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4D Fabrication of Two-Way Shape Memory Polymeric
Composites by Electrospinning and Melt Electrowriting

Chiara Pasini, Zhander Vohr Sorefio, Dennis Schonfeld, Thorsten Pretsch,

Gissela Constante, Ilia Sadilov, and Leonid lonov*

This work presents a new method for 4D fabrication of two-way shape
memory materials that are capable of reversible shapeshifting right after
manufacturing, upon application of proper heating and cooling cycles. The
innovative solution presented here consists in the combination of highly
stretched electrospun shape memory polymer (SMP) nanofibers with a melt
electrowritten elastomer. More specifically, the stretched nanofibers are made
of a biocompatible thermoplastic polyurethane (TPU) with crystallizable soft
segments, undergoing melt-induced contraction and crystallization-induced
elongation upon heating and cooling, respectively. Reversible actuation during
crystallization becomes possible due to the elastic recovery of the elastomer
component, obtained by melt electrowriting of a commercial TPU filament.
Thanks to the design freedom offered by additive manufacturing, the
elastomer structure also has the role of guiding the shape transformation.
Electrospinning and melt electrowriting process parameters are set up so to
obtain smart 4D objects capable of two-way shape memory effect (SME), and
the possibility of reversible and repeatable actuation is demonstrated. The two
components are then combined in different proportions with the aim of
tailoring the two-way SME, taking into account the effect of design parameters
such as the SMP content, the elastomer pattern, and the composite thickness.

1. Introduction

Among the various types of shape-changing
polymers, Dbidirectional actuating shape-
memory polymers (SMPs) show signifi-
cant potential. They possess the unique
ability to reversibly actuate themselves,
typically by simply applying proper ther-
mal cycles,[!l as opposed to SMPs exhibit-
ing the so-called “one-way shape mem-
ory effect,” which require manual defor-
mation for every thermoresponsive shape
change.!?] Moreover, bidirectional actuating
SMPs can work in a wide range of en-
vironments, which sets them apart from
hydrogels,3] and they are obtained through
relatively straightforward synthesis, unlike
the more complex process involved in cre-
ating liquid crystalline elastomers (LCEs).[!]

The two-way shape memory effect (SME)
exhibited by these materials relies on
altering the conformation of the poly-
mer chains and generating or releasing
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stress during the processes of melting and
crystallization.l*] Considering single mate-
rial systems with bidirectional actuation
capability, crystallizable polymer network structures turn out as a
useful starting point. For instance, in polymers with a phase seg-
regated structure such as thermoplastic polyurethanes (TPUs),
the network consists of hard segments and soft segments, of
which the latter exhibit a crystallization/melting transition. It
is this phase transition behavior, which can be considered as a
basis for the two-way SME when bringing polymers in a state
of higher order through elongation. As soon as stress- and/or
cooling-induced soft segment crystals undergo melting, internal
stresses are released and the polymer chains shift into a coiled
conformation, causing the polymer to contract or build up stress,
depending on whether it is kept in a stress-free state or under
tension. In turn, cooling-induced recrystallization of the soft seg-
ments along the direction of the previously applied elongation
leads to the extension of the polymer. In this way, changes in
length can be thermoreversibly activated.]

There are plenty of examples of SMPs exhibiting a two-way
SME, proposed above all as soft actuators and for applications in
the biomedical field, such as bandages, temporary fixation parts,
active devices to help disabled people, shape-switching drug car-
riers, and dynamic mechanical stimulation of cell cultures.[®8]
Particular attention has been dedicated to SMP fibrous structures
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obtained by electrospinning, exhibiting faster shape recovery
than the bulk material because of higher mobility and larger spe-
cific surface area for heat exchange.l”!%! A variety of applications
of electrospun SMPs is listed in literature, especially addressing
tissue engineering, drug delivery, and electronics,'''?! and
recently, also exploiting materials with bidirectional actuation
(e.g., polyurethane membranes with temperature tunable pores
under constant stress;*] electrospun LCE micro-actuators;!**!
and poly(e-caprolactone) smart scaffolds!')).

The fabrication process of these materials must include a de-
formation step to stretch the semicrystalline network and en-
able bidirectional actuation between two states, one closer to
the stretched shape and the other closer to the permanent one.
A particularly simple preparation route is that of attaching an
elastomer to a deformed SMP; SMP-elastomer composites ex-
hibit stress-free two-way SME, thanks to the internal stresses
that are generated/released during melting/crystallization of the
pre-stretched SMP, but they still require a dedicated processing
step for SMP deformation.'8] Fabrication of already stretched
structures capable of unidirectional or bidirectional actuation is
reported seldom: for example, by electrospinning on a rotating
drum,™! or by 3D printing polymers in viscoelastic state under
properly selected printing conditions.[22!]

This paper presents a new method for 4D fabrication of bidi-
rectional shape memory polymeric composites that are ready to
actuate, right after manufacturing using a combination of fiber
spinning techniques. First, a TPU with crystallizable soft seg-
ments, which has already shown good shape memory capabilities
as well as excellent biocompatibility,?>*] is processed by solu-
tion electrospinning (SES), enabling the deposition of fibers in a
stretched state. Then, an elastomeric structure is printed onto the
electrospun nanofibers by melt electrowriting (MEW), a technol-
ogy that allows creating compliant structures with improved res-
olution and controlled complex morphologies, bridging the gap
between SES and direct-write 3D printing processes. 28] The
stretched SMP fibers tend to shrink at temperatures above the
melting point of the soft segments, whereas MEW fibers are de-
posited in a stress-free state and resist the shrinking, guiding the
overall shape transformation over time (i.e., the 4th dimension).
The reversibility of the shape changes is obtained by cooling be-
low the crystallization temperature of the SMP soft segments.

Their two-way actuation distinguishes the resulting smart
structures from other 4D-printed objects realized by printing
polymers on pre-stretched textiles/sheets!?*3% or by inkjet print-
ing SMP-elastomer laminates;®!! in particular, the presence of a
SMP and the integration of high pre-stretch/molecular orienta-
tion must be both provided for bidirectional actuation. An alter-
native path is 4D-printed LCEs that can reversibly shapeshift by
combining the anisotropic properties of mesogens and the en-
tropy elasticity of lightly cross-linked polymer networks;*?! how-
ever, printing these materials can be complex and expensive, and
current mesogen alignment strategies are still rather limited.l>*
Conversely, the process developed in this work is much easier
to perform, and it offers the possibility of tailoring the two-way
SME by acting on design parameters such as the SMP/elastomer
proportions, the SMP pre-stretching, the elastomer pattern, and
the bilayer thickness. Moreover, an additional advantage of the
obtained materials is their flexibility, provided by their fibrous
structure.
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2. Results and Discussion

2.1. Working Principle and Fabrication of the Shape Memory
Composites

The two-way shape memory effect (SME) of the materials de-
scribed in this paper relies on the combination of a pre-stretched
shape memory polymer (SMP) with an elastomer, which is
among the strategies proposed by the literature to achieve such
effect.'! Compared to more conventional casting/molding meth-
ods previously described,!'®'8] a new fabrication process is here
proposed which i) integrates pre-stretching directly in the SMP
manufacturing phase by solution electrospinning (SES) and ii)
guarantees higher flexibility in the design of shape changes
thanks to additive manufacturing of the elastomer component by
melt electrowriting (MEW). More in detail, the steps concerning
the realization and thermal activation of these smart materials
are represented in Figure 1.

First, a shape memory thermoplastic polyurethane (TPU) with
75% poly(1,4-butylene adipate) (PBA)-based soft segments (TPU
PBA-75) is synthesized and employed in the production of the
active layer due to the good shape memory properties observed
in a recent study.??! Its thermoresponsive behavior is given
by its physically cross-linked molecular structure, containing
75% PBA-based crystallizable soft segments. In fact, the polymer
can be deformed into a temporary shape above PBA melting tem-
perature (T,,) and cooled down below PBA crystallization temper-
ature to crystallize the soft segments and fix the deformation; in
a second moment, it can be heated up above T, to melt the PBA
crystals and recover the original shape stored in the hard seg-
ments. Another study!?*! also highlighted important advantages
of TPU PBA-75 for applications in soft tissue engineering, in-
cluding biocompatibility, biodegradability and low elastic modu-
lus in the range of a few MPa. TPU PBA-75 is dissolved in organic
solvents to be processed by SES (Figure 1a). The electrospinning
parameters, solution composition, and collector type are adjusted
as described in Section 2.1.1., aiming at obtaining a mat of highly
stretched nanofibers on the support substrate.

In a second stage (Figure 1b), an elastomer is deposited onto
the electrospun mat as passive component, intended to guide the
overall shape transformation and ensure its reversibility. To these
ends, MEW technique is adopted for higher control over the ge-
ometry of the system, and a commercial elastomer (TPU Filaflex
704) is selected for being stable above PBA T, and good at stor-
ing and recovering deformations in the elastic field. In addition,
this second material has low elastic modulus (~7 MPal®**), guar-
anteeing sufficient shape change upon actuation. The MEW pat-
tern, thickness, and process parameters are tailored as reported
in Section 2.1.2. The obtained samples, still attached to the sup-
port substrate, are then stored in a freezer (Figure 1c¢) to fix the
electrospun nanofibers in their stretched configuration by crys-
tallization of TPU PBA-75 soft segments.

The tensile deformation in the nanofibers is partially lost when
the samples are detached from the support substrate at room
temperature (T,,,,,)—the nanofiber side contracts, that results in
bending of the bilayer (Figure 1d)—and further released by melt-
ing PBA-based crystals at a temperature Ty, > T,, (Figure le).
The presence of the elastomer hinders the contraction of the
SMP, resulting in bending of the specimens toward the SMP
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Figure 1. Steps for 4D fabrication of the two-way shape memory composites: a) SES of the SMP on a support; b) MEW of the elastomer onto the SMP;

¢) cooling and storage in freezer; d) shrinking upon support removal at T,,qm; €)

closed configuration upon heating up to Tygp; f) open configuration

upon cooling down to Tj,,,. The transformation between (e) and (f) is reversible and repeatable.

side. By cooling the composite material down to a tempera-
ture Ty, below PBA segments crystallization temperature, the
deformed elastomer is expected to provide sufficient stress for
crystallization-induced elongation in the SMP, reducing bend-
ing of the specimens (Figure 1f), similar to what has been pre-
viously observed when an external stress is applied to TPU PBA-
75 during heating—cooling cycles.I*’l Further applications of Ty,
and T,,,, should lead again to the more closed configuration in
Figure le and the more open configuration in Figure 1f, re-
spectively; therefore, reversible and repeatable two-way SME is
achieved.

Aiming to choose suitable values of Ty, and T, DSC
analysis was carried out on TPU PBA-75, with particular fo-
cus on observing the crystallization during isothermal stages
at different T, values (10 °C; 0 °C; —10 °C; —20 °C). For
each temperature considered, a complete heating—cooling cy-
cle was performed, that is, heating up to 80 °C, waiting for
5 min, cooling down to T, and maintaining for 4 h. The

a Heating scans after 4 h at T,,,
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thermograms of all DSC heating scans are displayed in Figure
2a, while Figure 2b plots the specific heat flow against time dur-
ing the cooling steps and the isothermal steps at T, ; the ori-
gin of the time axis is set at the beginning of the isothermal
tracts.

The heating scans present a main endothermal peak at ~40-45
°C, which is associated with the melting transition of the soft seg-
ments. When heating follows one of the 4 h isotherms at T}, , the
melting process begins earlier and the peak temperature tends to
be reduced with respect to the first heating scan; such differences
can be explained considering that PBA crystallized segments in
the original granules have much more time to rearrange and sta-
bilize their molecular structure at T, (<T,,) with respect to
those formed during 4 h at T . However, in all the cases, the
melting process is finalized within 50-55 °C; therefore, T}, can
be reasonably set to 60 °C during the shape memory experiments.
Moreover, a degree of crystallinity of ~#17% can be estimated by
comparing the melting enthalpy of 100% crystalline PBA (135 |

b Cooling and maintaining at T,,,,
Tiow
10°C—
Foals o e
-10°C— —
20°c— \
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Figure 2. Results of DSC analyses: a) heating scans as a function of temperature; b) cooling and isothermal steps as a function of time.
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Figure 3. a,b,d—f) SEM images of electrospun fibers obtained by using different solvents and collectors and c) diameter values for fibers obtained with

the best solvent on different collectors.

g~1)®] with that in the thermograms (16-18 ] g~!, where appli-
cable, i.e., when a sufficiently reliable baseline could be defined).

The effect of the selected Ty, on the crystallization of SMP
soft segments can be appreciated by looking at the associated
exothermal signals in Figure 2b. At 10 °C, a long time is required
for crystallization, which mostly occurs in less than 10 min at
0 °C and even before the beginning of the isothermal stage for
the lowest values of T, . In fact, the nucleation of crystals is
faster at lower temperatures. At the light of these findings, the
specimens are stored in a freezer at —20 °C to promptly fix the
electrospun nanofibers in their stretched configuration, whereas
the shape memory experiments are performed with T, ,, = 0 °C,
which is more convenient to handle and still allows short cooling
times. However, it should be specified that, while crystal nucle-
ation slows down when approaching T, crystal growth becomes
faster, still allowing to obtain high crystallinity in the long time.

2.1.1. SES Setup

A good pre-stretching of the SMP is fundamental for the achieve-
ment of the two-way SME without applying any external stress to
the SMP-elastomer composites. Therefore, the effects of several
variables were considered until obtaining nanofibers with the de-
sired morphology and shrinking upon heating.

First, different values of flow rate (0.25-0.5-1 mL h~'), applied
voltage (20-25-30 kV), and solution concentration (6-8-10
w/v%) were compared. A dimethylformamide-acetone (DMF-

Macromol. Rapid Commun. 2024, 45, 2400010 2400010 (4 of 12)

acetone) mixture with volume ratio of 2:3 was employed as
solvent, based on the previous use of these two chemicals in
touch-spinning of a TPU PBA-75 solution.[? All conditions
allowed SES except for the highest TPU concentration (10%),
which appeared to excessively increase the solution viscosity. The
nanofibers were collected on glass slides on two parallel conduc-
tive bars and observed at the optical microscope (images in Figure
Sla, Supporting Information). Looking for thin nanofibers with
a regular morphology, the voltage was set at 25 kV, the flow rate
at 1 mL h7!, and the concentration at 6 w/v%. In particular, the
fiber diameter (Figure S1b, Supporting Information) did not
significantly vary with the voltage and flow rate; conversely, re-
ducing the solution concentration to 6 w/v% was more effective;
though, the final fibers had still quite large diameter (2 pm).

For fibers obtained with the selected process parameters, a
further morphology check by means of scanning electron mi-
croscope (SEM) and some shrinking tests were carried out.
SEM images revealed several areas in which the fibers ap-
peared fused together due to incomplete evaporation of the
solvent (Figure 3a), which led to substitute DMF-acetone (2:3)
with a new mixture of solvents. Figure 3b reports the im-
provement achieved by using dimethylformamide-chloroform-
tetrahydrofuran (DMF-CHCI;-THF) with volume ratios of 2:2:1,
which was employed in the production of all specimens from
here on. Moreover, the shrinkage of electrospun mats at 60 °C
was barely noticeable (Figure S2a, Supporting Information). It
was concluded that the application of high voltage was insuffi-
cient to effectively stretch TPU PBA-75, probably because of its
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high molecular weight (~1.4 x 10° g mol~').12*] For this reason,
the electrospinning setup was finalized by using a rotating drum
as collector and selecting a high rotation speed (8000 rpm), aim-
ing at mechanically drawing the fibers. The values of fiber diam-
eter obtained before and after this improvement are illustrated in
Figure 3¢, and SEM images of the new materials are provided in
Figure 3d—f. While fibers collected on parallel bars are randomly
oriented and rather thick (diameter of 1.6 pm), the new sam-
ples consist of thinner nanofibers (diameter of 0.4 ym) mainly
aligned along the circumferential direction of the rotating drum;
an overall thickness of a few microns is achieved in 1 h of SES.

The reduced diameter of the nanofibers is indicative of their
stretched state, which is confirmed by the significative shrinking
of the electrospun mats after freezing (to fix the deformation at
best) and detaching from the collector. Due to the preferential
alignment of the nanofibers, most of the shrinkage occurs along
the circumferential direction of the drum (x15%) while the ax-
ial contraction is limited (~5%). At Ty, = 60 °C, the crystalline
domains responsible for shape fixation melt, and the specimens
further contract until reaching shrinking values of ~50% in the
circumferential direction and 10% in the axial direction (Figure
S2b, Supporting Information). This experiment highlights that
while both parallel bars and rotating drum allow production of
nanofibers, the fibers produced by the two methods are differ-
ent: fibers produced using a rotating drum are strongly oriented
and stretched while those produced using parallel bars are not. By
comparing fiber diameter values obtained with the two collector
types and considering the volume of fibers as constant, it is also
possible to approximately quantify the fiber stretching achieved
by means of the drum rotation: (I, — 1)/, = L /I, — 1 = (d,/d,)?
— 1~ 1280%, where I, and d, are the length and the diameter of
fibers collected on parallel bars while I, and d, are those of fibers
collected on the rotating drum.

2.1.2. MEW Setup

The next step was the selection of MEW parameters for TPU Fi-
laflex. The effects of nozzle temperature and applied voltage were
first explored, maintaining the collector speed at its maximum
value (1800 mm min~!) and a distance of 3 mm between nozzle
and collector. Figure S3a, Supporting Information shows diame-
ter values and optical microscope images of the obtained fibers,
as well as viscosity versus shear rate curves and viscosity versus
shear stress curves at 230 °C and 240 °C. The highest voltage ap-
plied (3.5 kV) excessively accelerates the molten polymer flow, so
that the collector is not fast enough to collect straight fibers, and
wavy thin fibers are produced. Better results are obtained by re-
ducing the voltage, leading to less stretched fibers having larger
diameter. More in detail, for a nozzle temperature of 230 °C, a
voltage decrease from 3.5 to 1.5 kV increases the diameter from
~50 um to ~110 um. For a temperature of 240 °C, the lower vis-
cosity of the melt seems to ease the flow of a larger amount of
material through the nozzle (corresponding to thicker fibers, e.g.
80 um diameter with a voltage of 3.5 kV) and to produce more ir-
regular fibers (especially under application of 1.5 kV, resulting in
counter-trend thin filaments interrupted by long bead defects!*®).
Moreover, rheological curves at 240 °C are more irregular: devia-
tions at low stress seem to indicate a thixotropic behavior, prob-
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ably occurring when hydrogen bonds between polymer chains
break and the polymer melt starts flowing; deviations at high
stress may be ascribed to transition to elastic regime and failure.
In the end, a nozzle temperature of 230 °C and an applied voltage
of 2.5 kV are selected as the most reliable set of parameters. The
final fiber diameter is ~80 pm, slightly increasing up to ~90 um
when printing on top of electrospun mats; this is because cover-
ing part of the conductive collector with the SMP mitigates the
voltage effect to some degree.

In addition, it was observed that MEW was not accurate when
changing the travelling direction of the extruder due to jet lag-
ging. This problem was solved by reducing the collector speed in
correspondence of turns in the deposition path. For all values of
collector speed adopted, the corresponding shear rate values in
the MEW device nozzle (~4 + 26 s7') were in the stable range
of rheological curves (Figure S3a, Supporting Information); al-
though during MEW (between nozzle and collector) the polymer
experiences elongational deformation rather than shear, these
measurements can be associated with the fact that the molten
polymer flowed in Newtonian flow regime and was deposited in
a relaxed state on the collector. As reported in Figure S3b, Sup-
porting Information, the highest accuracy was achieved by set-
ting the collector speed to 600 mm min~! since 2 mm before
changing travelling direction, until the turn was completed. It
was also noticed that, regardless of the selected speed, the decel-
eration of the extruder in proximity of turning points inevitably
caused some accumulation of material and a consequent local
increase in fiber diameter (up to 120-150 pm).

2.1.3. Fabrication of SMP—Elastomer Composites

The composite nature of the shape memory materials proposed
in this study provides versatility to the adopted 4D fabrication
strategy. In fact, the shape transformation can be modulated by
acting on the stiffness of each component. In particular, the elec-
trospun mat stiffness depends on its thickness (which is directly
proportional to the associated nominal mass of 4 cm? samples)
while that of the MEW part can be locally tailored by designing
and printing specific patterns, as well as by changing the num-
ber of printed layers. Both the thickness ratio of the active and
passive components and the total thickness of the specimen are
expected to affect the final result.

Table 1 summarizes all the SMP—elastomer combinations that
are explored, labeling them according to their SMP/elastomer
thickness ratio. The SMP layer has three possible values of as-
sociated nominal mass (0.5-1-2 mg), corresponding to different
values of surface density. Moreover, the MEW part has four pos-
sible values of surface density, depending both on the number of
printed quasi-isotropic sequences (N =1 or N = 2) and on the
density of single layers (the standard corresponds to 1 mm fiber
spacing, while higher density areas have 0.5 mm fiber spacing
and are indicated with a “d” in the label in Table 1).

The appearance of quasi-isotropic MEW structures is dis-
played in Figure 4a for standard density and N=1or N=2.In
addition, Figure 4b reports SEM images of a 0.5/1 composite,
providing a first rough estimation of the SMP/elastomer pro-
portions based on thickness measurements, that is, (3.7 + 0.9)
pum for 0.5 mg electrospun mats and (360 = 70) um for MEW
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Label SES

MEW Estimated thickness ratio

Nominal mass Surface density

Number of sequences

Surface density

(4 cm?) [mg] [mgcm™?] ([0°/45°/90°/-45°);) %] [mgcm™?)
2/2 2 0.49 +0.03 2 15.6 + 1.1 1/50
2/2d 2 0.49 + 0.03 2 (with higher density) 312 +22 —
1/2 1 0.26 +0.03 2 15.6 + 1.1 1/100
1/2d 1 0.26 + 0.03 2 (with higher density) 31.2+22 —
0.5/2 0.5 0.13 £ 0.02 2 15.6 + 1.1 1/200
0.5/1 0.5 0.13 £ 0.02 1 7.8 +0.6 1/100

structures with N = 1. As detailed in Table 1, the thickness ratio
of 0.5/1 and 1/2 composites is #1/100, that of 0.5/2 composites
is ~1/200, and that of 2/2 composites is ~1/50. SMP mass
fraction values are also calculated on the basis of the surface
density of the two components and illustrated in Figure 4c for
all the considered alternatives. Small TPU PBA-75 contents are
obtained, overall ranging between 0.7% and 3%.

Two specimen shapes are created for shape memory experi-
ments: i) a C shape is simply achieved for specimens having uni-
form thickness and thickness ratio (Figure 5a) and ii) a S shape
is the result of a more complex MEW pattern, combining two
standard density areas printed on different sides of the electro-
spun mat (the two curves of the S) and three higher density areas
(extremities and center of the S), as shown in Figure 5b.

2.2. Two-Way SME Characterization

The shape memory behavior of SMP—elastomer composites and
its tunability were investigated by applying proper heating—

a MEW elastomer
A;'A \'a;' k"

VN 7 N7 N7}
‘L" NN A\Y
DVA PN A W
‘iv k‘” \v s"

cooling cycles in water; this minimized possible gravity and fric-
tion effects. C-shaped samples were employed to study the pos-
sibility of achieving a stress-free two-way SME, as well as the im-
pact of specimen thickness and SMP content. More specifically,
C-shaped specimens were prepared with SMP/elastomer thick-
ness ratios equal to 2/2, 1/2, 0.5/2, and 0.5/1.

Figure 6a shows that all specimens partially bend at T,
upon removal of their stiff substrate and further bend upon
heating up to 60 °C; the resulting values of curvature (k) are
reported in Figure Gb. The observed curvature depends on
the balance between the force generated by contracting elec-
trospun fibers and the mechanical resistance of the passive
layers. Therefore, remarkable shapeshifting occurs when heat-
ing above TPU PBA-75 transition temperature due to the re-
lease of the tensile deformation stored in PBA-based crystalline
domains.

The most evident effect is that of the total thickness of the spec-
imens. In fact, considering a same thickness ratio of 1/100 (i.e.,
0.5/1 and 1/2 composites), thinner constructs exhibit remarkably

composite

SMP content

w
1

SMP content [wt%)]
[ N

o

higher density areas

0.5/2 0.5/1

SM P—elastomer combination

Figure 4. a) N quasi-isotropic sequences printed by MEW and observed at the optical microscope. b) Example of shape memory composite observed
at SEM from the top and side views. c) Mass fraction of SMP for all SMP-elastomer combinations in Table 1.
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a MEW on top of the C shape
electrospun mat SES of TPU PBA-75
] I:>
BB MEW of TPU Filaflex,
S shape IXIXIXD )
b MEW on two sides of the IXIXIXD standard density

electrospun mat

T —

= MEW of TPU Filaflex,
E higher density

Figure 5. Schematic representation of specimens designed to take on a) a C shape or b) an S shape, with indication of fabrication techniques and

materials employed for areas highlighted in different colors.

higher x values (380 m~'vs 8 m~'at T,,,,,; 1200 m~! vs 450 m~!
at Tj,p)- The excessive coiling of 0.5/1 composites at Ty, does
not favor the two-way SME, which may be hindered by friction
between contact surfaces.

Conversely, the effect of the SMP content appears modest
when comparing specimens consisting of the same MEW struc-
ture (2 quasi-isotropic sequences) but different electrospun layer
thickness, namely 2/2, 1/2, and 0.5/2 composites. At T, .., over-
all similar curvatures are measured, but some 0.5/2 specimens
bend more than the others due to partial delamination starting
at their edges; delamination at the interface between the dou-

ble MEW structure and the thinnest electrospun mat becomes

a 2/2
shrinked

\

0.5/2
shrinked

1st heating

delamination

m Shrinkage

2/2 1/2

complete upon heating, leading to discarding this combination.
It is hypothesized that, when heating a composite with the high-
est thickness ratio between the elastomer and the SMP com-
ponents, the contraction force due to the thin electrospun mat
overcomes inter-layer adhesive forces more easily than winning
against the mechanical resistance of the thick MEW structure.
At Ty, higher SMP content corresponds to slightly increased x
values (520 m~! for 2/2 composites vs 450 m~! for 1/2 compos-
ites); even if these values are rather close from a statistical point
of view, this trend appears reasonable because the contraction of
SMP pre-stretched fibers is indeed the driving force for the com-
posite bending.

coiling

B 1st heating

mi delam. . I

0.5/2 0.5/1

Figure 6. a) Images and b) curvature measurements of various SMP—elastomer combinations after shrinking at T,.,, and after first heating at 60 °C.
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b-1/2 o ,
(i) (3 minat60°C /10 minat0°C) x 3

1% cycle 27 cycle 3 cycle

Repetitions for 4 samples
K [m?]
700
600

¢ 500 \\%\\ QA\\‘

400
300

0 # T T T ]
> &
& &eb <% 6\‘(& o é‘(\\% <@
&S & o & 9 & &
PR SN CIIC RS
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(ii)3minat60°C/1hato°C (iii) 3 min at 60 °C / 24 h - 1 week* at 25 °C

Repetitions for

K [m] Repe};twns for M (m) " |
700 samples d 700 samples
600 600

S

500
400
300

I 500
400
300
200

10% Cooling:
o ~-10min 0 °C
0% ~e-1hour0°C
-5% o
-e—1day/ 1 week 25°C
-10%
-15%
-20%
1st cooling 2nd heating  2nd cooling 3rd heating 3rd cooling

Figure 7. Two-way SME of 2/2 and 1/2 C-shaped specimens during various heating—cooling cycles: a,b) images, visual comparison, and curvature
measurements; c,d) curvature variations, normalized with respect to the effect of first heating.

These data allow drawing two guidelines for further investi-
gations: i) among the SMP—-elastomer combinations considered,
only 2/2 and 1/2 appear promising in view of SME reversibility
and ii) the total thickness of the systems plays a major role in
their shape transformations and it does not significantly change
with the SMP content because the microscopic thickness of the
electrospun mats can be reasonably neglected.

Once the desired C shape is guaranteed upon heating, the two-
way SME can be assessed. While heating triggers the contraction
of the electrospun SMP, cooling under an external tensile stress
induces recrystallization of its soft segments in a stretched con-
figuration. Here, the stress is provided by the elastic recovery of
the elastomer, which is expected to decrease the C curvature. The
results of this approach are documented in Figure 7, reporting
the effect of various heating—cooling cycles on 2/2 and 1/2 com-
posites.

Macromol. Rapid Commun. 2024, 45,2400010 2400010 (8 of 12)

More in detail, images and k values of 2/2 and 1/2 specimens
are illustrated in Figures 7a and 7b, respectively, for three thermal
histories: i) 3 min at 60 °C followed by 10 min at 0 °C, repeated for
three successive cycles; ii) 3 min at 60 °C followed by 1 h at 0 °C;
iii) 3 min at 60 °C followed by 1 week at 25 °C (collecting data
after 1 day and 1 week at T,,,,,). Both types of specimens exhibit
reversible SME, closing at Ty, and opening at T, and the fea-
sibility of multiple actuations is also demonstrated in both cases.
More precisely, the effect is clearly visible when the cooling tem-
perature is equal to 0 °C, after 10 min as well as after 1 h, whereas
the opening of samples maintained at T,,, is barely perceptible.
This is consistent with DSC data, showing that a temperature of
10 °C or higher is not optimal for efficient crystallization of TPU
PBA-75.

In addition, Figure 7c,d better highlights the amount of de-
formation that is reversibly gained and released at each cooling

© 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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a—2/2

shrinked

15t cycle

(i) (10 min at 60 °C / 10 min at 0 °C) x 3

2" cycle

www.mrc-journal.de

(ii) 10 min at 60 °C
/1hato°C

31 cycle

—

O S

b-1/2

shrinked

1t cycle

5 5

Figure 8. Two-way SME of S-shaped specimens: images of a) 2/2 and b) 1/2 specimens after shrinking at T,,,,, and during various thermal cycles.

or heating step following the big transformation at first heating.
For each step of the various thermal histories applied, curvature
variations are normalized with respect to those occurring at first
heating. The resulting average values (Ax,,,,) are reported in
Figures 7c and 7d, respectively for composites 2/2 and 1/2. Posi-
tive values are associated to opening of the C shape (cooling steps)
and negative values correspond to its closure (heating steps). The
curvature variation during the first cooling phase, which is al-
ways smaller compared to the major shape transformation occur-
ring in the first heating phase, is proved to be reversible. In fact,
when multiple thermal cycles are applied, the same variation is
observed during each following step. Moreover, Ak, varies ac-
cording to the SMP content and to the cooling temperature and
time. For T}, = 0 °C, 2/2 composites can recover ~9-10% of the

Macromol. Rapid Commun. 2024, 45,2400010 2400010 (9 of 12)

(i) (10 min at 60 °C /10 min at 0 °C) x 3
2" cycle

(ii) 20 min at 60 °C
/1lhato°C

=

31 cycle

5 3

initial transformation, whereas Ak, ., of 1/2 specimens is ~12—
15%. The values obtained after cooling for 1 h tend to be slightly
higher, but most of the actuation occurs within 10 min at 0 °C. As
for samples maintained 1 day at T, ,,, only a very small fraction
of the initial transformation is recovered (~2% and ~4% for 2/2
and 1/2 specimens, respectively), and even after 1 week, Ax
remains within 4-5%.

A quantitative comparison of these results with respect to
other works on the two-way SME of SMP-elastomer compos-
ites is not straightforward because the methods employed to
evaluate the SME vary from one work to another. For example,
Westbrook et al. applied multiple heating—cooling cycles to pre-
stretched SMP strips embedded in an elastomer matrix and fixed
at one end, they observed bending of the specimens, and they

norm
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calculated that the transversal displacement of the unconstrained
end was ~10% of the specimen length.['®] Chen et al. also pho-
tographed the reversible bending movements of their compos-
ite actuators, obtained by coupling a stretched shape memory
polyurethane layer and an elastic polyurethane layer.['’! Inter-
estingly, Kang et al. created core-shell stretched SMP—elastomer
structures that clearly exhibited reversible extension/contraction
upon cooling/heating, with actuation strains of #10% for core—
shell films and ~20% for core-shell fibers.[*¥! With respect to all
these works, the approach presented in the current paper shows
a qualitatively similar response (a first bigger contraction at first
heating followed by smaller extension and contraction move-
ments during subsequent cooling and heating steps), but has the
distinctive advantage of integrating the pre-stretching of the SMP
directly in its production process, thanks to SES on a rotating
drum collector.

Other references of interest are works regarding the two-way
SME under constant stress for TPU PBA-75 or for other elec-
trospun SMPs. In these cases, higher actuation strains seem to
be achieved (up to 40% for TPU PBA-75[23 and up to 70% for
electrospun sol-gel crosslinked poly(e-caprolactone)!’®]), thanks
to the application of a suitable constant stress (in the order of 10°—
10° Pa) during heating—cooling cycles. The new 4D fabrication
process developed here needs no external stress for reversible ac-
tuation upon cooling because the shape transformation at T,
is driven by the elastic energy stored in the MEW component.
On the other hand, the internal stress at play is more difficult to
control; nevertheless, the use of additive manufacturing allows
for easy modulation of the MEW structure pattern and thickness,
which leaves space for improvement of the reversible actuation
strain. Moreover, it should be noted that the cited work on TPU
PBA-75[23] adopts a value of T, of —20 °C instead of 0 °C, which
may also be helpful in view of increasing the actuation strain.

Finally, S-shaped specimens were investigated as proof-of-
concept of the possibility to create 4D objects having more com-
plex geometries with respect to simple bar- and C-shaped spec-
imens found in literature. MEW was performed on both sides
of the electrospun mats to introduce multiple curves, with the
SMP on the inside and the elastomer on the outside. Once again,
2/2 and 1/2 combinations were selected for the two curves of the
S, whereas denser MEW structures (2/2d and 1/2d in Table 1)
were deposited on the extremities and in the central part to make
them stiffer, and consequently, flatter. Images of the samples af-
ter shrinking at T,,,, and during shape memory experiments are
shown in Figure 8, for two thermal histories: i) 10 min at 60 °C
followed by 10 min at 0 °C, repeated for three successive cycles
and ii) 10 min at 60 °C followed by 1 h at 0 °C. The longer heat-
ing step was necessary because of the high amount of TPU fila-
ments deposited by MEW, forming a dense hydrophobic network
that required some time to be penetrated by hot water. All speci-
mens reached the designed S configuration and showed good re-
versibility of their shape transformation during both types of ther-
mal cycles, confirming the feasibility of modulating the curvature
in different areas of the composites and thereby obtaining com-
plex shapes. Such modulation should take into account several
parameters, including the total thickness, the SMP/elastomer ra-
tio, the stiffness of both components, and the stretching of the
SMP during SES (the pre-stretching can be increased by adopt-
ing higher drum rotation speed or larger drum diameter).
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3. Conclusion

This paper set the bases of an innovative fabrication method for
smart SMP—elastomer composites that evolved in space and time
(4D), undergoing bidirectional shape changes in response to ther-
mal stimuli. Electrospinning of the SMP on a drum collector ro-
tating at high speed proved to be an excellent strategy to integrate
pre-stretching of the SMP directly in its manufacturing phase,
whereas additive manufacturing of the elastomer component by
MEW allowed for easy modulation of its structure; in fact, the
combination of the elastomer geometric pattern and thickness
determined its stiffness, and as a consequence, the final shape of
the composite.

Both the SMP/elastomer ratio and the total thickness of the
composite were found to play an important role and should be
carefully selected to modulate the shapeshifting behavior. When
these parameters were properly chosen, a reversible and repeat-
able SME was achieved. The relatively small actuation amplitude
obtained could be ascribed to the tendency of fibrous structures to
undergo partially irreversible deformation and dissipate energy
(high tan delta value), that was due to bending and displacement
of fibers with respect to each other.

There is still space for the SME optimization of these novel sys-
tems, which may benefit from experiments on further composite
configurations, for example, considering more composition and
thickness combinations or also the degree of fiber pre-stretching
(depending on the drum collector rotational speed and diameter).
Moreover, proof-of-concept experiments on S-shaped specimens
open the road toward more complex objects with multiple curva-
tures, achievable by working on the design of the MEW layers.

In conclusion, this approach appears promising for the de-
velopment of new flexible and biocompatible smart structures
with bidirectional actuation capabilities. These structures may
find application as actuators in the field of soft robotics (for
example, as clamps/grippers, walkers, crawlers, and so on) or
in the biomedical field (for instance, for cell encapsulation,
dynamic cell cultures, or smart drug delivery). In the case of
soft robotics, the arms or legs of the robots would bend upon
heating and unbend upon cooling, allowing grippers to grab and
release objects, or walkers and crawlers to progressively move
upon multiple actuation cycles. For cell culturing purposes,
low triggering temperatures are not expected to significantly
reduce cell viability, whereas high triggering temperatures may
harm cells, but the increase of the composite curvature can be
activated also at ~40 °C (i.e., close to human body temperature);
this would maintain cells alive while extending the time required
for shape transformations.

4. Experimental Section

Materials:  As SMP, a thermoresponsive polyester urethane was
employed. For its synthesis, the following materials were purchased:
poly(1,4-butylene adipate) (PBA) diol Desmophen 2505 from Covestro
Deutschland AG (Leverkusen, Germany); 4,4 -diphenylmethane diiso-
cyanate (MDI) from Fisher Scientific (Schwerte, Germany); 1,4-butanediol
(BD) and a molecular sieve with a pore size of 4 A from Alfa Aesar (Kan-
del, Germany). For SES, the following solvents were provided by Merck
(Darmstadt, Germany): acetone; dimethylformamide (DMF); chloroform
(CHCl3); and tetrahydrofuran (THF). Rhodamine B dye (C.I. 45170) was
obtained from Carl Roth GmbH + Co KG (Karlsruhe, Germany).
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As elastomer, a commercial thermoplastic polyurethane (TPU) filament
was employed. The selected TPU was Filaflex 70A Ultra-Soft by Recreus
Industries, S.L. (Elda, Spain).

Synthesis of TPU PBA-75:  PBA-based polyester urethane (TPU PBA-75)
was synthesized with 75% PBA-based soft segments, following the pre-
polymer method described in a previous paper.[*’] In summary, 0.037 mol
of dried PBA-diol and 0.157 mol of MDI reacted at 120 °C for 90 min, form-
ing an isocyanate prepolymer, which then further reacted with 0.12 mol of
dried BD. The obtained melt was poured onto a plate covered with a poly-
tetrafluoroethylene film. After a final curing in oven at 80 °C for 120 min,
TPU PBA-75 was ground into granules.

Solution Electrospinning (SES) of TPU PBA-75: A custom-made electro-
spinning device was employed for SES of TPU PBA-75. The setup consisted
of a syringe pump (Omnifix T mL and 5 mL syringes were used with a 21G
needle, that is, having 0.5 mm inner diameter), a 30 kV voltage controller,
and a metallic collector (either two conductive bars separated by a 4 cm
gap and fixed at 15 cm from the tip of the needle or a rotating drum hav-
ing a 5 cm diameter and placed at 25 cm from the tip of the needle). Glass
slides and aluminum foil were used as substrates for fiber deposition in
the case of the two-bar collector and of the rotating drum, respectively.

TPU PBA-75 solutions were obtained by dissolving the polymer gran-
ules in different solvent mixtures (DMF-acetone with a volume ratio of 2:3;
DMF-CHCl;-THF with volume ratios of 2:2:1), with polymer concentration
varying between 6 w/v% and 10 w/v%. A slight amount of rhodamine B
was added as dye. The solutions were stirred overnight at ambient tem-
perature and centrifuged for 10 min (8000 rpm, 6010 x g, 15 °C), in order
to obtain a homogeneous solution.

Looking for the optimal set of process parameters, different values of
solution flow rate (0.25-0.5-1 mL h™") and of applied voltage between
the tip of the needle and the collector (20-25-30 kV) were considered.
For the rotating drum collector, a speed of 8000 rpm was adopted. For
optical microscope observation, the electrospinning process was stopped
after 5 min, whereas specimens for other analyses had longer production
times (30 min to 1h).

Melt Electrowriting (MEW) of TPU Filaflex: MEW of TPU Filaflex was
performed by means of a custom-made device composed of four ele-
ments: a three-axis (XYZ) precision stage, a dual-gear feeder system, a
thermal control system, and a high voltage supply (LNC 30000, Heinzinger
electronic GmbH, Rosenheim, Germany). The control system was created
through the software Repetier Host (Hot-World GmbH & Co. KG, Knick-
elsdorf, Germany). The device was equipped with a 0.2 mm nozzle, which
was kept at a 3 mm distance from the collector.

Several parallel long and short filaments were deposited for the selec-
tion of optimized process parameters (long filaments: 70 mm length and
1.5 mm spacing; short filaments: 20 mm length and 1 mm spacing; width
and height of the filaments were both set to a nominal value of 30 pm in
the G-code). The following parameter values were considered: nozzle tem-
perature of 230-240 °C; applied voltage of 1.5-2.5-3.5 kV; collector speed
between 300 and 1800 mm min~".

Composite systems were obtained by deposition of multiple TPU Fi-
laflex layers onto electrospun TPU PBA-75 mats collected on a rotating
drum. A quasi-isotropic sequence ([0°/45°/90°/—45°],) was repeated one
or two times. After each set of 4 filament orientations was deposited, the
nozzle—collector distance was increased by 0.1 mm. For each orientation,
parallel filaments were spaced by 0.5 mm (higher density areas) or 1 mm
(standard density areas) and their nominal width and height in the G-code
were equal to 30 um. By changing the thickness or density of the MEW layer
in different areas of a same specimen, it was possible to design different
shape transformation patterns (see Figure 5). The obtained samples were
stored in a freezer at —20 °C.

Optical and Electron Microscopy: Images of fibers obtained by SES and
MEW fibers were recorded by means of an optical microscope Eclipse Ti2
(Nikon, Japan) and a scanning electron microscope (SEM) Thermo Fis-
cher Scientific Apreo 2 SEM (USA). Prior to SEM observation, samples
were attached onto pin stubs with copper tape, and their conductivity was
ensured by sputtering with platinum (~2 nm) by means of a Leica EM
ACE600 (Wetzlar, Germany). Image analyses were carried out by using the
software Image) (National Institutes of Health, US).
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Differential Scanning Calorimetry (DSC): DSC analysis of TPU PBA-
75 was carried out with a Mettler Toledo DSC3 (USA). About 10 mg of
granules were closed inside an aluminum crucible. The following heating—
cooling cycle was repeated four times, each maintaining the sample at a
different cooling temperature, T, i) heating up to 80 °C at 5 °C min~';
ii) maintaining at 80 °C for 5 min; iii) cooling down to Tj,,, = (10 °C, 0 °C,
—10 °C, or =20 °C) at 5 °C min~; iv) maintaining at T, for 4 h. A last
heating step up to 80 °C at 5 °C min~! completed the analysis.

Preliminary Shrinking Assessments on Electrospun Mats:  In order to ver-
ify if TPU PBA-75 fibers were sufficiently stretched during the electrospin-
ning process, the shrinking of electrospun mats was observed at room
temperature (T,om) and at Ty, = 60 °C. Samples with starting dimen-
sions in the order of 1-2 cm were first detached from the collector at
Troom» and then, heated up to Ty, Pictures of the samples before and
after shrinking were taken with a Nikon Coolpix B700 camera, and their
dimensions were measured with Image).

Rheological Analyses:  The rheological properties of molten TPU Filaflex
were evaluated by using the MCR 702 Multidrive Anton Paar (Ostfildern,
Germany). Parallel plate geometry of 25 mm diameter was used to mea-
sure the viscosity at 230 °C and 240 °C for shear rates between 0.01 and
1000 s~'. A gap of ~1.5 mm between the plates was adopted.

Shape Memory Experiments:  The shape memory behavior of the com-
posites was investigated on two types of samples, designed to take on a C
shape (Figure 5a) or an S shape (Figure 5b). C-shaped specimens were ob-
tained by MEW of one or two [0°/45°/90°/—45°]; sequences with standard
density on top of electrospun mats of 1 cm x 1 cm. S-shaped specimens
were realized by MEW areas with proper density and thickness on the top
and bottom of electrospun mats of ~3 cm X 1cm, according to the design
reported in Figure 5b.

While the thickness of TPU Filaflex could be easily selected by varying
the number of MEW layers, that of TPU PBA-75 varied according to the SES
process duration and to the specific position occupied on the surface of
the metallic collector. Therefore, for each SES batch, electrospun samples
of 2 cm X 2 cm were collected in different positions and weighted. Three
mat types were identified as representative of low, medium, or high thick-
ness (nominal weight of 0.5, 1, or 2 mg). MEW samples of 2 cm X 2 cm
were also weighted. The mass fraction of SMP (vgp) could be identified
for each thickness combination of TPU PBA-75 and TPU Filaflex, according
to the following equation:

m
— SMP__ %100 (1
Msmp + Mg

vsmp [Wt%] =
where mgyp is the mass of the SMP (TPU PBA-75) and my is the mass of
the elastomer (TPU Filaflex).

A Canon EOS 800D camera was used to record the initial shrinking of
samples at T,,,,, as well as their reversible shape transformations upon
permanence in hot water (Tp;,, = 60 °C) or cold water (Tj,, = 0 °C) for
selected times. More specifically, a heating step of 3 or 10 min was ap-
plied to C-shaped and S-shaped specimens, respectively, and followed by
a cooling step of 10 min or 1 h for both sample geometries; in addition,
the effect of cooling for 24 h or 1 week in water at T,,,, was explored. In
the case of 10 min cooling at T, three sequential heating—cooling cycles
were performed.

For C-shaped samples, a quantitative evaluation of their shape changes
was obtained by measuring their curvature (k) with Image). During the
shape memory cycles, the curvature changed from an initial value of 0
m~ to different measured values kp, numbered in chronological order
(N = 0 after shrinking, N = 1 after the first heating step, N = 2 after the
first cooling step, etc.). Normalized curvature variations (Ax,.m) Were
calculated with respect to the curvature produced by the first heating step,
as follows:

Ao [%] = —K“'K—f““ x 100 @)

This equation associates positive Ak, values with an opening of the
C shape.

© 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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