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Abstract: In the realms of tissue engineering and 3D
printing, tailoring scaffold mechanical characteristics and
degradation rates is crucial for superior performance in a
range of biomedical settings. This research explores the
use of poly(lactic acid) (PLA) and poly(ε-caprolactone)
(PCL) blends as feedstocks for fused deposition modeling.
We fabricated filaments using five different PLA/PCL ratios
(100/0, 70/30, 50/50, 30/70, and 0/100) and utilized them to fab-
ricate test samples using a 3D printer. This study assesses how
PCL influences the thermal, physicochemical, and printing
properties of PLA. The introduction of PCL, which has a lower
melting point and greater ductility compared to PLA, not only
enhances printability but also adds flexibility and governs the
degradation pace of the scaffolds. Fourier transform infrared
spectroscopy analysis reveals that the chemical functional
groups of PLA and PCL are quite similar, leading to signifi-
cantly overlapping infrared bands in the blends. PLA (70%)
exhibits a high elastic modulus (1.23 GPa) and maximum ten-
sile strength (32.5MPa), demonstrating that it maintains its
rigidity and strength despite the substantial inclusion of PCL.
Furthermore, an increase in PCL content correlates with a
reduction in weight loss, indicating slower degradation rates
in phosphate-buffered saline. Our results provide a deeper
understanding of how PLA/PCL ratios affect scaffold proper-
ties, offering important insights for creating custom scaffolds
that meet specific needs in tissue engineering applications.
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1 Introduction

With the goal of creating biomaterials that resemble nat-
ural bone structures and characteristics to support tissue
regeneration, bone tissue engineering has emerged as a
potential area of research in regenerative medicine [1–3].
The need for innovative materials and fabrication methods
that can satisfy medical requirements for biodegradability,
biocompatibility, and affordable, on-demand customized
design and manufacture has arisen from the sharp rise
in the use of orthopedic implants. Implants should mimic
the characteristics of actual bone as closely as possible
regarding strength, hardness, chemical composition, rate of
deterioration, biocompatibility in the physiological environ-
ment, etc. [4,5]. Most implants that are offered commercially
are made of metals and metallic alloys, such as titanium,
stainless steel, and Co–Cr alloys, because of their superior
mechanical strength, biocompatibility, and advantageous cor-
rosion resistance properties [6–9]. However, their long-term
use often leads to challenges, including stress shielding,
inflammatory responses, and difficulties with biodegradation,
necessitating surgical removal in many cases. These limita-
tions have spurred interest in alternative materials that can
better mimic the dynamic properties of natural bone while
addressing these shortcomings.

In this context, polymer-based materials have emerged
as a promising alternative, offering the advantages of bio-
degradability, tunable properties, and ease of fabrication
through advanced techniques like additive manufacturing
[10–12]. Among these, poly(lactic acid) (PLA) [13–15] and
poly(ε-caprolactone) (PCL) [16–18] stand out as two leading
candidates for bone tissue engineering, owing to their biocom-
patibility, mechanical properties, and degradability profiles.
This shift from metals to polymers marks a significant step
forward in creating implants that integrate seamlessly into
the physiological environment while minimizing complications.



* Corresponding author: Sumama Nuthana Kalva, Division of
Sustainable Development, College of Science and Engineering, Hamad
Bin Khalifa University, Doha, Qatar, e-mail: sunu43717@hbku.edu.qa
Yahya Zakaria: Core labs, Hamad Bin Khalifa University, Doha, Qatar,
e-mail: yzakaria.science@gmail.com
Carlos A. Velasquez: Surgical Research Section, Innovation Unit, Hamad
Medical Corporation, Doha, Qatar, e-mail: CVelasquez@hamad.qa
Muammer Koç: Division of Sustainable Development, College of Science
and Engineering, Hamad Bin Khalifa University, Doha, Qatar,
e-mail: mkoc@hbku.edu.qa

Reviews on Advanced Materials Science 2025; 64: 20250098

Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/rams-2025-0098
mailto:sunu43717@hbku.edu.qa
mailto:yzakaria.science@gmail.com
mailto:CVelasquez@hamad.qa
mailto:mkoc@hbku.edu.qa


Even though both PLA and PCL have shown promise
for bone tissue engineering when used separately [19–22],
their combination in polymeric blend materials can have
beneficial synergistic effects and enhance performance.
The combination of PLA and PCL enhances materials by lever-
aging PLA’s stiffness and biodegradability alongside PCL’s flex-
ibility and slower degradation rate. The mechanical qualities,
degradation rates, and bioactivity crucial for bone tissue regen-
eration can be adjusted by blending PLA and PCL [23,24]. Addi-
tionally, fused filament fabrication (FFF) has many benefits as
an additive manufacturing method, including simplicity of
usage, affordability, and the capacity to create patient-specific
scaffolds with complex designs [25,26].

Although several studies have explored the properties
of PLA/PCL blends, much of the existing literature focuses
on either individual polymer characteristics or blends with
fixed ratios. However, there is limited research that sys-
tematically evaluates how varying PLA/PCL ratios influence
both mechanical and degradation properties, specifically in
the context of 3D-printed scaffolds for bone tissue engi-
neering. Furthermore, most studies do not address the pro-
cessability challenges associated with these blends when
used as feedstock for FFF. This study bridges these gaps by
comprehensively analyzing the thermal, printing, mechan-
ical, and degradation behaviors of 3DP PLA/PCL blends
across a range of blend ratios.

2 Materials and methods

2.1 Materials

PLA particles were sourced from Goodfellow Cambridge
Limited, characterized by an average molecular weight of
193,300 g·mol−1, melting point of approximately 170°C, and
granule size ranging from 3 to 5mm. The density of PLA
was 1.24 g·cm−³, with a melt flow rate (MFR) of 8. PCL was
purchased from Sigma Aldrich, possessing a melting point
near 60°C, average molecular weight close to 80,000 g·mol−1,
granule size around 3mm, and a density of 1.145 g·cm−³. The
MFR of PCL ranges from 2 to 4. Chloroform, used as a solvent
for polymers, was obtained from VWR Chemicals (Germany)
and has a density of 1.48 g·cm−³ and a boiling point near 60°C.

2.2 Preparation of PLA/PCL films

Films were produced with varying PLA/PCL blends using a
solvent evaporation technique. Concentrations were set at

125 g·l−1 for each mixture with varying PLA/PCL ratios (100/
0, 70/30, 50/50, 30/70, and 0/100). The mixtures were stirred
mechanically at 400 rpm for 24 h at room temperature
(Table 1). These solutions were then spread onto a stan-
dard-sized metal plate to air dry for 24 h before the film
removal. The same size plate was used for consistency in
the thickness of films.

2.3 PLA/PCL filament extrusion

Following film preparation, the PLA/PCL films were shredded
into uniform squares to serve as extruder feedstock (Figure 1).
The neat PLA and PCL filaments were extruded following our
previous reports on PLA and PCL magnesium composites
[18,27]. The Filabot EX2 extruder produced the filaments
through a 3mm nozzle. The PLA/PCL were found to be
extrudable consistently at 160°C. The extruded PLA/PCL fila-
ments were subjected to quality checks to ensure consistent
performance during 3D printing. Diameter uniformity was
measured using a digital caliper, ensuring the filament dia-
meter remained within the acceptable tolerance range speci-
fied for the Ultimaker 3 Extended 3D printer (2.85 ± 0.05mm).
Additionally, cross-sectional analysis was performed visually
to inspect the filaments for any air voids or inconsistencies
that could compromise the mechanical integrity and print-
ability of thematerial. These checks were critical for achieving
smooth extrusion and ensuring structural uniformity in the
printed scaffolds. These filaments were then utilized for 3D
printing.

2.4 Characterization of blended filaments

The thermal properties of the PLA/PCL filaments were ana-
lyzed using thermogravimetric analysis (TGA; TA SDT 650
instrument). Approximately 10 mg of each sample was
placed in a ceramic crucible and heated from room

Table 1: PLA/PCL compositions used in the study

Material Composition (wt%)

PLA PCL

PLA 100 00
70/30 70 30
50/50 50 50
30/70 35 70
PCL 00 100
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temperature to 500°C at a rate of 10°C per minute under a
nitrogen purge. Differential scanning calorimetry (DSC)
provided data on the melting and degradation tempera-
tures. X-ray diffractometry was performed to examine
the crystal structures over a 10°–90° angle range, and
Fourier transform infrared(FTIR) spectroscopy was per-
formed to identify the functional groups, employing an atte-
nuated total reflectance (ATR) attachment and recording
transmittance spectra across 4,000–400 cm−1 at a 4 cm−1

spectral resolution using 32 scans per sample.

2.5 3DP of PLA/PCL filaments

Samples were printed on an Ultimaker 3 Extended FFF
printer using the filaments. The solid samples and the ten-
sile test samples were designed using Solidworks and
prepared for printing with Ultimaker Cura. The printer
settings included a layer resolution of 0.2 mm, and nozzle
diameter of 0.4 mm, and 100% infill density. The bottom
and top layers were set at 3 each, and the perimeter wall
line counts were set at 2. The extrusion temperature, print
speed, and bed temperature varied based on the PLA/PCL

blend composition. To aid adhesion, paper glue was applied
to the build plate.

2.6 Mechanical and degradation studies

Mechanical properties were evaluated using a MARK-10
(ESM303) testing machine. Tensile tests (ASTM D638 Type
IV) were performed at an extension rate of 5 mm·min−1 for
three samples of each composition, from which the max-
imum tensile stress and Young’s modulus were calculated.
Degradation studies involved immersing 3D-printed solid
samples in phosphate-buffered saline (PBS) for 4 weeks, with
initial and subsequent weights measured at 2-week intervals.
Samples were dried post-immersion before weighing to cal-
culate the percentage of weight loss. For the degradation
study, printed samples were first weighed and then placed
in glass test tubes filled with 10mL of PBS. The chemical
composition and changes in the functional groups of the
PLA/PCL blends were analyzed using an (FTIR spectrometer,
both before and after degradation in the PBS solution. To
evaluate the degradation of the PLA/PCL scaffolds, they were
submerged in a PBS solution with an initial pH of 7.6 for 4

Figure 1: Schematic of the preparation process of PLA/PCL blended filaments for 3DP.
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weeks. The reduction in weight of the scaffolds was assessed
after weeks 2 and 4. Each scaffold’s weight was recorded
prior to immersion in PBS. At the 2- and 4-week marks, the
samples were removed from the PBS, dried at 40°C for 8 h,
and then reweighed. The percentage of weight loss (W%)
was calculated using the following formula:

= − ×W W W WΔ % / 100%,i f i( )

where Wi represents the original weight of the dry, dete-
riorated scaffolds, and Wf denotes their final weights after
degradation.

Additionally, the chemical states of the blended PLA/
PCL samples were analyzed both before and after aging,
utilizing X-ray photoelectron spectroscopy (XPS)(ESCALAB

250Xi, Thermo Fisher Scientific, UK). The spectroscopic set-
tings for XPS included 20 eV for high-resolution scans and
100 eV for survey scans. The XPS instrument was regularly
calibrated with high purity standards of gold (Au), silver
(Ag), and copper (Cu). The referencing for these samples
was performed using the C1s peak at 284.8 eV.

2.7 Statistical analysis

The data collection was repeated three times to ensure relia-
bility. Results are presented as mean values with standard
deviations, illustrating the reproducibility of the findings.

Figure 2: (a) FTIR analysis of the blend, PCL, and pure PLA films. (b) TGA characterization of PLA and blend films. (c) DSC characterization of PLA/PCL
blends film in the melting temperature range. (d) DSC characterization of PLA/PCL blend film in the degradation temperature range.
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3 Results and discussion

3.1 FTIR spectroscopy results

FTIR spectroscopy is used to determine the chemical func-
tional groups present in a substance. The FTIR spectra of
the PLA/PCL blend, shown in Figure 2a, demonstrate the
absorption bands of the functional groups that are present
in the composite. The FTIR spectra display the following
distinctive PLA peaks: bands attributed to the C–O stretching
between 1,100 and 1,200 cm−1; bands attributed to C–H
bending between 1,325 and 1,500 cm−1; a C]O stretch at
1,757 cm−1, and a small C–H vibration between 2,900 and
3,025 cm−1. The FTIR spectra of pure PCL show the following
major distinctive bands at 2,866 and 2,948 cm−1 corresponding
to the C–H stretching. The presence of this distinctive band of
PCL is evident in the PLA/PCL samples, but it has lesser
intensity.

Because the chemical functional groups found in PCL
and PLA are so similar, the IR bands of blended scaffolds
greatly overlap. Furthermore, no new absorption peaks
appeared, and no changes to the peak positions were
observed. These results show that both polymers mixed
nicely in the fibers; nevertheless, during the blending
and subsequent extrusion process, there was no chemical
contact between the PLA and PCL polymers. The slight
variations between PCL and PLA blends imply that the
chemical connections were comparable and in line with
previous research [28]. The blended peak positions of the
two polymers exhibit a small movement in the C–H stretch
but otherwise remain mostly unchanged. The peak inten-
sity was, however, slightly decreased.

3.2 Thermal degradation behavior

The weight loss that results from thermal decomposition, the
decomposition temperature of a material, and its thermal
stability are all frequently ascertained using TGA. TGA can
be used to ascertain the temperature at which PLA begins to
degrade as well as the degree of degradation that occurs at
various temperatures. Additional TGA studies were carried
out to determine the limitations in extrusion and printing
temperatures as well as the thermal degradation behavior
of the produced materials. Up to about 300°C, none of the
samples significantly changed in weight, and PCL remained
steady even at 400°C. As shown in Figure 2b, pure and blend
samples are degraded in a single-step degradation process.
PLA degrades thermally between 300°C and 370°C, whereas
PCL degrades between 350°C and 450°C. PLA/PCL blends

degrade between these two pure polymer degradation tem-
perature ranges. PCL addition speeds up heat breakdown in
the PLA [29,30]. The temperature at which 5% of the sample
begins to degrade in the blends is higher than that for the
pure PLA, showing that the PCL addition increases the
thermal stability of the PLA.

DSC measurements were taken to examine the thermal
behavior of PLA/PCL blends in the processed blends. The
thermal events observed during the DSC analysis are pri-
marily associated with the melting, crystallization, and
glass transition behaviors of PLA and PCL. All blends pre-
sented a melting peak for PCL at around 55°C, while the
melting peak for PLA was observed at 175°C (Figure 2c).
Because it overlaps with the melting temperature of PCL,
the Tg of the pure PLA looks to be approximately 60°C,
making it challenging to determine it during heating scans
for blends. The addition of PCL into the PLA matrix led to
peaks at both temperatures associated with the polymers.
The degradation of the blends also shows a similar trend
(Figure 2d). These mechanisms differ due to the inherent
structural and thermal properties of the two polymers. The
observed differences in these events arise from the distinct
thermal and molecular characteristics of PLA and PCL, as
well as their interactions in the composite. These mechan-
isms collectively govern the processability and thermal
behavior of the blends, which are critical for their applica-
tion in 3D-printed scaffolds. The onset of the degradation
appears to be quicker with the increasing composition of
PLA. The presence of PCL has led to the degradation of the
blends to a higher temperature. This shows that the thermal
stability of the blends increased with the addition of PCL.
This is important to remember when developing materials
for biomedical applications since changes in the chemical
composition could have detrimental consequences on the
body, such as strong immunological reactions.

3.3 3DP of various PLA/PCL blends

Samples of the various PLA/PCL compositions were 3D
printed to assess whether filaments are suitable for produ-
cing complex geometrical features and whether they can
preserve structural integrity during the printing process. It
was observed that 3DP of PCL and PLA required different
printing parameters. PLA, having a melting temperature of
175°C, showed good printability at a nozzle temperature of
190°C. PCL, which has a melting temperature of around
60°C, could be printed only at around 160°C nozzle tem-
perature. This is due to the variations in MFR of various
polymers at different temperatures [31,32].

3DP of PLA/PCL composites  5



The printing parameters were selected based on ana-
lyzing the melt flow behavior of the PLA/PCL blends through
the nozzle at different temperatures and print speeds. The
optimal nozzle temperature and print speed were deter-
mined by studying the flow characteristics to ensure smooth
extrusion and consistent layer deposition for each blend.
Additionally, the bed temperature was chosen by evaluating
the temperature at which the blends adhered effectively to
the print bed and retained their shape during the printing
process. This systematic approach ensured the best printing
conditions for each PLA/PCL ratio.

The relative proportions of PLA and PCL in the blend
impact the MFR. PLA typically has a higher MFR than PCL.
As the percentage of PLA increased in the blend, the overall
MFR of the blend may tend to increase due to the dominance
of PLA’s higher MFR [33]. MFR affects how easily the blend
material can be extruded through the 3D printer’s nozzle [34].
A higher MFR indicates better flowability, leading to smoother
andmore consistent extrusion. A higher MFR often correlates
with improved printability, especially when using smaller
nozzle sizes. Therefore, the printing of blends with increasing
PCL composition required a much slower print speed for
proper deposition of the molten layer (Table 2).

Various optimized print parameters are shown in Table 3.
All blend filaments were discovered to be easily printable and
free of any flaws or irregularities. Figure 3 illustrates how the
printed components adhered to the input design specifications
without materially deviating from the original CAD file.

3.4 Degradation study of the 3D printed
samples

It is reported in the literature that PCL degrades by scission
of end groups of the polymer chain, which disappears
when washed and dried [35]. PLA degrades by chain scis-
sion, but these chains remain. Blend PLA/PCL scaffolds show
intermediate behavior, with each homopolymer degrading
following the same mechanism as pristine homopolymers.
Figure 4a and b show the FTIR spectra before and after
degradation of 4 weeks of the PLA/PCL samples for compar-
ison. The FTIR spectra show degradation of polymer chains
after 4 weeks of degradation, which is evident from peaks
with lesser intensities compared to the non-degraded sample
peaks. The 50/50 PLA/PCL spectra confirm slow degradation
due to PCL addition, with the carbonyl band of PLA decreasing
faster than PCL [36]. It can be observed from the spectra that
there is a broadening of C–H stretches in all the compositions.
The appearance of broad O–H stretches in the PCL sample
indicates that hydrolytic degradation is prominent in PCL, as
shown in the figure.

The weight loss in PLA/PCL blends in PBS is observed
over 4 weeks, with a decreasing trend as PCL content
increases (Figure 4c). For example, scaffolds with higher
PLA content may bemore suitable for applications requiring
rapid degradation and faster tissue ingrowth, such as in
temporary implants for soft tissue repair. On the other
hand, scaffolds with higher PCL content provide prolonged
structural support in load-bearing applications or in cases
where slower degradation is needed to allow sufficient time
for tissue regeneration. This ability to customize the degra-
dation profile is particularly beneficial for creating patient-
specific solutions, where the scaffold’s degradation kinetics
can be matched with the healing process of the targeted
tissue. The decreasing trend in weight loss with increasing
PCL content suggests that the rate of degradation in PBS
decreases as more PCL is incorporated into the blend. PLA
is known for its relatively rapid biodegradation, whereas
PCL has a slower degradation rate. As PCL content increases,

Table 2: Optimized printing parameters of the blends

Nozzle
temperature (°C)

Printing
speed
(mm·s−1)

Print bed
temperature (°C)

PLA 190 50 60
70/30 190 50 40
50/50 190 20 40
30/70 190 20 40
PCL 160 20 40

Table 3: XPS spectra details

Sample Chemical state Peak BE (eV) FWHM (eV) Area (CPS·eV) Percentage (%)

Non-degraded C1s (C–C/C–H) 284.82 1.34 71699.03 50.84
C1s (C–O) 286.79 1.40 36169.70 25.66
C1s (O–C═O) 288.92 1.25 33116.38 23.50

Degraded C1s (C–C/C–H) 284.88 1.31 77505.09 47.93
C1s (C–O) 286.82 1.44 44433.06 27.49
C1s (O–C═O) 288.93 1.19 39697.93 24.57
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Figure 3: (a) Samples of various compositions prepared using FFF. (b) Plot showing the variation of dimensional accuracy with respect to various compositions.

Figure 4: Degradation study results: (a) FTIR results of non-degraded samples, (b) FTIR results of degraded samples, and (c) plot showing the weight
loss of the samples after different degradation intervals.
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the dominance of PCL in the blend can slow down the
overall degradation process [37].

X-ray photoelectron spectroscopy (XPS) is a valuable
analytical technique for investigating the degradation of
PLA/PCL blend materials. When examining such blends
after degradation, XPS results can provide insights into the
chemical changes occurring at the material’s surface, which
is crucial for understanding the degradation mechanisms
[38]. An increase in the oxygen concentration at the blend’s
surface can indicate oxidative degradation. XPS can quantify
changes in the oxygen content and help identify the formation

of oxygen-containing functional groups, such as carbonyl or
hydroxyl groups, which are often associated with the degra-
dation processes.

The mixed PLA/PCL sample before and after degrada-
tion has shown that the surface elements are mainly C and
O due to the composition of the polymers PLA and PCL. The
chemical state analysis indicates that carbon, which is the
main element, is present as C–C/C–H, C]O, and O–C]O.
Theoretically, PLA has the chemical formula of (C3H4O2)n,
which consists of one (1) C–C/C–H, one (1) C–O, and one (1)
O–C]O and PCL chemical formula is (C6H10O2)n, which has

Figure 5: (a) Chemical structure of PCL and PLA monomers, (b) XPS spectra of non-degraded and degraded PLA/PCL 30/70 sample, and (c) SEM of the
degraded sample.
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four (4) C–C/C–H, one (1) C–O, and one (1) O–C]O, as
shown in Figure 5a. Regardless of the mixture, the ratio
of C–O to O–C]O should be close to 1:1.

The fresh sample shows a ratio close to 1:1 for C–C/C–H
to O–C]O, which is expected (Figure 5b). A ratio of C–C/
C–H to C–O and between C–C/C–H and C–O (as well as
O–C]O) is close to 2:1, which is related to the mixture of
both polymers (Table 3). Abudula et al. made similar obser-
vations regarding ratios of C–C/C–H to C–O in their study of
PLA/PBS hybrid fibers [39]. After the degradation, the C–C/
C–H bonds were reduced while the C–O and O–C]O bonds
increased. This is likely due to the slight deterioration of
the polymer and increased oxidation caused by the hydro-
lysis of esters (Figure 5c). Similar SEM results for degrada-
tion after 4 weeks have been reported in the literature [40].

3.5 Mechanical properties of the 3DP PLA/
PCL blends

Natural tissues have a specific mechanical strength and
stiffness that allows them to withstand various mechanical
loads, provide support, and resist fractures. To design
effective tissue engineering scaffolds or implants, it is cru-
cial to match or closely mimic the mechanical properties
of the targeted tissues. Mechanical strength studies help
ensure that the engineered tissue constructs can provide
the required support and resist failure under physiological
loads. The results of the tensile tests on PLA/PCL blends are
displayed in Figure 6. The stress–strain curves demonstrate
a decreasing elastic modulus, decreasing breaking stress,
and increasing ductility with increased PCL content. All

Figure 6:Mechanical study results: (a) Dog-bone samples as per ASTM D638 Type IV. (b) Tensile stress–strain curve of the various PLA/PCL blends. (c) Plot showing
the variation of stiffness among the various samples under study. (d) Plot showing the variation of maximum stress among the various samples under study.
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the mechanical properties of the blends are tabulated in
Table 4. As seen in the tensile stress–strain plot, 100% PCL
reaches the highest value of maximum elongation at break,
while 100% PLA reaches higher stress values. The three
blend blends exhibit in between these behaviors.

Breaking stress, often called tensile strength, is the max-
imum stress a material can withstand before rupturing. PLA
typically has a higher tensile strength compared to PCL [41].
With an increase in the PCL content, the overall strength of
the blend decreases. This can be attributed to PCL being a
weaker polymer in tensile strength. Pure PLA exhibits the
highest breaking stress (43MPa) among the tested materials.
This is consistent with the reputation of PLA for its good
mechanical strength. The PLA/PCL blend (70/30) retained a
relatively high breaking stress (33 MPa) compared to the
other blends. This demonstrates that even with significant
PCL addition, the material maintains a substantial level
of strength. Pure PCL exhibits the lowest breaking stress
(18MPa) among the tested materials. PCL is known for its
lower strength compared to PLA [42]. The breaking stress
values of the blends, especially those with higher PLA con-
tent, approach the lower range of breaking stress observed
in bones.

The elastic modulus (or Young’s modulus) measures a
material’s stiffness and resistance to deformation. PLA is
known for its relatively high modulus, whereas PCL has a
lower modulus. The overall stiffness decreases as the PCL
content increases in the blend. This is expected because
PCL is a more flexible and less stiff polymer compared to
PLA. Pure PLA has the highest elastic modulus (1.26 GPa),
indicating its stiffness and resistance to deformation. This
is consistent with the reputation of PLA as a relatively stiff
polymer [31]. The blend with 70% PLA content maintains a
high elastic modulus (1.23 GPa), indicating that it retains
stiffness even with a significant PCL component. Pure
PCL has the lowest elastic modulus among the tested mate-
rials, indicating its flexibility and lower stiffness. Lower
PLA content blends offer a balance between stiffness and
strength, which can be advantageous in applications where
controlled mechanical properties are needed.

Ductility refers to a material’s ability to undergo plastic
deformation (change in shape) without fracturing. PLA is
known for its brittleness, which tends to fracture without
significant plastic deformation. On the other hand, PCL is
more ductile. When PCL is incorporated into the blend, it
imparts greater ductility to the material. Pure PLA exhibits
the lowest elongation at break (5%), indicating its brittleness.
PLA tends to fracture without significant plastic deformation.
A blend with 70% PLA content significantly improves elonga-
tion at break (35%), suggesting increased ductility compared
to pure PLA. The elongation at break exceeds 50% with a
lower PLA content, indicating a highly ductile material. The
elongation at break results reveals that PCL-based blends and
those with lower PLA content are highly ductile. This ductility
can be advantageous in applications where flexibility and
resistance to fracture are crucial [43,44].

PLA and PCL have different chemical structures and
properties. The observed changes in the mechanical prop-
erties may be influenced by the compatibility of these poly-
mers at the molecular level. Poor compatibility can lead to
weak interfacial bonding between the two components,
reducing the overall mechanical performance. The distri-
bution and alignment of PLA and PCL phases within the
blend can affect the mechanical properties. If PCL domains
are well dispersed and aligned, it can increase ductility and
decrease stiffness and strength. The ability to tune the
mechanical properties of PLA/PCL blends by adjusting
the PCL content provides opportunities to tailor materials
for specific applications [32,45]. For instance, a higher PCL
content might be desirable in applications where flexibility
and impact resistance are crucial. These findings open
opportunities for tailoring materials with specific mechan-
ical properties, making them suitable for various applica-
tions, particularly biodegradable and sustainable materials.
The decreasing elastic modulus of PLA/PCL blends with
increasing PCL content can benefit bone tissue engineering.
Human bones have some flexibility, and excessively stiffmate-
rials may not integrate well with the surrounding bone tissue
[46–48]. The increased ductility in PLA/PCL blends is particu-
larly beneficial in load-bearing bone tissue engineering applica-
tions. Bones are subjected to dynamic loads, andmaterials with
some ductility can better withstand these mechanical stresses
without fracturing. This property is critical for long-term
implant durability (Figure 6).

4 Conclusion

This study investigated the potential of PLA/PCL blends as
FFF feedstock for bone tissue engineering applications. The

Table 4: Mechanical properties of the blends

Max.
stress (MPa)

Elastic modulus,
E (GPa)

Elongation
at break (%)

PLA 43 ± 2.54 1.26 ± 0.08 5
70/30 33 ± 1.28 1.23 ± 0.03 35
50/50 28 ± 1.56 0.62 ± 0.05 42
30/70 25 ± 2.28 0.27 ± 0.07 >50
PCL 18 ± 1.86 0.24 ± 0.05 >50
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results demonstrated that the mechanical properties of the
blends can be tailored by adjusting the composition ratio of
PLA and PCL, enabling the fabrication of structures according
to patient-specific requirements. In summary, the observed
mechanical property trends in PLA/PCL blends, including
decreasing stiffness, increasing ductility, and biodegrad-
ability, align well with the requirements for bone tissue engi-
neering applications. These blends can potentially contribute
to the development of advanced biomaterials for bone repair
and regeneration, offering customizable solutions for a range
of clinical scenarios. Further research, including in vitro and
in vivo studies, will be necessary to validate their suitability
and optimize their performance for specific bone tissue engi-
neering applications. Further research and optimization are
warranted to explore their long-term performance, integra-
tion with vascularization strategies, and translation into clin-
ical practice.
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