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Abstract

For the first time, the synergy of shape memory polymer (SMP) blending, 4D printing,
and cold programming (CP) are investigated for improving the functionality of the shape
memory effect (SME), increasing medical applications,of porous structures, direct
programming, and removing current limitations, Porous PLA-TPU structures with
different printing patterns and applied deformation were CPed under constrained and non-
constrained compression modes at room temperature and were recovered in the rubbery
phase. The shape fixity and shape recovery ratios were calculated and the cross-section
morphology was examined with seanning:electron microscopy (SEM). The shape fixity
values were in the range of 39.75-71.27%, while almost complete shape recovery ratios
(100%) were observed for all'perous samples: Low shape fixity ratios can be justified due
to the existence of two steps of spring-back and structure relaxation after unloading in
cold programming, resulting from elastic and viscoelastic behavior. The glass transition
temperature of the PLA-TPU blend was 69 °C and shifted to raw materials, indicating the
possibility of some interaction between the two components. SEM images showed the
uniform distribution.of TPU particles and matrix-droplet morphology in the PLA-TPU
blend. After printing, TPU droplets were stretched and the sea-island morphology was
observed in some segments.

Keywords:“PLA-TPUY; Shape memory polymers; 4D-printing; Material extrusion;

Porous structure; Cold programming.
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1- Introduction

Shape memory polymers (SMPs) are one of the novel and widely used polymers in the
category of smart materials that can save the secondary shape and return to the original
shape in the face of a suitable stimulus [1-4]. This feature, called the shape memaory effect
(SME) is not one of the inherent properties of polymers and is a combination of
morphology, structure, and programming that can lead to an SME [5-7]£For this reason,
pure thermoplastics which have the SME are limited to several materials, including Poly
Lactic Acid (PLA) and Polyurethane (PU) [8-10]. Poly Lactic Acid (PLA) is a very
attractive polymer for use in various applications due to its biocompatibility properties,
but its brittleness has led to limitations that require additional operations [11,12]. As
mentioned, one of the most important parts of the SME is pregramming, which is often
done at high temperatures (in the rubbery region), which.is €alled hot programming (HP)
[5]. HP, in addition to higher cost (energy:and time);.saves and recovers less force, and
due to the limitations of polymers in force recovery compared to metals, these factors
further limit the use of SMPs and now:have created a new challenge for researchers to
directly programming at ambient temperature [13]. HP includes the stage of heating,
loading, cooling, and unloading, but in-contrast, Cold Programming (CP) only includes
loading and unloading. CP\requires the application of high deformation to the
thermoplastic in the glassy region, where most polymers are brittle and require additional
operations such as ‘poelymer blending which has received more attention than
polymerization, dueto-a lower cost and a simpler process in designing and manufacturing
SMPs [5,13]¢ Porous shape memory polymers are the new generation of SMPs and can
have wide potential applications in aerospace, medicine, and other industries [14,15] . For
exampleshin medical applications, the presence of cavities with controlled sizes, in

addition to providing conditions for internal growth, can also be a gateway for transferring
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body fluids [16-19]. PLA filament reinforced with magnesium metal particles was
successfully produced, and its printability by material extrusion technique and use for
porous scaffolds were investigated. Or they can improve the shape memory performance
of temperature-stimulated polymers (recovery rate), due to higher permeability:[16,20].
Various methods have been proposed for the fabrication of porous SMPs Such as gas=
forming, electrospinning, and 3D printing [21,22]. Nowadays, 3D printing as a new
method without limitations in design and construction has also created the ability to
produce controllable and regular porous structures that have some advantages such as the
ability of complex geometries, reproducibility and predictability of properties as well as
better mechanical performance due to lack of local stress concentration due to non-
uniform distribution of cavities compared to random porous structures produced by the
traditional methods [18,23-26]. Therefore, with the expansion and development of
additive manufacturing technology, the applicationsof related fields such as smart
materials have increased, and researchers continue to try to remove obstacles [27,28].
Fused Deposition Modeling (FDM) as asubset of the Material extrusion (MEX) method
is the simplest and cheapest 3D printing technology, the mechanism of which is the
extrusion of molten filament @ the bed and the underlying layers based on the digital
design file [29-31]. The combination of MEX and CP (direct programming) by reducing
and saving time and cost and adding the capability of complex and porous geometries can
increase the medical applications of 4D printing [32-34].

In this study, for the first time, the topics of SMP blending, printing porous structures,
and coldsprogramming, which are the three main sides of 4D printing, are investigated to
improve the functionality of shape memory, increase the medical applications of porous
structures, and direct programming and removing its limitations. For this purpose, PLA

was blended with 30 wt% of Thermoplastic Polyurethane (TPU) to add cold programming
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capability by applying high deformations at room temperature. Porous structures with an
infill density of 20% and different patterns were printed and cold programmed under two
applied deformations, both constrained and unconstrained loading. Dynamic Mechanical
Thermal Analysis (DMTA) and Scanning Electron Microscopy (SEM) imaging were also

used to characterize thermal analysis and morphology.

2- Materials and methods

2-1- Materials

In this research, PLA and TPU granules were used as raw materials. Due to its low
formability at ambient temperature, PLA does not have the ahility to be cold programmed
(deformation and strain applied beyond the elastic zone). For this reason, it is necessary
to use a plasticizer such as TPU for PLA in order to increaserithe formability. On the other
hand, due to its good compatibility with PLA, TPU can be added up to 50% by weight.
But due to the fact that increasing the amount.of TPU above 30% causes the formation of
co-continuous and sea-island morpholegies and also the elastic part of the SMP is
strongly strengthened, it destroysithe achievement of the desired shape fixity value in cold
programming. For this purpose, PLA-TPU (70-30) composition was chosen considering
the increase of PLA formabiﬁy and preventing excessive loss of shape fixity in cold
programming.

The porous printed parts were prepared in several steps, including the melt mixing of
granules with a weight percentage of 70 to 30 PLA and TPU in the internal mixer,
fabrication of thin sheets using a hot press, crushing and preparation of PLA-TPU
granules, extrusion and fabricating filament to print the final samples. PLA-TPU blend

with 30% TPU by weight was prepared by melt mixing in an internal mixer at 190°C and

60 rpm for 10 minutes. Then, in two stages of hot and cold pressing, the sheets were
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prepared and by crushing them, the granules of PLA-TPU blend were prepared. The
transformation of granules into filament with a diameter of 1.75 mm was done with a

laboratory extruder at a temperature of 200°C and 25 rpm.

2-2- 3D printing

The porous PLA-TPU structures were printed with a cross-section of 20x10‘mm and a
height of 10 mm and a 20% infill density (80% porosity) and three Iozen\ges, vertical and
horizontal patterns with a MEX 3D printer with an accuracy. 0f 0.1 mm. The printing
parameters are presented in Table 1. The equipment, filament, and printed sample are

presented in Figure 1.

Figure 1. (a) extruder, (b) FDM 3D printer, (c) filament, and (d) printed sample.
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2-3- Shape memory cycle

The programming and recovery steps were conducted by a customized servo-mechanical
universal tensile test machine equipped with a temperature-controlled liquid chamber;
designed and manufactured by Khallagh Sanat Atieh Peyman Company. Programming
and recovery conditions according to Table 2 were considered the same fordall samples.
Programming in compression mode was performed by applying axial‘deformation to
reduce only the volume (using the mold to prevent the increase of cross-section) and free
deformation by applying two deformations (40% and 80%) at room temperature. For each
condition, the shape memory cycle was repeated at least three times. Free deformation is
common in performing shape memory cycling in different foading modes. But the use of
constrained and guided deformation method by a mold is done for various applications
such as smart packaging with automatic opening capabilityato reduce volume. The shape
fixity and shape recovery ratio were measured according to Eqgs 1-2 and Figure 2, which
A, B, C and D are the initial height, the amount of deformation, the height after unloading,

and recovery, respectively. Shape recovery wasalso done for all samples under the same

conditions.
- o (1)
shape fixity ratio = = * 100
L A-c (2)
shape recovery ratio = D¢ * 100
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22 Figure 2. Schematic explanation for different stages of shape memory eycle’and calculation of
24 shape fixity and shape recovery parameters in compression loading mode

26 Table 1: Printing parameters

28 Bed temperature 50 °C N

30 Nozzle temperature 210°C

Velocity 30 mm/s

33 Number of shells 2

35 Nozzle diameter 400 pm

37 Layer thickness 200 pm

Infill density 20%

Pattern Horizontal/Vertical and Lozenge

Table 2: Programming, and recovery parameters

Programming temperature 25°C

Recovery temperature 80 °C

50 Heating rate 15 °C/min

52 Cooling'rate 30 °C/min

Deformation rate 3 mm/min

Deformation 4and 8 mm
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2-4- DMTA and SEM

To study the thermomechanical behavior and determine the different thermal zones of the
PLA-TPU blend, the dynamic mechanical thermal analysis (DMTA) test was done by a
dynamic mechanical thermal analyzer (Mettler Toledo, Switzerland). Imaging was also
done by a scanning electron microscope (SEM) to study the bond quality between the

PLA-TPU layers and the effect of 3D printing on the morphology by PhilipsXL30 SEM.

3- Results and discussion

3-1- DMTA

Figure 3 shows the DMTA results for PLA and TPU as raw materials and their
combinations PLA-TPU. The middle of loss storage modulus for raw materials was
considered as the transition temperature. According to Figute 3(a) ans 3(b) PLA and TPU
have glass transition temperatures of 74°Ciand -30°C, respectively. Based on Figure 3(c),
the glass transition temperatures of the PLA-FPU blend is 69°C and shift to raw materials,
indicating the possibility of some interaction® between the two components. These
interactions may be due to some.intermolecular interactions between the PLA molecular
chains and the soft elastomeric parts of TPU [35,36]. The compound has two peak in the
loss modules at -12°C and 71‘%, which are correspond to the TPU and PLA phases. The
presence of two Tan delta peaks at the transition temperature of the ingredients of the
PLA-TPU indicates ansimmiscible blend. The strongest intensity of the peak at 71°C is
due to the higher weight percentage of PLA. In addition, the storage modulus of PLA-
TPU decreases compared to PLA and the addition of TPU reduces and increases the
values of storage and loss modulus, respectively. In the glass transition temperature range,
the storage modules of the compounds suddenly decrease due to softening of the

composition and more freedom of movement and mobility of the polymer chains.
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Figure 3. DMTA results of: (a) PLA, (b) TPU, and (c) PLA-TPU.
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3-2- shape memory effect

As mentioned in the previous section, shape memory properties, including shape fixity
and shape recovery, were investigated for three patterns, two applied deformation, with
two free and constrained mechanisms. The schematic of the shape memory. tests is
presented in Figure 4. The constrained shape memory test was carried outor all three
patterns with a special mold with the same dimensions as the porous sample to prevent
cross-section deformation for packaging and medical applications. As can be seen, the
deformation mechanism during programming is different in the two shape memory tests,
and in the constrained state, the walls buckle inwards due to the constraints created by

the mold, while in the free state, most of the walls undergo bending.

Free Programming Constrained Programming

s %t

Figure 4. A schematicillustration of free and constrained shape memory tests.

In Figures 5and 6, the'original, programmed and recovered examples for three horizontal,
vertical.and lozenge patterns are shown in the constrained state. In addition to the
mentioned cases, in the constrained state, it is possible to compress the infill at a high
applied deformation. Also, the behavior of the vertical walls (in the direction of applying

force) in 40% and 80% deformation after recovery is different in both patterns and the

10
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40% applied samples are completely recovered, while with the doubling of the
deformation, due to plastic buckling, the walls are not completely restored. These results
are strongly related to the plastic instability in the loading mode and the applied

deformation.
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Figure 5. Programmed samples in terms of the constrained-applied defomation
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Figure 6. Original and recovered samples in terms of the printing pattern under 40% and 80%
constrained applied programming: (a) lozenge pattern, (b) vertical, and (c) horizontal patterns.

In Figures 7 and 8, the shape fixity values of the three printing patterns, two applied
deformation values for the unconstrained and constrained, respectively are presented.
According to these figures, the amount of shape fixity has increased with the increase of
the applied deformation, and the effect of the deformation is more intense and more than
the other two parameters. Also, quantitive results of shape fixity for porous PLA-TPU
blend in terms of printing pattern, programming deformation, and Bading mode is
summarized in Table 3. Shape fixity values for all samples are‘in.the"range of 39.75 to
71.27%, which is due to CP, part of the deformation isrecovered guickly and over time,
which is due to elastic and viscoelastic recovery, respectively [13]. In fact, CP includes
two stages of elastic recovery and structure relaxation aftérhloading [5]. For this reason,
the polymer must have high deformability (higher-than yield) at ambient temperature
(glass region) that can be directly programmed. Because after unloading, the amount of
elastic strain returns quickly and the visceelastic term of the strain also returns over time
and only a part of the plastic strain.can be stabilized. In the thermodynamic equilibrium
state, polymer chains are heIicQI and randomly distributed. By increasing the amount of
strain (beyond the linear and yielding region), the polymer chains are stretched towards
the loading direction, and in this way, they are separated from their equilibrium state. By
increasing the applied load or keeping the polymers in a stretched state, more instability
is created 4n the polymer equilibrium system [37]. For this reason, the value of shape
fixity isthigher.forrmore deformed samples.

The results show that all three parameters are effective on shape fixity so that with
Increasing applied deformation, the shape fixity ratio increases, and the maximum amount

of fixity is obtained for the unconstrained compressive loading mode compared to

12
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constrained samples. By doubling the amount of applied deformation during CP (from
40% to 80%), the shape fixity values for the unconstrained state increased by 1.47, 1.41,
and 1.52 times, for vertical, horizontal, and lozenge patterns, respectively. As the results
confirm, in CP, the amount of applied strain is an essential parameter because, in this
process, the amount of strain must be higher than the yield strain to improve:the fixity
capacity. In CP, the increase in internal energy and local plastic strains cause temporary
shape stabilization, and elastic and viscoelastic strains are released immediately after
unloading and time-dependent, respectively [5,13]. Also, the efféct of the printing pattern
is different in the two loading modes, and in the unconstrained and €onstrained modes,
the highest shape fixity ratios have been obtained for.lozenge and horizontal patterns,
respectively. In fact, the effect of loading mode and printing pattern on shape fixity is
related to the thermodynamic stability of the polymer; and these factors cause more chains
to contribute to the local plastic deformation. Free deformation compared to constrained
provides more freedom of action to the chains to-move towards higher density voids,

which have higher stabilization capability.

100
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Vertical Horizontal Lozenge
Printing Pattern
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Figure 7. Shape fixity results in terms of the printing pattern and applied deformation for
unconstrained mode
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Figure 8. Shape fixity results in terms of the printing pattern-and applied deformation for
constrained mode

4

Table 3. Shape fixity results in terms of the printing pattern‘and programming deformation

Shape Fixity Ratio
Deformation 40% 80%
Printing pattern Unconstrained Constrained Unconstrained Constrained
Vertical 45.11%2.39 39.75+1.51 66.27+2.69 54.86+1.85
Horizontal \45.67i3.01 43.21+2.25 64.32++2.83 63.52+2.11
Lozenge 46.84+2.09 42.05+2.96 71.27+£2.19 59.77+2.40

After the unloading stage was done, the porous PLA-TPU samples were heated and after
reaching the‘recovery-temperature, the shape recovery value was measured. The results
of this study.are presented in Figures 9 and 10. The quantitive shape recovery results are
also 'sammurized in Table 4 in terms of the printing pattern and programming
deformation, in which according to the results, the dependence of the recovery ratio on

the studied parameters is much less than shape fixity. Complete shape recovery (100%)

14
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Is observed for both constrained and unconstrained and all three printing patterns at 40%
applied strain, but at higher applied deformation (80%), lozenge pattern, and constrained
loading showed higher shape recovery ratios. As mentioned in the previous section, the
applied strain includes three parts: elastic, viscoelastic, and plastic. Viscoelastic and
plastic strains are stored locally in a segment with weaker and stronger constraints (areas
with more and less free volume), respectively [5,38]. Therefore, at low applied strain,
fewer parts with rigid constraints undergo local deformation and are released ‘more easily
and quickly by applying heat. In addition, even though more instability/€aused an increase
in shaoe fixity values in the previous stage, it causes more energy.to be needed to return
to the equilibrium and stable state. According to the same recovery conditions (time and
temperature), the samples that have a greater distance from their thermodynamic

equilibrium state have a weaker recovery performance [39,40].
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Figure 9. Shape recovery results in terms of the printing pattern and applied deformation for
unconstrained mode
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Figure 10. Shape recovery results in terms of the printing pattern and applied deformation for

constrained mode

Table 4. Shape recovery results in terms of the printing pattern and programming deformation

Shape Recovery Ratio
- 4
Deformation 40% 80%
Printing pattern Unconstrained Constrained Unconstrained Constrained
Vertical 99.43+0.41 99.20+0.25 85.84+3.45 95.97+1.39
Horizontal 98.2940.67 1000 96.33+1.85 96.15+1.52
Lozenge 99.61+0.24 98.01+0.59 89.68+2.36 98.56+0.98

3-3- Microstructure evaluation

Figure 11 demonstrates the/SEM images of the cross-sectional filament and printed PLA-
TPU blend. According to:Figures 11(a) and 11(b), a uniform distribution of TPU particle
and matrix-droplet morphology is observed. In fact, the SEM images confirm the DMTA
results that the' PLA and TPU are compatible with each other and their blend is not
miscible. Figure 11(d) shows microvoids and cavities due to incomplete melting, and
insufficient.adhesion of 3D-printed layers. These voids are the main cause of porosity in
MEX 3D printed parts and it is believed that their complete elimination is impossible

[41-43], because the rasters cool down very quickly and complete integration (crack

16
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growth) does not take place [44]. Of course, the printing parameters that affect the feeding
rate also play a role in the geometry and number of these holes [43,45]. In the 3D printed
sample, the morphology of the matrix-droplet changes somewhat, and in Figure 11(€),
parts of the TPU with the island's morphology are identified, that are formed by joining

and stretching of the TPU droplets due to extrusion during printing.

TPUdroplets

Figure 11. SEM images of PLA-TPUW:(a-c) filament, (c) and (d) printed samples

4- Conclusion

In this pioneering researchy the fusion of 3D printing, smart materials, and
programming withins the ‘"domain of 4D printing was investigated to enhance the
capabilities of shapesmemory materials, particularly for their medical applications. The
study commenced. with the formulation of a PLA-TPU blend (70-30 wt.%) to improve
shape memory performance and ductility at ambient temperatures while accommodating
high /deformations. Ordered porous specimens with horizontal, vertical, and lozenge
patterns were successfully 4D printed for streamlined processing. To expedite
experimentation, the specimens were programmed at ambient temperatures, and recovery

within the rubbery region was observed. Comprehensive assessments, including thermal

17



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PHYSSCR-124571.R2

analysis, microstructure evaluations, and shape memory property analyses, were

conducted via constrained and free thermo-mechanical shape memory cycles, DMTA,

and SEM. The following remarks can be drawn:

O

Interactions between PLA and TPU components were identified through DMTA, as
indicated by the shift in the glass transition temperature of the PLA=TPU blend:
Compressive shape memory properties, particularly shape fixity, were influenced by
various factors, including printing patterns, applied deformation, and loading modes.
Shape fixity values ranging from 39.75% to 71.27% were/observed, reflecting the
interplay between elastic and viscoelastic recovery processes.

At an applied strain of 40%, complete shape recovery.(100%) was achieved across all
three printing patterns, both constrained and<unconstrained. However, at higher
deformations (80%), superior shape recovery ratios were exhibited by the lozenge
pattern and constrained loading.

SEM analysis revealed a transition in filament' morphology from matrix-droplet in
raw material to a combination of matrix-droplet and sea-island structures in printed
samples. Importantly, the findings highlight the promise of cold programming,
encompassing only Ioadin\g and unloading, coupled with 3D printing of smart
materials for medical applications requiring intricate, porous, and personalized
geometries. This approach not only reduces costs but also offers a time-efficient
solution.

In summary, the study unveiled the exciting potential of 4D printing in shaping the
future- of shape memory materials, especially in the realm of personalized and
complex medical applications. The importance of tailoring printing parameters and
material compositions to optimize performance was underscored, opening new

avenues for innovative healthcare solutions.
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