materials that were the
subject of the investigation. For all metal-filled materials, TGA
measurement was carried out and a calculation was conducted
also to determine the mass ratio of the metal part of the composite.
Table 3 represents the density (o) and mass ratio data (m,e.,;/m)
from the manufacturer of the materials, calculated density of the
materials (o, ), the measured and calculated metal mass ratio of
composite materials (M /M (TGA), Mpype/m (CAL)), and the
deviation from the manufacturer’s data (A(m/m)rga, A(m/M)cpr,

AP))-

TABLE 2 | Results of glass transition interval and melting points.
Ton indicates the start of the glass transition intervals, T, indicates the
glass temperatures, Te,q indicates the end of the glass intervals, and T,
indicates the melting points. FF copper and CF bronze particles or their
place. Abbreviations: PP: Protopasta, FF: FormFutura, CF: ColorFabb.

T, SD T, SD Tepq SD T, SD

Material () (o) ) ()

Pure PLA 64.63 0.86 66.66 0.48 69.64 0.62 1552 0.75
PP copper 66.53 0.47 6819 0.42 70.55 0.66 1751 1.01
FF copper 5897 0.76 60.79 0.48 63.00 0.30 152.2 0.04
PP bronze 66.23 0.40 67.79 0.53 70.34 117 177.8 0.84
CF bronze 57.13 0.50 59.25 0.11 6198 0.51 154.7 0.41

10
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FIGURE 8 | Heating curves (30°C and 600°C) with melting peaks
for all materials investigated. The curves represent the average of three
measurements for each material. Inset: glass-transition-crystallization-
melting phases.

The volume ratio for the metal composites was also calculated
based on the results of the TGA measurements (Table 4).

Figure 8 represents the heating curves of the investigated mate-
rials. Similarly to the melting peaks (endotherm peaks between
150°C and 180°C in Figure 8), there is a decent shift for the
crystallization (exotherm peaks in Figure 8) and glass phases
(first endotherms between 60°C and 80°C in Figure 8) of the
samples. The decomposition peaks (endotherm phases between
300°C and 400°C in Figure 8) also show some significant shift in
peak-temperatures, it seems the bronze-containing samples start
pyrolysis at a lower temperature. None of the above-mentioned
thermal shifts affects the usability and other important mechan-
ical properties of the samples. Furthermore, enthalpies were
calculated and are shown in Table 5.

3.7 | Cytotoxicity

Cell viability assays revealed no statistically significant dif-
ferences in cytotoxicity among the tested 3D-printed polymer
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TABLE 3 | The datahas been collected: density and mass ratio data from the manufacturer, TGA measurement data, and calculation data. The data
will then be compared. Abbreviations: PP: Protopasta, FF: FormFutura, CF: ColorFabb.

Deviation from manufacturer’s

Manufacturer’s data Calculated and measured data data
Material P Myeta/M PcaL Myera /M (TGA) Mypera/m (CAL)  A(m/m)ycy A(m/m)cay

(g/cm?) (%) (g/cm?®) (%) (%) (%) (%) Ap) (%)
Pure PLA 1.24 0 1.22 0 0 0 0 1.30
PP copper 2.3 60 2.33 61.6 54.91 2.67 8.49 1.18
FF copper 3.4 70-80 3.41 76.5 74.29 4.38 7.14 0.39
PP bronze 2.3 60 2.43 58.5 57.90 2.5 3.50 5.7
CF bronze 3.9 roughly 80 3.64 79.5 77.38 0.63 3.28 6.69

TABLE 4 | Measured V/V % for the metal composites. Abbreviations:
PP: Protopasta, FF: FormFutura, CF: ColorFabb.

Material Vinetat! V (TGA) (%)
PP copper 16

FF copper 29.14

PP bronze 16.54

CF bronze 33.64

composite inserts. Following 48-h co-culture with A549 cells,
the total nucleic acid content—used as a proxy for viable
cell number—remained comparable across all treatment groups
and did not significantly deviate from the untreated control.
Fluorescence intensity values obtained from propidium iodide
staining showed minimal variation, indicating that none of the
composite materials induced measurable cell death or inhibited
proliferation under the experimental conditions (Figure 9).

Positive control samples treated with 1 um staurosporine exhib-
ited a marked reduction in total nucleic acid content, confirming
the assay’s sensitivity to apoptotic cell death and validating
the experimental setup. In contrast, all experimental inserts,
regardless of their metallic filler content or polymer matrix
composition, maintained high levels of cell viability.

4 | Discussion

The utilization of composite materials in 3D printing is gaining
popularity across a broad spectrum of applications, which leads
to an increasing significance of research in this field. This study
investigated commercially available metal-polymer composites
focused on biomedical applications and the potential of 4D
printing.

The addition of metal particles significantly alters the mechanical
properties. The composites exhibited higher tensile Young’s
modulus, lower tensile strength, and elongation in comparison
to pure PLA. These indicate an increase in the stiffness and
brittleness of the material, resulting in enhanced susceptibility
to fracture. This finding is consistent with the study by Vakharia
et al., which includes the same CF BronzeFill composite that

Viable cell population
after 48 hour incubation of the cells

8000

%k %k %k %k

6000

4000+

(RFU)

2000+

Detected fluorescence intensity

FIGURE 9 | Quantification of the living cell number after 48 h
incubation of A549 cells in the presence of various 3D-printed metal-
containing insets. The individual values measured are indicated by black
dots. The significance levels were labelled according to the following: p
< 0.0001 (****), nonsignificant differences are shown without asterisks.
Abbreviations: PP: Protopasta, FF: FormFutura, CF: ColorFabb.

exhibited an elastic modulus of 5401 MPa and a tensile strength of
17 MPa [30]. Dal Maso and Cosmi also investigated this material
and measured a tensile strength of 16.4 MPa + 1.6 MPa [45].
These values are comparable to the 5547 MPa + 155 MPa and
17.7 MPa + 0.54 MPa measured by our research group.

PLA-bronze composites that have been investigated exhibit
higher Shore D hardness than those containing copper, which is
related to the quality of the filler. In comparison with data pre-
sented in another study, the Shore D hardness of a commercially
available PLA-bronze composite was approximately 63, which is
lower than that of the investigated bronze-containing materials
(PP Bronze-filled: 73.6 + 3.43, CF BronzeFill: 80.5 + 0.65) [32].

Based on the Charpy impact test, the presence of metal particles
does not necessarily result in a significant change in the impact
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TABLE 5 | Enthalpy change values of the characteristic DSC peaks in the heating cycle of the different samples. The errors are standard deviations

from at least three independent measurements.

AH peak enthalpies (J/g) - heating (30-600°C)

Peak 1 Peak 2 Peak 3 Peak 4
Materials Endotherm Exotherm Endotherm Endotherm
Pure PLA 9.71 +1.29 —19.47 + 1.64 22.91 + 0.58 798.21 + 67.89
PP copper 4.64 + 0.30 —6.65+ 0.32 17.25 + 1.40 262.64 +47.60
FF copper 1.19 + 0.26 —-1.28 + 0.28 5.59 + 0.50 48.17 + 34.02
PP bronze 4.53 +1.26 —7.00 +1.32 21.64 + 0.74 200.36 +12.65
CF bronze 2.08 +0.26 —3.86 + 0.74 4.60 +0.21 107.13 +£ 0.94

resistance of the material. Protopasta Copper- and Bronze-filled
composites demonstrated similar values to pure PLA, whereas the
FF MetalFil - Classic Copper and the CF BronzeFill had an impact
strength less than two-thirds that of pure PLA. This is presumably
related to the structure of the material, as demonstrated by the
SEM images; the fillers in Protopasta Copper- and Bronze-filled
materials are smaller and adhere more to the polymer matrix than
in the case of the other two materials.

Taking the SEM images into account, it can be seen that the size
of the filler particles varies greatly. In CF BronzeFill, the size of
the particles ranges from 10 to 25 pm. This result corresponds to
the results of Tedla and Rogers, who also reported heterogeneity
in particle size in the same BronzeFill material [46]. In the case
of the FF MetalFil - Classic Copper, the particle size varies from
5 to 25 um, which contradicts the values measured by Alam and
coworkers (75-100 pm) [47].

The TGA measurement was utilized to determine the metal mass
and volume ratio. The volumetric metal content was consistent
with the mechanical tests, indicating that materials with higher
percentages of metal particles exhibited poorer mechanical
strength, as confirmed by tensile, flexural, and Charpy impact
tests. The findings of this study (79.5 wt.%) demonstrate similar
values that the literature concerning the CF BronzeFill material
(80.35 wt.%) [30]. The DSC signals of the samples provided
the typical peaks for PLA samples, and the ratio between the
enthalpies of the peaks is relatively the same for all tested
samples.

The results of the cell viability test suggest that the tested metal-
filled filaments are noncytotoxic to A549 epithelial cells in vitro,
supporting their potential for safe application in biomedical and
other biologically integrated technologies. This suggests short-
term contact with the body (e.g., skin, mucosa) may be safe.
However, it should be noted that the incubation period was only
48 h, and results are not guaranteed for longer periods of exposure
to moist media. Bronze and copper fillers give the prints a metallic
appearance and texture. The appearance mimics metal while
maintaining PLA’s safety and printability—useful for patient
engagement and device personalization in case of production of
assistive grips, sensory learning tools or rehabilitation objects,
tools for pediatric or elderly patients.

Interestingly, despite being filled with conductive metal particles,
the materials tested were found to be non-conductive and thus
unsuitable for use as circuit components. The underlying cause of
this phenomenon may be attributed to the uneven distribution of
metal granules, the presence of alternating particle sizes, the low
weight percentage of metal in the materials, or a combination of
these factors. It is a worthwhile exercise to consider the potential
for composites tested in this study to be used in combination
with carbon-filled polymers, which are conductive in sensor
technology in the future [13].

In this study, four composites containing metal particles with
PLA matrix material and pure PLA were investigated. Mechan-
ical properties, thermal conductivity, cytotoxicity and DSC/TGA
measurements were carried out for each material. It can be
hypothesized that, given the thermal conductivity of the CF
BronzeFill and FF MetalFil - Classic Copper composite mate-
rials tested was within the range of human skin temperature,
these metal-filled materials may be a suitable option for use in
prosthetic casing or orthosis development. The measured thermal
conductivity values are higher than the mentioned values in
the literature [48-50]. This would result in a reduction in the
discomfort and sweating experienced by the prosthesis or orthosis
wearers due to heat [51].

As a future 4D application, these composites can be potentially
used to create orthotic devices that gradually adjust their stiffness,
offering enhanced support and personalized alignment during
rehabilitation. Also, integration of metal fillers enhances thermal
conductivity, enabling the fabrication of wearable sensors that
can respond to body temperature changes or external heat to
trigger further mechanical or functional transformations.

The paper’s limitations can be attributed to the restricted range
of materials that were examined. Materials from FormFutura,
including a bronze-containing composite, and from ColorFabb,
including a material containing copper particles, are available
with the same matrix material as the materials investigated. It is
acknowledged that alternative base materials could be selected
for composites such as acrylonitrile butadiene styrene. However,
the trend in biomedical applications is the use of PLA as a matrix
material. The cell viability test could be complemented with a
longer incubation period.
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5 | Conclusion

The investigation of metal-filled polymer composites is ongo-
ing, with the objective of understanding their properties and
potential applications. This study investigated four metal-filled
PLA composites and compared them to pure PLA. Two of the
composites are filled with copper, while the remaining two
are filled with bronze. The aim is to ascertain whether the
composite materials could be used in biomedical applications and
4D-printing processes.

The outcomes of the mechanical experiments show that the
composite materials are stiffer and more brittle than the pure PLA
material. TGA measurements showed that the fillers increased
stiffness. This is in line with the findings of the mechanical tests,
which showed that results of lower magnitude were measured for
higher percentages.

The investigated copper- and bronze-filled composites have no
cytotoxic effect in short-term contact, suggesting their potential in
biomedical use, especially in short-term contact devices on skin
or mucosa.

The materials did not show any electrical conductivity, which
would be expected with conductive fillers.

Thermal conductivity properties of the materials tested are
superior to or equal to those of commercially available prosthetic
coverings, making them suitable for orthoses and prostheses with
the purpose of reducing perspiration and thereby rendering them
more comfortable to wear.

Based on the mechanical, structural and biological tests per-
formed, it has been determined that the materials under consider-
ation are potential candidates for future 4D applications, mainly
in the field of smart orthotics and external prosthetics, due to their
favorable thermal properties.
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