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Abstract

This study investigates the compression behavior, energy absorption, shape memory properties,
and reusability of 4D-printed smart mechanical metamaterials. Four structural configurations,
i.e. honeycomb, re-entrant, and two modified re-entrant designs were developed to assess
microstructure effects. Samples were fabricated using Polylactic Acid (PLA), a widely used
shape memory polymer (SMP) in 4D printing, and polyethylene terephthalate glycol (PETG),
an emerging SMP with demonstrated shape memory performance in recent studies.
Cold-programming-induced shape recovery was evaluated at room temperature, simulating
real-world conditions. Finite element simulations of compression and shape memory cycles
matched experimental results well. Auxetic samples with negative Poisson’s ratios showed
superior energy absorption. However, only PETG demonstrated sufficient reusability, while
PLA proved unsuitable for reusable designs. The PETG-3 modified re-entrant structure
exhibited the best performance, with high energy absorption, delayed densification onset, and
shape recovery and reusability factors of 0.95 and 0.96, respectively. Findings highlight the
importance of considering both shape recovery and reusability when designing smart structures
to address industrial challenges.

Keywords: 4D printing, smart structures, shape memory polymers, energy absorption
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1. Introduction

Energy absorption is the ability of a material or structure to
dissipate and absorb energy when exposed to external forces
or impacts. In applications where safety and protection are
crucial, such as automotive crash structures or sports equip-
ment, the energy absorption capacity of materials is of utmost
importance [ 1—4]. Traditional structures like honeycomb, and
sandwich panels, although capable of absorbing energy, are
not specifically designed for optimal energy absorption [5].
Auxetic structures, on the other hand, offer several advantages
over conventional structures for energy absorption applic-
ations. These mechanical meta-materials with a negative
Poisson’s ratio (NPR) exhibit unique properties that stem from
their topology at a smaller scale, allowing for tailored mech-
anical and physical characteristics [6]. Auxetic materials can
undergo significant compressive strains at a nearly constant
stress level, enabling them to absorb energy more efficiently
and minimize the force transmitted to the surrounding envir-
onment. Numerous studies have been conducted to investig-
ate the mechanical behavior and energy absorption of auxetic
structures with different unit cell designs, such as re-entrant
[7-10], semi-rigid [11-13], and chiral [14, 15], star [16],
arrowhead structures [17]. For example, Li et al [9] explored
the mechanical response of auxetic structures with a re-entrant
design under compressive loads. Their research demonstrated
that by altering the cell geometry, the mechanical properties
and Poisson’s ratio of the structure can be modified. Moreover,
their findings revealed that structures with an NPR exhibited
higher energy absorption and lower transmitted stress com-
pared to structures with a positive Poisson’s ratio.

One of the challenges in utilizing auxetic metamaterials
is their manufacturability using traditional methods like hot
pressing and injection molding. However, recent advance-
ments in additive manufacturing (AM) have enabled the
fabrication of structures with complex architectures, lead-
ing to increased interest in mechanical metamaterials [18,
19]. Several commonly used thermoplastic materials, includ-
ing polylactic acid (PLA), acrylonitrile butadiene styrene,
Polypropylene, Polyetheretherketone, Polyetherimide, and
polyethylene terephthalate glycol (PETG) are now utilized in
AM processes [20-22]. These thermoplastics offer numerous
advantages, such as versatility, affordability, design freedom,
and minimal waste [23-25].

Despite the advantages of 3D printed auxetic structures,
they may experience permanent deformation or damage after
absorbing energy, necessitating replacement. However, the
application of intelligent materials, such as polymer with
shape memory effects i.e. shape memory polymers (SMPs), in
AM has led to the development of smart products capable of
changing shape or volume when exposed to different stimuli,
known as 4D printing [26].

Unlike traditional 3D printed structures, 4D printed auxetic
structures can recover their original shape after being perman-
ently deformed and be reused again. This reusability feature
contributes to a circular economic approach, reduces waste,
and promotes sustainability. By minimizing material waste

and reducing the need for constant replacement, these struc-
tures conserve resources and decrease the overall environ-
mental impact of various industries. Additionally, the poten-
tial for reusing 4D printed structures in different applications
extends their lifecycle and maximizes their value. Several
studies have investigated the energy absorption and shape
recovery of 4D printed structures with different configurations
[26-28]. For instance, Xin et al [28] conducted research on
4D printing chiral metamaterials, aiming to achieve tunable,
programmable, and reconfigurable properties. Their study
focused on optimizing the tensile properties of the 4D prin-
ted structures for potential biomedical applications. By explor-
ing different unit cell configurations, they discovered the abil-
ity to tailor the structure properties to match specific tissues
or organs. Notably, their 4D printed structures exhibited an
impressive shape recovery capability, even after undergoing
substantial deformation, reaching up to 90%. Another study
by Namvar et al [27] explored the energy absorption and
shape recovery characteristics of 4D printed auxetic structures.
They extensively examined the properties of structures with
re-entrant, hexagonal, and AuxHex unit cells through a com-
bination of experimental and numerical analysis. The find-
ings revealed that the re-entrant structures showcased super-
ior energy absorption capabilities compared to the others.
Additionally, all the structures demonstrated successful shape
recovery at RT.

However, it is worth noting that neither of the aforemen-
tioned studies specifically examined the reusability of the
recovered structures, which is a crucial aspect to consider in
the context of smart energy absorbers. Recently, there have
been a few published studies that have focused on investigat-
ing the reusability and repeatability of energy absorption in
4D printed structures [29-33]. For example, Sun et al [30]
explored the repeatable compressive behavior of 4D printed
thin-walled corrugated structures. By incorporating a corrug-
ation design, they achieved stable mechanical properties and
demonstrated the ability of the structures to undergo repetit-
ive compression and recovery cycles. In another study, Dong
et al [29] conducted research on the reusability and energy
absorption performance of 4D printed fiber-reinforced auxetic
structures. Their findings highlighted that 4D printed struc-
tures exhibited excellent reusability, with a shape recovery
ratio above 90% even after undergoing multiple test cycles.
Additionally, these structures maintained significant energy
absorption capabilities even after six test cycles. In a recent
study, Zhang et al [33] studied energy absorption properties
of 4D printed structures with different unit cells. Their res-
ult proved that the samples produced by PETG have higher
reusability compared to those ones fabricated by PLA.

Although the mentioned studies provide valuable insights
into the reusability of 4D printed auxetic structures, further
investigation is still necessary to gain a deeper understanding
of how different parameters such as employed SMPs, and the
configuration of the unit cell influence the reusability char-
acteristics of such structures. Besides that, in these studies,
the focus is on experimental activities and there is no reli-
able and accurate computational model to predict the whole
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shape memory cycle of the 4D printed structures including the
programing and recovery process. This computational model
is necessary for the optimization process required for future
applications.

It is worth noting that the shape-memory cycle of thermal-
sensitive SMPs consists of programming and recovery stages.
During the programming stage, the material is deformed from
its original shape to a new shape known as the programmed
shape. If this process occurs below the switching temperat-
ure (T'sw), it is referred to as cold programming (CP); if it
occurs above Tsw, it is referred to as hot programming (HP).
The Tsw can be either the glass transition temperature (7'g) or
melting temperature (T',) of the SMP [34, 35]. After program-
ming, if the SMP is heated above the T'sw range, it will return
to its original shape, a process known as recovery [35]. Due
to the time and temperature-dependent nature of polymers,
it is easy to program SMPs at rubbery or melting temperat-
ures, i.e. using HP. However, HP-based 4D printed structures
must be programmed in controlled environmental conditions
and the programmed shape must usually be predetermined.
These conditions may not be feasible for load-bearing com-
ponents in real-world applications as there is no control over
the environmental conditions and the deformations caused by
applied loads [24, 36]. Thus, for load bearing applications, CP-
based 4D printed that can be deformed enough at RT without
breaking and then recover their original shape are preferred. To
address this requirement, in this study CP is utilized to meas-
ure the shape memory properties of the 4D printed structures
for real industrial applications.

This study focuses on exploring compression behavior,
energy absorption, shape memory properties, and reusability
of 4D-printed smart auxetic structures. To gain insights into
the impact of unit cell shape on the behavior of auxetic struc-
tures, four different configurations, including honeycomb, re-
entrant, and two modified re-entrant designs, were designed
and fabricated. The 4D printed samples were fabricated using
commonly used SMPs i.e., PLA and PETG. To simulate
real-world conditions, the shape recovery of the 4D printed
structures was evaluated through CP-induced shape memory
effects at RT. The compression behavior and complete shape
memory cycle of the 4D printed structures were simulated
using finite element methods, demonstrating good agreement
between experimental and numerical findings. The findings
suggest that although the samples printed with PLA and PETG
show a shape recovery ratio exceeding 90%, the 4D-printed
PETG samples demonstrate excellent reusability compared to
PLA samples. Furthermore, these samples exhibit a substantial
energy absorption capacity even after undergoing two testing
cycles.

2. Materials and methods

2.1. Design and fabrication of samples

In the study, four distinct sandwich structures were developed
based on unit cell designs, each with different core shapes.
These structures were assigned specific numbers for easier

identification among the samples. Each structure was crafted
with an identical count of unit cells: three cells in the x direc-
tion and four in the y direction. As a result, they all maintained
a height of 36 mm (y-direction) and a z-direction thickness of
10 mm. The wall thickness for every structure was consistently
set at 0.40 mm. Figure 1 presents the unit cell design for each
of these four structures. Pattern 2 is identified as the conven-
tional re-entrant auxetic structure with a NPR, while Patterns 1
and 3 are adaptations of this design. Notably, Pattern 1 exhibits
a zero Poisson’s ratio as it integrates unit cells with both negat-
ive and positive Poisson’s ratios. Pattern 3, while possessing a
NPR, is believed to have enhanced mechanical properties due
to its additional vertical struts, distinguishing it from the typ-
ical re-entrant design. On the other hand, Pattern 4 employs the
well-known honeycomb design and has a positive Poisson’s
ratio, acting as the reference structure for the study.

For fabrication of structures, two different filaments were
procured from eSUN® for this study: PETG filament (dia-
meter: 1.75 mm, density: 1.27 mg mm~>) and PLA filament
(diameter: 1.75 mm, density: 1.24 mg mm~2). The 3D struc-
tures were printed using a Creality Ender 3 Pro attached with a
0.4 mm nozzle. Printing speed and nozzle temperature were set
to 50 mm s~! and 210 °C for PLA and 50 mm s~' and 240 °C
for PETG, respectively. The printed samples are referred to as
PLA-X or PETG-X which X stands for the pattern used for
printing of those samples. Moreover, C1 and C2 are added in
the name of samples to show that they have been tested for the
first and second cycle, respectively.

2.2. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a useful tool to ana-
lyze the thermo-mechanical behavior of SMPs. In addition, it
helps to find the temperature at which the SMP transitioned
from the glassy state to rubbery state i.e., 7. The analysis was
conducted using Netzsch DMA 242 C analyzer. A sample of
length 10 mm, width 3.6 mm, and thickness 0.8 mm was tested
using tension as the deformation mode. The analysis was per-
formed within temperatures of 25 °C to 120 °C, at a heat-
ing rate of 3 °C min~', frequency of 1 Hz and applied strain
0.001 mm mm~".

2.3. Mechanical testing, energy absorption analysis and
reusability investigation

In this study, quasi-static uniaxial compression tests were per-
formed using a universal testing machine from ZwickRoell,
Germany at RT with constant crosshead speed (5 mm min—").
The stress—strain curves obtained from the compression tests
were used to calculate the energy absorption behavior of each
sample.

As illustrated in figure 2, a stress—strain curve has three
stages: the first stage involves an almost linear increase in
stress by increasing the applied strain until micro buckling
or cracks starts in the structure. The stress and strain at the
end of this linear region are designated by yield stress (oy)
and yield strain (gy), respectively. In the next region, the stress
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Figure 1. Structural configurations of auxetic core sandwich structures, (a) Pattern 1, (b) Pattern 2, (c) Pattern 3, and (d) Pattern 4.

first increases nonlinearly to reach its maximum value. Then,
it decreases until reach to almost constant value for a range
of applied strains, which is called plateau region. As the struc-
ture is compressed more, it undergoes densification, and stress
increases rapidly as the strain value increases. Densification
strain (gq), is the strain that the densification starts.

To quantify the energy-absorbing capabilities of structures,
several metrics have been developed and applied. Volumetric
energy refers to the amount of energy dissipated for a given
volume (J m™3). It can be computed from a compressive

stress—strain curve as [37, 38]

E:
0

ey

ode

where ¢ is the strain to failure of the sandwich structure. The
definition of failure in energy absorbers can vary based on
application and thus has been defined as different points along
a stress—strain curve. Typically, the stress limit of a practical
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Figure 2. Schematic illustration of a typical force—displacement curve of a lattice material obtained from a cyclic compression test.

energy absorber is defined by the onset of densification (gq),
i.e. f = £4. Among different methods available to determ-
ine g4, here energy efficiency method is used. Based on this
method, the energy absorption efficiency, (1), is calculated as
the area under a stress—strain curve divided by the instantan-
eous stress as [39]:

NAGLE

Oi

1 (&) 2
where o; is stress at strain ¢;. Based on this method, the
densification onset, i.e. €4, is the strain corresponding to the
maximum of energy absorption efficiency. After densification
starts, the stress and consequently the transmitted force rises
swiftly which is not desirable for energy absorption applica-
tions since it may lead to damage or system failure. Thus, it is
advantageous for the energy absorbing structure to have higher
€4 to avoid reaching the densification phase.

The absorbed energy per unit mass i.e. SEA (specific
energy absorption) and absorbed energy per unit volume E,
were also important indicators in evaluating the energy absorp-
tion capacity. The absorbed energy of the tested specimens
was calculated up to the onset of densification strain (g4) as

[39]:
E, :/U(s) de 3)
0
SEA = B @)

P

where p is density.

It should be noted that most of the energy was absorbed
in the plateau regime. Therefore, the magnitude of plateau
stress (0p) and its length are important parameters in the design
of sandwich structures for energy absorption application. The

plateau stress of the compressed specimens was calculated as
[39]:

ija(e) de

€d — &y

o )

For clarification the defined parameters are shown in the
figure 2. Generally, with similar SEA or Ey, a structure with
longer plateau region is more desirable for energy absorption
applications.

2.4. Shape memory test and reusability

The shape memory cycle of thermal-sensitive SMPs consists
of programming and recovery stages. During the programming
stage, the material is deformed from its original shape to a new
shape called the programmed shape. In the recovery stage,
the SMP is able to recover its original shape in response to
an external stimulus. The shape recovery properties of SMPs
differ from the elastic recovery seen in hyper-elastic materi-
als like rubbers. Polymers with shape memory effect are able
to memorize the original shape and temporarily maintain a
deformed shape. The shape memory properties of SMPs can
be quantified using the shape recovery ratio (R;) and shape fix-
ity ratio (R¢). An ideal SMP would have R, = Ry = 1, meaning
it would maintain its temporary shape and fully recover its ori-
ginal shape during the recovery process. However, real-world
SMPs do not behave perfectly, and these ratios are usually less
than one. Moreover, in some applications only one of these
properties are desired. For example, for a 4D printed energy
absorber it is important that it can recover the original shape
after being deformed as much as possible and the ability of
remembering the temporary shape is not important. Thus, in
this study only the shape recovery of 4D printed samples is
investigated and reported.
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Figure 3. Schematic diagram of parameters used in shape recovery test. (a) Initial configuration, (b) at the end of loading, (c) after

unloading, and (d) after recovery.

To study the shape memory behavior of the 4D printed
structures, the quasi-static compression test at RT is con-
sidered as the programming step. During this step, plastic
deformation is induced in the deformed structure and a tem-
porary or programmed shape is obtained. Then, upon heating
the structure above the T’y of the polymer, the material recovers
the plastic deformation, and such a step is called recovery step.
The shape memory test procedure is shown in figure 3. The
original dimension of each as-prepared sample L; was meas-
ured before the compression test. The sample deformed under
loading and the dimension became L,. Upon unloading, the
sample recovered some of its previous shape and dimension
became L3, which was considered as the programmed shape.
After heating the deformed samples above the T'; of polymer,
the final dimensions were measured and labeled as L. The R
and R, were calculated as:

L —Ls
Ry = 6
L L (6)
R=Th )
Li—L

As mentioned earlier, one of the main features of the 4D
printed structures is their reusability after recovery step. In
other words, a 4D printed structure not only should recover the
original shape at the end of recovery test, but also its mechan-
ical performance should be as close as possible to the intact
structure. Otherwise, the 4D printed structure is not useful for
real industrial applications. To investigate the reusability of the
4D printed structures, here a second cycle of programming and
recovery is done. The structure recovered from the first cycle is
deformed again under the same conditions and then its recov-
ery and mechanical properties are investigated and compared
with the first cycle. Theoretically, the behavior of structure at
the second cycle should be equal to the first cycle, however
existence of unrecoverable plastic deformation and possible
cracks inside the structure led to a lower performance in the
second cycle compared to the first cycle. In order to quantify
the reusability of the structures, in this study a metric termed
reusability factor (RF) is introduced as:

(Ev)c,
(Ev)c,

RF = 8)

where (Ey), is the E, of the structure at the ith cycle of the
compression test. Based on this terminology, if the structure
can absorb the same amount of energy as the first cycle in
the second one, the RF =1 and the structure is completely
reusable. However, in reality RF < 1 and the structures with
higher RF are desirable in terms of reusability.

2.5. Finite element simulation

The mechanical and shape memory behavior of the printed
samples are simulated using the commercial finite-element
software ABAQUS/Standard. Despite most available studies
in literature that only model the loading and unloading steps,
here the whole loading, unloading and shape recovery process
is simulated.

The structures are meshed using C3D20R elements which
are 20-node quadratic brick elements with reduced integration
points, while the rigid plate is meshed with R3D4 elements
which are 4-node 3D bilinear rigid quadrilateral elements. The
appropriate dimensions of the elements were set to be 0.2 mm
after the independence of the mesh was examined.

To model the thermo-mechanical behavior of SMPs, the
3D constitutive model developed by Boatti et al [40] is
used and implemented into the ABAQUS environment using
a UMAT subroutine. This model distinguishes rubbery and
glassy phases using a rule of mixtures to capture temperature-
dependent moduli, phase transformation kinetics, and non-
ideal shape-fixing/recovery. Internal state variables track
stored strain and phase fractions, ensuring accurate model-
ing of the loading—unloading—recovery cycle. Model para-
meters are identified from experimental data, as detailed in
section 3.1.

A quasi-static mechanical analysis was performed. Figure 4
shows the applied boundary conditions on the model during
the simulation. The 3D structures are fixed (fully constrained
along with the three principal directions) at the bottom face.
A rigid plate and a reference point are placed on the top face
of the structure. To simulate the compression test, a displace-
ment is applied to this reference point downward. Besides, the
structure’s movement is constrained in the out-of-plane direc-
tion to prevent out-of-plane global buckling of the structure
under compression. To avoid interpenetration, general contact
is defined between the rigid plates and the surfaces. Figure 5
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Figure 5. Thermo-mechanical loading conditions applied during
the finite element simulation of the shape memory tests of 4D
printed structures. A uniform temperature field history is applied.

shows the thermo-mechanical conditions during the whole
loading, unloading and recovery steps.

3. Results and discussion

3.1. Thermo-mechanical behavior of PETG and PLA

The DMA curves obtained for PETG and PLA, exhibiting the
dynamic storage modulus and loss factor (tan(¢)), are shown
in figure 6. DMA is an effective technique to determine the 7',
of polymers. Determination of T, is crucial as SMPs recover
their original shape when heated above this temperature. PLA
and PETG, being amorphous glassy polymers, undergo glass
transition, where a transformation from glassy to rubbery state
takes place. Since storage modulus is a temperature-dependent
property, it experiences a sharp decrease when T, is reached.
Moreover, at T, the tan(§) reaches its maximum, thus 7'y of
PETG is found to be 87.01 °C, whereas PLA has a lower T’y of
66.92 °C. Hence, shape memory behavior of PETG and PLA
was studied at 90 °C and 70 °C, respectively. Moreover, the
result shows that the PLA has higher storage modulus than the
PETG.

In order to perform the finite element simulations intro-
duced in section 2.5, the constitutive model parameters used
to describe the SMP’s thermo-mechanical behavior are first
identified. To this end, DMA results are used and the model
parameters obtained are shown in table 1. More details about
the employed constitutive model and how to extract the para-
meters and their definition can be found in Boatti ef al [40].

3.2. Compression test and energy absorption performance

The mechanical and energy absorption properties of 4D
printed structures designed with different configurations are
investigated using the quasi-static compression test. As men-
tioned before, auxetic structures, due to their NPR, are known
to boost the mechanical properties and energy absorption per-
formance of materials. Here, the effect of both the struc-
tural configuration and the material used for the fabrication
of the 4D printed structures on their mechanical performance
is investigated.

The deformation patterns observed in the PETG and PLA
4D-printed structures under the first cycle of uniaxial com-
pressive loading are shown in figures 7 and 8, respectively.
In these figures, the initial configuration, the deformed shape
at the end of loading, the deformed shape after unloading and
the final shape after shape recovery test are presented for all
configurations. Results of finite element simulations are also
added for comparison and validation of presented numerical
model which are in good agreement with the experimental
data.

As can be seen from figures 7(a-ii) and 8(a-ii), the PETG-1
and PLA-1 samples are buckled laterally at the end of loading,
which can be attributed to the lack of lateral stiffness. They
also bent on one side while being compressed as they did not
have any support in the horizontal direction. On the other hand,
figures 7(b-ii) and (c-ii), figures 8(b-ii) and (c-ii) show that
samples with pattern 2 and 3 exhibited a more stable deforma-
tion response owing to the horizontal support these structures
had and shrunk inwards [41]. This can be attributed to the NPR
of these structures. PLA-4, and PETG-4, which have a con-
ventional honeycomb structure, are also being deformed in a
stable manner and due to their positive Poisson’s ratio, their
expand in the lateral direction (see figures 7(d-ii) and 8(d-ii)).
Results also show that the deformation in pattern 4 is much
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Figure 6. The result of DMA tests of (a) PLA and (b) PETG in terms of storage modulus and tan(é) versus temperature.

Table 1. Constitutive model parameters used for finite element

simulations.

Parameter PETG PLA Units
E® 1400 2270 MPa
E’ 1 50 MPa
v 0.49 0.49 —
Ve 0.29 0.29 —
RP# 35 20 MPa
h 20 100 MPa
Al 10 10.0 K

0 87.01 66.92 K

c 0.6 0.67 —
cp 0.04 0.02 —

more than the other ones, and cracks have been seen in the
PLA-4. Since the PLA is more brittle than the PETG, these
cracks only happened for PLA samples. These results demon-
strate the applicability of structures with either zero or NPR
for energy absorption applications.

In figures 7(iii) and 8(iii) the configuration of all the
samples after unloading is shown. It is obvious that in all cases,
upon unloading, the applied deformation is partially recovered
elastically, as plastic strain has been induced in the structures.
The configuration at the end of unloading is considered as the
temporary shape for the 4D printed structures.

Finally, in figures 7(iv) and 8(iv) the shape of samples after
recovery test is presented. As can been seen, all structures
recovered their original shape. Details about the shape recov-
ery ratio of the samples will be provided in the coming section.

Moreover, as can be seen, the results of finite element sim-
ulations are in good agreement with the experimental results
in all loading, unloading and recovery steps. In some parts
the predicted deformation using finite element simulations is
slightly different from the experimental results which can be
due to geometry imperfections during manufacturing (not con-
sidered by the finite element model) or limitations in modeling
such a complex behavior of the SMPs under investigation (e.g.,

adopted hyperlastic law, anisotropy). However, besides those
local points, the model can simulate the deformation pattern
of the structure with adequate accuracy.

Figures 9 and 10 show the stress—strain curve of the first
cycle of compression test of the printed PETG and PLA
samples, respectively. In these figures, experimental results
together with finite element simulation results are presen-
ted and, despite few differences, they are in excellent agree-
ment which proves the accuracy of the proposed numerical
approach. It should be noted that the offset and difference
between the numerical and experimental curves can be due
mostly to the defects and imperfectness in printing of samples
or foam filling process. Besides that, the employed constitutive
model for describing the mechanical behavior of PLA and
PETG affects the peaks stress and the plateau region in the
stress—strain curve.

These figures show that the stress—strain curve of 4D prin-
ted samples not only changes by using different patterns but
also by using different materials. As DMA results showed
before, PLA has higher mechanical properties compared to
PETG, thus in all cases the PLA can tolerate higher stress than
the PETG samples. Moreover, in all the curves, three different
regions, i.e. linear, plateau and densification, can be observed.
However, the length of the plateau region and the beginning of
densification vary among the samples considering their geo-
metry and the material used to fabricate them.

Results show that the amount of decrease in the stress
value after reaching its maximum value, in the PETG samples
are lower than in the PLA ones. This aspect can be attrib-
uted to the high flexibility of PETG at RT, which makes the
PETG samples flexible enough to deform and withstand loads
without cracking or breaking within the structure. While in the
PLA samples, as the plateau region starts, the stress decreases
swiftly which is not desirable for energy absorption applica-
tions. The amount of stress reduction is much more severe in
the PLA-4 which has a positive Poisson’s ratio that can be con-
sidered a sign that these types of structures are not optimal for
energy absorption applications.
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Figure 7. Deformation patterns in the first cycle of compression and shape recovery tests for (a)PETG-1, (b) PETG-2, (c) PETG-3, (d)
PETG-4 at (i) initial configuration, (ii) end of compression test, (iii) after unloading, and (iv) after recovery test.
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Figure 8. Deformation patterns in the first cycle of compression and shape recovery tests for (a)PLA-1, (b) PLA-2, (c) PLA-3, (d) PLA-4 at
(1) initial configuration, (ii) end of compression test, (iii) after unloading, and (iv) after recovery test.
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Figure 9. The stress—strain curve of first cycle of compression test for (a) PETG-1, (b) PETG-2, (c) PETG-3, and (d) PETG-4.

Results also show that the onset of densification of PLA-2,
PETG-2 and PLA-3 is not easily visible, while PLA-1, PETG-
1, PLA-4, and PETG-4 reach this stage and a rapid increase in
the transferred stress can been seen in their stress—strain curve.
It can be explained by considering that pattern 2 and pattern 3
are auxetic structures with NPR, while pattern 1 and pattern 4
have zero and positive Poisson’s ratio, respectively. It proves
the applicability of auxetic structures with NPR for energy
absorption applications. Moreover, the maximum stress for
pattern 3 is higher than pattern 2, which is due to additional
vertical struts in pattern 3.

Tables 2 and 3 detail and compare the key energy absorption
parameters of both PETGA and PLA 4D-printed structures
obtained from the experimental and numerical simulations. To
clarify how the corresponding parameters are calculated, the
stress—strain curves of PETG-1 and PLA-1 are presented in
figure 11. The absorbed energy per volume and the energy
absorption efficiency are also plotted in these figures. The
main parameters such as g4, €y, 0p, and E, can be easily cal-
culated from these figures.

It should be noted that the E, plays an important role
in determining how efficiently a structure absorbs energy as
potential energy absorbers are required to buckle and fail as

per the predictions [41]. On the other hand, SEA is a more
precise indication of energy absorption as it provides weight
efficiency of the crashworthiness of the structure by estimat-
ing the E, per unit mass of the structure. A structure can be
deemed a good energy absorber if it has a high SEA value and
the difference between the o, and oy is minimal. Moreover,
efficiency is useful in analyzing the uniformity of the crushing
loads. A higher efficiency value is desirable for energy absorp-
tion applications [42].

Based on the results presented in table 2, among the
samples made of PETG, the PETG-2, with NPR have the
highest ¢4 = 0.30. For the remaining samples, the onset of
densification is almost at the same level. In terms of SEA, the
PETG-2 has the highest value, i.e. 0.13%, while the PETG-
4 has the lowest SAE. Moreover, PETG-2 and PETG-4 have
the highest and lowest Ey at the onset of densification, respect-
ively. In terms of efficiency, PETG-3 has the highest value of
efficiency at the start of densification. In terms of plateau stress
(0p) the PETG-4 has the lowest value, which is almost half of
the other samples. Considering all these facts, it can be con-
cluded that PETG-2 and PETG-3 with NPR have the best per-
formance, while PETG-4 with positive Poisson’s ratio has the
worst performance in terms of energy absorption parameters.
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Figure 10. The stress—strain curve of first cycle of compression test for (a) PLA-1, (b) PLA-2, (c) PLA-3, and (d) PLA-4.

Based on the results presented in the table 3, among the
samples made of PLA, the PLA-2 and PLA-3, with NPR have
the highest g4 i.e. 0.28 and 0.30, respectively. However, PLA-
1 with zero Poisson’s ratio has ¢4 = 0.25 and the €4 for PLA-4
with positive Poisson’s ratio is 0.22. As mentioned before, in
energy absorption applications it is desired to reach densifica-
tion at higher strains. This result proves again that the auxetic
structures with NPR are more desirable in energy absorption
application than the structures with positive Poisson’s ratio.
Moreover, among all the samples, the PLA-3 has the highest

SEA (O.ZZ%) , while the PLA-4 has the lowest one (0. 10%) .

Considering the E, it is obvious that PLA-3 and PLA-1 can
absorb more energy before reaching to densification while the
PLA-4 has the lowest E,. These results prove that despite
huge usage of conventional honeycomb structures in differ-
ent fields; they are not optimized in terms of energy absorption
properties and the auxetic structures are a better option for this
type of application.

Considering the better mechanical properties of PLA
compared to PETG, it was expected that PLA samples
show higher oy, o,, SEA, and E, than the PETG ones.

are in
in the

In all cases the numerical and experimental values
good agreement and the same pattern can be seen
results.

3.3. Shape memory behavior and reusability of 4D printed
structures

The shape memory performance of 4D PETG and PLA struc-
tures under CP conditions is presented in figures 7 and 8.
As mentioned before, at the during the loading step at RT,
the plastic deformation is induced in the structures which led
to the temporary shape, see figures 7(iii) and 8(iii). Since
the structures were not unloaded immediately, stress relaxa-
tion occurred and the SMP chains continued to align along
the direction of load, and consequently stored energy. Upon
unloading, the structures retained some of their shape due
to viscoelastic recovery and stored elastic strain. Then, by
immersing the deformed structures in the hot water bath, their
shape recovery behavior are investigated, see figures 7(iv)
and 8(iv). When the structures were heated above their T,
(90 °C for PETG and 70 °C for PLA), the crystallites in
the reversible phase of the SMP melted and the structures
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Figure 11. The stress—strain curve, energy absorbed and the efficiency of (a) PLA-1, and (b) PETG-1. This figure shows how the energy

absorption key parameters are extracted.

softened. The alignment of the polymeric chains was lost,
and the structures recovered most of their original shape.
Figure 12 shows the results of the shape memory test of the
samples. Results showed that the PETG-4 and PLA-4 have
the lowest shape recovery ratio of 0.87 and 0.79, respectively.
However, the rest of the samples have a shape recovery ratio
higher than 0.90. PLA-1, Pla-2, and PLA-3 have the same
level of shape recovery, i.e., 0.96 which is very promising
shape recovery performance. PETG-3 has a shape recovery
of 0.95 and PETG-1 and PETG-2 showed slightly less shape
recovery by 0.92.

It should be noted that, for SMPs like semicrystalline PLA
and amorphous PETG, the shape fixing and recovery mech-
anisms in CP vary due to their distinct molecular structures
[24, 25]. In CP, conducted below T, e.g., at room temper-
ature, PLA’s amorphous switching phase stores high strain
energy with low configurationally entropy, anchored by its
crystalline phase, leading to poor shape fixity as chains revert
post-unloading, but rapid recovery upon heating. PETG, lack-
ing crystalline domains, fixes temporary shapes via chain
entanglement, resulting in a lower shape fixity ratio com-
pared to PLA. However, PETG exhibits a high recovery ratio
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Table 2. Comparison of the experimental and numerical energy absorption parameters of PETG samples.

Parameters € oy Ey(€4) op €4 SEA n(&q)
Sample Unit () (kPa) (X)) (kPa) (m) ( k—k; ) —
PETG-1 Experimental 0.04 78.23 1834 7899 025 0.11 024
Numerical 0.05 81.39 18.01 77.02 0.25 0.11 0.23
PETG-2 Experimental 0.03 62.46 2242 8040 030 0.13 0.23
Numerical 0.04 68.73 2343 8597 030 0.13 0.28
PETG-3 Experimental 0.03 77.25 1791 79.29 024 0.11 0.27
Numerical 0.03 83.20 2149 8264 0.27 0.13 0.29
PETG-4 Experimental 0.02 30.17 9.73 39.38 0.26 0.10 0.24
Numerical 0.03 36.78 10.21 41.64 0.26 0.10 0.23

Table 3. Comparison of the experimental and numerical energy absorption parameters of PLA structures.

Parameters €y oy Ev(€4) op €a SEA n(eq)
Sample Unit (mm)  (kPa) (%) (kPa) (mm) (kgg) o
PLA-1 Experimental 0.03 93.27 27.51 11580 0.25 0.16 0.31

Numerical 0.04 14455 2852 12726 024 0.17 0.26
PLA-2 Experimental 0.03 8525 24.14 9247 028 0.14 0.29

Numerical 0.04 10850 31.12 112.19 030 0.18 0.26
PLA-3 Experimental 0.03 17343 40.27 13736 030 0.22 0.28

Numerical 0.03 206.08 39.24 13492 030 022 0.26
PLA-4 Experimental 0.03 5990 9.99 4586 0.22 0.10 0.38

Numerical 0.03 52.03 1258 4766 026 0.12 035
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Figure 12. The shape memory test results for the PLA and PETG samples.
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Figure 13. The stress—strain curves of the PETG samples for the first and second compression test. (a) PETG-1, (b) PETG-2, (c) PETG-3,

and (d) PETG-4.

due to its ductility, though slightly lower than PLA, reflect-
ing PLA’s crystalline-driven recovery. Experimental results
confirm that PLA samples, except PLA-4 which fractured,
outperform PETG in recovery, while PETG’s lower fix-
ity enhances its suitability for flexible, reusable 4D-printed
structures.

As mentioned before, reusability for a 4D printed struc-
ture is mandatory feature and without that there is no gain in
using these types of structures. Here, to check the reusabil-
ity of the 4D printed structure, all the recovered samples are
again tested to see how their mechanical properties change
compared to the intact samples. The stress—strain curve of
the first and second cycle of compression test for PETG and
PLA samples are presented in figures 13 and 14, respectively.
Results in figure 13 show that the stress—strain curve of the
first and second cycle compression test for PETG-1, PETG-3,
and PETG#4 are very similar, while for the PETG-2 the second
cycle curve is different form the first cycle one. In all cases,
the maximum stress is decreased in the second cycle, which
can be interpreted as formation of plastic hinge and existence
of unrecoverable deformation inside the structure.

Figure 14 shows that despite the PETG samples, for the
PLA sample the difference between the first and second cycle

is much. In all cases, the maximum load and the area under
curve significantly decreased compared to the first cycle. The
worst situation has been observed in the PLA-4 in which it
does not tolerate any load in the second cycle. The main reason
is that cracks and breakage were seen in this sample at the
end of the first cycle of loading. Results of shape recovery test
showed that PLA-4 recovered the intimal shape by 0.79 shape
recovery ratio. However, the results of the second cycle com-
pression test proved that this structure is no longer capable of
bearing load. This is the main reason that besides the shape
recovery properties of the 4D printed structures, their reusab-
ility should also be investigated to see if they can still bear
loas.

To have a better comparison about these structures per-
formance at the second cycle, the amount of absorbed energy
in both cycles for PETG and PLA samples are presented in
figures 15 and 16, respectively. Again, here it can be con-
cluded that the difference between the absorbed energy in the
first and second cycle for PLA samples are much higher than
PETG samples. It means that the change in mechanical beha-
vior of PETG samples after the second cycle is lower than PLA
samples and they have better reusability compared to PLA
samples. To quantify the reusability feature of the samples,
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their reliability factor is presented in figure 17. Their shape
recovery ratio is also included to provide a better tool to com-
pare these structures’ performance.
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Figure 16. The absorbed per volume in the PLA sample for the first
and second cycle of compression test.

As can be seen among the PLA samples, PLA-1 has the
highest RF of 0.95, while PLA-4 has the lowest RF at 0.28.
Among the PETG samples, PETG-3 has the highest RF value
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Figure 17. Reusability factor and shape recovery ratio of the 4D
printed samples.

of 0.96, and PETG-2 has the lowest RF at 0.72. Overall, the
RF of PETG samples is generally higher than that of PLA
samples, suggesting that PETG is a more reusable material.
However, while shape recovery ratios are promising across
all samples, some exhibit low reusability due to significant
mechanical degradation. For instance, PLA-2 and PLA-4 have
shape recovery ratios of 0.92 and 0.87, respectively, but their
RF values are below 0.5, indicating inadequate mechanical
properties after recovery. This highlights a key limitation in
evaluating ‘smart’ materials solely based on shape memory
effects. Although high shape recovery qualifies these materials
as ‘smart’ in terms of responding to external stimuli, practical
applications require both shape recovery and mechanical dur-
ability. Thus, to design effective 4D-printed smart structures,
both shape recovery and RFs must be considered to ensure
the structures can withstand loads post-recovery, aligning with
application-specific performance requirements.

4. Conclusion

In this study, the compression behavior, energy absorption,
shape memory properties, and reusability of 4D-printed smart
mechanical metamaterials were investigated. To this end,
structures with four different configurations, including honey-
comb, re-entrant, and two modified re-entrant designs, were
fabricated and tested to analyze the impact of microstruc-
ture on the properties of the metamaterials. In addition, the
4D printed samples were fabricated using PLA and PETG,
two commonly used SMPs. To simulate industrial application
conditions, the shape memory test of the 4D printed struc-
tures was evaluated through CP-induced shape memory effect
at RT. Furthermore, the compression behavior and complete
shape memory cycle of the 4D printed structure were simu-
lated using the finite element method, demonstrating a good

agreement between the experimental and numerical findings.
The findings indicate that PLA samples have higher mech-
anical performance compared to the PETG ones. Moreover,
the pattern with NPR shows better energy absorption proper-
ties. For instance, the PETG-2 and PLA-3 showed the highest
onset of densification among all the samples which is a desir-
able feature in energy absorption applications. Moreover, pat-
tern 3 has higher mechanical properties compared to pattern 2
due to existence of additional vertical struts considered in this
pattern. The PLA-4, which has the conventional honeycomb,
showed the worst energy absorption performance and cracks
have been observed at the end of loading.

After unloading, due to induced plastic strain in the struc-
ture, they just recovered some part of deformation elastic-
ally. Upon putting the samples in hot water, they recovered
their original shapes. Results showed that all the samples have
promising shape recovery. For instance, the PLA-1, PLA-2
and PLA-3 recovered their shape by 0.96 ratio and PETGI,
PETG-2, and PETG-3 recovered their original shape by a ratio
of more than 0.92. Both PLA-4 and PETG-4 showed a poor
recovery due to excessive deformation and possible creaks in
the structure during the loading.

In the next step, the recovered samples mechanical behavior
is investigated to examine their reusability after shape recovery
test. It is important to note that for a 4D printed smart struc-
ture that is designed for addressing real world applications,
besides the high shape recovery, reusability is also crucial.
Thus, a second cycle of compression test has been done for
the record samples. Results showed that despite the promising
recovery in the PLA samples, the mechanical response in the
second cycle of compression test is significantly lower than
the first cycle. However, in the PETG samples, the mechan-
ical performance is slightly reduced, and they still can tolerate
enough load. To measure the reusability quantitively, the RF
has been defined, and results show that PETG samples have
higher reusability in total. It should be noted that in this study,
only two successive loading-recovery cycles were considered
to compare the reusability of the printed samples. The res-
ults showed that PLA has poor reusability compared to PETG,
making PETG a suitable replacement for PLA in 4D printing
of smart load-bearing structures. It is also necessary to invest-
igate the reusability and shape recovery properties of PETG
samples after more cycles, which will be addressed in our
future studies.

These results proved that despite most of studies about the
4D printed smart structure that only focused on the shape
recovery of the structure, their reusability is also important.
This study findings showed that PLA samples, despite their
high shape recovery ratio, cannot tolerate load in the second
cycle, thus they are not usable anymore. This fact is against
the smart structure agenda.

Besides that, the analysis of PETG samples reveals a critical
trade-off between SEA and RF in 4D-printed structures with
auxetic unit cells. PETG-2, with its conventional re-entrant
structure, achieves high SEA due to enhanced energy dissipa-
tion through localized buckling and densification but exhibits
a lower REF, likely due to micro-cracking or plastic strain dur-
ing deformation. Conversely, PETG-3, featuring a modified
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re-entrant structure, demonstrates a higher RF, supported by
PETG’s toughness and optimized topology, which minimizes
irreversible damage for superior cyclic performance, though
at the expense of lower SEA. These findings emphasize that
while auxeticity enhances energy absorption in both designs,
it can lead to irreversible deformation in conventional struc-
tures, whereas modified designs prioritize recoverable strain
for reusability. By balancing SEA and REF, this study offers a
framework for selecting materials and topologies to meet spe-
cific application needs in 4D printing.

This is the first paper investigating the behavior of 4D
materials and structures both computationally and experi-
mentally. This integrative computational and experimental
work will open new further research on not only 4D print-
ing of reusable metamaterials but also digital twinning of
metamaterials.
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