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ABSTRACT: The continuous improvement in patient care and recovery is driving the development of innovative
materials for medical applications. Medical sutures, essential for securing implants and closing deep wounds, have
evolved to incorporate smart materials capable of responding to various stimuli. This study explores the potential of
thermoresponsive sutures, made from shape memory materials, that contract upon heating to bring loose stitches
closer together, promoting optimal wound closure. We developed nanocomposites based on a blend of poly(lactic acid)
(PLA) and thermoplastic polyurethane (TPU)—biopolymers that inherently exhibit shape memory—enhanced with
carbon nanotubes (CNT) and graphene nanoplatelets (GN) to improve mechanical performance. PLA/TPU (50/50)
nanocomposites were prepared with 1 and 2 wt% GN, as well as hybrid formulations combining 1 wt% CNT with 1
or 2 wt% GN, using a twin-screw extrusion process to form filaments. These filaments were characterized through
differential scanning calorimetry (DSC), field emission gun scanning electron microscopy (FEG-SEM), tensile testing,
and shape memory assessments. While the PLA/TPU blend is immiscible, TPU enhances the crystallinity (Xc) of the
PLA phase, further increased by the addition of CNT and GN. FEG-SEM images indicate CNTs primarily in the PLA
phase and GN in the TPU phase. PLA/TPU with 1 or 2 wt% GN showed the highest potential for suture applications,
with a high elastic modulus (~1000 MPa), significant strain at break (~10%), and effective shape recovery (~20% at 55○C
for 30 min). These findings suggest that these nanocomposites can enhance suture performance with controlled shape
recovery that is suitable for medical use.

KEYWORDS: Shape memory polymers; poly(lactic acid) (PLA); thermoplastic polyurethane (TPU); carbon nanotubes
(CNT); graphene nanoplatelets (GN)

1 Introduction
The constant progress in medicine and the development of materials for medical applications have led

to safer and more effective surgical techniques. It is estimated that over 300 million major surgeries are
performed worldwide annually, a number expected to increase with the growing global population [1]. With
such a significant volume of surgeries, the demand for techniques and materials that promote better patient
recovery becomes essential. Surgical procedures often require the use of medical sutures, which are critical
for stabilizing implants and closing deep wounds to facilitate healing and prevent bleeding by compressing
blood vessels [2,3].
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Medical sutures have been used for approximately 3000 years BCE, employing materials such as animal
tendons, guts, silk, and even cotton—all natural materials [4]. However, as material science advanced,
particularly in the 20th century, natural materials were replaced by polymers like polypropylene (PP) and
polyamide (Nylon R©) [5]. This shift not only introduced new materials but also improved suture production
techniques and surgical methods, leading to procedures that are less invasive, less painful, and associated
with lower rates of inflammation and infection.

The selection of a suitable material for medical sutures is crucial, requiring biocompatibility to prevent
inflammatory processes and avoid additional harm to wounds. For internal use, the material should also be
biodegradable to eliminate the need for surgical removal and ensure non-toxic degradation within the body.
As a result, the use of biopolymers, such as poly(lactic acid) (PLA), is highly recommended [6]. PLA stands
out among biopolyesters due to its biocompatibility, biodegradability, ease of processing, high mechanical
strength, and favorable degree of crystallinity [7,8]. However, being a rigid material, it may lack the flexibility
needed for medical sutures applications.

An effective alternative to enhance the elasticity of PLA is the addition of a second phase through
the development of polymer blends. The development of a polymer blend of PLA and thermoplastic
polyurethane (TPU) addresses this concern, developing a material with improved flexibility, making it more
suitable for medical sutures while retaining biocompatibility and mechanical strength [9]. The mechanical
properties of TPU, which arise from its rigid and soft segments, provide excellent mechanical strength and
elasticity, enabling it to be processed through thermoplastic techniques [10].

Another important property required for this application is shape memory, a response that allows the
material to be programmed to recover its original state using external stimuli such as pH changes, electricity,
light, or heat [11,12]. This thermoresponsive nature makes the PLA/TPU blend a smart material to aid in the
healing process. When heated, the material contracts, potentially reducing the length of a medical suture
and closing the wound [10]. This contraction is necessary during the healing process as it helps prevent the
stitches from coming loose and keeps the wound closed [5,13–15].

Additionally, to leverage the innate shape memory response and avoid premature rupture, the mechan-
ical properties of the PLA/TPU blend can be enhanced using nanofillers, such as carbon nanotubes (CNT)
and graphene nanoplatelets (GN) [16–18]. Carbon nanofillers are highly recommended because they can
produce nanocomposites with high specific mechanical strength when added in small quantities, typically
below 5 wt% [19,20].

The combination of biopolymers such as PLA and TPU, along with the addition of carbon nanofillers
like CNT and GN, results in a material with suitable mechanical strength, flexibility, and shape memory—
properties that are advantageous for the development of advanced medical sutures.

In our previous work [21,22], we highlighted how the increasing demand for rapid patient recovery in
surgical interventions has accelerated biomaterials research, leading to the development of shape memory
polymers (SMP) like PLA/TPU blends with different blend ratios, which exhibit excellent shape memory
properties, enhance wound healing, and demonstrate favorable mechanical characteristics for sutures;
specifically, PLA/TPU (30/70) achieves an elongation at break of 80% and a shape recovery ratio of 40%.
Additionally, our research on PLA/TPU (60/40) blends-based nanocomposites [21], enhanced with the
addition of carbon nanomaterials, showed promising antimicrobial activity and an average shape recovery
of approximately 6.5% in length, making these materials suitable for advanced antimicrobial sutures. The
incorporation of carbon nanofillers can inhibit or manage the proliferation of pathogenic microorganisms
and the onset of infectious processes in the suture area, while also enhancing the mechanical properties and
shape memory effect of the suture thread [21].



J Polym Mater. 2025;42(1) 97

In this work, a 50/50 PLA/TPU blend ratio was investigated, and the effects of adding carbon nanotubes
(CNT) and graphene nanoplatelets (GN) on the thermal, mechanical, and shape memory properties were
evaluated. The blend-based nanocomposites were prepared using an industrial-like, solvent-free method
(extrusion), and the resulting filaments were characterized, demonstrating promising results for their
application as medical sutures with good shape memory.

2 Methodology

2.1 Materials
PLA with specification PLI 005 (Nature Plast, Mondeville, France), MFI 25–35 g/10 min (190○C/2.16 kg),

density of 1.25 g⋅cm−3, and Mw of 80,000 to 100,000 g⋅mol−1.
TPU with specification Thermollan MXB 01 Natural from Eastman Scandiflex (São Paulo, Brazil) with a

density of 1.21 g⋅cm−3, Shore A hardness of 80± 3, elongation at break≈650%, and tear strength of 60 N⋅mm−1.
Multiwalled carbon nanotubes (CNT) with specification NC7000 from Nanocyl SA (Sambreville,

Belgium), produced through chemical catalytic vapor deposition (CCVD), with purity >90%, diameter of
9.5 nm, and length of 1.5 μm.

Graphene nanoplatelets (GN) from Cheaptube (Grafton, MA, USA) with purity >97%, average particle
size >2 μm, and thickness between 8 and 15 nm.

2.2 Methods
2.2.1 Processing of PLA/TPU Blend-Based Nanocomposites

Filaments were produced using a twin-screw extruder AX Plásticos, model AX DR 16:40 (Diadema, São
Paulo, Brazil) with a temperature profile of 170○C, 180○C, 185○C, 190○C, and 195○C (from the feeding zone to
the matrix), along with a thread rotation speed of 80 rpm and feed speed of 25 rpm, using a double filament
die. The polymers were dried for 24 h in an oven at 80○C before processing. The filaments were pulled at a
constant speed to achieve a diameter of approximately 0.9 mm (commercial sutures have diameters ranging
from 0.02 to 0.9 mm). The filament diameter was measured using a digital caliper at five different spots
on each filament sample. The average diameter was found to be 0.9 mm, with a standard deviation (SD) of
0.1 mm.

Table 1 presents the compositions studied and the nomenclatures used in this work. These compositions
were chosen for presenting good shape memory response and mechanical properties associated with the
small content of the nanofillers according to results obtained by [11,21,22].

Table 1: Formulations of PLA/TPU blend-based nanocomposites with carbon nanotubes and graphene nanoplatelets

Samples PLA (wt%) TPU (wt%) CNT (wt%) GN (wt%)
PLA 100 0 0 0
50/50 50 50 0 0

50/50/CNT 50 50 1 0
50/50/GN1 50 50 0 1
50/50/GN2 50 50 0 2

50/50/CNT/GN1 50 50 1 1

(Continued)
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Table 1 (continued)

Samples PLA (wt%) TPU (wt%) CNT (wt%) GN (wt%)
50/50/CNT/GN2 50 50 1 2

TPU 0 100 0 0

2.2.2 Thermal, Morphological, and Mechanical Tests
All characterizations were conducted directly on the prepared filaments.
Differential scanning calorimetry (DSC) was performed using Netzsch equipment, model 204 F1

Phoenix R© (Berlin, Germany). The samples were subjected to one heating cycle from 25○C to 200○C (heating
rate of 10○C⋅min−1), an isotherm of 5 min, and cooled down to −80○C (cooling rate of 10○C⋅min−1). The
measurements were made using nitrogen as carrier gas with a continuous flow of 50 mL⋅min−1. The degree
of crystallinity (Xc) of PLA was obtained from the heating data by applying Eq. (1).

Xc = ΔHm − ΔHcc

wPLAxΔH0
m

(1)

where ΔHm is the fusion enthalpy of PLA, ΔHcc is the cold crystallization enthalpy of PLA, ΔH0
m is the fusion

enthalpy for 100% crystalline PLA (adopted as 93 J⋅g−1 [23,24]) and wPLA is the mass fraction of PLA.
The morphology of the samples was verified using the field emission gun scanning electron microscope

(FEG-SEM). The filaments were cryofractured, placed in aluminum stubs, covered with a thin layer of gold,
and observed using a Tescan microscope, model MIRA3 (Brno, Czech Republic), operating with 5 keV. The
polymer blend-based compositions samples with TPU phase extraction were also evaluated by applying a
methodology used by Jašo et al. [25], with the cryofracture surfaces immersed in dimethylformamide (DMF)
for 5 min at room temperature.

The tensile tests were performed on filaments with 10 cm in lengthusing a Universal Testing Machine
MTS, model CRITERION 42 (Eden Prairie, MN, USA) with a load cell of 250 N and a speed rate of
50 mm⋅min−1. Tensile tests were performed in a total of five replicates for each sample type.

2.2.3 Shape Memory Test
The shape memory effect was verified using a CORNING heating plate, model PC-420D (Corning

Company, Corning, NY, USA) and a SOLAB stove, model SL-100/64 (SOLAB Científica, Piracicaba, São
Paulo, Brazil). Fig. 1 illustrates the process of fixing and recovering the shape of the filaments. This procedure
has been validated in previous works [20,21]. For each test configuration, five filaments samples were used.

For the shape memory assessment, filaments measuring 50 mm in length and 1 mm in diameter were
heated to either 80○C or 100○C in a water bath containing distilled water. While submerged, the filaments
were stretched to 100 mm using pliers at their tips. After being removed from the water bath, the filaments
were held in the stretched position until they cooled to room temperature. The resulting elongation (εc) was
then measured while the filaments remained under tension.
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Figure 1: Schematic representation of shape memory mechanism in thermosensitive polymers. The polymer, in its
original shape, that sample is heated and stretched to achieve the temporary shape, the sample is cooled down to fixate
the temporary shape, and then the sample is heated again to recover the original shape

Subsequently, the pliers were removed, and the length of the filament was measured again to obtain the
deformation after the fixing tension (ε), which was used to assess any shape recovery after the removal of
strain. After cooling, the filaments maintained the stretched form without any significant recoil. The fixation
rate (Fr) was calculated according to Eq. (2) to evaluate the capacity of the sample to retain deformation. To
determine the recovery ratio at different temperatures, the filaments were heated in an oven for 30 min at
different temperatures (37○C, 40○C, 55○C, and 70○C), and the final length of the filaments was measured,
obtaining the deformation after recovery (εr). For each temperature, a recovery ratio (Rr) was calculated
according to Eq. (3):

Fr = 100% × ε
εc

(2)

Rr = 100% × εc − εr

ε
(3)

2.2.4 Statistical Analyzes
Statistical analyses were conducted on the obtained results to support this type of study. ANOVA

(Analysis of Variance) was performed to determine the presence of significant differences between the results.
Additionally, post-hoc Tukey’s comparison test was applied to identify specific differences among the results.
The significance level (α) used in these tests was 0.05.

3 Results and Discussion

3.1 Differential Exploratory Calorimetry
Fig. 2 presents the DSC curves, while Table 2 displays the transition temperature values obtained from

the studied compositions.
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Figure 2: DSC curves for neat PLA, neat TPU, 50/50, and blend-based nanocomposites for (a) first heating and (b)
cooling

Table 2: Tg, TCC, Tm, and Xc obtained during first heating and TC obtained during cooling of the PLA and PLA/TPU
blend-based nanocomposites determined using DSC

Samples Tg (○C) PLA Tcc (○C) PLA Tm (○C) PLA Xc (%) PLA TC (○C) PLA
PLA 61 92 175 11 103
50/50 63 85 172 48 91

50/50/CNT 67 – 173 62 94
50/50/GN1 68 – 173 81 91
50/50/GN2 67 – 175 68 94

50/50/CNT/GN1 68 – 175 61 95
50/50/CNT/GN2 67 – 174 86 92

TPU – – – – –

TPU is a polymer consisting of both soft and rigid segments. The TPU used in this study has a
glass transition temperature (Tg) of −34○C for the soft segments, while PLA has a Tg of 61○C. The chosen
temperature range was not aimed at TPU since PLA is the component responsible for the shape memory
effect. Furthermore, we observed that the addition of nanofillers (CNT and GN) resulted in a slight increase
in the Tg of PLA compared to the blends without nanofillers. This effect can be attributed to the improved
interactions between the PLA phase and the nanofillers, which enhance the overall thermal properties of
the material... Another observation is the increased degree of crystallinity (Xc) of the PLA phase with the
incorporation of TPU and the nanofillers. Both the TPU phase and the nanofillers serve as heterogeneous
crystallization sites for the PLA phase. As crystallinity increases, the available amorphous phase diminishes,
which restricts the mobility of chain segments in this phase, requiring higher temperatures (and more
energy) to mobilize the amorphous chains within the material [26].

The second thermal transition assessed was the cold crystallization temperature (Tcc) of PLA, which
was noticeable only in neat PLA and PLA/TPU (50/50) samples. A possible hypothesis for the absence of
Tcc could be the heterogeneous nucleation of the crystalline phase (lamellae), which promotes the formation
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of a more crystalline phase and reduces the likelihood of cold crystallization during heating [27]. This is
reflected in the substantial increase in the degree of crystallinity (Xc) observed in PLA/TPU blend and
nanocomposites, where the presence of the TPU phase aids in heterogeneous nucleation, along with the
nanofillers [28–30]. The highest values were found in compositions 50/50/GN1 (81%) and 50/50/CNT/GN2
(86%). Additional evidence supporting the heterogeneous nucleation hypothesis was observed in the
crystallization temperature (Tc) of PLA, which decreased with the addition of TPU or nanofillers.

The TPU used is typically considered amorphous and does not show a significant endothermic peak
transition. Additionally, the melting temperature (Tm) of PLA did not exhibit notable changes across the
various compositions.

3.2 Morphological Characterization
Fig. 3a displays the surface of the cryofractured PLA filament, while Fig. 3b shows the surface of the

cryofractured TPU filament. Since no additional material was incorporated into the precursor polymers,
only one phase is observed in each case. Fig. 3c reveals the 50/50 blend, indicating a PLA matrix phase with
a TPU dispersed phase in droplet form. This dispersion is homogeneous, exhibiting regular sizes and being
well-distributed throughout the matrix. The lower viscosity of the PLA phase compared to that of the TPU
phase favors the formation of a continuous phase. Based on these results, it can be affirmed that the PLA/TPU
blend is an immiscible blend composed of two phases: the matrix phase is PLA, while the dispersed phase is
TPU [31–33].

Figure 3: FEG-SEM images: (a) neat PLA, (b) neat TPU, (c) 50/50 blend, with a magnification of 10 kx

Fig. 4 shows the FEG-SEM images of the blend and nanocomposites. The morphology of the immiscible
blend remains with the addition of nanofillers. Red arrows indicate some of the nanofillers present in the
studied systems.

Previous studies report various preferences for the location of nanofillers in these systems; however,
these preferences can vary depending on the type of CNT and GN, as well as the PLA and TPU phases
involved. These factors contribute to the formation of unique systems, and while the literature can provide
insights, it does not dictate these behaviors due to the numerous variables at play.

In Fig. 4a, a preferential location of dispersed CNTs in the PLA phase is observed, with no other
dispersed filler observed in the evaluated region. For compositions 50/50/GN1(Fig. 4b) and 50/50/GN2
(Fig. 4c), the selective location of GNs is observed primarily in the TPU phase, signed with red arrows
and a red circle, which aligns with the predictions of the thermodynamic models, such at those proposed
Wu’s equation [34]. No dispersed nanofillers were observed in Fig. 4d,e which correspond to hybrid
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nanocomposites in the evaluated region, possibly due to the encapsulation of nanofillers by the more
elastomeric matrix. Ductile filament fracture is visible in Fig. 4d.

Figure 4: FEG-SEM images: (a) 50/50/CNT, (b) 50/50/GN1, (c) 50/50/GN2, (d) 50/50/CNT/GN1, and (e)
50/50/CNT/GN2, with a magnification of 10 kx

Fig. 5a shows an exposed CNT in the matrix, with an average diameter of approximately 50 nm. Fig. 5b
presents GN with an average lateral size of 1.1 μm. Both fillers were measured using ImageJ software.

Figure 5: FEG-SEM images: (a) CNT and (b) GN in PLA/TPU matrix, with a magnification of 100 kx
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Fig. 6 presents the FEG-SEM images of the blend and nanocomposites after the extraction of the TPU
phase. The extraction aimed to identify the matrix and dispersed phases of the immiscible blend [25]. Initially,
it was observed that the TPU phase, extracted using DMF, was indeed the dispersed phase, appearing as
circular droplets, as shown in Figs. 3 and 4, for all studied compositions. As previously noted, an increase in
TPU content in the blend composition resulted in larger dispersed droplets. Although the blend composition
maintained equal mass quantities for PLA and TPU, only the presence of GN could be identified in Fig. 6,
highlighted by the red circle. This observation suggests a possible preferential location of the nanofillers
(CNT and GN) in the TPU phase, which was subsequently extracted.

Figure 6: FEG-SEM images: (a) PLA/TPU blend (50/50), (b) 50/50/CNT, (c) 50/50/GN1, (d) 50/50/GN2, (e)
50/50/CNT/GN1, and (f) 50/50/CNT/GN2, after TPU phase extraction in DMF, with a magnification of 10 kx

3.3 Tensile Tests
According to the NBR 13904 and ISO 13485:2000 standards [35], which outline the requirements for

non-absorbable surgical suture threads (Class I), it is recommended that these threads have a minimum
tensile strength over a simple knot of approximately 88 N (39 MPa) for threads with a diameter of 0.9–
0.999 mm, closely aligning with the obtained filaments diameter of 0.9 mm. Surgical suture threads typically
exhibit high stretching capabilities, indicating enhanced mechanical properties. However, it is important to
note that the stretching applied during in the conducted tests does not precisely replicate the actual stretching
of suture threads in clinical settings. Therefore, these standards serve as a guide for evaluating the results.

Fig. 7 presents the stress-strain curves of the average behavior of the filaments. The values for ultimate
tensile strength (UTS), deformation at break (εr), and elastic modulus (E) for the filaments are summarized
in Table 3.
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Figure 7: Stress x Strain curves of neat PLA, neat TPU, blend, and nanocomposites

Table 3: Ultimate tensile strength (UTS), deformation at the break, and elastic modulus obtained in the tensile test of
the filaments of the studied compositions

Sample UTS (MPa) Deformation at break (%) Elastic modulus (MPa)
PLA 40.5 ± 3.7a 1.6 ± 0.5d 2451.0 ± 234.9a

50/50 25.6 ± 0.7b 6.7 ± 0.7c 1468.5 ± 90.0a

50/50/CNT 21.1 ± 1.6c 11.7 ± 1.8b 946.3 ± 28.8c

50/50/GN1 25.0 ± 0.6b 10.8 ± 2.9b 1256.1 ± 25.9b

50/50/GN2 20.8 ± 1.6c 9.4 ± 0.7b 1114.6 ± 47.4c

50/50/CNT/GN1 21.4 ± 0.4c 17.6 ± 1.4a 1070.6 ± 51.0c

50/50/CNT/GN2 10.4 ± 0.5e 4.1 ± 1.2c 1022.1 ± 27.8c

TPU 22.7 ± 1.5c
>>650%* 6.8 ± 0.8d

Note: Values followed by different letters indicate differences between 50/50 and their nanocom-
posites according to Tukey’s test (p < 0.05). *Limit of the crosspiece of the equipment.

The addition of TPU in the composition resulted in the UTS values of the PLA/TPU blend (50/50) and
its nanocomposites (average value of 22 MPa) approaching the value presented by neat TPU (23 MPa). The
only exception was the composition 50/50/CNT/GN2, which exhibited a significantly lower value (10 MPa).
This composition has the highest nanofiller content (3 wt%), where the nanofillers, especially GN, may begin
to act as microcracks within the matrix phases [36], significantly reducing elongation.

All compositions containing TPU exhibited higher deformation at break than neat PLA, with the
50/50/CNT/GN1 composition being the most ductile (~18%), surpassing even neat TPU. The elastic modulus
(E) of the PLA/TPU blend (50/50) (~1500 MPa) was higher than of the other nanocomposites (~1100 MPa),
with the lowest E value observed in the 50/50/CNT composition (~950 MPa). These results align with
literature findings, which suggest that the incorporation of TPU into PLA matrices enhances ductility
while decreasing both the elastic modulus and UTS [37,38], highlighting the favorable performance of the
PLA/TPU blend.

Furthermore, when comparing the deformation at break behavior of the PLA/TPU 50/50 blend with
that of the nanocomposites containing 1 and 2 wt% of nanofillers, a notable increase in elongation from
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6.7% to 9.4%–17.6% was observed. These improvements suggest that the addition of nanofillers is an effective
strategy for enhancing the mechanical properties of the PLA/TPU blend. Similar effects have been previously
reported, especially with the addition of GN in polymer blends [36]. This behavior may be attributed to the
potential compatibilizing action of the nanofillers, which improves interactions between the PLA and TPU
phases at low filler contents.

The hybrid composition containing 1 wt% of each nanofiller (CNT and GN) was particularly effective,
likely due to the complementary shapes of the nanomaterials. Based on the results presented in Fig. 7
and Table 3, the 50/50/GN1 and 50/50/CNT/GN1 compositions exhibit excellent UTS and deformation at
break values, suggesting their potential for shape memory applications.

3.4 Shape Memory
The recovery behavior of the compositions was evaluated at various recovery temperatures (37○C, 40○C,

55○C, and 70○C). Fig. 8 illustrates the recovery ratios as a function of recovery temperatures over 30 min.
Notably, TPU exhibited the highest recovery among the evaluated compositions. A clear relationship can
be established between the Tg of the materials and their shape recovery capacity, as observed through the
Recovery Ratio (Rr).

Figure 8: Recovery Ratio (Rr) in 30 min for shape fixation for all compositions, with recovery temperature at (a) 37○C,
(b) 40○C, (c) 55○C, and (d) 70○C
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At room temperature (25○C–27○C, with tests conducted in a controlled environment to minimize
external influences), TPU is already above its Tg, allowing significant mobility of its polymer chains. This
mobility suggests that TPU will exhibit good shape recovery when subjected to a temperature above room
temperature, with the recovery ratio increasing as the recovery temperature rises [39–41].

Initially, for recoveries carried out at 37○C (simulating body temperature) and 40○C (chosen to simulate
a feverish state), the recovery of compositions containing PLA was minimal (below 5%). This is directly
related to the fact that these temperatures remain below the Tg of PLA. When the recovery temperature
reached 55○C, an increase in recovery was observed for blends and nanocomposites (ranging between 5% and
10%), as this temperature is closer to the Tg of PLA. At 70○C (chosen to exceed the Tg of PLA), the recovery
for PLA-based compositions ranged between 10% and 20%, which is a suitable values for the intended
application since excessive recovery could risk rupturing the patient’s skin.

The influence of material composition is also evident, with the 50/50/GN1 and 50/50/GN2 compositions
containing GN (which act as lubricants) [19,20] showing higher recovery values (approximately 21.8%).
These were followed by 50/50/CNT (17.6%) and 50/50 (16.8%), demonstrating that the addition of thermal
conductive fillers positively impacts shape recovery [42,43].

Table 4 presents the Rr data for fixing temperature at 80○C, recovery temperatures at 37○C, 40○C, 50○C,
and 70○C, and a recovery time of 30 min. It is important to note, as seen in Fig. 8, that all compositions
showed a significant decrease in Rr when using a fixing temperature of 100○C; therefore, these data were
not analyzed. Table 4 also presents de Fr (fixation rate), showing the capacity of the sample to retain
the deformation.

Table 4: Rr in 30 min for shape fixation at 80○C, with recovery temperature at 37○C, 40○C, 55○C, and 70○C

Compositions Fr (%) Rr 37○C (%) Rr 40○C (%) Rr 55○C (%) Rr 70○C (%)
PLA 99.6 ± 0.7a 1.9 ± 0.1b 2.9 ± 0.9b 3.4 ± 1.9d 29.6 ± 7.7b

50/50 98.0 ± 0.9a 2.6 ± 0.9b 3.2 ± 0.7b 7.2 ± 0.6c 25.4 ± 4.4b

50/50/CNT 98.4 ± 0.1a 2.7 ± 0.8b 5.1 ± 1.0b 9.2 ± 2.7c 19.0 ± 4.3b

50/50/GN1 97.9 ± 0.6a 2.1 ± 0.6b 4.1 ± 0.8b 20.8 ± 6.4b 22.5 ± 6.4b

50/50/GN2 98.3 ± 0.1a 3.5 ± 0.2b 4.8 ± 0.6b 26.1 ± 6.2b 22.1 ± 4.7b

50/50/CNT/GN1 98.3 ± 0.1a 3.6 ± 0.2b 4.9 ± 0.8b 10.3 ± 1.6c 20.5 ± 2.5b

50/50/CNT/GN2 98.3 ± 0.1a 3.1 ± 0.6b 4.9 ± 0.6b 11.6 ± 1.3c 19.3 ± 3.7b

TPU 60.8 ± 1.9b 73.3 ± 4.9a 98.8 ± 3.1a 102.5 ± 13.9a 113.5 ± 14.4a

Note: Values followed by different letters indicate differences among the studied compositions
according to the Tukey test (p < 0.05).

According to Table 4, the Rr values for recovery at 37○C were statistically equal for all compositions,
averaging 2.7%, except for TPU, which exhibited a substantially higher recovery (~70%). At 40○C, the
compositions remained statistically similar, with an average Rr of around 4.1%, reflecting a slight increase
in shape recovery capacity with the rise in temperature. TPU, however, showed a much higher recovery of
98.8%. The low shape recovery capacity observed in the compositions containing PLA is attributed to the Tg
of PLA being above the recovery temperatures used.

For shape recovery at 55○C, the behavior shows noticeable changes. Neat PLA exhibits minimal recovery
(3.4%), while neat TPU displays substantial recovery (102.5%). Notably, the 50/50/GN1 and 50/50/GN2
compositions demonstrate an average recovery of 23%, significantly higher than the other compositions,
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which average around 8.6%. This enhanced recovery in the 50/50/GN1 and 50/50/GN2 compositions is
linked to the lubricating effect of GN, which facilitates easier chain movement during recovery.

At 70○C, the recovery behavior shifts once more. Since this temperature exceeds the Tg of PLA, all
compositions exhibit an increased recovery capacity, with Rr around 20%, showing no significant statistical
difference among them, except for neat TPU, which presents a recovery of 113%. This high TPU recovery
is likely due to the material’s tendency to revert to its thermodynamically stable state. During filament
processing, the orientation of TPU chains is influenced by shear rate, and at higher temperatures, the chain
returns to its coiled configuration, resulting in greater length retraction [44].

The Fixation rate (Fr) is statistically equal for PLA, 50/50 polymer blend, and its nanocomposites,
showing the influence of PLA in the shape memory effect. For TPU, the Fr is low, which is expected for
materials that exhibit rubbery behavior.

4 Conclusion
The effects of adding CNT and GN on the thermal, mechanical, and shape memory properties of a

50/50 PLA/TPU matrix were successfully explored. The addition of these nanofillers enhanced the degree of
crystallinity of the PLA phase and suppressed the cold crystallization phenomenon typically observed in PLA
during heating. This was attributed to the heterogeneous nucleation effect of TPU and the nanomaterials, as
evidenced by a reduction in the crystallization temperature of the nanocomposites. The morphology of the
polymer blend confirmed the immiscibility of the PLA/TPU system, with strong indications of preferential
location of GN in the TPU phase, further corroborated by TPU phase extraction analysis. From a mechanical
perspective, the PLA/TPU 50/50 blend exhibited a remarkable balance of properties, exhibiting a high
elastic modulus (~1500 MPa) compared to TPU, good deformation at break (6.7%) relative to PLA, and
moderate tensile strength at low strain (~22 MPa). The addition of nanofillers enhanced phase interactions,
resulting in a slight reduction in elastic modulus but significant increases in elongation, reaching 17.6% for the
hybrid nanocomposites. Notably, GN exhibited a lubricating effect, contributing to a superior shape memory
response, with an average recovery of 23% at 55○C, compared to the other nanocomposites and the polymer
blend. These results provide practical insights into tuning the mechanical and shape memory properties of
polymer blend-based materials for potential medical applications.
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