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The properties of functionally graded (FG) cellular structures vary spatially, and the varying properties can meet the requirements
of different working environments. In this study, we fabricated FG cellular structures with shape memory effect by 4D printing
and evaluated the compressive performance and shape memory behavior of these structures with temperature through experi-
mental analysis and finite element simulations. The results show that the maximum energy absorption gradually decreases but
the compressive modulus gradually increases with increasing gradient parameters. Moreover, the finite element simulations also
show that the compressive deformation mode of the structure shifts from uniform to non-uniform deformation with increasing
gradient parameters. The compressive modulus and compressive strength of 4D printed FG structures decrease with increasing
temperature due to the influence of the shape memory polymer, and they exhibit outstanding shape recovery capability under
high-temperature stimulus. The proposed 4D printed FG structures with such responsiveness to stimulus shed light on the design
of intelligent energy-absorbing devices that meet specific functional requirements.
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1 Introduction

Inspired by natural materials, cellular structures are lattices
composed of interconnected or individually closed pores,
which have many characteristics that conventional materials
do not possess, such as outstanding load-bearing capacities,
high energy absorption characteristics, and thermal/sound
insulation properties [1–4]. Guided by practical application,
the material can be fully utilized by designing the unit cell of
cellular structure, thereby reducing production costs and
obtaining lightweight products. For example, tensile-domi-
nated cells such as octagonal trusses and Kagome lattices
enable high stiffness and strength of cellular structures [5].

Bending-dominated cells, such as hexagonal honeycombs
and body-centered cubic lattices, are potentially advanta-
geous in energy absorption applications due to their long
stress plateaus in the compression mode [6]. In addition,
some trapezoidal or sinusoidal corrugated unit cells have
extremely anisotropic mechanical behavior and thus exhibit
great potential in engineering applications such as morphing
wings. These cells are flexible in the corrugated direction
and can change shape, but their high stiffness-to-mass ratio
in the transverse direction perpendicular to the corrugated
direction offers them the ability to withstand extreme me-
chanical loads [7].
Recently, some cellular structures with functionally graded

(FG) characteristics have attracted the attention of re-
searchers, which makes the material or geometry change
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continuously in a certain direction [8–11]. After the rational
design, the response pattern of FG cellular structures can
vary with the loading process or the working environment,
and then meet the requirements of specific engineering ap-
plications. Currently, two main types of FG cellular struc-
tures have been proposed, namely size-graded cellular
structures and material-graded cellular structures. Size-gra-
ded cellular structures achieve gradient changes in structural
features by changing the cell configuration or scaling the cell
size [8]. However, the production of these FG cellular
structures with complex non-uniform features is challenging
due to the limitations of conventional processes such as
electrical machining and CNC cutting.
Recent advances in additive manufacturing (also known as

3D printing) have enabled the fabrication of cellular struc-
tures with complex microstructures or non-uniform gradient
features [12–14]. For example, Kuang et al. [15] manu-
factured FG lattice structures with tunable buckling and
well-controlled deformation sequence by the gray-scale di-
gital light processing (gDLP) technique. Montgomery et al.
[16] recently fabricated FG foam by this method, which
possesses improved impact mitigation capabilities compared
to homogeneous foam. Al-Saedi et al. [17] prepared 3D
metal lattice structures with FG features by selective laser
melting (SLM) process and investigated the mechanical
performance and energy absorption capabilities of FG lattice
structures by compression experiments and finite element
analysis. Sinusoidal corrugated structures are widely used as
mechanical protection components in aerospace, transpor-
tation, and marine engineering because of their smooth curve
configurations that can greatly weaken stress concentrations.
Recently, Zhang et al. [18] reported 3D printed multi-layered
sinusoidal corrugated sandwich structures with FG char-
acteristics and preliminarily revealed the effect of gradient
design on compressive performance and energy absorption
capabilities of sandwich structures. Despite these advances,
the production of cellular structures with active deform-
ability and tunable mechanical properties by 3D printing
remains a challenge.
4D printing, combining stimulus-responsive materials and

3D printing processes, offers an unprecedented way to per-
sonalize actively deformable and mechanically tunable cel-
lular structures [19–21]. 4D printed objects can change their
shape or properties over time in response to various external
stimuli [22–24]. Recently, Bodaghi et al. [25,26] produced
dual-material auxetic meta-sandwiches and re-entrant auxe-
tic mechanical metamaterials with reversible energy ab-
sorption capability by fused filament fabrication (FFF) 4D
printing technique. Liu et al. [27] proposed 4D printed me-
tamaterials with zero Poisson’s ratio characteristics, which
exhibit vibration isolation and can convert mechanical
properties by sensing temperature changes. Wang et al. [28]
fabricated multi-patterned composite metamaterials with

adjustable Poisson’s ratio and band gap by 4D printing. Zeng
et al. [29–31] manufactured a variety of 4D printed com-
posite lightweight structures with desirable mechanical
characteristics and active deformation capabilities based on
shape memory polymers (SMPs). As can be seen from the
above progress, the current research on FG cellular structures
is limited to the development of gradient strategies and the
verification of mechanical properties such as compressive
properties, and no systematic studies of 4D printed FG cel-
lular structures with active deformation capability have been
published. Moreover, the current studies have not yet paid
attention to the temperature-dependent mechanical behavior
of FG cellular structures.
In view of the above challenges, this study proposes 4D

printed multi-layer sinusoidal corrugated cellular structures
with power-type gradient characteristics. Thanks to the in-
corporation of SMP, 4D printed FG cellular structures exhibit
exceptional temperature-dependent mechanical properties
and shape memory behavior. The effects of the gradient
parameters on the temperature-dependent compressive
modulus, compressive strength and energy absorption ca-
pacity of 4D printed FG cellular structures are investigated
by compression experiments, and the deformation patterns of
the FG cellular structures are announced in conjunction with
finite element simulations. In addition, we demonstrate the
thermally-induced shape recovery process of 4D printed FG
cellular structures, providing a competitive solution for the
design of stimulus-responsive intelligent gradient cellular
structures.

2 Materials and methods

2.1 Structural design

Nature-inspired sinusoidal corrugated cellular structures
possess excellent energy absorption capacities and their
smooth curvilinear configurations can greatly weaken stress
concentrations and enhance the load-bearing capacity of
structures compared to conventional rectangular, triangular
or trapezoidal corrugated cellular structures with inflection
points. To describe the periodic sinusoidal corrugated cel-
lular structure, a series of geometric parameters are defined
as wall thickness t, period of the sinusoidal wave T and
height of the n-th layer hn. Therefore, the envelope of sinu-
soidal corrugated cellular structures can be represented by
the following equation [32]:

y h
T x= 2 sin 2 . (1)n

Compared with single-layer corrugated structures, multi-
layer corrugated structures further enhance crashworthiness
thanks to their progressive damage process. As shown in
Figure 1(a), by adjusting the height hn of every single layer, a
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multi-layer FG corrugated structure with size-graded char-
acteristics can be obtained. In this work, a power-type
function is proposed to describe the size-graded character-
istics of the multi-layer FG corrugated structure:

h H Nh
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where N is the number of layers of multi-layer FG corrugated
cellular structures; h1 is the height of the first layer; H is the

total height of cellular structures and H h=
n

N

n
=1

; η is the

power-type gradient parameter, η = 0 means the height of
every single layer is the same.
In this work, the above structural parameters are de-

termined as the wall thickness t = 0.9 mm, the number of
layers N = 12 and total height H = 85 mm. The gradient
parameter η is used as a key parameter to determine the
gradient features of multi-layer corrugated cellular struc-
tures, which affects the mechanical performance and energy
absorption of structures. According to the mathematical
characteristics of the power-type function, four typical gra-
dient parameters η are selected in this study to investigate the
mechanical response of multi-layer FG cellular structures,
i.e., η = 0, 0.5, 1 and 2. Figure 1(b) shows the evolution trend
of the layer height hn for different gradient parameters η,
from which it can be observed that the layer height hn in-
creases linearly with the number of layers n for η = 1, which
corresponds to the linear FG structure. When η = 0.5 or η = 2,

the evolution curve of hn is convex or concave, respectively.
All structures have a width of 90 mm and an out-of-plane
thickness of 30 mm (Figure 1(c)–(f)).

2.2 Sample fabrication

Combining 3D printing and stimulus-responsive materials,
4D printing enables the integrated creation of active devices
that can change their shape and/or function on demand over
time. The four FG structures presented in Section 2.1 were
fabricated by 4D printing. The equipment used for 4D
printing was an FFF 3D printer (Anycubic Mega-S). The
printing consumable was a polylactic acid (PLA)-based SMP
filament, which possessed excellent shape memory proper-
ties [33]. A moderate printing speed of 30 mm/s was adopted
to obtain a trade-off between printing efficiency and printing
accuracy. The melt temperature of the SMP filament was
about 170°C, so a slightly higher nozzle temperature of
210°C was used. The nozzle diameter and platform tem-
perature were 0.4 mm and 60°C, respectively. Figure 2 pre-
sents samples of FG structures prepared by 4D printing with
various gradient parameters η. All samples have an envelope
size of 90 mm × 85 mm × 30 mm. Furthermore, the relative
density of all samples ranges between 15.3% and 16.2%.

2.3 Experimental procedure

To evaluate the influence of gradient parameter η on the
thermomechanical properties of 4D printed FG structures,

Figure 1 (Color online) Design of multi-layer FG corrugated cellular structures. (a) Illustration of size-graded characteristics of multi-layer corrugated
cellular structures; (b) evolution curves of the layer height hn for different gradient parameters η; 2D plan view of FG cellular structures for gradient
parameters (c) η = 0, (d) η = 0.5, (e) η = 1 and (f) η = 2.

3524 Zeng C J, et al. Sci China Tech Sci December (2023) Vol.66 No.12

SEC2.1


quasi-static compression tests and shape memory cycling
tests at different temperatures were carried out. The quasi-
static compression tests were conducted by a Zwick/Roell
machine with an environmental chamber, and four iso-
thermal conditions were set, namely 25°C, 45°C, 55°C and
65°C. According to standard ASTMD1621, the loading rate
during compression was selected as 4 mm/min, and the
compression continued until the densification stage. For each
case, three identical samples were tested to ensure the re-
producibility of experimental results. A digital camera was
applied to capture the compression deformation pattern of
samples.
Since the raw material is shape memory polymer, 4D

printed FG structures exhibit the shape memory effect. 4D
printed FG structures were subjected to shape memory cy-

cling tests to characterize this shape memory effect, which
was conducted in compression mode. The shape memory
cycling test was carried out in four steps. Firstly, the sample
was compressed by 20 mm with a rate of 5 mm/min at 70°C,
and it was ensured that the sample was held in an isothermal
environment at 70°C for more than 15 min before loading.
Secondly, keeping the displacement constant, the sample was
cooled from 70°C to 25°C. Then, maintaining the tempera-
ture at 25°C and unloading the load, the temporary shape of
the sample was fixed. Finally, the sample was heated from
25°C to 70°C while keeping the load at zero, during which
the sample gradually recovered from the temporary shape to
the original shape. During the shape recovery process, the
evolution curve of displacement over time and the de-
formation image of the sample were recorded.
In order to perform finite element simulations for the

compression process of 4D printed FG structures, it is ne-
cessary to characterize the material properties of the raw
material. SMP-based dogbone tensile coupons with a thick-
ness of 2 mm were prepared by 3D printing according to
ASTM standard D638, and the other dimensions of the
coupons are shown in Figure 3(a). Since the printing direc-
tion of ±45° can provide an approximation for assessing
material properties of 3D printed materials, all tensile cou-
pons were fabricated in the direction of ±45° relative to the
loading axis [34]. Quasi-static tensile tests of coupons were
carried out at four temperatures, i.e., 25°C, 45°C, 55°C and
65°C. The gauge length and loading rate were 40 mm and
2 mm/min, respectively. Figure 3(b) presents the tensile
stress-strain curves of 3D printed materials, from which it is
observed that the mechanical properties vary significantly at
different temperatures, which is attributed to the variable
stiffness effect of SMP. PLA-based SMP is a thermotropic
variable stiffness material whose Young’s modulus decreases
significantly with the increasing temperature near the glass
transition temperature [33].

Figure 2 (Color online) Samples of FG structures with different gradient
parameters η fabricated by 4D printing.

Figure 3 (Color online) Quasi-static tensile testing of 3D printed SMP coupons. (a) Coupon geometry and test equipment; (b) true stress-strain curves at
various temperatures.
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2.4 Numerical simulation

Finite element simulations were performed with the com-
mercial finite element software ABAQUS/EXPLICIT 2020
to reveal the compressive deformation mechanism of 4D
printed FG structures. 3D finite element models of one
uniform structure (η = 0) and three FG structures (η = 0.5, 1
and 2) were established according to the designed geometry.
An eight-node hexahedral linear element with reduced in-
tegration (C3D8R) was used in all finite element models to
obtain the trade-off computational accuracy and efficiency.
Rigid plates were created at the top and bottom of the
structure to incorporate experimental-like boundary condi-
tions, where the top rigid plate moved uniformly in the z-
direction to simulate the compressive loading process, while
the bottom plate was constrained in all degrees of freedom.
Generic contact was used to simulate the contact interaction
among parts of the model and a “hard” contact with frictional
tangential behavior was defined for the whole model. The
mesh convergence analysis was performed on the models to
obtain the appropriate mesh size, and each model was di-
vided into approximately 240000 elements. Since the PLA-
based SMP exhibits the post-yield effect, the material
properties of the PLA-based SMP were simulated in ABA-
QUS using an isotropic plasticity model. The material
parameters to be input include density, Young’s modulus,
Poisson’s ratio and plastic parameters, where the density and
Poisson’s ratio are taken as 1250 kg/m3 and 0.4, respectively.
The Young’s modulus and plastic parameters at different
temperatures can be determined from the true stress-strain
curves given in Figure 3(b), and the obtained parameters are
listed in Table 1. It should be noted that the PLA-based SMP
exhibits fully elastic behavior at 65°C, so no plastic para-
meters are input.

3 Results and discussion

3.1 Compressive mechanical properties

The equivalent stress-strain response of 4D printed FG
structures can be determined by processing the load-dis-

placement data obtained during compression. Figure 4 pre-
sents a comparison of experimental compressive stress-strain
curves for 4D printed FG structures at room temperature
(25°C) with simulated ones. From experimental results in
Figure 4(a), it can be found that the uniform structure (η = 0)
undergoes initial elastic deformation up to a strain level of
0.08. With further increase in compressive strain, the yield-
ing and plastic collapse of webs occur in the structure, which
is manifested macroscopically as the plastic yield point and
initial peak in the stress-strain curve. After the initial yield-
ing of the structure, the stress-strain curve enters the plateau
evolution phase, in which the load-bearing capacity of the
structure remains generally stable with the increase of the
compressive strain. When the compressive strain reaches 0.8,
the stress increases steeply with the increase of strain, which
indicates that the stress-strain curve enters the densification
phase. The structure is compacted in the densification phase,
which results in an enhanced load-bearing capacity of the
structure. Comparing the experimental measurement and
finite element simulation in Figure 4(a), it can be found that
the stress-strain curve obtained from the simulation has a
delay in the initial yielding compared with that obtained from
the experiment, but the evolution trend of the stress plateau
obtained from the simulation and the experiment is the same.
The gradient design of FG structures makes their com-

pressive response more complicated compared with the
uniform structure. The equivalent stress-strain curves of 4D
printed FG structures for gradient parameters η = 0.5, η = 1
and η = 2 are given in Figure 4(b)–(d), respectively. An
obvious observation is that the gradient design shortens the
plateau phase in the stress-strain curve and reduces the initial
load peak, with a distinct second or even third stress peak in
the stress-strain curve. In fact, the gradient design endows
each layer in the multi-layer structure with a different load-
bearing capacity, where the layers with small layer heights
exhibit degraded mechanical properties, which leads to
stepwise fluctuations of the stress in the structure during
layer-by-layer failure [18]. Conversely, all single layers in
the uniform multi-layer structure possess the same load-
bearing capacity, so their progressive failure does not cause

Table 1 Young’s modulus and true plastic stress/strain of the raw material at various temperatures

25°C 45°C 55°C 65°C

Modulus
(MPa)

Yield stress
(MPa) Plastic strain Modulus

(MPa)
Yield stress
(MPa) Plastic strain Modulus

(MPa)
Yield stress
(MPa) Plastic strain Modulus

(MPa)

1600

32.1 0

1249

19.62 0

93

1.12 0

3.5

38.17 0.004 24.2 0.004 1.19 0.004

43.93 0.009 29.52 0.009 1.23 0.009

49.01 0.013 33.17 0.013 1.25 0.013

53.18 0.021 36.19 0.021 1.28 0.021

48.96 0.031 28.62 0.031 1.31 0.031

43.36 0.047 23.63 0.047 1.36 0.047
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large perturbations in the stress.
The gradient parameter η is a key parameter to measure the

variability of each single-layer corrugated structure in 4D
printed FG structure. In general, a larger value of η represents
a more significant difference in load-bearing capacity among
individual single-layer corrugated structures, which can
cause more pronounced stress fluctuations. By comparing
the experimental results in Figure 4(b)–(d), it is found that
the stress-strain curve fluctuates more significantly during
the plateau evolution phase as η increases, which is con-
sistent with the above analysis. In addition to experiments,
finite element simulations are also able to effectively predict
the compressive stress-strain response of 4D printed FG
structures. The compressive stress-strain curves obtained
from experiments are in good agreement with those from
finite element simulations (Figure 4).
SMP is a thermoplastic material with temperature-depen-

dent mechanical properties. Therefore, we investigate the
temperature-dependent compressive response of 4D printed
FG structures. The equivalent stress-strain curves for struc-
tures with different gradient parameters at 45°C and 55°C are
plotted in Figure 5. It should be noted that the stress response
is much lower than that at 55°C when the temperature is
65°C. Therefore, the stress-strain curve at 65°C is not pre-
sented here. From Figures 4 and 5, it can be found that the
stress at the same strain gradually decreases as the tem-
perature increases. The evolution trend of stress-strain curves
at 45°C is generally consistent with that at 25°C, indicating

that 4D printed FG structures still maintain excellent load-
bearing capacity at 45°C. However, as the temperature rises
further to 55°C, the stress response is greatly weakened,
which is attributed to the sharp decrease in the elastic
modulus of SMP near the glass transition temperature. In
addition, SMP exhibits obvious plastic yielding and strain
softening phenomena at 45°C, but plasticity diminishes and
the strain softening phenomena disappear as the temperature
is raised to 55°C. Therefore, stress-strain curves of 4D
printed FG structures become smooth at 55°C.
Figure 6(a) and (b) depict the experimentally obtained

evolution curves of compressive modulus and compressive
strength over temperature for 4D printed FG structures, re-
spectively. The compressive modulus is calculated from the
linear segment of the stress-strain curve. When the gradient
parameter η is the same, the evolution curve of compressive
modulus over temperature shows an S-shaped trend. The
temperature interval with the fastest drop in compressive
modulus is the interval from 45°C to 55°C. This finding is
consistent with the previous analysis. By observing
Figure 6(a), it is found that the compressive modulus in-
creases with the gradient parameter η at 25°C and 45°C, and
the structure with η = 2 possesses the largest compressive
modulus. When the temperature is 55°C or 65°C, the gra-
dient parameter causes less effect on the compressive mod-
ulus. The compressive strength denotes the initial ultimate
stress in the stress-strain curve. When the gradient parameter
is the same, the evolution trend of compressive strength over

Figure 4 (Color online) Experiments and simulations of 4D printed FG structures with gradient parameters. (a) η = 0, (b) η = 0.5, (c) η = 1, and (d) η = 2 for
compressive stress-strain response at room temperature.
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temperature is similar to that of compressive modulus (Fig-
ure 6(b)). It should be noted that the gradient parameter poses
little effect on the compressive strength at 25°C.

3.2 Energy absorption capacities

The maximum energy absorption per unit volume of the
cellular structure is determined by the area under the stress-
strain curve prior to the densification phase [35]:

W = ( )d , (3)
0

d

where the densification strain εd denotes the strain when
maximum energy absorption efficiency is achieved. As can
be seen in Figure 4, the densification strain is about 0.75 for

the uniform structure (η = 0) at room temperature, while the
densification strain is about 0.5 for FG structures (η = 0.5, 1
or 2).
Figure 7 summarizes the experimental measurements and

finite element simulations of the maximum energy absorp-
tion per unit volume at room temperature for 4D printed FG
structures with different gradient parameters. The uniform
structure has significantly higher maximum energy absorp-
tion compared with FG structures, which is attributed to its
long stress plateau phase. In fact, the gradient design en-
hances the inhomogeneity of the structure, which imparts a
smaller densification strain on the structure. Although the
gradient design weakens the maximum energy absorption of
the cellular structure, it effectively reduces the reaction force

Figure 5 (Color online) Experiments and simulations of 4D printed FG structures with gradient parameters. (a) η = 0, (b) η = 0.5, (c) η = 1, and (d) η = 2 for
compressive stress-strain response at high temperature.

Figure 6 (Color online) (a) Compressive modulus and (b) compressive strength of 4D printed FG structures at different temperatures.
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during loading, which is more suitable for sacrificial mate-
rials. The gradient parameter η affects the maximum energy
absorption of 4D printed FG structures. When the gradient
parameter varies from η = 0 to η = 0.5, the maximum energy
absorption obtained experimentally is reduced by 39.3%,
which is significantly greater than that when the gradient
parameter varies from η = 0.5 to η = 2. This phenomenon
indicates that the gradient parameter of 0.5 has significantly
affected the energy absorption of the structure, and further
increase of the gradient parameter will not cause a more
substantial change in the maximum energy absorption. In
addition, Figure 7 presents a comparison of the experimental
and simulated maximum energy absorption. The results de-
monstrate that the maximum energy absorption obtained by
simulations is in general agreement with the average value
obtained by experiments.
Energy absorption diagrams provide a way to characterize

the energy absorption capacity of cellular structures, which
allows the design of optimal geometrical configurations for

specific applications [36]. The energy absorption diagram
establishes the relationship between the two most important
parameters required for energy absorption applications, i.e.,
energy absorption per unit volume and the maximum stress
generated on the protected object. Figure 8(a) plots the ex-
perimental and simulated energy absorption for the uniform
structure (η = 0) and linear graded structure (η = 1). Each
energy curve starts with a slow rise, which corresponds to the
initial elastic section of the stress-strain curve. When the
plateau phase is reached, a sudden increase occurs in the
energy curve. As the structure is further compacted, the slope
of the energy curve gradually decreases. The shoulder in the
energy curve corresponds to the onset of densification, and
maximum stresses at the onset of densification are very close
for the uniform and linear graded structures, but the uniform
structure possesses higher energy absorption (Figure 8(a)).
For each structure, the simulated energy profiles approxi-
mately coincide with the experimental ones. Figure 8(b)
presents the experimental energy profiles for 4D printed FG
structures with various gradient parameters η, from which it
can be found that the gradient parameter poses little effect on
energy profiles.

3.3 Compressive deformation modes

The analysis of compressive deformation modes facilitates
the evaluation of mechanical properties and failure behavior
of 4D printed FG structures. Figure 9(a) presents a com-
parison between experimental and simulated compressive
deformation processes for a uniform multi-layer cellular
structure (η = 0). At low compressive strains, the structure
exhibits uniform deformation. After the compressive strain
reaches 0.42, lattices yield and collapse on both diagonals of
the structure, leading to a pronounced double shear band.
The shear failure mechanism announces the sensitivity of the
structure to external boundary conditions and unit cell lo-
cation. With a further increase in compressive strain, the
failure of the structure gradually extends from the collapse of

Figure 7 (Color online) Experimental measurements and finite element
simulations for the maximum energy absorption per unit volume of 4D
printed FG structures with different gradient parameters η at room tem-
perature.

Figure 8 (Color online) Energy absorption diagrams of 4D printed FG structures. (a) Experimental and simulated energy absorption diagrams for uniform
structure (η = 0) and linear graded structure (η = 1). (b) Experimental energy absorption diagrams of FG structures with different gradient parameters.
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lattices on the diagonals to layer-by-layer collapse, which
leads to structural densification. In addition, an important
observation is that lattices near the middle of the upper and
lower boundaries remain uncollapsed throughout the com-
pression process, indicating its potential as a protective
structure for precision devices.
Unlike the deformation mechanism of the uniform multi-

layer cellular structure, FG structures undergo uneven de-
formation during the compression process, and the gradient
parameter η affects the deformation pattern of structures.
Experiments and simulations of the compressive deforma-
tion process for 4D printed FG structures with η = 0.5, η = 1
and η = 2 are given in Figure 9(b)–(d), respectively, from
which the differences in the deformation modes of several
FG structures can be noticed. At lower strain levels, the
deformation of the FG structure occurs mainly in the diag-
onal region of the structure and the region with larger single-

layer height, which is different from the double shear de-
formation mechanism of the uniform structure. Lattices on
both sides of structures expand to the outside during com-
pression because transverse degrees of freedom are not re-
stricted. The gradient design allows the single-layer height of
the multi-layer structure to vary gradually in the compression
direction, which leads to different amounts of outward de-
formation of lattices on both sides of the structure. A general
observation is that the thicker the single-layer cellular
structure is in the compression direction, the more prone it is
to deform outward.
The gradient design also exerts an influence on the de-

formation pattern of lattices at the middle position of FG
structures. As can be seen in Figure 9(b)–(d), lattices near the
middle of the upper boundary collapse at a lower compres-
sive strain, while lattices near the middle of the lower
boundary remain uncollapsed during compression due to

Figure 9 (Color online) Experimental and simulated deformation patterns of 4D printed FG structure with gradient parameters (a) η = 0, (b) η = 0.5,
(c) η = 1, and (d) η = 2.
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higher stability. According to the graded distribution strategy
of the single-layer height hn shown in Figure 1(b), it can be
found that the single-layer height increases gradually from
the lower to the upper boundary of the structure. A large
single-layer height corresponds to a long lattice strut, which
is susceptible to buckling or yielding failure.

3.4 Shape memory behavior

The shape memory properties of 4D printed FG cellular
structures were characterized according to the procedure
described in Section 2.3 for shape memory cycling tests.
Figure 10(a) presents displacement-time curves in shape
memory cycling tests. During the loading phase, all samples
were compressed by 20 mm at 70°C with the same loading
rate, so their displacement-time curves overlapped at that
phase. During the cooling phase, the temperature was uni-
formly lowered from 70°C to 25°C, so the displacement
remained at 20 mm in this phase. Unloading was carried out
after the cooling phase, and the displacement did not change
during the unloading process, indicating that the shape fixity
ratio of 4D printed FG cellular structure was close to 100%.
After unloading, the temperature was raised from 25°C to
70°C, during which the shape memory effect of the material
was triggered. The displacement-time curve of 4D printed
FG cellular structure during the shape recovery process
shows an S-shape, which shifts to the right on the time axis
as the gradient parameter η increases (Figure 10(a)).
To evaluate the shape recovery performance of 4D printed

FG cellular structures, the shape recovery ratio is expressed
as shape recovery ratio = (maximum displacement – final
displacement)/maximum displacement × 100%, where
maximum displacement denotes the displacement after un-
loading and final displacement denotes the residual dis-
placement after shape recovery [37]. Figure 10(b) presents
the shape recovery ratio of 4D printed FG cellular structures
with different gradient parameters η, from which it can be
seen that the shape recovery ratio gradually decreases as η

increases.
In general, a large gradient parameter η will lead to irre-

versible plastic deformation or failure of structures during
compression, which reduces the shape recovery ratio.
Figure 11(a) and (b) exhibit the deformation images of the
uniform structure and FG structure with η = 0.5 during shape
memory cycling, respectively. Images of samples at dis-
placement U = 0, 5, 10 and 20 mm during loading are given,
as well as the corresponding images during shape recovery.
In agreement with the previous analysis, significant shape
recovery phenomena are observed in Figure 11. It should be
noted that samples possess residual displacement after shape
recovery due to irreversible plastic deformation or local
failure.

4 Conclusions

In this study, several FG corrugated cellular structures with
different gradient parameters were designed and fabricated
by 4D printing. Temperature-dependent finite element
models were proposed to predict compressive responses and
energy absorption characteristics of 4D printed FG structures
and examined by corresponding compression tests. Finite
element simulations agree well with the experimental mea-
surements. When compressed at room temperature, the
uniform structure (η = 0) has a longer stress plateau and
therefore higher energy absorption compared with FG
structures (η = 0.5, 1 or 2). The quantitative effect of the
gradient parameter η on energy absorption should be con-
sidered in future studies. The compression response of 4D
printed FG structure is temperature-dependent due to the
thermotropic variable stiffness effect of SMP. Evolution
curves of the compressive modulus and compressive strength
with temperature show an S-shaped trend for the same gra-
dient parameters. In addition, the gradient parameter η af-
fects the compressive deformation pattern and failure
mechanism of structures. Symmetric double shear bands

Figure 10 (Color online) (a) Displacement-time curves and (b) shape recovery ratio of 4D printed FG cellular structures in shape memory cycling tests.
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appear on both diagonals of the uniform structure (η = 0)
during compression, while the main deformation of FG
structures (η = 0.5, 1 or 2) is concentrated in the region with a
larger single-layer height. To characterize the shape memory
performance of 4D printed FG structures, shape memory
cycling tests were performed. The results indicate that the
shape recovery ratio is above 80% for structures with dif-
ferent gradient parameters. The design strategy for FG
structures presented in this work will provide great oppor-
tunities for the development of stimulus-responsive devices
capable of meeting specific functional requirements, which
can be widely used as attractive and highly intelligent en-
ergy-absorbing devices and other protective components.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 12072094 and 12172106).
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