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Abstract

4D printing is an innovative manufacturing approach that combines 3D printing and stimuli-
responsive abilities to produce objects with complex geometry and capable of shapeshifting
over time (the fourth dimension). To pursue such an approach this paper proposes to develop
re-entrant honeycomb auxetic grids with tunable shape reconfigurable behavior. Particularly, the
work combines 3D printing and a photopolymer exhibiting the so-called temperature memory
effect (TME), a peculiar shape memory behavior expressing the capability of the material to
remember not only the original shape but also the deformation temperature. A thorough
experimental activity was carried out on single auxetic unit cells, chosen as representative of the
whole auxetic grid, to properly highlight and assess their response upon heating after single-step
and multiple-step deformation histories and to describe the recovery process as a function of
time and temperature. Results demonstrate the possibility to achieve an easily controlled TME
and to successfully exploit it for autonomous, complex hierarchical transformations over a large
range of temperatures. As a proof-of-concept, the study of the sequential recovery of an entire
auxetic grid subjected to double-step programming allowed highlighting a decoupled in-plane
elongation and out-of-plane bending. The behavior of the 4D-printed auxetic structures was
simulated by means of finite element (FE) analysis, using a thermoviscoelastic model of the
photopolymer and viscoelastic experimental data obtained by time-temperature superposition
analysis applied to multifrequency dynamic mechanical tests and to isothermal recovery tests. A
good correspondence between experiments and simulations was obtained for all shape memory
tests, demonstrating that the proposed FE approach is a suitable tool to support the design of
these structures. The combination of 3D printing and TME opens new perspectives to achieve
dynamic tunability in mechanical metamaterials, that is a key ingredient in several application
fields.
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1. Introduction

Research on shape memory materials and structures found new
stimuli in the beneficial combination with additive manufac-
turing (AM) technologies, aiming to obtain 3D-printed sys-
tems with the ability to change shape, function, or proper-
ties in response to an external stimulus. Such an approach
was variously addressed in fundamental and applied research
works, by properly choosing materials and stimuli, and all
these attempts were grouped under the name 4D printing, the
4th dimension representing the 3D-printed object evolution
over time [1-4].

In the pioneer work of Tibbits [5, 6], with the term 4D print-
ing referred to systems that were ready to evolve in reaction to
a stimulus directly off the print bed, mainly relying on multi-
material printing, as a consequence of the mismatch between
the coefficients of thermal or hygroscopic expansion of the
materials. In other works [7, 8], an inherent shapeshifting atti-
tude was obtained in structures composed of a single material
by creating stress mismatch between layers printed with dif-
ferent anisotropic patterns.

The adoption of thermo-responsive shape memory poly-
mers (SMPs) as base materials represents a further 4D print-
ing strategy. Thermo-responsive SMPs are smart polymeric
materials provided with a ‘permanent’ (or ‘original’) shape
that can be set (or ‘programmed’) in a ‘temporary’ config-
uration, which may be kept until a specific thermal stimulus
is applied and activates the return to the permanent shape.
In particular, the effect is promoted by heating above a spe-
cific thermal region (typically around the glass transition tem-
perature, T, or the melting temperature, Tr,,). Various were
the attempts to create structures capable of changing their
shape as a result of a specific thermo-mechanical history
applied after the 3D printing process (‘programming’ was here
treated as ‘constrained-thermo-mechanics’ [3, 4] or as a ‘post-
processing’ step [1]). While requiring a further intervention
after AM, this 4D printing approach is often regarded as a more
common and versatile strategy towards a tailored and highly
controlled shapeshifting ability [1, 3].

The realization of shape memory structures by means of
AM technologies allows developing and studying objects with
increased degree of complexity, focusing on their design rather
than on realization issues. An interesting case is that of auxetic
metamaterials. Auxetics exhibit the peculiar behavior of a neg-
ative Poisson’s ratio (NPR), by which, unlike conventional
materials, they tend to expand transversally upon longitud-
inal elongation, and, vice versa, contract transversally upon
longitudinal compression [9]. This response is regarded with
interest, as possibly leading to improved mechanical resist-
ance, synclastic behavior upon flexure, higher energy/shock

absorption, and variable permeability [10, 11]. Various applic-
ations may benefit from such a property profile [10-12]: pro-
tective systems for aerospace, defense, automotive and sport
[13, 14]; smart sensors and actuators [15, 16]; biomedical
foldable stents [17, 18] and smart bandages for controlled
drug release [19]; novel fibers for textiles [20] and compos-
ites [21, 22]; fasteners with enhanced performance [23, 24].

The counterintuitive auxetic behavior stems from a pecu-
liar geometrical structure, often obtained by repetition of small
unit patterns (or ‘cells’) to large scale [25]. There are several
types of configurations that may lead, to various extents, to
the NPR behavior (re-entrant honeycombs; rotating polygonal
structures; chiral structures; crumpled or perforated sheets;
multi-material and composite structures), as widely covered
and classified in several reviews [9, 10, 12, 26, 27]. Towards an
optimization of the design of auxetic structures, analytical and
finite element (FE) models have also been developed to predict
the mechanical properties of auxetics based on the geometrical
parameters of their cells [28-31].

For what regards 4D printing of auxetics, current research
has two main objectives: (a) developing structures that may
be programmed, and reversibly reconfigured, to tune their
Poisson’s ratio and stiffness upon changing the cell geometry
[32-40]; (b) exploring possible uses of these smart metama-
terials. Suggested applications include: structures that may be
extraordinarily compacted/expanded and still be able to revert
to their original shape on a thermal trigger [41]; sandwich
panels with improved shock absorption possessing a recov-
erable structure [35, 42]; highly compliant structures, con-
ceived for application in flexible/soft electronics [34, 37]; self-
deployable biomedical devices such as stents [36] or scaffolds
[34]; composite textiles with potential as smart, reinforced,
and protective clothing [43].

In most of these works the shape memory response was
governed by a single recovery process from a programmed
to a permanent shape, promoted by heating above a temper-
ature, whose value was dictated by the transition temperature
of the material itself (i.e. its Ty or Tp,,). However, recent lit-
erature on 4D-printed structures based on SMPs aimed at an
improved control of the shape evolution with temperature and
time, in order to freely design non only the original and the
temporary shapes, but also other features, such as the recov-
ery temperature, the recovery rate, or the presence of multiple
recovery steps occurring in a sequence. With this purpose,
AM of polymers featuring a broad transition region repres-
ents a noteworthy approach, due to their so-called ‘temper-
ature memory effect’ (TME). The TME may be described as
the ability of a SMP to memorize not only the shape, but also
the temperature at which it has been deformed [44, 45]. This
behavior may be exhibited by both amorphous [44-50] and


http://doi.org/10.1088/1361-665X/ac8031

Smart Mater. Struct. 31 (2022) 095021

C Pasini et al

semicrystalline [51-55] polymers with either glass or melt-
ing transition distributed over a broad temperature range. The
switching temperature of these SMPs may be precisely con-
trolled by the applied thermo-mechanical history, with no need
to modify the material synthesis to achieve a tunable shape
memory effect [44, 50, 52-55]. Moreover, by deforming the
material following a multi-step programming history, with
each step carried out at a different temperature, it is possible
to obtain more than one switching temperature and thus poly-
mers capable of multiple shape memory effect and sequential
motion ability [45-49, 51, 56, 57]. Despite the versatility of
this approach with respect to more complex strategies towards
multiple/sequential shape memory (multi-material printing
[58-61]; functionally graded structures [62—64]; SMPs dis-
playing multiple transition temperatures [65-67]), only few
works focused on 4D printing of polymers exhibiting the
TME. These studies experimentally confirmed the suitability
of the TME of photo-crosslinked polymers to provide sequen-
tial motions, both for simple geometries (bards under bend-
ing [46]; cubes under compression [47]) and for more com-
plex structures (truss structures [46]; self-locking clamps [47];
single auxetic cells exhibiting decoupled in-plane and out-of-
plane motion [48]).

Considering the complex shape transformations that may
be obtained by 3D printing materials exhibiting the TME, the
support of FE analysis is considered a fundamental tool to
properly program and simulate the response of these mater-
ials. The most simple and common approach to predict the
response of SMPs is based on thermo-viscoelastic constitutive
models. According to these models, the ability to fix/recover
a given strain is based on the viscosity changes of rheological
elements in the model. By this point of view, materials exhibit-
ing the TME, are not dissimilar from the most standard SMPs,
but they require a finer characterization of the model para-
meters in order to properly describe their highly distributed
thermal transition process. For this reason, a generalized Max-
well model with multiple non-equilibrium branches is often
employed [46, 56, 57, 68, 69]. This approach offered the pos-
sibility of theoretically describing the response of materials
presenting the TME and of predicting it according to spe-
cific programming parameters (i.e. deformation temperature,
deformation, holding and cooling time) and heating histories.
A good agreement was found for various materials (Nafion
perfluorosulfonic acid ionomer [56, 57, 68]; acrylate-based
amorphous polymer [69]; epoxy based photo-curable resin
[46]) and thermomechanical histories. Interestingly, in the
works of Yu et al [56, 69] a mechanistic description of the
model accompanies the simulations, offering an explanation
of the TME principle in terms of a different storage of stress
or, equivalently, elastic strain energy in equilibrium and non-
equilibrium branches of the thermoviscoelastic model. How-
ever, most of the experiments involved only simple rectangu-
lar specimens subjected to tensile or bending conditions and
recovering their original shape upon continuous or segmented
thermal ramps.

In the present work, we developed smart 4D-printed
structures by simultaneously exploiting AM technologies, to
produce them with a complex shape (auxetic metamaterial),

and the TME, to achieve complex shape changes (mul-
tiple/sequential shapeshifting). We employed a commercial
photopolymer and a thermoviscoelastic model available in
most commercial FE analysis software, so that the presented
approach may be easily replicated experimentally and numer-
ically. To the best of our knowledge, with respect to the cur-
rent literature on 4D printing, this is the first work in which the
sequential motion of 4D-printed auxetic structures is tailored
on the basis of the TME and numerically simulated. More spe-
cifically, the shape memory auxetic structure is realized by
means of vat photopolymerization with a stereolithographic
apparatus (SLA), starting from a commercial photopolymer
featuring a broad glass transition [47]. Its shape memory
response is investigated upon application of single- and multi-
step programming, in order to highlight the peculiarities of the
TME and the chance of exploiting it towards the achievement
of a tunable thermal triggering as well as multiple and sequen-
tial recovery processes under uniaxial and multiaxial condi-
tions. The TME is studied via experiments carried out as a
function of temperature along controlled heating ramps, in the
so-called thermally stimulated recovery (TSR) tests, and as a
function of time, in isothermal recovery experiments. Starting
from the thermo-mechanical properties measured by dynamic
mechanical analysis (DMA), an FE model based on a ther-
moviscoelastic approach is developed, and the reliability of
the model is tested by comparing its prediction with experi-
mental results. Finally, the TME is tested on an auxetic grid,
demonstrating the feasibility of achieving sequential motions
in an additively manufactured structure consisting of a single
material.

2. Experimental

2.1. AM of auxetic structures

The auxetic structure investigated in the present work had a
re-entrant honeycomb geometry, with dimensions specified in
figure 1. Its auxetic behavior was verified in a previous work
by the authors [48] and resulted in a Poisson’s ratio of —0.18.

The specimens featuring this structure were produced by
vat photopolymerization, with the SLA Formlabs Form 2, fol-
lowing the protocol described in [48]. The photopolymer resin
named Clear FLGPCLO02, formulated and provided by Form-
labs company as a mixture of methacrylic acid esters and pho-
toinitiator in a liquid physical state, that could be turned into
solid by exposition to UV light, was used.

2.2. Thermal and mechanical analyses

DMA was performed by means of a DMA Q800 analyzer
(TA Instruments) on a bar-shaped specimen obtained by the
same SLA (13—14 mm long; cross-section: 1 mm x 0.8 mm).
The specimen was tested under tensile configuration (applied
displacement amplitude equal to 15 xm) and multi-frequency
mode (frequency sweeps from 0.3 Hz to 150 Hz), scanning a
temperature range from —40 °C to 120 °C at 0.5 °C min~ .
The heating rate was kept low to recreate nearly isothermal
conditions during each frequency sweep.
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Figure 1. Re-entrant honeycomb auxetic grid by vat photopolymerization and its CAD model, reporting the dimensions of the grid and of
the repeating unit cell in mm (thickness = 0.8 mm). The equation refers to the auxetic cell profile, y being the vertical direction and x the

horizontal one.
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Figure 2. Representation of the thermo-mechanical histories applied to the auxetic cells during single-step programming (a), double-step
programming (b), recovery upon a thermal ramp (c) and isothermal recovery (d).

2.3. Shape memory tests

The shape memory behavior was characterized through vari-
ous thermo-mechanical histories, which consisted in the com-
bination of different types of programming and recovery
steps, schematically summarized in figure 2. The program-
ming phase consisted of either a single step or a double step,
whereas the activation of the shape memory occurred either
upon a thermal ramp, in the so-called TSR tests, or upon a
constant temperature, in isothermal recovery tests. All these

tests were carried out on single auxetic cells by means of a
DMA analyzer (DMA Q800—TA Instruments), under tensile
configuration.

2.3.1. TSR tests with single-step programming.  The first
TSR tests consisted of a single-step programming phase
(figure 2(a)) followed by recovery upon a heating ramp
(figure 2(c)). More in detail, the thermo-mechanical history
applied during programming is the following:
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(a) heating up to a given deformation temperature 7 gct;

(b) applying a tensile elongation of 3.5 mm (i.e. a displace-
ment close to maximum cell opening condition);

(c) cooling to —15 °C under fixed strain conditions (i.e. by
maintaining fixed the clamp distance);

(d) unloading.

The programming phase was carried out at different values
of Tger, namely 20 °C, 40 °C, 60 °C, 80 °C and 100 °C, and
the cooling temperature (— 15 °C) was selected well below the
glass transition temperature, within the glassy region, which
may be considered a stable thermal region for what con-
cerns shape fixation because chain mobility is practically sup-
pressed. Then, the recovery phase occurred upon heating at
1°Cmin~" upto 110 °C, under quasi stress-free condition (i.e.
application of a moderate constant load, equal to 0.001 N), in
order to continuously monitor the cell displacement as a func-
tion of temperature.

Under tensile conditions, the cell segments underwent
different types of strain (axial and flexural), with values vary-
ing from point to point for a same degree of cell opening, so
that the global cell deformation could not be described in terms
of nominal strain. Moreover, the DMA analyzer could only
measure the overall elongation/contraction of the cell, but not
the local strain values, due to its closed chamber. Therefore,
all the shape changes of the specimens were represented as a
function of temperature in terms of normalized displacement,
Alporm, defined as:

Alnorm [%] = (AL/ Alypp) x 100, (1)

where: Al =1 — ly; Alyppt = Lipp1 — lo; Lis the distance between
the clamps during the test; I is the initial clamp distance; lppi
is the clamp distance corresponding to the applied elongation.
The distribution of the process was described through the tem-
perature derivative of the normalized displacement, here called
recovery rate (RRt) and defined as:

RRt [% °C™"] = d(Alyorm)/dT. )

In addition, the following parameters were employed to further
describe the shape memory response:

(a) strain fixity (SF), i.e. the percentage of deformation that
is fixed in the specimen after load removal, which was
defined as:

SF [%)] = (Alunioad/ Alappr) x 100, 3)

where: Alunioad = lunload — 1o Lunload 18 the clamp distance
at load removal;

(b) strain recovery (SR), i.e. the percentage of deformation
that was recovered at the end of the heating ramp, which
was defined as:

SR [%)] = [1 — (Alsnar/ Alyppr)] x 100, @)

where: Alfina = lfinal — lo; linar 1S the clamp distance at the
end of the test.

2.3.2. TSR tests with multi-step programming. Further
analyses of the sample by TSR tests aimed at explor-
ing the possibility of obtaining a multiple shape memory
response upon application of a double-step programming
(figure 2(b)). In this case, the specimens were programmed as
follows:

(a) heating from room temperature up to Thign = 100 °C;
(b) applying a first tensile elongation Al 100 °c3

(c) cooling to 20 °C under fixed strain conditions;

(d) heating up to 7oy = 40 °C;

(e) applying an additional tensile elongation Al 49 °c3
(f) cooling to —15 °C under fixed strain conditions;

(g) unloading.

The total applied displacement was kept constant (i.e.
Alyppr = 3.5 mm), and the partial displacements, Al 100 °c
and Al 49 °c, Were expressed as percentages with respect
to the total displacement (25% Al ~ 0.875 mm; 50%
Algppt = 1.75 mm; 75% Alypp = 2.625 mm). Three differ-
ent ratios between the partial displacements were employed
and indicated as couples of percentages (25%—75%; 50%—
50%; 75%—-25%), with the first value referred to the deforma-
tion step at Thign and the second one referred to the deform-
ation step at T)ow. The recovery stage remained unchanged
(figure 2(c)).

2.3.3. Isothermal recovery tests.  Isothermal recovery tests
were carried out on single auxetic cells by means of the DMA
analyzer, under tensile configuration.

The isothermal approach hereby discussed differs from
the previous TSR approach in the recovery stage only
(figure 2(d)). The tests were carried out on specimens pro-
grammed under various single-step (figure 2(a)) and two-step
(figure 2(b)) thermo-mechanical histories:

(a) single-step tensile deformation for a displacement equal to
3.5 mm at T4 = 40 °C;

(b) single-step tensile deformation for a displacement equal to
3.5 mm at T4 = 100 °C;

(c) double-step tensile deformation equal to 3.5 mm (50% at
Thigh = 40 °C and 50% at Tow = 100 °C).

The recovery was performed under quasi stress-free condi-
tions (0.001 N applied load) at a constant recovery temperat-
ure, Tyee, and monitored as a function of time. Different val-
ues of Ty, between —20 °C and 85 °C, were tested. More
specifically, for each T\ the thermal program in the recov-
ery step consisted of a first heating at 5 °C below T, then
slowly approaching T at 1 °C min~!, and finally maintain-
ing T for 60 min. The various heating stages were specific-
ally conceived so to obtain an adequately fast transitory regime
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from the initial temperature to 7., While avoiding temperat-
ure overshooting.

The recovery response under isothermal condition was
described in terms of normalized displacement, Al,om, as a
function of time, and in terms of recovery rate, RR;, evaluated
as the derivative of Al with respect to the logarithm of
time:

RR, [%)] = d(Alnorm)/d(log?). 5)

The starting point of each isothermal recovery curve was
taken when the specimen was considered being at equilibrium
at Ty, at the end of the slower heating stage (i.e. when a
thermally stationary condition is reached).

The isothermal curves were also used for the construc-
tion of recovery master curves of the normalized displacement
along time, mutually shifting the curves on the basis of a time-
temperature superposition scheme and choosing a reference
temperature 7 equal to 25 °C.

2.4. Numerical simulations

FE simulations were carried out with the commercial software
DS Simulia Abaqus 2020. The TME effect was implemented
by defining a visco-hyperelastic behavior [70-75] which con-
sists of three different contributions:

(a) a hyperelastic strain energy function to fit the time-
independent (fully relaxed) non-linear static behavior of
the material;

(b) a generalized Maxwell model to enrich the hyperelastic
response with time dependency;

(c) a William—Landel-Ferry (WLF) equation which intro-
duces temperature dependency through the definition of
a time-temperature correlation.

More specifically, a fully incompressible Neo-Hookean
strain energy density (U) was considered to describe the hyper-
elastic behavior as reported in the following equation:

(i -3) (6)

where G, is the initial relaxed shear modulus and I; is the
first deviatoric strain invariant; the value of G, was obtained
from the modulus values of the rubbery plateau measured in
DMA tests.

The generalized Maxwell model [76, 77] describes
the relaxation of the complex dynamic modulus G* as
G* =G’ +iG" where G’ is the storage modulus and G’
is loss modulus. The linear viscoelasticity introduced with
this model was then implemented in the FE software with the
definition of a Prony series [78] as reported below:

U=0.5 G

2

8iTi W
G’ (w) (1—2& 1+w2> (7)
G" (W) =G 8iTi) 8
OZH”ﬂ ®)

where Gy is the instantaneous modulus, w is the angular
reduced frequency and (g;, 7;) are the coefficients of the Prony
series with g; being dimensionless and 7; having the dimen-
sions of w™!. The custom optimization routine provided in
[79] was used to fit DMA data and find the optimal (g;,7;)
values. Gy was obtained from DMA data as well.

The WLF equation allows switching from temperature
to time domain through the so-called shift factors af, via

equation (9):

m with fz = af, f and w =2xf

©)
where C; is a dimensionless coefficient, C, is a coefficient
with dimensions of temperature, Ty is the reference temperat-
ure set at 25 °C, T is the temperature associated with the shift
factor a?o and fr and f are, respectively, the reduced frequency
and the DMA data frequency.

Two shift factor data sets were experimentally obtained:
one by the construction of master curve from multi-frequency
DMA; the other by the construction of recovery master curves
from isothermal recovery tests. A nonlinear least squares
method was used to find optimal values of WLF parameters
for both shift factor data sets.

log (ago)

2.4.1. FE model setup. The FE model was setup to repro-
duce the experimental configuration for all the shape memory
tests described in section 2.3. Since in this configuration only a
single cell was used, three symmetry planes could be exploited
to reduce the modeled geometry to 1/8th and proper boundary
conditions were applied to all the faces along the symmetry
planes (figure 3). Specifically, on each surface belonging to a
symmetry plane, any out-of-plane translation was constrained
and thus: (a) each node lying on the X-plane symmetry face
resulted fixed with respect to the X translation and the Y and
Z rotations; (b) each node lying on the Y-plane symmetry face
resulted fixed with respect to the Y translation and the X and
Z rotations; (c) each node lying on the Z-plane symmetry face
resulted fixed with respect to the Z translation and the X and Y
rotations.

The mesh consisted of 504 s order hexahedral elements
with linear temperature, hybrid formulation and reduced integ-
ration (Abaqus label C3D20RHT) to ensure an accurate rep-
resentation of stress gradients and to maintain limited compu-
tational times considering the high number of simulations that
had to be performed.

The loading and thermal histories replicated the experi-
mental test data by following the qualitative representation
shown in figure 2. Heat transfer was also included in the
simulation to take into consideration any possible effect of
thermal inertia by applying typical values for thermal conduct-
ivity, specific heat, and free air convection coefficient (val-
ues were conveniently defined as follows: thermal conduct-
ivity = 0.2 Wm~! K~!, specific heat = 1466 J kg~! K~!
convection coefficient = 10 W m~2 K~

In the end, the results of simulated recovery tests were com-
pared to those of the corresponding experimental tests.
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Figure 3. Three-plane symmetry and boundary conditions applied in the FE model of the auxetic unit cell.

2.5. Sequential recovery of in-plane and out-of-plane
deformations for an auxetic grid

The possibility of a sequential shape recovery was evaluated
on an auxetic grid by applying sequential in-plane (tensile) and
out-of-plane (bending) deformation. The specimen was sub-
jected to a double-step programming followed by recovery in
a heated bath, according to the following thermo-mechanical
history:

(a) heating from room temperature up to T'jg, = 100 °C inside
the heating chamber of an electromechanical dynamo-
meter (Instron mod. 3366);

(b) applying a tensile elongation of 10 mm (i.e. a displace-
ment close to maximum cell opening condition) with a
crosshead speed of 1 mm min~—';

(c) cooling down to room temperature under fixed strain con-
ditions;

(d) heating up to T,y = 40 °C inside a lab oven while still
keeping fixed the first temporary shape applied;

(e) bending the grid around a 30 mm diameter tube and fixing
the deformation with rubber bands;

(f) cooling down to 5 °C under fixed strain conditions in a
refrigerator;

(g) removal of the grid from the tube and subsequent heating
in a water bath placed on a hot plate from about 24 °C to
63 °C (30 min at about 1 °C min~! followed by 30 min at
about 0.25 °C min—").

The recovery was monitored with two cameras, one record-
ing the top view and one recording from the side view of the
bath.

Afterwards, the FE model was set up to reproduce the
experimental testing sequence. Since the testing required out-
of-plane displacements and different boundaries at the axial
ends, only one symmetry plane could be used. Figure 4 shows
the symmetry plane and the boundary and loading conditions.

The mesh consisted of more than 34 000 first order
hexahedral elements with hybrid formulation and reduced
integration (Abaqus label, C3D8RHT). The loading and
thermal histories replicated the experiment. Heat transfer

was also included in the simulation to take into considera-
tion possible thermal inertia effects by applying free air and
water convection interactions (specifications are referenced in
section 2.4, with the additional water convection coefficient
being assumed an order of magnitude higher than the air con-
vection coefficient).

The comparison between experimental and simulated
recovery was carried out by considering the evolution of two
dimensions of the grid along the heating ramp, described as:

(a) normalized elongation of three cells at the center of the
grld ALDOI‘]’YH

ALnorm [%] = (AL/ALappl) X 1007 (10)

where: AL =L — Lo; ALyppl = Lappt — Lo; L is the overall
length of the three auxetic cells as shown on the left in
figure 4; Lo is the value of L before elongation; Ly is the
value of L after elongation;

(b) normalized end-to-end distance of the whole grid,
A‘AIIIOI‘IH,

1)

where: AW =W — Wo; AWappt = Wappt — Wo; W is the
end-to-end distance along the X direction as shown on the
left in figure 4; Wy, is the value of W before bending; W g
is the value of W after bending.

AVVnorm [%] - (AW/AWappl) X 100,

3. Results and discussion

3.1. Thermal and mechanical analyses

The resin exhibits a broad glass transition region, which is a
key requirement for the TME. In fact, differential scanning
calorimetry allowed detecting a transition process approxim-
ately distributed between —20 °C and 80 °C, as described
in section S1 of the supplementary material (figure S1(a)).
The temperature interval of the transition region was also con-
firmed by DMA traces, which suggest a glass transition tem-
perature (1) between 25 °C and 30 °C, as estimated at the
loss modulus peak (figure S1(b)).
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Figure 4. On the left: the elongation (L) and projected width (W) used for equations (10) and (11) are shown. On the right: the boundary
conditions and loadings applied in the FE model of the auxetic grid are highlighted.
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(vivid overlapped curves) as a function of frequency, for a reference temperature Ty equal to 25 °C; (b) relationship between shift factors

and temperature.

The results of the multifrequency DMA characterization
are shown as a function of frequency in figure 5(a): isothermal
frequency sweeps are reported as pale curves between 10~2 Hz
and 10?2 Hz, while the storage modulus master curve is com-
posed by the vivid curves. Adopting 25 °C as reference tem-
perature, T, and according to a time-temperature superposi-
tion scheme, the isothermal curves were rigidly shifted along
the temperature axis until best superposition. This procedure
allowed to obtain the storage modulus master curve, which
provided information and data for the viscoelastic model of
the material. The shift factors, a;o, employed in the master
curve construction are represented in figure 5(b) as a function
of 1/T (T being the absolute temperature), and they were used
to describe the time-temperature dependence in the thermovis-
coelastic model.

Additionally, a local strain analysis was accomplished
via digital image correlation (DIC) to have insight into the
local strain field of re-entrant honeycomb structures subjec-
ted to tensile stress. The auxetic grid mainly responded to the
applied stress with the bending of the cell segments arranged

perpendicularly to the load direction, with small local strain
values that guaranteed the absence of complex phenomena
such as yielding or highly non-linear creep effects (figure
S2(a)), and accordingly with the DIC results on similar auxetic
cells by Yousuf ef al [33]. Moreover, the deformation mode
of the grid was overall similar to that of a single auxetic cell
(figure S2(b)), so that the results of shape memory tests on
single auxetic cells are reasonably expected to be similar to
those that would be found by testing the whole grid. More
details on experiments and results are provided in section S2
of the supplementary material.

3.2. TSR tests

The results of TSR tests with a single-step programming
were reported in figure 6(a) in terms of normalized displace-
ment (i.e. the percentage of actual strain with respect to the
applied strain) as a function of temperature along the recovery
heating ramp. In addition, figure 6(b) displays the recovery
rate traces (i.e. the temperature derivatives of the normalized
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Figure 6. Normalized displacement, Alyom (@), and recovery rate, RRt (b), as a function of temperature for TSR test with a single
programming step, performed at various deformation temperatures 7 ges.

Table 1. Values of strain recovery, strain fixity and peak temperature Tpcax for TSR tests with programming occurring at deformation

temperature 7 gef.

TSR test Taer (°C) Strain recovery, SR (%)  Strain fixity, SF (%)  Tpeak (°C)
Single-step 20 100 63 25
programming 40 97 77 47

60 99 90 64

80 98 98 81

100 95 99 85
Double-step 100 (25%)—40 (75%) 100 84 50; 85
programming 100 (50%)—40 (50%) 94 88 45; 85

100 (75%)—-40 (25%) 94 92 47,90

displacement curves), which are helpful in further describing
the recovery process distribution. Each of the reported curves
refers to a specimen deformed at a different deformation tem-
perature, T'4.¢. The results were also reported in table 1 in terms
of SF, strain recovery, and T'pcax, i.€. the peak temperature of
the recovery rate process.

The material exhibited a good shape memory response
(SR = 95%-100%) and the TSR approach evidenced the
effects of Tgr on the shape recovery. In fact, the recovery pro-
cess distribution and location moved towards higher temper-
atures as T4 increased, according to the typical phenomeno-
logy of the TME. Moreover, SF showed excellent values for
temperatures above 60 °C (i.e. at least 30 °C above T,), while
lower, but still significant, fixity values were found for lower
temperatures. By contrast, strain recovery was not affected by
the deformation temperature and all the auxetic cells recovered
their original shape almost completely independently of T .

Moreover, as the deformation temperature increased, the
recovery process shifted to higher temperatures and became
narrower but more intense, with a higher recovery rate peak.
This peak was considered as a characteristic recovery tem-
perature, named as T’ in table 1, and it showed a regular
dependence on Ty assuming values close to T4 + 5 °C,
except for the case of the highest deformation temperature
explored, in which T4es = 100 °C and T'peqx = 85 °C. Such

correlation between T'er and T'eqk can be ascribed to the fact
that the resin actually exhibits the TME when deformed at T gt
within its wide glass transition region (between —20 °C and
80 °C). In fact, the glass transition of the resin as a whole can
be regarded as a broad distribution of relaxation sub-processes
occurring at different temperatures. For this reason, the sub-
processes with a transition temperature lower than T g are the
only ones responsible for the temporary shape fixation and,
therefore, the recovery is promoted by temperatures above
T gef, that is when all the interested sub-processes are activated.
When the deformation temperature 7'4.; overcomes the upper
limit of the glass transition of the resin (80 °C) all recovery
sub-processes are fully activated leading to an almost negli-
gible sensitivity to further T4, changes, as could be appreci-
ated from the TSR test at T4.r = 100 °C.

Since the TME can be exploited to promote the auxetic
cell shape recovery at specific temperatures, TSR tests with
multi-step programming were carried out to investigate the
possibility of a sequential recovery, controlling the temper-
ature at which each single movement occurs. To this aim,
two proper values of T4 had to be selected to ensure well
separated recovery steps. Tqer equal to 20 °C was excluded
due to poor SF, so the best separation between recovery rate
peaks (figure 6(b)) was found for T4 = 40 °C (thereafter
called T'oy) and T gr = 100 °C (thereafter called T'gp). During
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Figure 7. Normalized displacement, Alyom (@), and recovery rate, RRt (b), as a function of temperature for TSR tests with a double-step
programming, for different deformation histories (curves labeled as couples of percentage values with respect to the total applied
displacement, the first value referred to the first deformation step at Thign = 100 °C, the second one to the second deformation step at

Tiow = 40 °C).

the first programming step, a tensile elongation Al 100 °c
(equal to 25%, 50% or 75% of the total applied displacement)
was applied at Thign, whereas in the second programming step

[44, 48-51, 53-55, 57, 68, 69]or segmented heating ramps
[46, 49, 56, 57] comprising isothermal steps between ramp
segments. In none of the cases a purely time-dependent

the remaining deformation was applied at T, with a second description of the process could be obtained: in the case of

tensile elongation Al 40 °¢ (equal to 75%, 50% or 25% of

single step programming, the distribution of the recovery

the total applied displacement, respectively). The results of process as a function of time is obviously influenced by the
these multi-step programming tests were reported in figure 7 heating rate; in the case of multi-step programming, the degree

in terms of normalized displacement (a) and recovery rate (b)
as a function of temperature.

All the specimens exhibited a good shape memory beha-
vior, with high values of strain recovery and SF (see table 1).
A double-step recovery is evidenced by two inflection points
in the normalized displacement curves and two peaks in the
recovery rate curves. Consistently with previous findings, the
SF values ranged between those observed for TSR tests with
single-step programming at 40 °C (SF = 77%) and 100 °C

of separation between the various recovery steps may strongly
depend on the duration of the isothermal steps in-between the
heating ramp segments. In order to describe the recovery as
a pure function of time at a given temperature, an alternative
approach is here proposed, adopting several isothermal exper-
iments and a final representation of their results in terms of
strain recovery master curve, obtained through the application
of the time-temperature superposition principle.

The shape memory behavior was examined on speci-

(SF = 99%). More precisely, the higher the elongation applied mens that were deformed either in a single-step program-
at 100 °C, the higher the SF. The correlation between Tgef and ming (for two deformation temperatures: T, = 40 °C and
Tpeak Was also confirmed: the deformation applied at 40 °C  Thn = 100 °C) or in a double-step programming (specimens

was mainly recovered around 45 °C-50 °C, while the recov-
ery of the strain applied at 100 °C occurred at maximum rate
slightly above the glass transition region, around 85 °C-90 °C,
as reported in table 1. The TME allowed controlling not just
the characteristic temperatures of both recovery steps, but also
each step extent, since their relative proportion appeared to be
the same as the proportion between the corresponding deform-
ation steps. This principle can be exploited to design 4D-
printed objects with complex sequential motions, and a good
control of the shape change in each recovery step should be
reasonably expected.

3.3. Isothermal recovery tests

Isothermal recovery tests allowed studying the recovery
process of auxetic cells as a function of time at various
temperatures. In fact, current literature typically invest-
igated the TME for single and multi- step program-
ming by adopting heating ramps at constant heating rate

deformed in two steps: 50% Alyppi at Thigh and 50% Alypp at
Tow)- In this scenario, various recovery temperatures, ranging
between —20 °C and 85 °C (i.e. approximatively across the
glass transition region), were then explored.

Each isothermal recovery experiment included an early
stage during which a non-isothermal transient recovery took
place, while approaching T'... Examples of complete recov-
ery curves can be observed in figure 8(a), where the normal-
ized displacement is plotted against the total recovery time and
the non-isothermal segments are represented by dashed lines.
However, in the remaining graphs of figure 8 the curves refer
only to the purely isothermal part of the experiment: thus the
normalized displacement is represented as a function of iso-
thermal recovery time, with the time origin being set to the
instant of thermal equilibrium at T... The isothermal curves
are reported for specimens programmed at T, (figure 8(b)),
for specimens programmed at T, (figure 8(c)), and for speci-
mens programmed in two steps (50% at Thign and 50% at T'oy;
figure 8(d)).
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Figure 8. (a) Complete recovery curves reporting normalized displacement, Alnorm, as a function of total recovery time, for specimens
deformed at 40 °C and tested under isothermal conditions at three arbitrarily chosen recovery temperatures (Trec). (b)—(d) Isothermal curves
reporting Alnorm as a function of isothermal recovery time, for specimens programmed at Ty, = 40 °C (b), specimens programmed at

Thigh = 100 °C (c) and specimens programmed in two steps (50% at Thigh, 50% at Tow) (d); the selected recovery temperatures Trec are

reported in each graph.

As time passed, the thermal stimulus promoted the shape
recovery and the normalized displacement, Alm,, decreased,
with a larger strain recovery being achieved for higher recov-
ery temperatures. In particular, for each deformation tem-
perature, the traces could be sorted into three representative
trends, as displayed in figure 8(a): (a) for the lowest values of
T'ec, the recovery was limited, with Alyo, showing a nearly
constant trend above 80%—-90%; (b) as Ty approached the
deformation temperature, the isothermal curves assumed a sig-
moidal shape and the specimens exhibited a significant recov-
ery within 60 min under isothermal conditions; (c) finally, for
higher recovery temperatures, most of the strain was recovered
while heating up to T, therefore Alyomm Was almost constant
and lower than 10%.

These three trends were observed in all three experimental
sets of figures 8 (b)—(d), independently from the program-
ming history. However, a clear effect of T4s may be evid-
enced by comparing the behavior of auxetic cells programmed
at Ty (figure 8(b)) and Thign (figure 8(c)): considering the

same T, the recovery process of the specimens deformed at
the lowest temperature was in a more advanced state. Partic-
ularly, maintaining the cells at 45 °C allowed completing the
recovery within 60 min for T4 = Tjow, Whereas a recovery
temperature of 75 °C was required for Tgef = Thign. Interest-
ingly enough, these temperature values recall the characteristic
recovery temperatures of TSR tests (47 °C for T}, and 81 °C
for Thigh)~

When a double-step programming was applied
(figure 8(d)), the existence of two distinct recovery steps
was well emphasized both by the presence of two series of
sigmoidal curves at about 25 °C—45 °C and 65 °C-85 °C, and
by the presence of a temperature region in-between at about
55 °C where no significant recovery occurs. This behavior
can also be regarded as the first recovery step being almost
completed at around Al = 50%—60% while the second
one having yet to start.

At this point, recovery master curves were developed
to achieve a better understanding of the time scale of the
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Figure 10. (a) Master curves of normalized displacement, Alnom, as a function of time for isothermal recovery tests performed on
specimens deformed at Tiow, at Thigh or in two steps (50% at Tow and 50% at Thign), with reference temperature equal to 25 °C; (b) recovery
rate, RRy, curves obtained from the normalized displacement master curves.

isothermal recovery processes. The recovery master curves
describe the normalized displacement over the whole time
scale, for a given reference temperature 7(p = 25 °C. Such mas-
ter curves were built by rigidly shifting the isothermal curves
along the time axis (i.e. isothermal recovery time values were
divided by proper shift factors, a%ﬂ) until best superposition
(figure 9). Curve segments obtained during the first minutes
under isothermal conditions fell out of the main trend because
they were still influenced by the previous (transient) heating
ramp, therefore they were neglected for the final isothermal
recovery master curves. The values of the shift factors are
reported in figure S3, showing similar values for all three pro-
gramming conditions and a trend similar also to that of shift

factors from DMA master curves, though with a slightly less
steep slope.

The resulting master curves are reported in figure 10(a),
highlighting that, for the same reference temperature, speci-
mens deformed at different temperatures showed a recovery
process distributed along separated temporal regions. In par-
ticular, the isothermal recovery process was shifted towards
longer times for specimens deformed at higher 7'4.¢. Moreover,
considering the recovery rate peaks (figure 10(b)) as charac-
teristic recovery times, the recovery processes of auxetic cells
deformed at Ty, (peak around 10> min) and at Thign (peak
around 10° min) resulted separated by about three decades
on the logarithmic time scale (i.e. specimens programmed at
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Table 2. Prony parameters from DMA data fit.

i T gi [ Ti 8i

1 2.81 x 1071 3.69 x 1072 12 1.84 x 107! 5.86 x 1072
2 436 x 1072 2.34 x 1072 13 6.18 x 107! 2.60 x 1072
3 1.15 x 10710 447 x 1072 14 2.49 x 10° 7.43 x 1072
4 442 x 107° 4.19 x 1072 15 2.99 x 10 1.04 x 107!
5 5.35 x 1078 3.53 x 1072 16 433 x 10? 6.53 x 1072
6 7.52 x 1077 6.07 x 1072 17 2.28 x 10° 5.99 x 1072
7 1.15 x 1073 3.58 x 1072 18 2.63 x 10* 4.61 x 1072
8 1.00 x 1074 6.87 x 1072 19 2.35 x 10° 425 x 1072
9 1.29 x 1073 6.33 x 1072 20 6.05 x 10° 1.49 x 1072
10 1.14 x 1072 6.37 x 1072 21 9.78 x 10’ 3.08 x 1073
11 5.37 x 1072 2.55 x 1072 22 2.29 x 108 1.00 x 1074

a) Original shape

b) Applied temporary
shape

c) Fixed temporary
shape after unloading

d) Recovery of the
original shape
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Figure 11. FE maps of the maximum principal strain for a single auxetic cell during a shape memory history: in its original shape (a), in its
temporary shape at the maximum applied displacement (b), after unloading (c) and after recovery (d).

100 °C recovered their original shape over a time period a
thousand times longer than specimens programmed at 40 °C).

In addition, it is noteworthy to remark that, although this
separation of the two master curves on the time is shown for
curves at a reference temperature 7y = 25 °C, a similar sep-
aration is expected at any recovery temperature. In fact, the
similar shift factor values obtained from the construction of
both master curves would determine a same rigid shift of the
curves along the time axis, whatever the temperature chosen
as reference.

As for the sequential recovery, some difficulties were
encountered in the isothermal curves superposition. On the
master curve, two distinct recovery steps of about 50% each
were observed and their presence was further highlighted in
figure 10(b), where two separate recovery rate peaks could
be distinguished. These recovery rate peaks were also aligned
with a reasonable approximation to those found for the single-
step processes. The second recovery step characteristic time
appeared longer than the one identified for cells deformed at
Thigh, leading to a four-decade separation between recovery
rate peaks. Nevertheless, the master curve trend was overall
consistent with the other two and proved the possibility to pro-
gram sequential motions that are distinctly separated on the
time scale by simply applying multiple deformation steps at
different temperatures.

3.4. Comparison between simulation results and
experimental data

The shape memory experiments were simulated using the data
obtained from the multifrequency DMA test for the FE model
calibration. The value of G, in the hyperelastic strain energy
function was measured to be about 7.4 MPa, while the value
of Gy in the generalized Maxwell model was evaluated as
1283 MPa. Table 2 reports the optimal (g;,7;) values resulted
from the fitting of the master curve. Finally, the WLF para-
meters were evaluated as: (a) C; =39.3 and C, =274.1 °C
when considering the shift factors employed in the construc-
tion of the master curve from DMA data; (b) C; = 54.6 and
C, =451.5 °C when considering the best fit of all the shift
factors vs. 1/T curves obtained from isothermal recovery tests,
grouped together as subtending a common trend.

FE maps of the maximum principal strain are briefly repor-
ted in figure 11 for the main steps of the shape memory cycle
of a single auxetic cell. Quite clearly, the cell deformation
mode was almost pure bending, with the cell struts acting as
curved slender beams fixed together. A slight stress concentra-
tion along the cell thickness at the base of the struts used for
load application can also be appreciated due to the notch effect.
A very small elastic recoil could be appreciated when load is
removed, as seen by comparing strain values of figure 11(b)
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Figure 12. Comparison between experimental (dashed line) and simulated (solid line) single-step TSR curves. Simulation results were
obtained with two different sets of WLF parameters: (a) WLF parameters derived from DMA; (b) WLF parameters derived from recovery

master curves.

to those of figure 11(c), even though no significant displace-
ment occurred, since unloading is carried out well below Tg.
In terms of strain distribution, the typical bending strain gradi-
ents were localized in the central region when considering the
cell width (i.e. along the longer side), while they were nearly
homogenous on the whole struts when considering the cell
height (i.e. the shorter side). Due to the cell struts being thin
and almost purely bent, the peak principal strain values were
mostly limited below 2.5% even with a noticeable opening of
the cell.

Single-step TSR tests were first simulated using the WLF
parameters derived from the shift factors employed in the con-
struction of the master curve from DMA data. Figure 12(a)
compares the results of these simulations with experimental
ones, under a common representation as normalized displace-
ment vs. temperature curves and for all the deformation tem-
peratures applied (74t = 20 = 100 °C). Simulations provided
an overall good qualitative prediction of the expected TSR
curves, depicting both the good shape memory behavior of the
material for all the deformation temperatures (i.e. high strain
recovery values) and the two effects of the deformation tem-
perature on the following recovery, i.e. the fact that higher
T4t values enhance SF and shift the whole recovery process
towards higher temperatures. However, on a quantitative point
of view the model predictions differ from experimental results
mainly in two respects: (a) for Tger up to 60 °C (i.e. well inside
the glass transition region), the simulated recovery process
occurred around the same temperature as the experimental
one, but covered a narrower temperature range and began with
higher SF values; (b) for T4 values at the upper limit of the
glass transition region (80 °C) and beyond (100 °C), predicted
curves displayed similar trends as the experimental ones but
appeared shifted towards lower temperatures by about 10 °C.

These discrepancies are thought to be related to the differ-
ence among the time-temperature correlations between shift
factors obtained by DMA data and those with a slightly less
steep trend obtained by strain recovery master curves, as
shown in figure S3. Therefore, in order to reduce the dif-
ferences between FE modeling and reality, a different set of
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Figure 13. Comparison between experimental (dashed line) and
simulated (solid line) double-step TSR curves; WLF parameters for
simulations were derived from recovery master curves.

WLF parameters was calculated from the shift factors values
used in the construction of recovery master curves. As shown
in figure 12(b), this solution brought SF values closer to the
experimental ones, broadened the recovery process distribu-
tion of specimens deformed at lower temperatures and shif-
ted the curves of specimens deformed at 80 °C and 100 °C
closer to the experimental ones. Therefore, this second method
was identified as the most suitable to identify the correct para-
meters to describe temperature dependency with the WLF
equation for the following shape memory test simulations.

The possibility to simulate sequential shape recovery his-
tories was also investigated. The double-step programming
conditions of the experimental tests were reproduced, applying
25%, 50% or 75% of the total deformation at Thigh = 100 °C
and the remaining part at T4y, = 40 °C, and the results were
plotted as normalized displacement against temperature in
figure 13, together with the experimental curves.

The simulation of the double-step recovery process also
seemed to adequately describe the experimental findings. In
particular, the presence of the two inflection points and the
amounts of strain recovered in each sub-process were well
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Figure 14. Comparison between experimental recovery master
curves (dashed line), referred to Ty = 25 °C, and simulated
isothermal curves (solid line), obtained by simulation of complete
shape recovery at 25 °C; WLF parameters for simulations were
derived from recovery master curves.

captured by the model, as well as the increasing trend of SF
values with the percentage of deformation applied at T'hgh.
By contrast, the model failed in precisely determine the exact
temperature at which each sub-step takes place; in fact, by
taking the inflection points of the curves as reference, the
corresponding recovery process was shifted of about 5 °C—
15 °C towards lower temperatures. However, noteworthily,
the FE model allows simulating sequential recovery histor-
ies, as proved by the presence of two well separated steps in
the curves, and correctly capturing the effect of variations in
the programming conditions on the shape memory response.
This suggests that the model can be successfully used to pre-
dict the behavior of the material for various programming and
recovery histories, thus acting as a valuable tool for design and
optimization of sequential motions.

Finally, the shape recovery of auxetic cells was also sim-
ulated under isothermal conditions, to provide a purely time-
dependent numerical description of the recovery process, so
to compare it with experimental results and verify the validity
of the constitutive model in reproducing the recovery process
distribution along the time scale. In fact, similarly to experi-
mental analyses, numerical simulations of the TME have so
far described the process only for continuous [57] or segmen-
ted [56, 57] thermal ramps, thus describing the response as a
function of temperature, or as a function of time but only for
a specific thermal history.

This study was carried out by means of long isothermal
simulations, during which 7., was maintained constant until
complete recovery of the auxetic cells. The simulations were
carried out maintaining the lowest value of T for each pro-
gramming history (—20 °C for single-step programming at
Thigh or Tiow; —15 °C for double-step programming, i.e. 50%
of deformation at Tign and 50% at Ty, ), in order to cover even
the short-time region of the recovery curves referred to 25 °C.
The obtained results were then reduced to a same reference
temperature (25 °C) by means of the measured shift factors.

The results are represented in figure 14 in terms of
normalized displacement vs. time, and compared with the
experimental recovery master curves, for the same reference

temperature. A good agreement between experimental and
simulated curves could be observed with regard to single-step
programming at 7oy and double-step programming, whereas
the recovery process distribution for cells deformed at Th;gp,
beyond the glass transition region, was once again more dif-
ficult to be reproduced by the model. However, despite a sep-
aration of about one decade on the time scale between the
curves related to Thigp, the overall outcome of this last series of
numerical simulations was well aligned with experimental res-
ults. In fact, the simulations well represented the effects of the
deformation temperature on the recovery process distribution
of the material at the reference temperature: increasing 7 g, a
higher percentage of deformation is fixed at shorter times and
the whole process is shifted towards longer times. Moreover,
for the double-step programming, the simulation curve well
predicted the two sequential steps, with characteristic times
comparable with those obtained with single-step programming
histories and separated by about four decades on the time scale.

3.5. Sequential recovery of in-plane and out-of-plane
deformations for an auxetic grid

Given the encouraging results achieved in shape memory tests
on single auxetic cells subjected to simple tensile deforma-
tions, a more complex programming history was applied to
a complete auxetic grid, so to test the TME occurrence and
numerical model capability for more complex systems. In-
plane and out-of-plane deformations were combined to obtain
a 4D-printed object capable of sequential motions in response
to a proper thermal stimulus: the grid was subjected to elong-
ation at T'hen, bending at T4, and heating along a thermal
ramp up to about 63 °C, following the steps described in
section 2.5. The employ of visually distinguishable in-plane
and out-of-plane motions also served to better decouple, along
a same heating ramp, the recovery of the two deformations
applied. In fact, in most of the work in which the recovery of
a multi-step deformation was studied along continuous heat-
ing ramps, the two recovery steps were partially overlapped in
the terminal/onset regions [49, 57]. The only way to properly
highlight different motions in the same sample along a same
ramp is to deform the systems in different locations or with
different deformation modes at different temperatures, as in
[47, 48, 51].

The results of the experiment and of its numerical simula-
tion are collected in figure 15, reporting selected pictures of
the recovery as well as recovery curves of in-plane and out-
of-plane deformations calculated via equations (10) and (11).
Videos of the recovering structures and of the simulations res-
ults are reported as well as supplementary files (videos S1
and S2).

The pictures show the top view of the auxetic grid, as
well as the top view and the side view of its CAD model,
for increasing temperatures along the heating ramp. Most of
the unfolding was observed within 40 °C, while the recov-
ery of the elongation required higher temperatures, so that the
two movements were successfully separated along the time
scale. The temperature intervals covered by the two steps of
the recovery process can be better identified in figure 15(e). In
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Figure 15. Experimental and simulated recovery of an auxetic grid along a heating ramp after double-step programming (tensile elongation
at Thignh and bending at T,y ): (a) photographs of the experiment (the marker is 20 mm); (b)—(d) pictures of the simulation; (e) experimental
and simulated recovery curves of in-plane and out-of-plane deformations.

terms of out-of-plane recovery at T, the simulated recov-
ery took place in the same temperature range as the exper-
imental one and both the SF at unloading and the residual
deformation after recovery were well predicted. However, a
faster recovery transient could be observed in the simulation,
possibly due to both a non-ideal material behavior (e.g. the
assumed material model is not a perfect fit) and some minor
inaccuracies in the experimental procedure and FE modeling.
In fact, the experimental control of thermal and deformation
histories was not trivial and minor inaccuracies in the replic-
ation of boundary and loading condition are to be expected.
Conversely, the recovery of the in-plane deformation at Thign
appeared to be slower in the simulation. Again, this behavior
was most likely due to both a non-ideal material and some
experimental inaccuracies. In fact, it is reasonable to assume
that the experimental temperature was slightly underestimated
during the in-plane recovery, when the temperature gradient
caused by thermal loads and boundary conditions is more sig-
nificant. Nonetheless, the FE model proved to be a suitable
instrument to predict the shape memory behavior of objects
with complex structures and articulate programming histories.

Furthermore, this experiment can be considered as an inter-
esting proof-of-concept towards the development of metama-
terials capable of programmable shape-shifting sequences
triggered by the temperature. In fact, adding the ability of
a non-mechanical stimulus-responsiveness to structures that
are capable of shape-morphing and show complex mechanical
response may be of interest for the achievement of untethered
structures with complex motions, e.g. in soft robotics and med-
ical device development.

4. Conclusions

The shape memory behavior of auxetic structures obtained by
AM of a commercial photopolymer resin was studied through
TSR and isothermal recovery tests.

TSR experiments highlighted a good shape memory beha-
vior and the peculiar TME of the photopolymer, as a con-
sequence of its broad glass transition region. Exploiting the
TME proved to be an effective method to tune the recovery
process of the auxetic cells along the temperature scale by
applying properly designed thermo-mechanical cycles. In par-
ticular, programming histories consisting of multiple steps car-
ried out at distinct deformation temperatures allowed obtain-
ing highly controlled sequential movements, without recurring
to multi-material printing or complex macromolecular archi-
tectures. Moreover, isothermal recovery tests were employed
to provide a master curve representation of the whole recov-
ery process. This representation allowed better determining
the distribution of the recovery process, as well as the char-
acteristic recovery time, of variously programmed systems.

Numerical simulations of the experiments were carried
out in order to investigate the possibility of describing the
shape memory response of the auxetic cells with a thermo-
viscoelastic model, which was calibrated on the data obtained
from multifrequency DMA characterization. Experimental
and simulated recovery curves exhibited fair correspondence,
which was then improved by adjusting the model paramet-
ers describing the time-temperature correlation on the basis
of isothermal recovery data. Simulations could replicate all
the experiments, though the best predictions were obtained for
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isothermal recovery tests, and for TSR tests when the deforma-
tion temperatures were selected well within the glass transition
region.

The acquired knowledge and the FE model can guide the
development of 4D-printed objects characterized by complex
geometry (e.g. auxetic patterns) and capable of complex shape
transformations (e.g. sequential motions). In fact, great design
freedom can be achieved with AM technologies, while shape
recovery tunability can be obtained thanks to the TME of the
resin and to the application of proper thermo-mechanical his-
tories, based on the experience gained in this study and on the
outcomes predictable through FE simulations.

As a proof-of-concept, the sequential shape transformation
of an auxetic honeycomb grid was here realized and consist-
ently simulated, decoupling in-plane and out-of-plane deform-
ations on temperature and time scales. The fair correspond-
ence between experimental and model results confirmed that
the proposed FE approach may be a suitable tool for the design
of shape memory objects with complex shapes and histories.
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