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Reversible deformation structure fabricated by 4D printing can be applied in various fields, such as actuators, intelligentmechanisms,
and soft robots. In this study, 4D filaments for use in fused depositionmodeling (FDM) 3D printers were fabricated bymelt extrusion
process mixing polylactic acid (PLA) and soft actuator grade thermoplastic polyurethane (TPU) 75 Shore A. The morphological
(scanning electron microscopy, atomic force microscopy), chemical (Fourier transform infrared), thermal (differential scanning
calorimetry, dynamicmechanical analysis, thermogravimetric analysis), mechanical (Instron), andWAXS properties of the prepared
TPU/PLA blend (5 : 5, 7 : 3, 9 : 1) filaments were investigated. Filaments of 4D auxetic reentrant TPU/PLA samples were 3D printed,
and their shape-memory characteristics were assessed at temperatures of 60°C (corresponding to the glass transition temperature of
PLA), 70°C, 80°C (matching the melting temperature of the soft segment of TPU), and 90°C. The properties of TPU/PLA samples
differ based on the PLA to TPU ratio, with an increase in TPU content resulting in a higher shape setting temperature but a shorter
shape recovery time. For the TPU/PLA 5 : 5 sample, setting at 70°C and recovering at 85°C is the most suitable condition for shape
recovery, whereas for the TPU/PLA 7 : 3 sample the best conditions are setting at 80°C and recovering at 95°C. In the case of
TPU/PLA 9 : 1, shape setting is possible at 90°C, and shape recovery is fastest at 95°C. A 4D structure of TPU/PLA could be achieved
based on shape memory testing by temperature stimulation of 3D printed auxetic c TPU/PLA samples.

1. Introduction

Nowadays, “smart” materials or stimulus-responsive shape
memory polymers have received great attention owing to their
versatile employments to numerous fields, such as high-
performance textiles, biomedical devices, actuators, packing
films, heat-shrinkable tubes, and many others. 3D printing
with smart materials produces 4D structures, for 3D printing
methods, which include inkjet printing [1] stereolithography
(SLA) [2] digital light processing [3], direct ink writing [4], and
fused deposition modeling (FDM) [5, 6] are used. The FDM is
the most popular 3DP technique due to its simple operating
principle and cost-effective manufacturing process in compari-
sion to other methods. 4D printing combines 3D manufactur-
ing technology with shape memory materials to alter the shape
or characteristics of the printed structure when exposed to

external triggers [7]. Also, many materials could be 3D printed
with FDM. Although FDMusually utilizes thermoplasticmate-
rials, a variety of 3D printable composites have also been devel-
oped among them composites with micro- and nanoparticles,
and bio-basedmaterial called polylactic acid (PLA) [8, 9]. Now-
adays, many researchers try to create more opportunities of
FDM 3DP applications by making functional objects and
new designs with various composite materials.

Thermoresponsive shape memory polymers (SMPs) are
smart polymeric materials that, when exposed to a tempera-
ture change, can revert from a deformed state (temporary
shape) to their original (permanent) shape [10]. The typical
mechanism of thermoresponsive SMPs is as follows: (1) The
SMP can be deformed at a glass transition temperature (Tg) of
the switch units. (2) The load is held constant, and the tem-
perature drops below Tg or Tm. (3) After that, the load is
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released to fix the temporary shape. (4) The material can
regain its initial form upon reheating the deformed SMP.
This sequence of four steps, leading to shape restoration, con-
stitutes a thermomechanical cycle. However, when applied in
practice, it consumes both a lot of energy for heating, and
time, e.g., the initial heating time and cooling time [11].

SMPs require cross-links at junction points, which arise
from the microphase separation of the hard and soft segments
(SSs) within thermoplastic polyurethane (TPU). The polymer’s
initial shape and transition segments are determined by a phase
transition temperature [12]. As the TPU is structually easy to
design of their structural properties, it has been developed as the
shape memory applications [13]. The Tg and Tm of both, the
hard segment (HS), which can be considered as the physical
crosslinking, and the SS, which controls elasticity, can be con-
trolled by the segmental composition of TPU. The SSs of TPU
elastomers predominantly consist of either polyester or poly-
ether. Some types of them have been reported to be miscible
with PLA [14]. Poly(lactic acid) (PLA) can interact harmo-
niously with the soft polyether segments of TPU, establishing
hydrogen bonds with the carbamates found in the HSs of TPU.
Moreover, PLA exhibits shape memory behavior and is biode-
gradable, but its brittleness is a limiting disadvantage. PLA is
among the commercially available biobased plastic materials
known for its commendable properties and biodegradability.
Nonetheless, its inherent brittleness restricts its applicability in
various scenarios. Enhancing PLA’s toughness through elasto-
mer blending stands as an effective solution to this issue. Con-
versely, elastomers can be strengthened by incorporating them
with rigid thermoplastics. Many possibilities of mixing men-
tioned materials create an opportunity to conduct vast amount
of research [15–20] on the blendings of TPU and PLA. PLA and
TPU are both biocompatible polymers employed in biomedical
applications, and they have received approval from the FDA
[13]. Since TPU is a suitable material to increase PLA toughness,
the blending gives the TPU/PLA ideal strength, elasticity, and
toughness. Hong et al. [15] demonstrated that the gradual incor-
poration of TPU elastomer into PLA can shift its fracture behav-
ior from brittle to ductile. They achieved a more than threefold
increase in notched impact strength by introducing 10wt.%
TPU. Lai et al. [16] showed that PLA/TPU (50/50) melt-blends
have shape recovery ratio up to (93.5Æ 0.4)% at 160°C. Leng
et al. [17] reported that utilizing FDM technology, they effec-
tively manufactured TPU-based soft components reinforced
with in situ PLA microfibers. The outcomes can be ascribed to
the effects induced during deposition, and they put forth a pro-
posed mechanism for the formation of PLA microfibers. Boya-
cioglu et al. [18] focused on understanding the shape memory
behavior of polyethylene glycol(PEG) plasticized PLA/TPU
blends and suggested that plasticized PLA/TPU blends, incorpo-
rating lower molecular weight PEG (1,000 g/mole) and posses-
sing the ideal PLA/TPU ratio, exhibit great potential for in vivo
applications near human body temperature. Tao et al. [19]
printed personalized orthosis with TPU/PLA composite fila-
ment by FDM, and revealed that the TPU/PLA composite fila-
ment is better suited for orthosis design compared to pure PLA.
Jing et al. [20] conducted a study in which they formulated
blends of PLA/TPU and observed intriguing shape memory

properties. Furthermore, they elucidated the shape memory
mechanism of this PLA/TPU blend. In this mechanism, the
crystalline regions of PLA function as anchoring points that
help thematerial maintain its shape, while TPU serves as a stress
concentrator that reinforces the rigid PLA, preventing it from
fracturing during substantial deformation [20]. Upon heating,
PLA molecules undergo a process of returning to their initial
positions, thereby releasing stored energy. This energy release
facilitates the restoration of the sample to its original shape. On
the basis of previous TPU/PLA blend morphology and physical
research results, the aim of this study is to prepare filaments with
TPU/PLA blend pellets and manufacture 4D structure by FDM
printer. Recently, we studied extrusion andfilamentmanufactur-
ing conditions and fabricated FDM 3D printable filaments with
commercial and synthetic TPUpellets, whichwere used to create
pliable actuators with a desired Shore A hardness ranging from
65 to 85 [21, 22].

This study focused on the manufacturing 4D structure
with TPU/PLA blend stimulated by temperature. First of all,
conditions must be established for the extrusion of TPU/PLA
pellets and the subsequent filament fabrication process and
shape memory properties with temperature stimuli. Through
previous researches [21, 22], it was feasible to produce con-
tinuous filaments with constant diameter and hardness for
3D printers, making them suitable for use in the production
of soft actuators. The shape memory property could be real-
ized by compounding with PLA, and the ratio of PLA was set
to less than 50% by weight to the ratio of TPU/PLA, and the
shape memory property was designed to appear between 60
and 90°C, and their Shore A hardness was less than 95. Next,
the chemical and physical properties were assessed in accor-
dance with varying ratios of TPU/PLA. Subsequently, utiliz-
ing the characteristics of the filaments obtained, 4D auxetic
reentrant TPU/PLA samples were 3D printed, and the shape
memory properties of these samples were investigated.

2. Experimental

2.1. Preparation of TPU/PLA Blending and Filaments

2.1.1. Materials. Commercial TPU pellets of 75 Shore A
(Dongsung Chemical, Korea) and PLA pellet (4032D, Nature
work, USA) were used.

2.1.2. Blending. The PLA and TPU 75 Shore A pellets were
dried at 50°C for 24 hr in vacuum dryer in order to eliminate
moisture. The dried pellets were blended in weight ratios of
5 : 5, 7 : 3, and 9 : 1, and then extruded using a single-screw
extruder (Filibot H400, Fordentech, Korea). Subsequently,
the extrudates were cooled and pelletized. This extrusion
and pelletization process was iterated 3–4 times to achieve
thoroughly mixed TPU/PLA blend filaments.

2.1.3. Filaments. A TPU/PLA filament was prepared using a
single-screw extruder (Filibot H400, Fordentech, Korea), and
the nozzle diameter was set between 1.5 and 1.7mm. A
TPU/PLA filament with stable diameter and dimension could
be manufactured with combination of various parameters.
Table 1 displays the outcomes of the extrusion conditions,
providing an overview of the melt-extrusion parameters
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employed for the production of TPU/PLA filaments from the
pellets. The pellet hardness is closely related to the operating
conditions, the extrusion temperature in particular. When the
content of PLA increase, filament extrusion is possible at a high
screw temperature owing to the higher melting energy (△H Tm
(J/g)) of PLA than TPU, which is associated with the differential
scanning calorimetry (DSC) result. The TPU/PLA pellets with
5 : 5, 7 : 3, and 9 : 1 ratio could be extruded in the third process at
192, 190, and 189°C, respectively. During the fabrication process,
filaments with a diameter of 1.80Æ 0.10mmwere obtained with
a screw speed of 12.0–13.2 rpm.

2.2. 3D FDM Printing of Filament for 4D TPU/PLA. Follow-
ing the extrusion of TPU/PLA filaments with varying
TPU/PLA ratios, the output data in Cubicreator program
(Cubicon Inc., Korea) were utilized to create auxetic reentrant
(RE) structures. Before the 3D printing process, an initial test at
190–230°C was carried out to confirm the correct printing
temperature and loading conditions. The 3D reentrant (RE)
patternwas generated using the 123Ddesign program byAuto-
desk Co., Ltd. (Korea), resulting in a sample measuring
30mm× 30mm with a thickness of 2mm and a repeat size
of 10mm× 10mm. During this process, the nozzle tempera-
ture for 3D printing was established through preliminary tests
with TPU/PLA filament. The printing speed and infill rate were
configured at 60mm/s and 20%, respectively. The chosen
design was then converted into a G-code file and printed using
an FDM 3D printer (Cubicon Single Plus, TPC Mechatronics
Corp., Korea).

2.3. Analysis of TPU/PLA Blend Filaments

2.3.1. Optical Microscopy. The TPU/PLA blended filaments
were examined using an optical microscope (NTZ-6000,
NEXTVISION, USA).

2.3.2. Scanning Electron Microscopy (SEM). The morphologi-
cal characteristics of TPU/PLA blended filaments were analyzed
using a scanning electron microscope (SEM) instrument, specif-
ically the JSM-6400Fmodel from JEOL, Japan, operated at 5 kV.

2.3.3. Atomic Force Microscopy (AFM). The surface morphol-
ogy of TPU/PLA blended filaments was explored using the
Inova system manufactured by Bruker. The system was
equipped with a standard silicon nitride probe, specifically
the Super Sharp Silicon™—SPM-Sensor from NanoSensors™,
Switzerland, featuring a spring constant of 42N and a resonant
frequency of 320kHz. These measurements were conducted
under ambient conditions utilizing the tappingmodeAFM tech-
nique. Surface images were taken in 20µm×20µm size. The
bulk morphology was assessed by capturing images of the frac-
ture surfaces after freeze fracturing the sheets at a temperature of
−80°C. Subsequently, the AFM images were processed using
NanoScope analysis software.

2.3.4. Shore a Hardness. Hardness was measured at room tem-
perature (RT) using a Zwick Roell GS-706N from TECLOCK,
Japan. This is analogical hardness testing apparatus, and
following, “UNE-EN ISO 868:1998: plastics and ebonite”.
Indentation hardness was determined by means of a
durometer (Shore hardness) standard procedure at (23Æ 2)°C
and 50% relative humidity.

2.3.5. Fourier Transform Infrared (FTIR) Analyses. The
molecular structures of the extruded TPU/PLA filaments
were characterized using Fourier transform infrared (FTIR
spectroscopy) with a Spectrum 100 instrument from Perki-
nElmer, USA, which was equipped with a diamond attenu-
ated total reflectance accessory.

2.3.6. Differential Scanning Calorimetry (DSC) Analysis. The
transition temperatures of the samples were determined
using DSC with a DSC 8,500 thermal analyzer from TA
Instruments, USA. Each sample weighed between 2 and
10mg. The measurements were carried out over a tempera-
ture range spanning from −70 to 250°C, employing a heating
rate of 20°C/min under a nitrogen purge.

2.3.7. Thermogravimetric Analysis (TGA). The thermal sta-
bility of the extruded TPU/PLA filaments was assessed using
a TGA Q500 instrument from TA Instruments, USA. The
heating temperature range was configured from 30 to 600°C,

TABLE 1: Melt-extrusion parameters for TPU/PLA blend filament production from pellets.

Ratio of TPU/PLA items 5 : 5 7 : 3 9 : 1

First temperature (°C) 193 191 190
Second temperature (°C) 192 191 189
Third temperature (°C) 192 190 189
Screw speed (rpm) 12.0 12.0 13.2
Nozzle (mm) 1.5 1.5 1.5
Filament diameter (mm) 1.80Æ 0.10 1.80Æ 0.05 1.85Æ 0.05
Filament hardness (Shore A) 94 92 86

Products
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with a heating rate of 10°C/min, all conducted under a nitro-
gen atmosphere.

2.3.8. Dynamic Mechanical Analysis (DMA). The dynamic
mechanical and thermal properties of the filament samples
were evaluated using a DMA-Q850 instrument from TA
Instruments, New Castle, USA. The measurements were
conducted at a frequency of 1Hz (with an amplitude of
2 μm and a preload force of 0.01N) across a temperature
range spanning from −100 to 150°C, employing a heating
rate of 4°C/min. The samples had a cylindrical shape with a
length of 13.09Æ 0.1mm.

2.3.9. Tensilon Analysis. The mechanical properties of
extruded filaments were measured for filaments with diame-
ter 1.6Æ 3mm using an Autograph tester (Instron 4201,
Sidmazu, Japan) at RT and at speed of 100mm/min.

2.3.10. WAXS Analysis. X-ray diffraction (XRD) analysis was
performed using an XRD-6000 instrument from Shimadzu,
Japan, operating at 40 kV and 30mA with monochromatic
CuKα radiation (λ= 0.15418 nm). Scans were conducted
over the range of 2θ= 5–60° with a step size of 0.05° and a
measurement time of 2 s per step (equivalent to a rate of 1.5°
per min).

2.3.11. Shape Memory Test. To study the shape memory
behavior of the 3D-printed TPU/PLA blends, the following
steps were executed: (1) The original printed shape was

wrapped around a glass rod. (2) It was then placed in a
75°C oven for 5min. (3) Subsequently, the sample was
allowed to return to RT until thermal stress dissipated. (4)
Finally, it was reheated at temperatures of 80, 85, and 90°C,
sequentially, to recover its original shape.

3. Results and Discussion

3.1. Examination of the Morphology of TPU/PLA Blend
Filaments. When polymer blend is made, the miscibility
and morphology are pivotal to gain an understanding of its
mechanical properties. Table 2 shows microscope and SEM
imagery of the fractured filament.

3.1.1. Microscopic and SEM Analysis. The cross-sectional and
side-sectional microscopic views reveal a cocontinuous and
uniform surface, indicative of a well-mixed state and good
miscibility. However, in the 5 : 5 TPU/PLA blend, nonunifor-
mities appear on the filament surface, in comparison with the
other samples. As the propotion of TPU increases, the sur-
face and cross-section photos appear smooth due to for
almost large amount of the TPU matrix, which PLA acts as
a reinforcing agent. The observation is confirmed in the SEM
micrograph of 9 : 1 TPU/PLA blend, which appears as very
uniform white spots in the TPU matrix. In order to further
analyze the morphology of each TPU/PLA blend, the sam-
ples were dissolved using a solvent, and then examined under
the SEM. To dissolve the TPU phase on the surface of

TABLE 2: Microscope and SEM micrographs of TPU/PLA blend filaments.

Ratio of TPU/PLA item 5 : 5 7 : 3 9 : 1

Microscope

Surface section

Cross-section

SEM (×750)

Cross-section

Cross-section (partially removed TPU)
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filaments, dimethylformamide (DMF) was used. The SEM
micrographs of the TPU/PLA 5 : 5 blend depicted a spongy
PLA structure post TPU removal, indicating the persistent
formation of this morphology. In samples with increasing
ratio of TPU, particles of PLA reveal themselves as having
globular structure.

3.1.2. Atomic Force Microscopy. Atomic force microscopy
(AFM) was used to evaluate the miscibility of PLA and
TPU domains in the TPU/PLA blends. While AFM is con-
ventionally employed for observing surface physical struc-
tures and quantifying surface roughness [23–25], it also
serves as a valuable tool for probing the internal structure
of mechanically blended materials, particularly when making
comparisons with other analytical methods is necessary.
Figure 1 shows 3D AFM images of the PLA, TPU, and
TPU/PLA blend samples using a tapping mode, while Table 3
presents the results. After freeze and fractured, cross-sections
of the PLA sample are very regular and even, whereas TPU
sample has an irregular and relatively rough surface. Further-
more, TPU exhibits two distinct types of phase contrast under
examination: a dark and featureless matrix, which corre-
sponds to the SS, and scattered bright elements of varying
sizes dispersed within it. The dark matrix represents the SS,
while the presence of numerous spherical globules indicates
the phase-separated HS domains of TPU [26], respectively.
The roughness in the Z-profile of TPU contributes to the
cocontinuous network morphology [27] and shows an actual
value of 17.6, as shown in Table 3. In the TPU/PLA blended
samples, the roughness in the Z-profile (Rq) increases from
1.41 to 5.02 along with TPU proportion, which may have

significantly contributed to the roughness enhancement of
the TPU. However, the overall surface roughness of the
TPU/PLA blend samples are evenly formed, and the physical
compatibility of the blends is satisfying because local domains
of PLA or TPU do not appear.

3.2. Characteristics of TPU/PLA Filaments

3.2.1. Molecular Structure. Figure 2 illustrates the FTIR spec-
tra of the TPU/PLA blend filament samples. The peaks
observed at approximately 3,230 cm−1 are associated with
the NH stretching vibration [28]. Peaks at 1,529 cm−1 can
be attributed to CN stretching vibrations, while those at
1,597 cm−1 are indicative of NH bending vibrations of the
urethane group within the TPU. Additionally, the peaks at
2,930 and 2,858 cm−1 correspond to the asymmetric and

PLA
TPU

TPU/PLA 5 : 5 TPU/PLA 7 : 3 TPU/PLA 9 : 1

FIGURE 1: AFM images displaying the freeze–fractured surfaces of PLA, TPU, and TPU/PLA blend filaments.

TABLE 3: Characterization of the AFM results for the PLA, TPU, and
TPU/PLA blend filaments.

Ratio of TPU/PLA items PLA 5 : 5 7 : 3 9 : 1 TPU

Surface area (µm2) 400 400 400 400 401
Rq (nm)a 10.7 1.41 4.55 5.02 17.6
Ra (nm)b 8.32 1.18 1.99 2.08 11.8
Rmax (nm)c 10.1 7.82 11.28 11.41 10.36

Surface area: total area of examined sample surface. Mean: the average of all
Z values within the enclosed area. aRq (rms): the standard deviation of the Z
values within the given area. bRa (mean roughness): the mean value of the
surface relative to the center place. cRmax (max height): the difference in
height between the highest and lowest points on the surface relative to the
mean plane.
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symmetric vibrations of CH2 groups, respectively. Their
intensity increases with increasing TPU proportion [29].
However, the intensity of 1,748 cm−1 (related to CO group)
and 1,190 cm−1 (related to ester CO) peak in PLA decreases
with increasing TPU proportion [30]. The double peak in
range of 1,700–1,730 cm−1 is associated with C═O stretching
vibrations of which peak at 1,730 cm−1 is related to the free
carbonyl group and at 1,700 cm−1 is related to the hydrogen-
bonded carbonyl group [31]. In polyether type, like 75A
TPU, there are two absorption bands, which appear at
1,700 and 1,730 cm−1 [32–34]. The FTIR results suggest a
successful blending of PLA and TPU without the emergence
of any new chemical reactions. This shows that no chemical
reaction occurred between TPU and PLA during melt mix-
ing. Mi et al. [35] also found that PLA does not react
with TPU.

3.2.2. Thermal Properties. (1) Differential Scanning Calorim-
etry (DSC). As shown in Figure 3 and Table 4, thermal tran-
sition temperature and the miscibility of the TPU/PLA blend
samples are confirmed by DSC. Moreover, the most impor-
tant factor for examining the temperature-stimulated shape
memory performance is the heat transition temperature
(Ttrans). In order for a polymer to exhibit shape memory
properties, it must possess two essential structural compo-
nents: permanent net-points and reversible molecular
switching segments [36]. The permanent net-points can be
provided with chemical crosslinks, crystalline or other sec-
ondary phases, or macromolecular entanglements, resulting
in a 3D network that prevents chain slippage/flow/creep
upon deformation, allowing the storage or memory of per-
manent shapes, as well as interpenetrating networks. Con-
versely, the reversible molecular switching segments either
stabilize the temporary shape or enable its transformation

when triggered by a stimulus. This occurs through changes in
molecular mobility that result from the formation or disrup-
tion of reversible interactions. This shape memory according
to two elements can be accomplished during the glass tran-
sition temperature (Tg), or crystallization/melting transition
(Tm), and it is termed Ttrans. The Ttrans of molecules that react
reversibly on molecular switching segments with heat can be
confirmed by DSC analysis. The Tg of PLA within the
TPU/PLA blend corresponds to the Ttrans temperature, at

TPU : COTPU : CN
TPUCNTPU : NH

TPU/PLA 5 : 5

TPU

TPU/PLA 9 : 1

TPU/PLA 7 : 3

Wavelength (cm–1)

A
bs

or
ba

nc
e

4,000 3,000 2,000 1,000
1,800 1,600 1,400 1,200 1,000

PLA

TPU : CH2

TPU : COC
ether

PLA : C PLA : CH PLA : CO
ester

O

FIGURE 2: FTIR spectra of the PLA, TPU, and TPU/PLA blend filaments.

PLA Tg PLA Tc

TPU HS Tg

TPU HS Tm

PLA Tm

TPU SS 
Tm = Ttrans

TPU SS Tg

Temperature (°C)
–50 0 50 100 150 200 250

PLA

TPU/PLA 5 : 5

TPU

TPU/PLA 9 : 1

TPU/PLA 7 : 3

TPU/PLA Ttrans

FIGURE 3: DSC results of PLA, TPU, and TPU/PLA blend filaments.
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which the shape memory property is demonstrated. It is
necessary to check the transition temperatures of the SS
and HS for shape memory property of TPU. In TPU with
elastic properties, when the shape is changed by an external
force and returns to its original shape when the external force
is removed, the HS becomes a permanent net-point and the
SS becomes a reversible molecular switching segment. There-
fore, the phase separation of HS and SS is important to
provide the elastic properties of TPU. In general, the ther-
modynamic incompatibility between the SS and the HS in
the elevated temperature process causes phase separation in a
TPU material, resulting in peaks at the Tg, Tm of SS and the
Tg and Tm of HS, respectively [37]. There are four broad
peaks of TPU on the endothermic curves at around −40,
80.3, 105, and 160°C, which correspond to SS Tg, SS Tm,
HS Tg, and HS Tm, respectively.

For PLA sample, there are two endothermic peaks
observed at 57 and 152°C, corresponding to Tg and Tm,
respectively, as well as one exothermic peak at 108°C, repre-
senting Tc. The results from TPU/PLA blends do not indicate
any significant shift in peak temperatures. However, there is
an observable increase or decrease in peak intensity at the
transition temperature as the blend ratio varies. Specifically,
as the TPU content increases, the intensity of PLA-related
peaks decreases, while the TPU-related peaks appear simulta-
neously. This observation leads to the conclusion that the two
substances do not undergo chemical reactions with each other
but exhibit excellent physical miscibility. For TPU/PLA, the
PLA crystal peak continues to appear, so it can be concluded
that PLA crystal is formed in the TPU matrix. The shape
memory phenomenon caused by the temperature stimulation
of the elastomer polymer appears near the melting tempera-
ture of the SS of polymer. Since themelting temperature of the
SS is about 75°C and the intensity of the peak is rather weak, it
is difficult to show the shape memory ability by temperature
stimulation for TPU. As PLA contents increase, the melting
temperature of the SS increases to 83–90°C although very
substyle. Hence, it is reasonable to anticipate that the shape
memory capability of TPU/PLA for achieving 4D properties
will manifest at temperatures approximately ranging from 60
to 80°C due to the blending with PLA, which aligns with the
Ttrans for SMPs. Moreover, it was confirmed that the shape
memory phenomenon appeared near this temperature in the

subsequent shape memory test. From this shape memory, the
4D structure of TPU/PLA could be accomplished.

(2) Dynamic Mechanical Thermal Analysis (DMA).
Figure 4 illustrates the storage modulus and tan δ as func-
tions of TPU/PLA samples with varying blend ratios. The
storage modulus refers to the energy stored by an elastic
material under deformation and provides information on
polymer stiffness [38]. The high and consistent values of
the storage modulus at low temperatures indicate the char-
acteristic behavior of a glassy state. At −50°C, the drop in
storage modulus is attributed to the glass transition of the SSs
in TPU. This slope increases more rapidly, in accordance
with the TPU content, and the decrease is greater. The sec-
ond onset of storage modulus decrease occurs at 60°C related
to the glass transition of PLA, which is progressively steeper
with an increase in PLA proportion. The presence of increase
above 100°C after the intense decrease in storage modulus
indicates the recrystallization of PLA segments. Tg is the
temperature at which the maximum of tan δ for the polymer
is reached. The tan δ value reflects the ratio of energy
loss and energy storage, signifying the glass transition of

TABLE 4: DSC results of the PLA, TPU, and TPU/PLA blend filaments.

Ratio of TPU/PLA items TPU 9 : 1 7 : 3 5 : 5 PLA

TPU SS Tg (°C) − 41.7 − 40.5 − 40.4 − 36.9 –

TPU SS Tm (°C) 75.5 82.6 88.2 89.5 –

PLA Tg (°C) – 58.0 57.3 57.2 57.0
PLA Tc (°C) – 103.7 116.9 114.1 108.1
PLA △H Tc (J/g) – 0.7 4.0 7.1 17.5
TPU Tm (°C) 161.2 149.1 149.2 148.4 –

PLA Tm (°C) – 153.0 153.8 153.4 152.6
PLA △H Tm (J/g) – 2.6 6.8 12.8 23.4

Tg1

Tg2 = Ttrans

Temperature (°C)
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or

ag
e m
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ul

us
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TPU/PLA 5 : 5

TPU/PLA 7 : 3

TPU/PLA 9 : 1

FIGURE 4: DMA graphs of the TUP/PLA blend filaments.
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amorphous polymers within semicrystalline materials [34].
The tan δ was observed at around 73°C and attributed to
the PLA amorphous region, which intensity decreases with
ratio of TPU. The maximal intensity of the second peak in tan
δ at around −27°C is related to the increases in the transition
temperature of TPU SS. The DMA results for the TPU/PLA
blend show the appearance of tan δ corresponding to Tg peaks
for each polymer respectively, instead of new peaks caused by
the chemical interaction between TPU and PLA molecules.
Additionally, only the difference in peak intensity caused by
mechanical miscibility occurred. These results are similar in
the DSC and FTIR analysis.

(3) Thermogravimetric Analysis (TGA). Figure 5 displays
the TGA curves and derivative thermograms (DTG) of the
TPU/PLA blend samples. The thermal decomposition curve
of TPU shows the first step at 330–370°C, associated with HS
decomposition and the second step at around 450°C corre-
lated with SS decomposition [39]. The thermal degradation
of PLA occurs in a single weight loss step, as evident from the
DTG curves. However, a delay of degradation is observed for
the TPU/PLA blend from the onset temperature, which may
be attributed to the increased proportion of TPU. Moreover,
the single loss step curve changes to a two-step decomposi-
tion with the blend to TPU. In the case of TPU/PLA 5 : 5,
degradation peaks are observed at 370 and 420°C. The for-
mer peak corresponds to the degradation of PLA and the SSs
of TPU, while the latter is related to the degradation of the
HSs of TPU. As the proportion of TPU increases, the peak
intensity corresponding to the degradation of PLA and SS of
PTU gradually decreases, and the peak intensity associated

with the degradation of HS of TPU, while the temperature
range gradually increases toward higher temperature. This
leads to the conclusion that as the TPU content increases, the
thermal stability of the TPU/PLA blend becomes more
robust and resistant to degradation.

3.2.3. X-Ray Diffraction (XRD) Properties. To determine an
information of crystalline miscibility between TPU and PLA,
the XRD measurement was performed, as shown in Figure 6.
Figures 6(a) and 6(b) are XRD results measured for 3D
printer filament having a diameter of 1.7mm and a film
pressed at 150°C, respectively. In Figure 6(a), the broad
peak in the TPU sample at 2θ= 19.5° generally corresponds
with the hydrogen-bonded hard domain between urethane
groups [40]. The sharp peaks of 21.5° and 23° are associated
with soft crystalline domains in soft and HSs, which are
separated by the degree of microphase separation [41]. The
peak of PLA shows a broad diffraction curve, which can be
attributed to the fast cooling rate in the filament extrusion
process. The XRD curve for the TPU/PLA blends also chan-
ged with one broad, almost amorphous peak at about
2θ= 20° for filament production under quenching condition
through the extruder. In Figure 6(b), PLA sample, which was
heat treated at 150°C for film formation, shows clear diffrac-
tion peaks at 2θ= 15°, 16.7°, 19.1°, 22.4°, and 27.4° corre-
sponding to the (010), (110/200), (203), (204), and (207)
plans [42], respectively. The strength of crystallization peaks
decreased as the TPU content increased. The distinct crys-
tallization peak of PLA remains evident even when blended
with TPU, suggesting that TPU and PLA are immiscible.
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3.2.4. Mechanical Properties. Figure 7 and Table 5 present the
tensile stress–strain curves of the TPU/PLA blend filaments,
which were fabricated using a melt extruder at RT. Figure 7
shows that the PLA sample has almost no plastic deforma-
tion and undergoes brittle fracture. The TPU/PLA blend
samples demonstrate plastic deformation and ductile frac-
ture behavior after passing the tensile yield point. A fore-
mentioned properties of samples show that higher TPU
content results in greater tensile toughness. Table 5 illustrates
that the tensile modulus of the samples gradually decreases
with an increase in the TPU ratio. While the tensile strength

of the TPU/PLA blends remains relatively unchanged, the
elongation at break in the TPU/PLA 9 : 1 blend increases by
over 700%. The tensile strength and elongation of the
TPU/PLA 9 : 1 samples are measured at 24.25MPa and
700%, respectively. The phase-separated HS and SS of
TPU, which molecular chain exhibits unique properties of
flexibility and elasticity, cause the increase of plastic defor-
mation of the TPU/PLA blends. Owing to the contrast in
elastic properties between the pliable TPU and the rigid
PLA, stress concentrations initially emerge within the TPU
domains when external forces are exerted on the samples.
This results in elastic deformation within the TPU phase and
the accumulation of deformation energy, accompanied by
energy dissipation due to cavitation and partial separation.
At the same time, the PLA matrix is plastically deformed.
Described process might provide an explanation, why the
PLA matrix exhibits good ductile behavior with increased
TPU domains [20]. Moreover, the hydrogen bonds formed
between PLA and TPU molecules ensure that with an opti-
mal TPU content ratio, not only does the tensile strength of
the blend samples not experience a substantial decline but
also an increase in material deformation without fracture
occurs.

3.3. 3D FDM Printing of Filaments for 4D Structure. Before
performing 3Dprinting, a pretest was conducted at 190–230°C,
as shown in Table 6, in order to confirm the suitable tempera-
ture and loading conditions for printing. For TPU/PLA 5 : 5,
setting the loading temperature of the FDM to 190°C is not
suitable, because it was injected with low viscosity. For the
TPU/PLA 7 : 3 blend, it was observed that the extrusion process
proceeded smoothly at 220°C, yielding a uniform surface.
However, at 230°C, the melt viscosity reduced to a sticky
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consistency, resulting in an uneven product surface with a
wave-like pattern. In the case of TPU/PLA 9 : 1, the viscosity
was excessively high, leading to frequent nozzle clogging at 190
and 200°C due to the elevated viscosity. However, at 220°C, the
surface of the printed fiber appeared smooth.

Table 7 shows 3D-printed images of blend samples pre-
pared from pellets of various ratios of TPU to PLA. The
optimal extrusion temperatures for TPU filament in
TPU/PLA 5 : 5, TPU/PLA 7 : 3, and TPU/PLA 9 : 1 were
determined to be 210, 220, and 220, respectively. The extru-
sion test results revealed that TPU/PLA 5 : 5 exhibited good
melting behavior even at lower extrusion temperatures, lead-
ing to a higher extrusion rate. The printed material was hard

and showed no elastic properties. However, it turns to soft
elasticity with increase content of TPU. The 3D-printed sam-
ple of TPU/PLA 9 : 1 exhibited a smooth and glossy appear-
ance. In terms of surface area, it was observed that the
extruded lines in the printed object showed minimal protru-
sion along the nozzle’s path of movement compared to other
samples, resulting in neatly stacked layers.

3.4. Shape Recovery Properties of 4D TPU/PLA Structure. It is
known that TPU readily undergoes deformation under a
load applied at RT (<Tm of the TPU SS), indicating that
the recovery rate did not maintain the deformed shape.
This strong elastic behavior is attributed to the presence of

TABLE 5: Mechanical properties of the PLA, TPU, and TPU/PLA blend filaments.

Ratio of TPU/PLA items 0 : 10 5 : 5 7 : 3 9 : 1 10 : 0

Diameter (mm) 1.7Æ 0.03 1.7Æ 0.05 1.8Æ 0.05 1.6Æ 0.07 1.8Æ 0.05
Stress (MPa) 31.89Æ 0.7 25.21Æ 0.5 21.20Æ 0.4 20.99Æ 0.5 19.99Æ 0.3
Strain (%) 4.65Æ 0.1 12.49Æ 2.0 342.82Æ 4.7 600.98Æ 5.5 982.32Æ 7.3
Initial modulus (MPa) 1207.58Æ 0.05 296.55Æ 0.03 192.30Æ 0.05 40.86Æ 0.03 5.97Æ 0.05
Rupture energy (J) 0.04Æ 0.01 0.41Æ 0.01 3.92Æ 0.02 3.88Æ 0.03 5.33Æ 0.05

TABLE 6: Loading and product photos from pre test before 3D printing.

Temp. of
loading
ratio of
TPU/PLA

190°C 200°C 210°C 220°C 230°C

Loading Product Loading Product Loading Product Loading Product Loading Product

5 : 5

7 : 3

9 : 1

TABLE 7: Images of auxetic reentrant (RE) TPU/PLA samples prepared using various TPU/PLA ratios are presented below.

Ratio of TPU/PLA items 5 : 5 7 : 3 9 : 1

Image

Nozzle temp. (°C) 210 220 220
Weight (g) 1.09 1.01 0.89

The printing time for all 3D prints was 10min and 45 s.
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TABLE 8: Shape memory testing of 3D-printed TPU/PLA blend samples under temperature stimulus.

Samples
Recov. temp.

(°C)
Angle (°)
item

135 90 45 0

TPU/PLA 5 : 5 at 60°C (5min)

65
Shape

Time (s) 15 50 90 230

70
Shape

Time (s) 10 40 70 210

75
Shape

Time (s) 15 40 60 200

TPU/PLA 7 : 3 at 60°C (5min)

65
Shape

Time (s) 20 30 80

70
Shape

Time (s) 15 30 60

75
Shape

Time (s) 10 20 50

TPU/PLA 9 : 1 at 60°C (5min)

65
Shape

Time (s) 10 30

70
Shape

Time (s) 8 20

75
Shape

Time (s) 5 10

TPU/PLA 5 : 5 at 70°C (5min)

75
Shape

Time (s) 25 40 75 160

80
Shape

Time (s) 25 40 75 140
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TABLE 8: Continued.

Samples
Recov. temp.

(°C)
Angle (°)
item

135 90 45 0

85
Shape

Time (s) 20 40 75 110

TPU/PLA 7 : 3 at 70°C (5min)

75
Shape

Time (s) 30 50 65 110

80
Shape

Time (s) 20 40 60 105

85
Shape

Time (s) 20 40 60 95

TPU/PLA 9 : 1 at 70°C (5min)

75
Shape

Time (s) 10 20 80

80
Shape

Time (s) 5 15 60

85
Shape

Time (s) 5 10 55

TPU/PLA 5 : 5 at 80°C (5min)

85
Shape

Time (s) 40 55 90 150

90
Shape

Time (s) 20 40 70 135

95
Shape

Time (s) 20 40 65 110

TPU/PLA 7 : 3 At 80°C
(5min)

85
Shape

Time (s) 20 35 60 105
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TABLE 8: Continued.

Samples
Recov. temp.

(°C)
Angle (°)
item

135 90 45 0

90
Shape

Time (s) 20 30 55 100

95
Shape

Time (s) 20 30 50 90

TPU/PLA 9 : 1 at 80°C (5min)

85
Shape

Time (s) 10 30 65

90
Shape

Time (s) 10 25 60

95
Shape

Time (s) 10 20 55

TPU/PLA 5 : 5 at 90°C (5min)

95
Shape

Time (s) 40 80 240

100
Shape

Time (s) 20 60 210

105
Shape

Time (s) 110 140

TPU/PLA 7 : 3 At 90°C
(5min)

95
Shape

Time (s) 110 240 330

100
Shape

Time (s) 80 150 225

105
Shape

Time (s) 50 130 190
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hard-segmented structures that act as physical cross-links
within the material. When the external force is removed,
certain internal stresses are released, resulting in a gradual
rate of shape fixation. On the other hand, if the load is
removed after applying an external force above the Tm of
the SS, the shape is retained, and when the temperature is
elevated beyond the Tm of the SS, it can be restored to its
original state. However, in most conventional TPUs, the
melting energy of the SS is insufficient to clearly exhibit
shape memory. On the other hand, PLA is rigid and brittle
at RT (<Tg of PLA), and it easily deforms and retains its
shape when the external force is removed if it is above the Tg.
Nevertheless, even if the temperature surpasses the deforma-
tion temperature, it lacks shape memory capability. In the
case of TPU/PLA blends, the Ttrans temperature of blend
samples is around 55–65°C due to the Tg of PLA based on
the DSC result. Therefore, shape memory with temperature
stimuli can occur with the above Ttrans of TPU/PLA blend
samples, as shown in Table 8 and Figure 8, which is our final
purpose to manufacture of 4D TPU/PLA structure.

In order to explore the temperature-dependent shape-
memory properties of the 4D printed reentrant (RE) struc-
ture, the setting and recovery temperature and the unfolding
angle (135°, 90°, 45°, and 0°) over time were investigated.
The shape recovery characteristics depending on the unfold-
ing angle and time are shown in Table 8 and graphically
illustrated in Figure 8. In Figure 8, the recovery ratio (%)
was set to 100%, 75%, 50%, and 25% when fully unfolded at
0°, 45°, 90°, and 135°, respectively. Based on the DSC results
obtained after 3D printing, deformation was induced in the
temperature range of 60–90°C. It was observed that the 3D
arch form could be readily restored to its initial flat shape
(unfolding angle of 0°). The recovery process was documen-
ted using a digital camera, and the relationship between
recovery ratio and recovery time (as shown in Figure 8)
was analyzed using the images captured (as listed in Table 8).
From the results in Figure 8 and Table 8, it can be seen that

the 3D-printed RE structure has shape memory properties,
resulting in 4D RE structures. It was observed that when the
3D-printed RE structure was set at various temperatures, the
arch-form quality improved as the temperature increased. At
lower setting temperatures, it can be seen that the RE struc-
ture bends less with increasing TPU content. As the set tem-
perature increases, the enhancement of the arch-form is
attributed to the higher TPU content. Although the shape
is restored after setting, the time required to transition from
90° to 45° in the arch-form follows a similar pattern, but
there is a discrepancy in the time needed to achieve the final
curvature (0°). The detailed results for each sample are as
follows:

3.4.1. For TPU/PLA 5 : 5. Excellent setting is achieved at
60°C, and the shape recovery ratio reaches 100% at recovery
temperatures of 65, 70, and 75°C, albeit with longer complete
recovery times compared to other samples. When the tem-
perature exceeds Tg of PLA, the rigid molecules regain their
mobility and release stored energy, enabling the sample to
return to its original shape, as previously described. Conse-
quently, the shape memory rate increases with the propor-
tion of PLA in the TPU/PLA blend. This occurs because the
net-point in the blends is in the PLA crystalline phase and
the switching phase in the blends is the PLA amorphous
region. This phenomenon was also discovered by Wang
et al. [43] and Boyacioglu et al. [18]. When the setting tem-
perature increased to 70–80°C, and the recovery temperature
to 75–85°C, the shape recovery time gradually decreased.
However, the recovery time at 85°C when set to 80°C takes
longer than the recovery time at 85°C when set to 70°C. And
when set to 90°C, shape recovery is only possible up to 75%,
and complete recovery is impossible. As shown in the DSC
analysis results, PLA Tg acts as the Ttrans of the sample, and
the shape memory performance occurs in the range of
60–75°C. As the recovery temperature increases, the shape
recovery slows down and the TPU chains lose their net-point

TABLE 8: Continued.

Samples
Recov. temp.

(°C)
Angle (°)
item

135 90 45 0

TPU/PLA 9 : 1 at 90°C (5min)

95
Shape

Time (s) 10 40 70 120

100
Shape

Time (s) 10 40 80 145

105
Shape

Time (s) 10 80 115 155
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to hold shape due to the Tg (95°C) of the HS serving as
physical crosslinking. Therefore, in the case of the
TPU/PLA 5 : 5 sample, setting at 70°C and recovering at
85°C are the most suitable conditions for shape recovery.

3.4.2. For TPU/PLA 7 : 3. As the TPU content increases,
shape setting is impossible at 60°C due to the PLA Ttrans

peak drop, but it is possible in the range of 70–90°C.
Although it is possible to set the shape at 90°C, it is impossi-
ble to fully restore it to its original state. With the increases of
the TPU content, the melting of the soft TPU segment at
85–95°C contributes to the shape recovery, showing the fast-
est recovery speed when set at 80°C and shape recovery at
95°C. However, if the setting temperature is 90°C, the setting
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FIGURE 8: Curves of shape recovery time and recovery ratio of 3D-printed TPU/PLA blend samples with temperature stimulus.
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works fine, but the shape recovery ability drops above 95°C,
which prevents complete recovery. This is because the
amount of net shape supporting points shape is relatively
reduced due to the Tg of the hard TPU segment, which is
relatively greater than the support effect of PLA where crys-
tallization occurred in this temperature range. Therefore, in
the case of the TPU/PLA 7 : 3 sample, setting it at 80°C and
recovering at 95°C is the most suitable condition.

In the case of 9 : 1, which has the highest TPU content,
the influence of Ttrans on PLA Tg is minimal, making it
challenging to set the shape below 80°C. Shape setting
becomes feasible at 90°C, and the shape recovery process is
expedited when the temperature reaches 95°C.

Generally, shape recovery is achievable within the Tg of
PLA (60°C) and the Tm of the TPU SS (80°C), and this
phenomenon is contingent on the ratio of PLA and TPU
content. As the TPU content increases, it becomes possible
to set the shape at a relatively elevated temperature, while the
shape recovery time tends to accelerate. It is imperative to
note that for highly efficient shape fixing, it is essential for the
molecular switches to permeate throughout the entire mate-
rial. A favorable shape memory effect is contingent on
achieving both a substantial shape-fixing ratio and an effi-
cient shape recovery ratio.

4. Conclusions

TPU/PLA filaments for FDM 3D printers for 4D soft actuator
applications have been successfully fabricated using commer-
cial TPU 75 Shore A and PLA. The filament extrusion tem-
perature of the TPU/PLA blends was set in the range of
189–192°C, which was higher with the increase in the PLA
share. The Shore A hardness also increased with the PLA ratio
from 86 to 94A. Regarding the morphology properties of the
TPU/PLA filaments, the good miscibility state was confirmed
by cross- and side-sectional photos. Nevertheless, it is worth
noting that no chemical reactions occurred during the melt
blending process, as evidenced by the absence of any new
chemical bonds identified in the FTIR results. The results of
the thermal properties of the TPU/PLA filaments showed that
the transition temperature of SS Tm, which is the temperature
for shape memory performance, appeared at about 60–80°C
by blending with PLA. The DMA results of the TPU/PLA
filaments also showed that Tg peaks appeared for each poly-
mer, and the only difference in peak intensity was due to the
mechanical miscibility that occurred. A delay in degradation
was observed for the TPU/PLA blends from the TGA onset
temperature, which can be attributed to the increased TPU
ratio. In order to determine the crystalline miscibility infor-
mation between TPU and PLA, an XRD measurement was
performed. In the filament state, the peak caused by the TPU
HS appeared as a wide single peak at 2θ= 20° due to the
addition of PLA and the high cooling rate of the extrusion
process. However, in the heat-treated film, a unique PLA
crystallization peak appeared even when blended with TPU,
indicating that TPU and PLA did not mix.

The mechanical property results for the TPU/PLA fila-
ments revealed a wide range of initial modulus values,

increasing from 5.9Æ 0.09 to 1207.6Æ 0.35MPa, with the
increase being attributed to PLA’s stiffness. The tensile
strength and elongation at break exhibited a considerable
variation, ranging from strong and brittle to strong and duc-
tile, with stress values spanning from 20.99 to 25.21MPa and
strain values ranging from 12.49% to 600.98%. The
TPU/PLA 5 : 5 sample was very stiff and strong, but as the
TPU content increased, its properties changed to tough and
soft. The optimal temperature of the TPU/PLA filament for
the 3D printer was 210°C for TPU/PLA 5 : 5 and 220°C for
TPU/PLA 7 : 3 and 9 : 1. In the shape memory test, shape
recovery is attainable within the temperature range encom-
passing the Tg of PLA (60°C) and the Tm (80°C) of the TPU
SS, and this capability is influenced by the ratio of PLA and
TPU content. The higher the TPU content, the higher the
shape setting, but the faster the shape recovery time. For the
TPU/PLA 5 : 5 sample, setting at 70°C and recovering at
85°C is the most suitable condition for shape recovery, and
for the TPU/PLA 7 : 3 sample, setting at 80°C and recovering
at 95°C is the most suitable condition. In the case of
TPU/PLA 9 : 1, shape setting is possible at 90°C and shape
recovery at 95°C takes the least amount of time. In conclu-
sion, it is possible to manufacture filaments for 3D printers
using TPU/PLA blend, and the development of 4D structures
becomes possible as the shape memory performance of
TPU/PLA blend by temperature stimulation appears.
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