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This paper introduces a novel approach to 4D printing tailored structures with reversible two-way shape-memory
effect (SME) through material extrusion technology. To this aim, methacrylated poly(e-caprolactone) (PCL) was
synthesized and evaluated from a rheological perspective to determine its suitability for extrusion-based printing.
Following a printability assessment, an optimal set of parameters was identified to fabricate 3D structures, UV-
crosslinked during printing. Subsequently, a physical and thermo-mechanical characterization of the printed
structures was conducted to deepen the understanding of the fabrication process and properties of the obtained
structures. To assess the shape-memory properties of the printed structures, both the one-way and two-way SME
under load were investigated. Overall, this study opens the floodgates to implementing 4D printing via material
extrusion technology, specifically targeting PCL-based semi-crystalline chemically crosslinked polymer networks
with two-way SME. Because of its cost-effectiveness, versatility, and user-friendly nature, extrusion-based
printing offers noteworthy advantages over other additive manufacturing approaches when reversible
behavior of the printed structures is needed. Lastly, a glimpse of potential 4D printed structures from PCL-based
semi-crystalline chemically crosslinked polymer networks is presented. The approach described holds significant
promise across multiple research and industrial domains, including but not limited to smart actuators, soft ro-
botics, and medical devices.

1. Introduction history, also referred to as shape-memory cycle, and is strictly depen-

dent on the transition temperature (e.g, glass transition or melting

Shape-memory polymers (SMPs) are materials able to respond to
external stimuli (e.g., heat, light, or magnetic fields) by recovering a
permanent shape from one or more programmed temporary shapes, in a
phenomenon known as shape-memory effect (SME). In this framework,
SMPs have garnered attention due to their remarkable properties,
including viability, low-costs, easy tunability, lightweight nature, syn-
thetic flexibility, and biocompatibility [1,2]. Such properties have
generated considerable interest across a wide range of applications,
spanning from biomedical and pharmaceutical sectors [3] to applica-
tions in the aerospace industry [4].

Among the available SMEs, the thermally triggered one-way SME is
the most studied. This effect is ensured by a proper combination of the
polymer macromolecular structure and the applied thermo-mechanical
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temperature) of the polymer used. However, it is worth noting how the
non-reversible nature of the one-way SME requires ‘reprogramming’ the
temporary shape from the recovered permanent shape by means of an
external thermo-mechanical process. Consequently, the one-way SME
may not be suitable for applications where a reversible behavior is
demanded, as in the fields of soft actuators and robotics.

Conversely, the thermally triggered two-way SME enables revers-
ibility between two configurations through a cooling-heating cycle.
Existing research [4-9] has primarily focused on investigating the two-
way SME in liquid crystal elastomers (LCEs) and semi-crystalline
crosslinked polymer networks. More recently, it has been demon-
strated that the two-way SME can also be achieved without any external
applied stress, suggesting the possibility of stress-free (i.e., self-standing)
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reversible actuation [4,7,8,10].

SMPs are generally manufactured via traditional fabrication tech-
niques, such as extrusion, injection molding, casting, or subtractive
manufacturing [4,11-13]. However, such techniques often demand
manual intervention, post-processing, time-consuming processing for
assembly, and the fabrication of complex structures is often prevented.
To overcome the limitations of traditional fabrication techniques, re-
searchers have delved into alternative methods to streamline the pro-
duction of complex and/or three-dimensional structures, with 3D
printing being a notable example [4,14,15].

3D printing technology has come to the limelight as an advanced
technological tool with the pioneering possibility to fabricate objects
and structures in a layer-by-layer fashion, enabling the additive pro-
duction of complex or customized designs that are otherwise challenging
to achieve through traditional manufacturing techniques. Nowadays, 3D
printing holds a pivotal position in several research fields, among which
an attractive line concerns the fabrication of stimuli-responsive struc-
tures, ie., capable of responding to the surrounding environment in a
programmed way. This technology is commonly referred as 4D printing,
where time represents the 4™ dimension and is responsible for the shape
evolution of the 3D printed structure [14]. In particular, the integration
of SMPs with 4D printing has opened significant opportunities across
many application fields.

Over the last few years, several 3D printing techniques have been
employed for one-way SMPs, including extrusion-based approaches such
as fused filament fabrication (FFF) [16-21] and direct ink writing (DIW)
[22-25], vat polymerization approaches such as stereolithography
(SLA) [26] and digital light processing (DLP) [27-34], and material
jetting approaches such as PolyJet™ technology [35,36]. More recently,
FFF [37,38] and SLA [39-41] techniques have also been used to print
multiple SMPs.

However, the SMPs used in 4D printing are generally studied only for
their one-way SME, thus significantly limiting the breadth of their
possible applications.

Li et al. [42] recently shed light on the possibility to 4D fabricate
structures with reversible two-way shape-memory behavior via selective
laser sintering (SLS) technology, using novel thermoplastic polyamide
elastomers. Chalissery et al. [43] disclosed the possibility of using poly
(1,10-decylene adipate) (PDA)-based poly(ester urethane) PEU (i.e., a
physically crosslinked SMP) in FFF-based 4D fabrication. In addition,
structures with two-way SME have been 4D fabricated via DIW tech-
nology [44,45], exploiting the shape-memory behavior of LCEs, well
known for their large, reversible, and anisotropic shape changes in
response to different external stimuli (e.g., temperature and light) [46].
Interestingly, extrusion-based printing offers distinctive advantages
over other additive manufacturing technologies (e.g., SLS, DLP, SLA),
such as technological low-costs, relative ease of use, versatility, and low
materials wastage [47,48].

Despite these latter contributions, to these authors’ best knowledge,
no works have been found in the literature on extrusion-based 4D
fabrication of structures with reversible two-way SME using semi-
crystalline chemically crosslinked polymer networks.

To tackle this challenge, we selected polycaprolactone (PCL) semi-
crystalline networks, a class of biodegradable SMPs that satisfy essen-
tial requirements for their applications as biomedical devices, such as
good biocompatibility, biodegradability, ease of chemical modification,
fast recovery of large temporary shape configurations, and easy tailoring
of their transformation temperatures [49,50]. In particular, methacry-
lated poly(e-caprolactone) was synthesized and characterized from a
rheological point of view to assess its suitability for printing via fused
particle fabrication (FPF), an extrusion-based printing approach [51].
By means of a printability characterization, an optimal set of parameters
was identified and selected to fabricate 3D specimens, achieving cross-
linking through UV light (365 nm) exposure directly during the printing
process. A thorough physical and thermo-mechanical characterization
of the 3D printed specimens was then carried out to deepen the
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knowledge of the fabrication process and products and set the way to the
4D printing through material extrusion technology of structures with
two-way SME. The shape-memory properties of the printed specimens
were then assessed, investigating both the one-way and two-way SME
under stress as a function of different initial levels of pre-strain. Lastly,
an overview of some possible 4D printed structures that can be obtained
with this technology is drawn, displaying their potential for several
research and industrial fields (e.g, smart actuators, soft robotics, and
medical devices).

2. Materials and methods
For sake of clarity, a scheme of the work is represented in Fig. 1.
2.1. Materials

High molecular weight PCL (M, ~ 70-90 kDa), PCL diol
(o,0-hydroxyl-terminated PCL, M,, ~ 10 kDa), 2-isocyanatoethyl meth-
acrylate (2-IEM, 98 %), tin(II) 2-ethylhexanoate, and tetrahydrofuran
(THF) were purchased from Merck and used without any further puri-
fication step. The photoinitiator, 2-hydroxy-2-methyl-1-phenylpropa-
none (ADDITOL HDMAP) was purchased from Cytec. In the following,
PCL (M, ~ 70-90 kDa) and PCL diol (M, ~ 10 kDa) are denoted as
PCL70-90 and PCL10, respectively.

2.2. Synthesis of methacrylated PCL (PCL10-MA) and photoinitiator
dispersion

PCL10 is a linear hydroxyl-terminated polyester with a number-
average molecular weight of 10 kDa, which retains a crystalline phase
after forming a crosslinked network [52]. We prepared photo-
crosslinkable PCL by adding terminal methacrylate groups. Each
hydroxyl-terminated PCL chain can receive up to two methacrylate end
groups. The degree of methacrylation determined by 'H NMR spec-
troscopy [52] was found to be > 98 %. The methacrylation of the hy-
droxyl end groups of PCL10 with 2-IEM was conducted according to the
protocol previously reported [7]. Briefly, dried PCL10 and 2-IEM were
introduced into a glass flask in a 1:2.4 M ratio. The reactions were
carried out in bulk at 100 °C for about 3-4 h under a nitrogen atmo-
sphere and mechanical stirring. The reaction was monitored by FT-IR
until the ratio of peak strength at 2930 and 2275 cm™! became con-
stant. 2-IEM was added with a 20 % stoichiometric excess with respect to
hydroxyl groups of the PCL. Unreacted 2-IEM was removed at 100 °C by
dynamic vacuum at the end of the reaction, and infrared spectroscopy
was performed to ensure the absence of 2-IEM, which is confirmed by
the lack of the signal corresponding to the isocyanate group at 2275
cm L. Further details about the preparation and chemical character-
ization of these materials can be found elsewhere [52]. Photo-
crosslinkable PCL was prepared by melt-mixing at 80 °C (100 rpm, 30
min) the PCL10-MA with the radical photoinitiator (ADDITOL HDMAP,
0.5 wt%). The well-mixed melt was cooled to room temperature (RT),
then kept in the dark at RT until use.

2.3. Rheological characterization

The rheological properties of PCL10 and PCL70-90 were investigated
to identify the optimal printing conditions. Rheological tests were car-
ried out using a rheometer (Discovery HR 10, TA Instruments) equipped
with parallel plate geometry (¢ = 25 mm, working gap 1 mm). The
viscosity of the samples was measured via shear rate sweep tests, by
applying a shear rate (7) ramp in the 0.01-1000 s ! range at different
temperatures (T = 70, 80, 90 °C).

2.4. 3D printing

Computer-aided design (CAD) models were drawn in Fusion 360
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Fig. 1. Scheme of the work: preparation, fabrication, thermo-mechanical, and shape-memory characterization steps. Partially re-adapted from [4].

software (v. 2.0.17457, Autodesk) and processed to obtain .stl files, then
imported into DNA Studio (v. 4) software for printing. A pneumatic
bioprinter (Cellink BioX6) equipped with a thermoplastic printhead (22
G (0.41 mm) nozzle size, Cellink) was used for printing. The previously
prepared PCL10-MA/ADDITOL HDMAP mix was grinded and loaded
into the cartridge (10 mL) of the thermoplastic printhead. The printing
temperature was set at 70 °C based on rheological data, while the print
bed temperature was set at 20 °C. Photo-crosslinking was achieved using
the integrated UV module (A = 365 nm) of the 3D printer, irradiating
each printed layer for 120 s (distance = 6 mm, [ = 0.5 mW/cmz) after
extrusion. The crosslinking time (120 s) was selected after an optimi-
zation step and represents the plateau in the gel content (G (%)) values
(Eq. (4) and Table S1, Supplementary Information). Further irradiation
(i.e., 300 s) did not lead to increased G (%) values. For the sake of clarity,
non-crosslinked and UV-crosslinked 3D printed samples will be here-
after referred as PCL10-MA and X-PCL10-MA, respectively.

A printability characterization was then carried out to identify
optimal printing parameters, as follows (Sections 2.4.1, 2.4.2, 2.4.3).

2.4.1. Spreading ratio

Three straight lines (20 x 0.41 x 0.41 mm) were extruded with a
printing pressure of 15 kPa and different printing speeds (v = 5-20 mm/
s) at 70 °C. Images were acquired with a digital camera (Canon EOS
R10) and ImageJ software (v. 1.53) was used to measure the width of the
printed strands. The spreading ratio was calculated as follows (Eq. (1))
[53]:

@

Spreading ratio = i

Wo
where w; and wy represent the measured and the CAD-designed widths,
respectively. The width measurements were carried out on 5 points for
each of the three printed lines, and the w; calculated as the mean of 15
measures.

2.4.2. Printing accuracy

Two concentric squares (1 = 10 and 5 mm) were extruded with a
printing pressure of 15 kPa, a printing speed of 10 mm/s (identified from
spreading ratio tests), and a printing temperature of 70 °C. An image was
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then acquired and the area of the inner and the outer squares measured.
The printing accuracy (%) was calculated as follows (Eq. (2)) [54]:

A, — A
Printing accuracy (%) = {l — <|1Ai‘>} x 100 2)

where A; and A represent the measured and CAD-designed areas,
respectively. A; was calculated as the mean of the inner and outer
squares.

2.4.3. Uniformity factor

The uniformity factor was then investigated by printing a 3 x 4 grid
(printing conditions: speed = 10 mm/s, pressure = 15 kPa, and print-
head temperature = 70 °C). An image was then acquired and the
perimeter and area of the six pores was measured. The uniformity factor
(Pr) was obtained as follows (Eq. (3)) [55,56]:

P2
Pr=
"TTlexA

3)

where P and A represent the means of the measured perimeter and area,
respectively. The Pr parameter was used to determine how well the
printed pores matched the CAD-designed ones.

2.5. Characterization

For the following characterizations, rectangular (30 x 5 x 0.41 mm)
X-PCL10-MA specimens were fabricated as reported in Section. 2.4.

2.5.1. Gel content

3D printed X-PCL10-MA were characterized in terms of gel content.
The specimens were initially weighted (wp), then placed in THF (im-
mersion ratio = 0.5 gpcrma: 15 mLyyp) at RT for 24 h. The swollen
specimens were then removed from the solvent and dried at RT until a
constant weight was achieved, in order to determine the residual weight
after extraction (wq). The gel content (G (%)) were calculated as follows
(Eq. (4)) [40]:

G(%) =24 x 100 )

Wo

2.5.2. Thermal characterization

The thermal properties of the specimens were investigated by Dif-
ferential Scanning Calorimetry (DSC 250, TA Instruments), working
between —20 and 100 °C, at 10 °C/min rate, applying heating/cooling/
heating scans. The melting (Ty,) and crystallization (T.) temperatures
were determined at the local maximum of the endothermic peak and at
the local minimum of the and exothermic peak, respectively. The crys-
tallinity content was calculated as follows (Eq. (5)):

AH, 1

F:”OO;[ x 100 5)

X(%) =

where AH,, is the melting enthalpy of PCL10-MA or X-PCL10-MA in the
second heating scan, AH! is the specific melting enthalpy for a 100 %
crystalline PCL (i.e., equal to 139.5 J/g [57]), and w; is the weight
percentage of caprolactone structural units in the polymer.

2.5.3. Thermo-mechanical characterization

The mechanical characterization of the printed specimens was car-
ried out using a Dynamic Mechanical Analyzer (DMA Q850, TA In-
struments), in the tensile configuration.

First, quasi-static (QS) tensile tests were performed at 80 °C (i.e., T >
Tm) by applying a load ramp of 1 N/min (0.001 N preload) up to 18 N (i.
e., load limit of the instrument). The Young’s modulus (E) was calculated
from the slope of the stress—strain curves in the 0-5 % strain range (R% >
0.9).

Then, the viscoelastic spectrum of the specimens was investigated by
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applying an oscillating displacement (amplitude = 15 pm, frequency =
1 Hz) under a cooling-heating cycle between 80 and —20 °C at 2 °C/min
rate.

2.5.4. Shape-memory characterization

The SME of the specimens was investigated under two different
testing protocols.

One-way SME

After an initial preconditioning step (10 min, T = 80 °C, preload =
0.001 N), a load ramp of 1 N/min was applied at 80 °C until a total strain
e = 20 % was reached. Then, a cooling step was performed at 2 °C/min
down to —20 °C (i.e., T < T.) keeping the strain fixed (¢ = 20 %). Next,
the specimen was unloaded (F = 0.001 N) and heated under quasi-stress-
free conditions at a constant heating rate of 2 °C/min up to 80 °C.

The ability of the material to be set in a temporary shape was
quantified in terms of strain fixity rate (Ry), evaluated as follows (Eq.

(6)) [581:

Ry(%) = Stoad 100 )

Eapp[

where e, represents the nominal strain applied before unloading and
Eunload the strain after load removal.

The ability of the material to recover its permanent shape after the
quasi-stress-free heating ramp was quantified in terms of strain recovery
rate (R;), evaluated as follows (Eq. (7)) [58]:

— Erec

Ry (%) = Saort — Erec

Eappl — €0

x 100 )

where &, represents the residual strain measured after the heating ramp
and ¢ the strain before initial deformation.

Two-way SME

After an initial preconditioning step (10 min, T = 80 °C, preload =
0.001 N), a load ramp of 1 N/min was applied at 80 °C until a selected
strain value (¢ = 40 or 50 %) was reached. Then, three cooling-heating
cycles between —20 and 80 °C (2 °C/min rate) were carried out under
fixed force conditions (corresponding to the level of strain achieved in
the previous step).

Two parameters were calculated to quantitatively characterize the
two-way shape-memory behavior: the actuation magnitude (AM) and
the recovery magnitude (RM), defined by Egs. (8) and (9), respectively.

AM(%) = Elow — Eappl (€)]
RM(%) = Elov — Eigh o 100 ©)
Elow — Eappl

In the above-reported equations, e,pp) represents the strain applied at
80 °C (40 or 50 % nominal), €}y the strain after cooling under load at
—20 °C, and epigp, the recovered strain at the end of the following heating
under load at 80 °C.

2.6. 4D printed structures

The one-way and two-way (under stress) shape-memory response
was also evaluated on ad hoc specimens drawn in Fusion 360 software
(v. 2.0.17457, Autodesk) and processed to obtain .stl files, then im-
ported into DNA Studio (v. 4) software for printing (Cellink BioX6). As
can be seen from Table 1 and Fig. 7, five types of samples were designed
and fabricated following a 4D printing approach: (1) auxetic structure,
(2) gripper, (3) porous structure, (4) actuator, and (5) porous actuator.
Such structures were designed to provide an overview of some potential
applications of 4D printing via material extrusion technology.

The thermal-triggered evolution over time (4™ dimension in the “4D
printing” definition) of these specimens was explored by first heating
them at about 80 °C, deforming them in a temporary configuration, and
fixing the configuration by cooling them at about 4 °C. Then, the one-
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Table 1
4D printed X-PCL10-MA specimens. Both one-way and two-way (under stress)
SMEs were evaluated. 2D = monolayer, 3D = multiple layers.

Specimen type SME 2D/3D
Auxetic structure One-way 2D
Gripper One-way 3D
Porous structure One-way 3D
Actuator Two-way 2D
Porous actuator Two-way 3D

way SME was investigated, subjecting the specimens to isothermal re-
covery test by immersion into a hot water bath (T = 80 °C). The recovery
process was monitored from images and videos by means of a digital
camera (Canon EOS R10). The two-way SME was investigated by sub-
jecting the specimen to heating/cooling cycles under load, by moving
them between two beakers containing water at 80 and 4 °C. Specifically,
the load (80 g) was selected according to quasi-static tensile tests (Sec-
tion 2.5.3) to achieve a strain value of about 40 % at the programming
temperature (80 °C). The actuation magnitude (AM) was calculated as
follows (Eq. (10)):

AM (%) = €40c — E50°C (10)

where ¢4 and eg(; are the strain at 4 and 80 °C, respectively.
Images and videos were acquired with a digital camera (Canon EOS
R10).

3. Results and discussion
3.1. Printing optimization

PCL70-90 was selected as a reference material, as already reported in
the literature for extrusion-based printers. In this regard, a temperature
range of 70-135 °C has been reported for the 3D printing of PCL70-90,
depending on the printing parameters (e.g., nozzle diameter, printing
speed, printing pressure) [59-61]. In this work, T = 90 °C was selected
as optimal for PCL70-90 3D printing based on a preliminary printing
optimization (data not shown).

The viscosity of PCL10 and PCL70-90 as a function of temperature
(Fig. 2) was investigated to identify the optimal printing temperature for
PCL10. As it is possible to observe in Fig. 2, PCL10 viscosity increased by
decreasing the temperature in the range from 90 to 70 °C. In particular, a
T =70 °C led to viscosity values close to the ones of PCL70-90 at 90 °C,
suggesting that a suitable temperature for PCL10 printing must be equal
or close to 70 °C.

Fused particle fabrication (FPF) -or fused granular fabrication (FGF)-

102
—
n *—0—0—0—-06—o0_o
° 000000 0000000000 00
©
o
N
Bl S S S O e . e e S CERU |
é\ 101_
(7]
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S PCL10,T=70°C
PCL10, T=80°C
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Shear rate (1/s)

Fig. 2. Representative viscosity (1) vs. shear rate (7) curves for PCL10 and
PCL70-90.
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was the additive manufacturing technique here exploited. FPF is an
extrusion-based printing approach that offers the advantage of bypass-
ing the melting/extrusion/crystallization cycle used in FFF to obtain the
printing filament; in fact, printing via FPF is achieved directly from
pellets, flakes, or regrind [51].

A first printability test was carried out on PCL10-MA to identify a
suitable printing pressure and assess the formation of a uniform strand
following extrusion [62]. A pressure (P) of 15 kPa was found as optimal
and selected for further printability characterization.

The spreading ratio (Fig. 3A) was calculated from Eq. (1) by varying
the printing speeds in the 5-20 mm/s range (P = 15 kPa, T = 70 °C).
Values close to 1 indicate a good fit between the printed and the CAD-
designed strand diameter [55]. Following this approach, a printing
speed of 10 mm/s led to a spreading ratio of 1.01 + 0.05 and was thus
selected as optimal.

Moreover, using the optimized set of printing parameters (P = 15
kPa, v =10 mm/s, T = 70 °C), the printing accuracy (Fig. 3B), calculated
from Eq. (2), reached values of 97.7 + 1.9 %; the uniformity factor
(Fig. 3C), calculated from Eq. (3), resulted close to 1 (Pr = 0.98).

Overall, such outcomes indicate the achievement of optimally prin-
ted structures with good shape fidelity [55]. Using the optimized set of
printing parameters, three-dimensional X-PCL10-MA samples (30 x 5 x
0.41 mm) were printed for further characterizations (Fig. 3D). The
printing process was carried out by setting the print bed temperature at
20 °C, to allow a fast crystallization of the PCL10-MA (T. = 29 °C,
Section 3.2) and to achieve good shape fidelity [63]. Following extru-
sion, photo-crosslinking was achieved directly in the 3D printer, using
the integrated UV module at A = 365 nm.

3.2. Thermal and physical properties of the 3D printed samples

The thermal properties of the 3D printed X-PCL10-MA specimens
were analyzed by DSC (Fig. 4) and compared with PCL10-MA not sub-
jected to any UV irradiation (Table 2). X-PCL10-MA showed a melting
temperature (Tp,) of 52 °C and a crystallization temperature (T.) of
26 °C, comparable to that of PCL10-MA.

However, different y, values (Eq. (5)) were found: 40 vs. 57 % for UV-
crosslinked and non-crosslinked samples, respectively (Table 2). Such a
reduction in the crystallinity content after crosslinking can be ascribed
to a hindered crystallization process, due to the restricted chain mobility
in the presence of chemical net points [64]. These data deviate from our
previously reported work on UV-crosslinked PCL10-based networks [7],
presenting lower transition temperatures and crystalline fractions (T, =
42°C, T, = 8 °C, y. = 30 %). A possible explanation for the absence of
shifts in the transition temperatures for the crosslinked samples prob-
ably lies in the temperature at which the UV crosslinking step is carried
out: in the present work, such a temperature was lower than the one
used in our previous investigation (20 vs. 80 °C). Crosslinking temper-
ature must thus be regarded as a critical factor in modulating the ther-
mal properties of crosslinked PCL. On this topic, similar outcomes have
been reported on photo-cured epoxy/PCL blends, where PCL cross-
linking reaction at room temperature (i.e., T < T.) was reported to take
place in the amorphous regions of PCL [63].

The achievement of an efficient crosslinked structure through the UV
curing process is however evidenced by the gel content of the samples
(G ~ 85 %, Table 2), calculated from Eq. (4), revealing the presence of a
high insoluble PCL fraction. Such results are comparable or slightly
lower than our previous works, where G values in the 90-94 % range
were found for UV-crosslinked PCL10-PEG semi-crystalline networks [7]
and PCL10 crosslinked by sol-gel chemistry [50].

3.3. Thermo-mechanical properties of the 3D printed samples
Quasi-static tensile tests were carried out on X-PCL10-MA samples at

80 °C, that is, above their Tp,. Fig. SA displays a representative stress/
strain curve obtained for these tests. As it is possible to observe, the
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Fig. 3. 3D printing optimization: (A) the spreading ratio was calculated by printing three straight lines (20 x 0.41 x 0.41 mm), (B) the printing accuracy was
calculated by printing two concentric squares (I = 10 and 5 mm), and (C) the uniformity factor by extruding a 3 x 4 grid. The optimal printing parameters (T = 70 °C,
P =15 kPa, v = 10 mm/s) were then set to print 30 x 5 x 0.41 mm X-PCL10-MA samples (D), used to assess the thermo-mechanical and shape-memory properties.
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Fig. 4. DSC cooling and second heating scan at 10 °C/min for PCL10-MA and
X-PCL10-MA.

specimens did not break within the test window, reaching strain values
€ ~ 140 % at the end of the test (corresponding to the displacement limit
of the machine). The Young’s modulus (E), calculated from the slope of
the o/¢ curves, resulted equal to 1.41 + 0.01 MPa (Table 3).

The crosslinking density (v) was then calculated from the tensile
modulus by applying the statistical Gaussian rubber theory following Eq.
(11) [50]:

Table 2
Physical and thermal properties of PCL10-MA and X-PCL10-MA (DSC at 10 °C/
min).

Material uv T, (°C) Tm (°C) AHy, (J/78)  x.(%) G (%)
X-PCL10-MA Yes 26* 52% 54 40 84.5+0.1
PCL10-MA No 29 52 77 57 -

* NOTE: T, calculated from onset point = 31 °C, Ty, calculated from onset
point = 47 °C (useful for comparison with the T¢r and Tyyc, please refer to
Section 3.4).

E = 3uRT 11)

where E is the Young’s modulus, R is the universal gas constant, and T is
the absolute temperature.

Both the E and v values obtained for the 3D printed samples (Table 3)
are in line with our previous outcomes on PCL10 semi-crystalline net-
works chemically crosslinked through sol-gel reaction (E = 2.5 + 0.2
MPa, v =1.2x 10™* mol cm’3) [6,50]. Despite the different crosslinking
approaches, the comparable values obtained indicate the achievement
of a crosslinked polymer with promising structure and properties for
successful shape-memory behavior.

Fig. 5B displays a representative storage modulus (E’) vs. tempera-
ture curve resulting from the DMA characterization of the printed
samples. The test was performed starting at T = 80 °C and performing a
controlled cooling below the sample’s T, and a subsequent heating
above its T, to characterize both the crystallization and melting phe-
nomena. Upon cooling, the DMA trace displays a marked E’ increase
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Fig. 5. Thermo-mechanical characterization of 3D printed X-PCL10-MA. Representative A) quasi-static tensile test (T = 80 °C) and B) DMA traces. The blue and red
curves represent the cooling (1) and heating (2) steps, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 3
Material properties derived from QS tensile tests and thermo-mechanical char-
acterization of the 3D printed X-PCL10-MA.

E at 80 °C Crosslinking density v E’at —20 °C E at 80 °C
(MPa) (10* mol ecm ™) (MPa) (MPa)
1.41 + 0.01 1.60 + 0.01 337 0.59

around 25-35 °C, that is, near the specimen’s T, reaching E’ values
around 300 MPa at —20 °C (Table 3). Upon second heating, the trace
displays a noticeable E’ drop in a narrow region close to about 65 °C, as
previously observed for PCL-based systems [64]. A plateau with E’
values around 500 kPa is reached above the melting temperature, con-
firming the achievement of a crosslinked structure (Table 3) [64].
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3.4. Shape-memory characterization

First, the one-way shape-memory behavior of the samples was
investigated by applying a defined thermo-mechanical cycle by means of
DMA, as depicted in Fig. 6A. The assessment of the one-way shape-
memory response consists in fixing a temporary shape, followed by re-
covery of the permanent shape under a thermal stimulus. The thermo-
mechanical cycle starts (1) deforming the specimen up to 20 % tensile
strain at 80 °C, then (2) cooling to —20 °C under constant strain (¢ = 20
%), (3) setting the force to 0.001 N to unload the sample, and lastly (4)
heating up to 80 °C under quasi-stress-free conditions. The heating and
cooling rates were set to 2 °C/min. The strain fixity rate (R¢) and the
strain recovery rate (R;) were than calculated according to Egs. (5) and
(6), respectively. The high R¢ value (95.5 £+ 0.5 %) indicates that the
applied strain is almost completely maintained after unloading, sug-
gesting that crystallization occurred efficiently by cooling the sample.
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Fig. 6. Shape-memory effect of 3D printed X-PCL10-MA. A) Representative one-way shape-memory test. B) Two-way shape-memory tests at two levels of strain (¢ =
40, 50 %) under mechanical load. Three cycles for the two-way shape-memory tests at C) 40 % and D) 50 % strain, in terms of time vs. strain (black)/temperature
(red) curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Moreover, the high R, value (95.5 + 1.4 %) indicates an almost complete
recovery of the permanent shape upon heating above Ty, [65]. Such data
are in good agreement with our previously reported works on PCL-based
SMPs (processed by traditional fabrication techniques), where high
(>95 %) R¢ and R, values were found [50,65]. This suggests that the
printing process does not negatively affect the excellent one-way shape-
memory capabilities of the material.

The two-way SME was then investigated to assess the possibility of
reversible shape changes in the presence of a mechanical load (Fig. 6B).
In fact, two-way thermo-responsive SMPs possess the ability to undergo
a reversible change in shape between two different configurations in
response to an on-off stimulus [4], in this study represented by a
cooling-heating cycle. Similar to the one-way SME, the two-way SME is a
result of a suitable combination of the polymer’s macromolecular ar-
chitecture with a specific thermo-mechanical history, represented by the
shape-memory cycle.

The two-way SME under constant stress is a characteristic feature
exhibited by two classes of SMPs: (i) semi-crystalline crosslinked poly-
mer networks and (ii) LCEs. Achieving two-way SME in semi-crystalline
crosslinked polymer networks requires the simultaneous presence of a
crystallizable phase and chemical crosslinks. In particular, the two-way
SME under constant tensile stress involves the elongation of the polymer
network, driven, first, by an entropy elasticity effect in the rubbery re-
gion and then by crystallization upon cooling below the crystallization
temperature. On the other hand, the contraction of the polymer network
occurs during heating above the melting temperature, attributed to the
melting of the temporary-oriented crystalline domains. This elongation
is termed crystallization-induced elongation (CIE), and the contraction
is referred to as melting-induced contraction (MIC) [4].

To assess the two-way SME, a controlled (1 N/min) load ramp at T =
80 °C (i.e., T > Tp,) was first applied until a selected strain value (¢ = 40
or 50 %) was reached. It is worth mentioning that the applied pre-strain
was far below the strain at break (e) of the samples (i.e., e, > 140 %,
Fig. 5A). While holding the force (corresponding to the strain achieved
at the end of the previous step) constant, a cooling/heating cycle be-
tween —20 °C and 80 °C at a controlled rate (2 °C/min) was carried out
to evaluate the reversible strain change resulting from CIE and the
subsequent MIC.

In fact, upon cooling, the ¢ vs. T curves display the typical elongation
upon cooling, consisting of two processes: an entropy-driven one and a
crystallization-driven one [9,50,64,66]. The former occurs for T > T,
and causes an initial slight increase of strain, while the latter appears as
a steeper ¢ increase with crystallization. The temperature at which CIE
takes place (T, Table 4) was calculated from the onset point of the
steepest elongation process in the € vs. T curve (T¢g was calculated on
the first cooling/heating cycle). The Tcg resulted higher than the T,
obtained by DSC (T. = 31 °C when using the onset point method,
Table 2), but this can be due to both the different cooling rate (2 vs.
10 °C/min for DMA and DSC, respectively) and to the fact that crystal-
lization with a stress applied is known to occur at higher temperatures
due to the favorable alignment of the PCL polymeric chains [7].

Upon heating, the € vs. T curves display the typical contraction
process, consisting of two opposed processes: a slight thermal expansion
and a sharp melting-induced contraction. The overall effect is a strain
reduction, happening as the sum of two subprocesses, finally leading to a
strain very close to that displayed before the cooling-heating cycle [7].

Table 4

Two-way shape-memory tests under applied load on 3D printed X-PCL10-MA.
& (%) o (MPa)* AM (%) Ter (°C) Twc (°C) RM (%)
40 0.45 20.6 43 61 80.8
50 0.52 28.7 43 58 82.4

" NOTE: ¢ is the stress reached at the end of the loading phase (and corre-
sponding to the reported strain, €), then kept constant during the cooling/
heating cycles.
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Similarly to the calculation of the Ty, the temperature at which MIC
takes place (Tyc, Table 4) was calculated from the onset point of the
steepest contraction process in the € vs. T curve (Tyyc was calculated on
the first cooling/heating cycle). The Tyyc resulted higher than the Ty,
obtained by DSC (T, = 47 °C when using the onset point method,
Table 2), but again this difference can be attributed to the same reasons
above-mentioned for CIE.

The actuation and recovery magnitude (AM and RM) were then
calculated on the first heating/cooling cycle of the two-way shape-
memory tests using Egs. (7) and (8) (Table 4). The AM values were found
to be equal to 20.6 and 28.7 % (for ¢ = 40 and 50 %, respectively),
indicating a good extent of change in strain obtained upon crystalliza-
tion. Interestingly, the AM was found to increase with the level of pre-
strain applied (Fig. 6C and D). In this regard, it is widely recognized
that, once a minimum threshold for activating the elongation process
during crystallization is exceeded, a higher applied load leads to an
increased elongation. This phenomenon may be attributed to a struc-
tural evolution within the material during crystal formation, resulting in
a progressively higher crystallite orientation along the stretching di-
rection as the applied stress increases [7]. The RM values were found to
be equal to 80.8 and 82.4 % (for &gy, = 40 and 50 %, respectively),
implying that an efficient recovery process of the deformation was
achieved [7] without substantial differences depending on the level of
the applied pre-strain.

AM and RM data are in good agreement with our previously reported
works on PCL-based SMPs (processed by traditional fabrication tech-
niques), where mean AM and RM values of 26 and 94 % (for 6 = 500
kPa, corresponding to ¢ ~ 40 %) were found [50]. Such outcomes sug-
gest that the printing process did not negatively affect the two-way
shape-memory capabilities of the material.

Lastly, it is worth mentioning that a good repeatability was obtained
after three heating/cooling cycles. In this regard, a good overlapping in
the e vs. T curves was obtained (Fig. 6B), without any loss of perfor-
mance over the three thermal cycles. Also the three elongation —
contraction cycles reported in Fig. 6C and Fig. 6D for the two levels of
applied strain highlight such a good repeatability from cycle to cycle.

Overall, the printed specimens displayed outstanding two-way
shape-memory behavior under stress, showing substantial elongation
— contraction effects when exposed to cooling/heating cycles within the
crystallization and melting regions.

3.5. Performances of the 4D printed structures

In this section, a selection of 4D printed structures obtained via
material extrusion technology is reported, to unveil the potential of this
technology in the fabrication of structures featuring both one-way and
two-way shape-memory properties.

For all the 4D printed structures, one-way recovery occurred in few
seconds at 80 °C, thus the SME was followed by recording a video. For
two-way SME under load, the process was followed via image analysis
obtained from a digital camera.

Auxetic structure.

An auxetic structure, having a negative Poisson’s ratio, can expand
transversally when axially elongated under tensional force [39,41].
Here, a 2D re-entrant honeycomb structure with auxetic effect (Fig. 7A)
was designed according to what described by Gibson et al. [67,68].
Theoretically, when subjected to vertical directional load (and the di-
agonal ribs are extended in the vertical direction), its units move in the
horizontal direction, consequently leading to an auxetic effect. The
sample (Fig. 7A) was first programmed by placing it in hot water (80 °C),
deforming it by means of tweezers, and fixing the temporary shape by
cooling it in a cool water bath (4 °C). The recovery of the permanent
shape was then achieved by immersing the sample in hot water (80 °C)
(Video S1, Supplementary Information).

Gripper.
A gripper structure was designed with the purpose of grabbing



L. Bonetti et al.

STL

4D PRINTED

Materials & Design 238 (2024) 112725

Permanent
shape

Temporary shape

Recovered
shape

Permanent
shape

Temporary shape

Recovered
shape

—
(T>Tp)

Permanent Recovered

j k shape Temporary shape shape j
(T<T)
=
(T>Tr)
(T>Ts)
t=0.41mm
Permanent Temporary Temporary
\ shape shape A shape B

t=1mm

N /

Permanent
shape

N

Temporary
shape A

J
<

Temporary
shape B

J

Fig. 7. 4D printed X-PCL10-MA obtained via material extrusion technology. A) Auxetic structure, B) gripper (the recovered shape displays the functionality of
grabbing an object, i.e., tube), and C) porous structure (porosity was achieved by selecting a 25 % honeycomb infill directly from the 3D printer software) were
investigated for one-way SME. Red arrows indicate the direction of the deformation applied in the programming step. D) Actuator, investigated for two-way SME
under load. E) Porous actuator, investigated for two-way SME under load (porosity was achieved by selecting a 25 % honeycomb infill directly from the 3D printer
software). Please refer to Figure S1 (Supplementary Information) for the image of the complete set-up (actuator + load). Note: t = thickness of the CAD model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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objects triggered by a thermal stimulus [69,70]. In Fig. 7B, an as-printed
closed gripper was opened (programmed) at 80 °C and fixed by im-
mersion in a cool water bath (4 °C). After programming, the function-
ality of grabbing objects (tube) was triggered upon heating (80 °C water
bath). Fig. 7B displays time-lapsed images of the gripper holding an
object (Video S2, Supplementary Information) and proves such a
structure as promising for capture work and movement tasks.

Porous structure.

A porous 3D structure (Fig. 7C) was obtained by designing a box
geometry (20 x 20 x 1 mm) and selecting a 25 % honeycomb infill
directly from the 3D printer software (DNA Studio, v. 4). The as-printed
porous structure was wrapped around a metal spindle (programmed) at
80 °C and fixed by immersion in a cool water bath (4 °C). The one-way
recovery of the permanent shape was triggered upon immersion in a hot
(80 °C) water bath (Video S3, Supplementary Information). Interest-
ingly, it is noteworthy mentioning that the one-way SME was preserved
on the 3D structure, even when multiple layers were printed. In this
regard, it has been reported the loss of the SME on 3D structures made
from photo-cured epoxy/PCL blends even on thin (0.5 mm thickness)
samples printed via FFF, ascribed to the poor interlayer adhesion after
printing and crosslinking [63]. Conversely to this study, where photo-
crosslinking has been achieved after the obtainment of the 3D printed
object, in our work photo-crosslinking was achieved in a layer-by-layer
fashion directly with the 3D printer’s built-in UV source. It can be thus
supposed that the crosslinking approach (after the last layer vs. layer-by-
layer) could significantly impact on the overall shape-memory behavior
of the 3D printed structure.

Actuator.

In order to assess the two-way SME under load, a 4D printed spec-
imen (X-PCL10-MA, 30 x 5 x 0.41 mm) was tested with an 80 g weight
(Fig. S1, Supplementary Information). The sample was first programmed
by placing it in hot water (80 °C), hanging it vertically with an 80 g
weight attached at its bottom by means of two metal clips (Fig. 7D). At
this stage, the sample reached a strain (egg o) of 42.4 %, as expected
from quasi-static mechanical tests. The sample was then moved into a
cold-water bath (4 °C), and the strain change resulting from the CIE
measured. At this stage, the sample reached a strain (g4 -¢) of 80.9 %,
leading to an AM value of 38.5 %. The AM resulted significantly higher
than the corresponding values obtained from DMA tests (20.6 vs. 38.5 %,
see Section 3.4), but such a difference can be due to the different pro-
tocols applied. For DMA tests the specimens were tested in air, at a
controlled heating/cooling rate of 2 °C/min, while in the present case
the specimen was studied in water, rapidly moving it between water
baths at two different temperatures (80 and 4 °C). In this regard, both
the presence of a solvent (e.g., water) [71] and the applied temperature
ramps [11] have been reported to have an impact on the shape-memory
properties of different SMPs. Moreover, possible differences in the
applied force (DMA vs. 80 g weight) could also have contributed to the
shift in AM values. A total of three heating/cooling cycles were applied
to the specimen, which displayed reproducible two-way SME.

Porous actuator.

In order to demonstrate the two-way SME under load on a complex
shape, a 4D printed specimen (X-PCL10-MA, 30 x 5 x 1 mm) with a 25 %
honeycomb infill (DNA Studio, v. 4) was tested with an 80 g weight. The
sample was first programmed by placing it in hot water (80 °C), hanging
it vertically with an 80 g weight attached at its bottom by means of two
metal clips (Fig. 7E). At this stage, the sample reached a strain (egg -¢) of
59 %. The sample was then moved into a cold-water bath (4 °C), and the
strain change resulting from the CIE measured. At this stage, the sample
reached a strain (e4 -c) of 88.8 %, leading to an AM value of 29.8 %. A
total of three heating/cooling cycles were applied to the specimen,
which displayed reproducible two-way SME. No DMA characterization
was carried out on porous actuators, since such characterization for this
particular specimen type was outside of the purposes of this work. (For
the quantitative characterization of the two-way SME, please refer to the
previous sample type, “Actuator”).
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4. Conclusions: potentialities, limitations, and possible
improvement strategies

Extrusion-based printing has been here established for the first time
for the fabrication of structures featuring the two-way shape-memory
behavior using semi-crystalline chemically crosslinked polymer net-
works based on PCL. After an initial printing optimization phase, 3D
structures were successfully printed and crosslinked by exposing them to
UV light directly during the printing process. The obtained samples
displayed good thermo-mechanical properties and excellent shape-
memory performance, in terms of one-way and two-way under stress
response, with significant elongation-contraction effects when subjected
to cooling/heated cycles across the crystallization and melting regions of
PCL. Overall, due to the advantages over other additive manufacturing
techniques, among which low costs, ease of use, and versatility,
extrusion-based printing offers noteworthy advantages for a wide range
of potential applications where a reversible behavior of the printed
structures is needed.

Such systems lend themselves well for several applications, ranging
from smart actuators to soft robotics and personalized stimuli-
responsive medical devices (e.g., shape-memory scaffolds and devices).
In particular, in the biomedical area shape-memory PCL-based systems
have already been reported, for instance for cell culture surfaces [72],
tissue engineering (e.g, bone [73], muscle [74]), or drug delivery sys-
tems [75]. Thus, the envisaged applications of the structures here re-
ported are countless.

Possible limitations of the developed systems are mainly two, namely
(i) the limited cell adhesion and (ii) the limited mechanical properties of
PCL.

In this regard, PCL is well recognized as hardly cell adhesive, due to
its hydrophobic nature. However, several possible options to tackle this
limitation have been identified in the literature, for instance chemical
modification with cell adhesive sequences (e.g., RGD peptides [76]),
plasma treatment [77], or blending with other polymers (e.g., PLA [78]).

In terms of mechanical properties, a possible limitation consists in
the scarce applicability of PCL in load-bearing systems. In this regard
chemical crosslinking, blending, or use of inorganic fillers (or combi-
nation of them) have been reported in the literature as possible strate-
gies to overcome this limitation [79]. Such approaches, coupled with the
fine-tuning of the polymerization (and/or chemical modification), can
open up to a plethora of different applications of PCL-based systems,
even under harsh mechanical, physical, and chemical conditions
without significant loss of their properties [49].
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