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A B S T R A C T   

In this study, three types of cellular metamaterials with negative/zero/positive Poisson’s ratio and vibration 
isolation effects were devised and fabricated based on 4D printing of shape memory polymers. The compressive 
properties and energy absorption capacity of three cellular metamaterials at variable temperatures were eval-
uated by finite element simulations and compression experiments. To explore the application possibilities of 4D 
printed cellular metamaterials in deformable structures, shape recovery experiments were carried out, and the 
results showed that the three types of cellular metamaterials exhibited a high shape recovery rate. The vibration 
modes and vibration isolation capabilities of 4D printed cellular metamaterials were investigated for three types 
of cellular metamaterials with negative/zero/positive Poisson’s ratio. In addition, based on the deformation 
reversible capability of the structure, the vibration isolation capability of three cellular metamaterial structures 
was investigated under different deformation stages. The results demonstrate that the cellular metamaterials 
with zero Poisson’s ratio possess superior vibration isolation capability compared to negative or positive Pois-
son’s ratio cellular metamaterials at different deformation stages by a comprehensive analysis. The methods and 
conclusions presented in this study will guide the design of functionalized cellular metamaterials with high 
energy absorption, strong vibration isolation, and autonomous deformation ability.   

1. Introduction 

The hexagonal honeycomb structural pattern is frequently encoun-
tered in porous materials. Such pattern has been optimized for varied 
application scenarios, resulting in the production of numerous honey-
comb structures featuring diverse topological morphology. According to 
specific application scenarios, cellular structures have developed from 
hexagons to quadrangles [1–3], triangles [4–6], and other similar geo-
metric shapes [7–10]. Due to its high stiffness in the out-of-plane di-
rection, low mass and outstanding mechanical properties, honeycomb 
structures have found widespread use in conventional building design 
[11,12], various-winged aircraft [13–15], as well as in the nano and 
biomedical fields [16–19]. 

Over the years, metamaterial structures have garnered much atten-
tion. Several scholars have examined the functionality of diverse cellular 
structures in varying settings [20–25]. In addition, studies have 
demonstrated the remarkable attributes of honeycomb metamaterial 

structures in terms of their resistance to bending [26–30], ability to 
absorb energy [31–35], and efficacy in resisting impacts [36–40]. The 
honeycomb structure with its hexagonal shape offers various 
manufacturing possibilities and allows for the use of different materials. 
Moreover, it demonstrates favorable properties, such as a positive 
Poisson’s ratio (PPR) and a high value of specific energy absorption [41, 
42]. As a type of tensile expansion material, the concave hexagonal 
honeycomb structure exhibits negative Poisson’s ratio (NPR) properties. 
NPR honeycomb metamaterials exhibit favorable shear resistance 
[43–45] and energy absorption properties [46–48]. Based on the above 
two structures, Brocolo et al. [49] designed a hybrid honeycomb met-
amaterial with a zero Poisson’s ratio (ZPR). This structure boasts a 
substantially higher load-bearing capacity and is of particular interest 
due to the unique ZPR effect [50–54]. 

However, the honeycomb structures currently in use are constructed 
with conventional materials and possess fixed properties, making it 
challenging to adjust to changing mechanical surroundings [55]. By 

* Corresponding author. 
E-mail address: yj_liu@hit.edu.cn (Y. Liu).  

Contents lists available at ScienceDirect 

International Journal of Mechanical Sciences 

journal homepage: www.elsevier.com/locate/ijmecsci 

https://doi.org/10.1016/j.ijmecsci.2023.108819 
Received 15 July 2023; Received in revised form 18 September 2023; Accepted 10 October 2023   

mailto:yj_liu@hit.edu.cn
www.sciencedirect.com/science/journal/00207403
https://www.elsevier.com/locate/ijmecsci
https://doi.org/10.1016/j.ijmecsci.2023.108819
https://doi.org/10.1016/j.ijmecsci.2023.108819
https://doi.org/10.1016/j.ijmecsci.2023.108819


International Journal of Mechanical Sciences xxx (xxxx) xxx

2

incorporating smart materials into 3D printing [56–59], 4D printing 
enables the creation of metamaterial structures that are mechanically 
adaptable and capable of active deformation [60–67]. Compared to the 
traditional 3D printing structure, the 4D printing structure is no longer 
statically stable. Its morphology and properties change dynamically over 
time [68,71]. Shape memory polymer (SMP), a frequently employed 
smart material, has found wide application in 4D printing [68–72]. 
Structures created through 4D printing are widely used in soft robotics 
in comparison to alternative manufacturing techniques [35,73-77]. 
Zolfagharian et al. [35] created muscles using 3D printing that respond 
to stimulus signals and developed programmable joints capable of dis-
playing different levels of stiffness. They also developed programmed 
joints able to exhibit varying levels of stiffness. Bodaghi et al. [73] 
employed a bionic lattice chamber to devise a soft pneumatic actuator 
(SPAs) that exhibits distinct behaviors for regulating tip deflection and 
tip force whilst utilizing identical input air pressure. Li et al. (75) 
employed 4D printing to create soft actuators that possess intrinsic 
self-awareness feedback and adjustable stiffness. In addition to these 
applications, extensive research on metamaterials and superstructures 
in vibration isolation has been explored [78]. Jiang et al. [79] created a 
mechanical metamaterial that demonstrates excellent energy shielding 
efficacy within the low-frequency spectrum. Zhang et al. [80] incorpo-
rated a negative stiffness magnetic spring into the linear isolator, 
resulting in improved isolation performance under low-frequency exci-
tation. This improvement was successfully demonstrated. 

In this paper, three types of cellular metamaterials were constructed 
using shape memory polymer (SMP) through 4D printing. Firstly, 
compression experiments and finite element analyses were conducted 
on three types of cellular metamaterials at variable temperatures. The 
mechanical and energy absorption properties of three cellular meta-
materials were assessed at variable temperatures, with an evaluation of 
the distinctions between the three categories of cellular metamaterials. 
The compression modulus and compression strength evolution curves at 
variable temperatures were acquired for three cellular metamaterials. 
Additionally, the vibration isolation capability of three cellular meta-
materials was examined under different deformation factors, using a 
vibration isolation testing system. Exploring the low-frequency vibra-
tion isolation characteristics of three cellular metamaterials could offer 
innovative insights for low-frequency vibration isolation structures. 

In this paper, shape memory polymer (SMP) was used to construct 
three types of cellular metamaterials by 4D printing. Firstly, compres-
sion experiments and finite element analyses of three types of cellular 
metamaterials were carried out at variable temperatures. The mechan-
ical and energy absorption properties of three cellular metamaterials 
were investigated at variable temperatures, and the differences between 
the three types of cellular metamaterials were evaluated. The evolution 
curves of compression modulus and compression strength with tem-
perature for three cellular metamaterials were also obtained. In addi-
tion, the vibration isolation ability of three cellular metamaterials under 
different deformation conditions was studied utilizing a vibration 
isolation testing system. Exploring the low-frequency vibration isolation 
characteristics of three cellular metamaterials can provide creative new 
perspectives for low-frequency vibration isolation structures. Finally, 
the intelligent recovery process of three types of cellular metamaterials 
printed using 4D printing was demonstrated through a shape recovery 
experiment. 

2. Materials and methods 

In this section, the design methods for three cellular metamaterials 
were initially explained. The detailed dimensions of the three cellular 
metamaterials were determined thereafter. Subsequently, the process of 
printing and fabricating three cellular metamaterials was described, 
with detailed information about the workflow of the compression test. 
To determine the printed material’s fundamental parameters, standard 
tensile specimens were utilized for conducting tensile tests. This section 

describes the modelling and parameterization of the finite element 
simulation, as well as the behavioral representations of shape memory. 
Additionally, it outlines the arrangement and principles of the experi-
mental equipment used in the vibration isolation characteristics test. 

2.1. Structural design 

Hexagonal honeycomb structures are typical examples of PPR 
multicellular materials. The concave hexagonal honeycomb structure 
serves as a tensile expansion material and exhibits NPR characteristics. 
Olympio and Gandhi [81] derived analytical expressions for the me-
chanical properties of conventional hexagonal honeycomb. As shown in 
the Fig. 1, the conventional hexagonal positive Poisson’s ratio honey-
comb under pressure in the Y direction, the Poisson’s ratio in the X di-
rection is 

νyx =
cos2θ

(1 + sinθ)sinθ
l2 + (K − 1)t2

l2 + (K + cot2θ)t2 (1)  

where K represents the coefficient of arm shear deformation. The typical 
value for K is K = 2.4 + 1.5ν. ν represents the Poisson’s ratio of the 
structural material. 

The conventional hexagonal honeycomb structure exhibits negative 
Poisson’s ratio effect when + θ becomes − θ. On this basis, a ZPR 
structure with alternating hexagon and concave hexagon elements was 
designed. When the ZPR structure is pressurized in the Y direction, the 
deformation of each ZPR cell element unit in the Y direction is uy =

2εy(θ)lcosθ = 2εy( − θ)lcosθ. The overall strain in the Y direction for ZPR 
structure is 

εy =
uy

2lcosθ
= εy(θ) = εy(− θ) (2) 

The overall strain of a ZPR structure in the X direction can be 
expressed as: 

εx =
ux(θ) + ux(− θ)

4l
=

εx(θ)(1 + sinθ) + εx(− θ)(1 − sinθ)
2

(3) 

Because of εx = − νyxεy, the Poisson’s ratio of the ZPR structure in the 
X direction can be expressed as: 

νyx = −
εx

εy
=

νyx(θ)(1 + sinθ) + νyx(− θ)(1 − sinθ)
2

= 0 (4) 

It can be determined that the width of the entire ZPR structure re-
mains zero, indicating the presence of the ZPR effect. A range of geo-
metric parameters have been established, inclusive of wall thickness t =
0.8 mm, 1.0 mm, and 1.2 mm. The arm length and inclination angle of 
the concave hexagonal element are expressed as l1 = 16 mm and θ1 =

60◦, respectively. The arm length and inclination angle of the hexagonal 
element are expressed as l2 = 8 mm and θ2 = 120◦, respectively. The 
length of l3 in the ZPR element is determined and can be expressed as l3 
= 12 mm (Fig. 2). 

2.2. Specimen manufacturing 

Based on the melt deposition principle of 3D printer, SMP polylactic 
acid (PLA) filament with excellent shape memory performance and 
temperature-induced stiffness [82] was used as the printing material to 
print three cellular metamaterials. To ensure accurate and efficient 
printing, the printing speed of the printer was set at 30 mm/s, and with a 
melting temperature of 210 ◦C for the filament. The diameter of the 
printer nozzle is 0.4 mm, and the platform temperature of the printer 
was set at 50 ◦C. Fig. 3 shows samples of three Poisson’s ratio cellular 
metamaterials. The envelope sizes of all samples are 96 mm × 90 mm ×
30 mm. 
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2.3. Compression mechanics experiment 

The single-cell design of the metamaterial structure determines the 
mechanical properties and energy absorption capacity of the multi-cell 
metamaterial structure. To assess the mechanical properties and en-
ergy absorption capacity of three cellular metamaterials at variable 
temperatures, The SAAS Electronic Universal Testing Machine was used 
to perform the quasi-static compression test at variable temperatures. 
Four temperature conditions were selected namely 25 ◦C, 40 ◦C, 55 ◦C 
and 70 ◦C. The loading rate was set at 8 mm/min, and the loading lasted 
until the compacting stage of the specimen. To ensure the reproduc-
ibility of the experiments, the same type of samples was tested under 
identical conditions, three different times. A digital camera was 
employed to record the deformation patterns of the specimens during 
compression. 

2.4. Tensile test of standard tensile specimens 

The material properties of the metamaterial structures were first 
characterized. The acquired material properties were then applied to 
finite element simulations, to simulate the compressive deformation 
process of the three cellular metamaterials. PLA dog bone specimens 
were fabricated using fused deposition rapid prototyping 3D printing 
technology in accordance with ASTM standard D638. To precise print-
ing, the printing speed of the tensile specimens was set to 30 mm/s at a 
melting temperature of 210 ◦C. The tensile specimens were printed in 
the direction of tensile force with a thickness of 1.7 mm. Experimental 
equipment and dimensions of the tensile specimens are illustrated in 
Fig. 4. Quasi-static isothermal tensile experiments were conducted at 
ambient temperatures of 25 ◦C, 40 ◦C, 55 ◦C and 70 ◦C for four types. 
The tensile test was conducted at a standard distance of 40 mm with a 

loading rate of 2 mm/min. Fig. 4(b) shows the true tensile stress-strain 
curves of the specimens. The elastic modulus of the material was ob-
tained from the real stress-strain curve. 

The glass transition temperature (Tg) is the temperature at which the 
material transitions from the glass state to the highly elastic state, which 
directly impacts the serviceability and processability of the material. 
The Tg of materials used is about 63 ◦C [35]. As shown in Fig. 4(b), when 
the temperature exceeds 55 ◦C and hits 70 ◦C, the tensile specimen’s 
strength surpasses the strength of the material’s strength at 55 ◦C. This is 
because the tensile specimens were fabricated using a 3D printer. This 
technique involves heating and melting the hot-melt material, which is 
then extruded through a nozzle. During the printing of the tensile 
specimens, the filaments of material extruded through the nozzle were 
bonded together layer by layer to form the printed structure. Micro-
scopically, the interior of the tensile specimen consists of multiple 
printed filaments. At temperatures below the glass transition tempera-
ture, the material is in the glassy state and none of the molecular seg-
ments of the material can move. At temperatures slightly above the glass 
transition temperature, the molecular chain segments of the material 
begin to move marginally showing exceptional elastic properties. The 
molecular chains of a material become intertwined due to their move-
ment, causing the printed filaments within the tensile specimens to bind 
closely together. Thus, the tensile strength of the tensile specimen at a 
temperature of 70 ◦C, is marginally greater than the tensile strength at 
50 ◦C. 

2.5. Simulation analysis 

The compression and deformation mechanism of three cellular 
metamaterials was studied by ABAQUS/EXPLICIT 2020 simulation 
software. Three-dimensional finite element models of three cellular 

Fig. 1. Schematic diagram of honeycomb cell element under pressure (a) Schematic diagram of a regular hexagonal cell element under being compressed in the Y 
direction, (b) Schematic diagram of an NPR cell element being compressed in the Y direction, (c) Schematic diagram of a ZPR cell element consisting of alternating 
hexagonal and concave hexagonal cell elements being compressed in the Y direction. 

Fig. 2. Design and overall schematic of three cellular metamaterial cell elements (a) Dimensioning of NPR cell element, (b) Dimensioning of ZPR cell element, (c) 
Dimensioning of PPR cell element. 
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metamaterials with three thicknesses were established according to the 
designed geometry. The hexahedral linear element (C3D8R) was used 
for grid division in the simulation model. To simulate the experimental 
state of compression of the structure in the simulation, rigid plates were 
placed on the upper and lower surfaces of the structure respectively. As 
shown in Fig. 6, the longitudinal direction in the face of the finite 

element structure is the Y direction, and the transverse direction in the 
face is the X direction. To guarantee the precision of the simulation, the 
rigid plate on the upper surface was moved downward at a uniform 
speed along the Y direction of the structural plane while the rigid plate 
on the lower surface was completely fixed. Simultaneously, the contact 
coefficient and friction characteristics of the model were determined, 

Fig. 3. Samples of three cellular metamaterials produced by 4D printing. Three cellular metamaterials were printed for each of the three wall thicknesses t = 0.8 mm, 
1.0 mm, and 1.2 mm. The envelope sizes of all samples are 96 mm × 90 mm × 30 mm. 

Fig. 4. (a) The experimental equipment and dimensions of the tensile specimens. The tensile specimens were printed in the tensile direction. (b) True stress-strain 
curves of tensile specimens at variable temperatures. The elastic modulus of the material is obtained by the real stress-strain curve. 
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and the convergence of the mesh was evaluated. In the finite element 
simulation, the friction coefficient for the tangential behavior in the 
pressure direction is 0.3 and the normal behavior is that of ``hard’’ 
contact. Ultimately, each of the three cellular metamaterial models was 
divided into approximately 120,000 cells. 

2.6. Behavioral representation of shape memory 

Based on the special properties of SMP PLA material, all three 
cellular metamaterials obtained through 4D printing exhibit a shape 
memory effect. The Tg of materials used is about 63 ◦C [35]. To complete 
the shape memory cycle experiment systematically, the experiment was 
divided into three steps. In the first step, the specimen structure was 
heated at 70 ◦C (>Tg, rubbery state) and it was ensured that the struc-
ture was sufficiently heated. After that, the specimen structure was 
compressed by 30 mm with a loading rate of 8 mm/min, and the tem-
perature was kept at 70 ◦C during this period. In the second step, the 
temperature of the test structure was lowered to ambient temperature 
(approximately 25 ◦C < g, the glassy state), and the mechanical load was 
removed after ensuring that the structure has cooled completely. In the 
third step, the temperature was increased again to 70 ◦C, which the 
temperature excites the shape memory effect of the specimen. Thus, the 
shape memory recovery process of the structure was obtained. 

2.7. Vibration isolation capability of metamaterials 

Metamaterials are widely used in the field of transportation, and 
their application is often accompanied by structural deformation [13, 
83]. Thus, it is essential to evaluate the vibration isolation performance 
of the deformed metamaterials. Through the vibration measurement 
system, the vibration isolation characteristics of three cellular meta-
materials were studied, showcased in Fig. 5. Attach the bottom of the 
cellular metamaterial to the retaining plate on the vibration exciter 
(MS-100 Shaker) and position a 200 g weight on the top of the cellular 
metamaterial. Employ epoxy adhesive to firmly fix the 200 g weight to 
the upper plate of the metamaterial. The signal generator delivered a 
sinusoidal swept signal ranging from 0–500 Hz for provision to the 
signal amplifier. The vibration load was generated by a vibration exciter. 
And the vibration was transmitted through the cellular metamaterial to 
the top of the structure and measured by an acceleration sensor (PCB 
PIEZOTRONICS LW254351). The input and output signals were 
collected and recorded by the signal acquisition instrument (DH5956). 

3. Results and discussion 

In this section, the compressive mechanical properties of three 
cellular metamaterials at ambient temperature were first analyzed. 
Subsequently, the compressive mechanical properties of three cellular 
metamaterials at variable temperatures were further analyzed, and the 
changes in compressive modulus and strength with temperature were 
also analyzed. Then, the absorption performance of the three meta-
materials were calculated, compared and analyzed. To investigate the 
potential applications of 4D printed cellular metamaterials in deform-
able structures, shape recovery experiments were performed. Addi-
tionally, modal analysis was employed to determine the contribution of 
vibration deformation strain energy in three cellular metamaterials. 
Finally, the vibration isolation capacities of three cellular metamaterial 
structures at different deformation stages were tested and conclusions 
were obtained. 

3.1. Compressive mechanical properties at ambient temperature 

As shown in Fig. 6, the experimental data were processed to derive 
the equivalent force-strain response curve which accurately presents the 
force situation of the structure during compression. The equivalent 
compressive stress and equivalent compressive strain are defined as: 

σ = F /A (5)  

ε = U /H (6)  

where F is the compression load, A is the compression cross-sectional 
area, A = 96 mm × 30 mm, U is the compression displacement, H is 
the total height of the specimen structure, and H = 90 mm. 

To explore the compressive mechanical properties of three cellular 
metamaterials at ambient temperature, compression experiments were 
conducted on the specimens at ambient temperature. Fig. 6 shows the 
stress-strain curves of three cellular metamaterials at ambient temper-
ature, including both experimental and simulated results. The carrying 
capacity of each of the metamaterials is approximately equivalent. 
Because of the uniform structure of the three cellular metamaterials, the 
stress fluctuations during compression are relatively smooth. Finite 
element simulation successfully predicted the compressive stress-strain 
reactions of all three cellular metamaterials. Fig. 6 substantiates that 
the simulation curve and the experimental compressive stress-strain 
curve exhibit good agreement. 

Fig. 5. Experimental equipment for vibration isolation characteristics test. The test principle is as follows: the signal generator produces a sinusoidal swept signal for 
input to the signal amplifier. The vibration load is generated by a vibration exciter, after which the vibration is transmitted through the cellular metamaterial to the 
top of the structure and measured by an acceleration sensor. The input and output signals are collected and recorded by the signal acquisition instrument. 
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3.2. Compressive mechanical properties at variable temperature 

PLA is a thermoplastic material whose mechanical properties are 
greatly influenced by temperature. The Tg of materials used is about 
63 ◦C [35]. To investigate the effect of temperature change on the me-
chanical properties of the three cellular metamaterials, compression 
experiments were conducted at 25 ◦C, 40 ◦C, 55 ◦C and 70 ◦C respec-
tively. To explore the effect of structural cell element thickness on the 
mechanical properties of cellular metamaterials, variable temperature 
compression experiments and simulations were carried out on cellular 
metamaterials with structural cell element thicknesses of t = 0.8 mm, 
1.0 mm, and 1.2 mm. 

Figs. 7, 8, and 9 show the real stress-strain curves of three cellular 
metamaterials with different thicknesses at variable temperatures. The 
stress response of the cellular metamaterial decreases with the rise in 
temperature until the temperature reaches Tg. When the temperature 
exceeds the Tg, namely Tg = 63 ◦C, the fluctuations in the stress response 
are no longer evident. Finally, as temperature increases, the stiffness of 
the material decreases resulting in a smoother stress response curve for 
the cellular metamaterial. The SEA of all three cellular metamaterials 
increases as the wall thickness increases from 0.8 mm to 1.2 mm. 
Although the increase in wall thickness causes a rise in the mass of the 
metamaterial, it has a direct effect on the energy absorption capacity 
[35]. 

When comparing the stress-strain curves of the three cellular meta-
materials, it can be observed that the stress-strain curves of the ZPR 
cellular metamaterial fluctuate more gently in the platform evolution 
stage. For the same mechanical load capacity, the flatter curve of the 
NPR allows it to be used without causing large stress perturbations 
during failure, which is a valuable feature. The dimensions of the met-
amaterial structures are perfectly accurate when modelled by finite 

element simulation. The nozzle diameter of the 3D printer used is 0.4 
mm. The metamaterial structures printed by the 3D printer are subject to 
small size errors. Therefore, there is some deviation between the finite 
element simulation data and the experiment data. However, the trend of 
the curves is essentially the same. 

The compressive modulus and compressive strength curves of the 
three cellular metamaterials with temperature are shown in Fig. 10. The 
compressive modulus is obtained by linearly fitting the initial value line 
segment of the stress-strain curve to the structure. The compression 
modulus of the three cellular metamaterials showed an S-shaped trend 
with temperature change. When the temperature is between 40 ◦C and 
55 ◦C, the compression modulus of the structure decreases the fastest. 
When the temperature exceeds the Tg of the material, the compressive 
modulus of the structure becomes stable. When the structure tempera-
ture is close to Tg, the compression modulus of the three cellular met-
amaterials is approximately the same. The compressive strength of the 
structure in Fig. 10 is respectively the initial peak stress of the equivalent 
stress-strain curve. The three types of cellular metamaterials show a 
similar trend with the change in temperature. 

Similar to the curves for the tensile specimens, the compressive 
modulus and strength of the cellular metamaterials show no tendency to 
decrease at temperatures slightly higher than the Tg of the material. 
When the cellular metamaterials were printed, the material filaments 
extruded through the nozzle were bonded together layer by layer to 
form the printed structure. Microscopically, the interior of the structure 
consists of multiple printed filaments. At temperatures below the glass 
transition temperature, the material is in the glassy state and none of the 
molecular segments of the material can move. At temperatures slightly 
above the glass transition temperature, the molecular chain segments of 
the material begin to move slightly and exhibit highly elastic properties. 
In this case, the moving molecular chain segments in the material make 

Fig. 6. Stress-strain curves of compression at ambient temperature and schematic structure of finite element simulation (a)NPR cellular metamaterial, (b)ZPR 
cellular metamaterial, (c)PPR cellular metamaterial. 

Fig. 7. Stress-strain curves of NPR cellular metamaterial of compression at ambient temperature (a) The wall thickness t = 0.8 mm, (b) The wall thickness t = 1.0 
mm, (c) The wall thickness t = 1.2 mm. 
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the print filaments in the cellular metamaterials more tightly bound. As 
a result, the curves in Fig. 10 show such a trend. 

3.3. Compression deformation characterization 

The compression deformation characterization of the cellular meta-
materials allows us to effectively observe the deformation pattern of the 
cellular metamaterials during the compression process. The deformation 
mode of the cellular metamaterial can effectively evaluate the me-
chanical properties and damage mechanism of the cellular meta-
material. Figs. 11, 12, and 13 show the deformation process of three 
cellular metamaterials with thickness t = 1.0 mm at variable tempera-
tures. Four temperature conditions were selected namely 25 ◦C, 40 ◦C, 
55 ◦C and 70 ◦C. The strain is 0,0.2083,0.4167 and 0.625 respectively. 

Fig. 11 represents the experimental and simulated deformation 
process and comparison of the NPR cellular metamaterial. According to 
the Mises stress diagram, it is evident that the stiffness of the structure is 
higher at lower temperatures, and partial shear failure takes place 
during compression of the NPR cellular metamaterial. Due to the 
asymmetrical deformation of the metamaterial component element, the 
cell element folds and rotates, causing extensive buckling deformation 
of the entire metamaterial [78]. This leads to the NPR cellular meta-
material’s instability. The buckling phenomenon occurs during the 
pre-compression stage, leaving the NPR cellular metamaterial not fully 
compressed. From Figs. 11 to 13, it can be seen that the NPR meta-
material structure is more prone to buckling during compression than 
the ZPR and PPR metamaterial structures. Therefore, the NPR meta-
material structure shown in Fig. 7 has an earlier stress recovery after the 
peak stress. As shown in Fig. 11, it can be observed that the asymmetric 
deformation of the metamaterial element occurs earlier as the 

temperature approaches Tg due to the premature failure of the defective 
nodes at the edges of the structure, resulting in a tendency for the 
deformation of the structure to tilt mainly to one side. The deformation 
model is also in agreement with the experimental results. 

Fig. 12 represents the experimental and simulated deformation 
process and comparison of the ZPR cellular metamaterial. From the 
Mises stress diagram, it is clear that the ZPR cellular metamaterial 
generally showed uniform deformation during the compression process. 
The mutual compensation of positive and negative Poisson’s ratio cells 
in the whole metamaterial structure makes the overall behavior zero. As 
the compressive strain increases, the lattice begins to collapse, eventu-
ally leading to structural densification. As the temperature increases, a 
depression on the right side of the structure shrinks during compression, 
causing the structure to tend to bend laterally during compression. The 
deformation model is also in agreement with the experimental results. 

The experimental and simulated deformation process of the PPR 
cellular metamaterial is shown in Fig. 13. Different from the above two 
kinds of cellular metamaterials, the PPR cellular metamaterial will have 
significantly uneven deformation during the deformation process at low 
ambient temperature. During the compression process of the specimen, 
the deformation of the structure occurs mainly in the diagonal region of 
the structure. As the strain increases, the diagonal region of the structure 
begins to collapse layer by layer. Eventually, the lattice of the whole 
structure collapses. When the temperature is close to the Tg, the initial 
deformation of the structure is mainly in the middle region of the 
structure. As the strain increases, the whole structure collapses 
completely after the collapse of the central region of the structure. The 
deformation model is also in agreement with the experimental results. 

Fig. 8. Stress-strain curve of ZPR cellular metamaterial of compression at ambient temperature (a) The wall thickness t = 0.8 mm, (b) The wall thickness t = 1.0 mm, 
(c) The wall thickness t = 1.2 mm. 

Fig. 9. Stress-strain curve of PPR cellular metamaterial of compression at ambient temperature (a) The wall thickness t = 0.8 mm, (b) The wall thickness t = 1.0 mm, 
(c) The wall thickness t = 1.2 mm. 
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Fig. 10. (a) Experimental results of compression modulus variation with temperature, (b) Fitted plot of compression modulus, (c) Experimental results of 
compressive strength variation with temperature, (d) Fitted plot of compression strength. 

Fig. 11. Comparison of experimental and simulated deformation of NPR cellular metamaterial under compression at ambient temperature.  
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3.4. Absorption performance analysis 

Specific energy absorption (SEA) is a common index to assess the 
energy absorption of a structure. The value of SEA is proportional to the 
energy absorption capacity of the structure. SEA generally indicates the 
energy absorbed per cell element mass and can be written as: 

SEA =
EA(ε)

M
=

E
ρ (7)  

where EA(ε) is the energy absorbed when the axial deformation is ε. M is 
the weight of the energy-absorbing structure. E represents the energy 
absorption capacity per cell element volume structure. ρ represents the 
equivalent density of the cellular metamaterial. The area enclosed by 
stress curve and strain coordinates is used to represent the energy 
absorbed per cell element volume of the structure and can be written as: 

E =

∫ εD

0
σ(ε)dε (8)  

where εD represents the compacting strain of cellular metamaterial. The 
stress in a conventional multicellular material subjected to compression 

is an approximately constant straight line. The difference is that after the 
peak compressive stress, the stress in the Poisson’s ratio mesh structure 
fluctuates above and below a constant value as the strain increases. As 
the strain continues to increase, the Poisson’s ratio grid structure is 
further compressed. The stress on the stress-strain curve increases 
rapidly with increasing strain. At this point, the strain reaches the 
compacting strain of the grid structure. 

The compacting strains of three kinds of cellular metamaterials with 
thickness t = 1.0 mm at variable temperatures were obtained by the 
fluctuation law of stress-strain curves. At 25 ◦C, 40 ◦C, 55 ◦C and 70 ◦C, 
the compacting strains (εD) of the three cellular metamaterials are about 
0.6,0.6, 0.7 and 0.5, respectively. Fig. 14 shows the experimental data 
and finite element simulation of the SEA of three cellular metamaterials 
at variable temperatures. The SEA of all three cellular metamaterials 
decreases with increasing temperature. The SEA of three cellular met-
amaterials leveled off when the temperature exceeded the Tg of the 
material. 

From Fig. 14, it can be concluded that the SEA of NPR and PPR 
cellular metamaterials is larger than ZPR cellular metamaterial at 25 ◦C 
and 40 ◦C. As can be seen from Fig. 10, this is due to the fact that the NPR 
and PPR cellular metamaterials have a higher stiffness than the ZPR 

Fig. 12. Comparison of experimental and simulated deformation of ZPR cellular metamaterial under compression at ambient temperature.  

Fig. 13. Comparison of experimental and simulated deformation of PPR cellular metamaterial under compression at ambient temperature.  
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cellular metamaterial stiffness at this temperature. The SEA of NPR and 
ZPR cellular metamaterial is about the same when the temperature 
reaches 55 ◦C, and the SEA of PPR cellular metamaterial is the largest. 
When the temperature reaches 70 ◦C(>Tg, rubbery state), the SEA of 
ZPR and PPR cellular metamaterial is similar and the SEA of NPR 
cellular metamaterial is the minimum. The results show that the 
maximum energy absorption obtained by simulation is approximately 
the same as the experimental results. 

Fig. 15 shows the relationship between SEA and equivalent strain of 
three cellular metamaterials at variable temperatures. In the primary 
stage, the structure is in the elastic region and absorbs less energy 
because its equivalent strain is too small. Then the cellular metamaterial 
enters the platform area. When the equivalent strain increases, the SEA 
of the structure increases. Then the cellular metamaterial enters the 
compacting area and the specific absorption energy increases rapidly 
with the increase of strain. As you can see in Fig. 15, the curves of the 
NPR cellular metamaterial at 50 ◦C and 70 ◦C are roughly coincident, 
and the SEA of the representative structures at 50 ◦C and 70 ◦C are 
roughly the same. ZPR cellular metamaterial 70 ◦C curve is slightly 
higher than 50 ◦C curve, which represents the structure 70 ◦C SEA 
slightly greater than the 50 ◦C SEA. The 70 ◦C curve of the PPR cellular 
metamaterial is higher than the 50 ◦C curve, which represents the SEA 
phase of the structure at 70 ◦C greater than 50 ◦C. 

3.5. Mechanical behavior of shape memory 

Due to the special properties of SMP PLA material, all three cellular 
metamaterials obtained by 4D printing have the shape memory effect. 
As shown in Fig. 16(a), three cellular metamaterials were heated at 
70 ◦C (>Tg, rubbery state) and were compressed 30 mm at the same 

loading rate. In the cooling stage, the temperature was uniformly low-
ered from 70 ◦C to ambient temperature (approximately 25 ◦C < Tg, the 
glassy state), and the displacement at this stage was always maintained 
at 30 mm. 

The mechanical load on the structure was removed at the end of the 
cooling phase. It is observed that the shapes of the structures do not 
change during the load removal process, indicating that the shape fix-
ation rate of the 4D printed cellular metamaterials is close to 100 %. 
From the 480 s to the 1080s, the structure was in the shape recovery 
phase. As the temperature increased from 25 ◦C to 70 ◦C, the single cell 
of the cellular metamaterial started to return to its original shape due to 
the glass-rubber transition process of SMP. During this time, the shape 
memory effect of the cellular metamaterial was stimulated. It can be 
observed from Fig. 16(b) that the time-displacement curves of the three 
cellular metamaterials in the shape recovery process present an inverted 
S-shape. 

The shape recovery rate can visually represent the journey of the 
structure back to its initial shape. The shape restoration ratio was 
defined as: 

S =
H0 − H∗

H0
× 100% (9)  

where S denotes the shape restoration ratio of the structure, H0 denotes 
the compression displacement of the structure after load unloading, and 
H* denotes the residual displacement of the structure after shape 
restoration. 

The curves in Fig. 16(b) show the shape recovery rates of the three 
cellular metamaterials. From Fig. 16(b), the final shape recovery rate of 
the NPR cellular metamaterial is the highest, but the shape recovery rate 
is slower at the beginning. The final shape recovery rate of the PPR 

Fig. 14. Total energy absorption bar diagram of three cellular metamaterials during dense strain at ambient temperature (a) NPR cellular metamaterial, (b) ZPR 
cellular metamaterial, (c) PPR cellular metamaterial. 

Fig. 15. Energy absorption curves of three cellular metamaterials during compacting strain at ambient temperature (a) NPR cellular metamaterial, (b) ZPR cellular 
metamaterial, (c) PPR cellular metamaterial. 
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Fig. 16. Shape memory cycle experiment of 4D printed cellular metamaterials (a) Time-displacement curve. In the first 480 s, the three cellular metamaterials were 
heated at 70 ◦C and were compressed 30 mm at the same loading rate. In the cooling stage, the temperature is uniformly lowered from 70 ◦C to ambient temperature. 
After 480 s, the three cellular metamaterials were in the morphological recovery phase. (b) Recovery time-shape recovery rate curve. From the 480 s to the 1080 s in 
(a), the structure was at the stage of shape recovery. As the temperature rises from 25 ◦C to 70 ◦C, the single cell of the cellular metamaterial starts to return to its 
original shape due to the glass-rubber transition process of SMP. During this time, the shape memory effect of the cellular metamaterial is stimulated. 

Fig. 17. The mode shapes of the NPR, ZPR, and PPR cellular metamaterials in the first three orders (a) 1st-order mode, (b) 2nd-order mode, and (c) 3rd-order mode.  
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cellular metamaterial is lower, but the shape recovery rate is faster at the 
beginning. The final shape recovery rate of the ZPR cellular meta-
material is between NPR and PPR, and the initial shape recovery rate is 
about the same as that of the PPR cellular metamaterial. The NPR 
cellular metamaterial has the highest shape recovery ratio compared to 
the PPR and ZPR cellular metamaterials. As shown in Fig. 11, this is due 
to the fact that the NPR cellular metamaterial is prone to structural 
buckling during compression. The cellular elements of the structure are 
less damaged during compression, so the NPR cellular metamaterial can 
more easily return to its initial shape during shape recovery. The shape 
recovery ratio of the NPR cellular metamaterial is 93.00 %. The shape 
recovery ratio of ZPR cellular metamaterial is 89.67 %. And the shape 
recovery ratio of PPR cellular metamaterial is 86.67 %. 

3.6. Contribution rate of strain energy to vibration deformation 

To investigate the contribution rate of vibrational deformation strain 
energy of three cellular metamaterials, modal analysis was performed 
for three cellular metamaterials with wall thickness t = 0.8 mm. For the 
modal analysis, the bottom of the three models was completely fixed and 
the top was free. As shown in Fig. 17, the longitudinal direction in the 
face of the finite element structure is the Y direction, and the transverse 
direction in the face is the X direction. The first three orders of vibration 
shapes of the structure were calculated by selecting the Lanczos method 
through the modal analysis step in the ABAQUS simulation software. At 
the same time, the values of the stress and strain components for the 
corresponding mode shapes were obtained from the results of the cal-
culations. The first three modes of the three cellular metamaterials are 
shown in Fig. 17. The first three orders of intrinsic frequencies of the 
NPR cellular metamaterial are 76.999 Hz,124.92 Hz and 133.30 Hz. The 
first three orders of intrinsic frequency for ZPR cellular metamaterial are 
109.17 Hz,109.45 Hz and 153.08 Hz. And the first three orders of 
intrinsic frequency for PPR cellular metamaterial are 109.17 Hz,109.45 
Hz and 153.08 Hz. 

The main loss source of the structure was analyzed by simulating the 
damping characteristics of each mode. From the ABAQUS modal anal-
ysis results, the volume of each cell and the stress and strain components 
of each cell in all directions can be extracted. The strain energy com-
ponents and the total strain energy of each cell element of the structural 
simulation model were calculated using data post-processing program. 
For ease of presentation, the X, Y and Z directions are denoted by 1, 2 
and 3 respectively. SE11, SE22, SE33, SE12, SE13, and SE23 are used to 
represent the strain energy components in directions XX, YY, ZZ, XY, XZ, 
and YZ, respectively. As the strain energy component in the YZ direction 
is small in each mode, it is ignored. The strain energy components in 

each direction of the structure in each modal deformation were obtained 
by calculation. Then the main loss sources of the structure were analyzed 
according to the strain energy component that plays a major role. 

As can be seen from Fig. 17, the X and Y directions represent the 
transverse and longitudinal directions of the cellular metamaterial, 
respectively. Fig. 18 shows that the strain energy in the first mode of the 
NPR cellular metamaterial mainly comes from SE11. The energy dissi-
pation of the structure by deformation mainly comes from the defor-
mation energy in the X direction. In the first mode of the ZPR cellular 
metamaterial, the strain energy mainly comes from SE22 and SE12. The 
energy dissipated by deformation is mainly derived from the deforma-
tion energy in the Y direction and the shear direction in the X-Y plane. In 
the first mode of the PPR cellular metamaterial, the strain energy mainly 
comes from SE11 and SE12. The energy dissipated by deformation is 
mainly derived from the deformation energy in the X direction and the 
shear direction in the X-Y plane. In comparison, the ZPR cellular met-
amaterial has more strain energy and better damping in the Y direction, 
which can be better applied to vibration isolation structures. 

3.7. Structural vibration isolation and damping experiment 

The low frequency negative vibrational energy level difference 
(VLD) is an important property of cellular metamaterials, which is rarely 
found in conventional vibration isolation elements. Conventional vi-
bration isolation elements (such as springs) are difficult to use in 
reducing low frequency vibrations in structures. To investigate the vi-
bration isolation capacity of three cellular metamaterial structures in 
different deformation stages, the vibration isolation characteristics of 
three cellular metamaterials were tested using the equipment shown in 
Fig. 5. During the experiment, the acceleration signals at the bottom and 
top of the structure were received by the sensors (PCB PIEZOTRONICS 
LW254351). Fig. 19(a) represents the curves of input and output signal 
amplitude versus time. The input and output time domain signals were 
Fourier transformed to obtain their frequency domain signals, and the 
peaks of the frequency-domain signals correspond to the natural fre-
quencies of the structure. And Fig. 19(b) represents the curves of the 
input signal and output signal amplitude versus frequency. The vibra-
tion isolation capacity of the structure is described by calculating the 
VLD. 

VLD = 20lg
(
aoutput

/
ainput

)
(10) 

Since the printing materials used for the three cellular metamaterials 
have excellent shape recovery properties, the cellular metamaterials can 
be restored from a certain compressed state to the initial height ac-
cording to the actual requirements. When the cellular metamaterial 

Fig. 18. Strain energy contributions of three cellular metamaterials in the first three orders of modes, (a) NPR cellular metamaterial. The strain energy in the first 
mode of the NPR cellular metamaterial mainly comes from SE11. The energy dissipation of the structure through deformation mainly comes from the deformation 
energy in the X direction. (b) ZPR cellular metamaterial. In the first mode of ZPR cellular metamaterial, the strain energy mainly comes from SE22 and SE12. The 
energy dissipated by deformation is mainly derived from the deformation energy in the Y direction and the shear direction in the X-Y plane. (c) PPR cellular 
metamaterial. In the first mode of PPR cellular metamaterial, the strain energy mainly comes from SE11 and SE12. The energy dissipated by deformation is mainly 
derived from the deformation energy in the X direction and the shear direction in the X-Y plane. 
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Fig. 19. (a) Input and output acceleration amplitude curves versus time, (b) Input and output acceleration amplitude curves versus frequency. The input and output 
time-domain signals are Fourier transformed to obtain their frequency-domain signals, and the peaks of the frequency-domain signals correspond to the natural 
frequencies of the structure. 

Fig. 20. VLD curves of three cellular metamaterials at different heights, (a) The height of the structures is 90 mm, (b) The height of the structures is 80 mm, (c) The 
height of the structures is 70 mm. The VLD of the ZPR cellular metamaterial is negative at 0–37 Hz and 101 Hz–295 Hz, and the maximum VLD is 5.49 dB. The VLD 
values of the PPR cellular metamaterial are negative at 0–41 Hz and 142 Hz–339 Hz, and the maximum VLD value is 7.95 dB. When the VLD is negative, the structure 
shows good vibration isolation capability. 
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returns from a certain compression state to its initial height, its vibration 
isolation capacity also changes. In order to investigate the vibration 
isolation capacity of three cellular metamaterials under different 
compression states, vibration isolation test experiments were conducted 
on them after they were compressed to a certain height, and the corre-
sponding VLDs were obtained by calculation. 

When the VLD value is less than zero, it means that the vibration 
acceleration signal is reduced by the cellular metamaterial. The 
magnitude of the negative value of VLD indicates the vibration isolation 
capability of the cellular metamaterial. Fig. 20 shows the frequency 
variation curve of VLD values of three cellular metamaterials with a 
thickness of 0.8 mm. Tables 1, 2 and 3 are the numerical statistics of the 
curves in Fig. 20(a)–(c). 

It can be seen from Fig. 20(a) that when the structures are in their 
initial shapes, the VLD of the NPR cellular metamaterial is negative at 
0–30 Hz and 138 Hz–440 Hz, and the highest VDL is 7.87 dB. The VLD of 
the ZPR cellular metamaterial is negative at 0–37 Hz and 101 Hz–295 
Hz, and the maximum VLD is 5.49 dB. The VLD values of the PPR 
cellular metamaterial are negative at 0–41 Hz and 142 Hz–339 Hz, and 
the maximum VLD value is 7.95 dB. When the VLD is negative, the 
structure shows good vibration isolation capability. 

After the three cellular metamaterials were compressed to 80 mm, 
the VLD of the three structure shapes was calculated, as shown in Fig. 20 
(b). Compared with the initial VLD of the structure, the negative interval 
of the NPR cellular metamaterial at low frequency increases to 0–41 Hz, 
the negative interval of the ZPR cellular metamaterial at low frequency 
is 0–22 Hz and 27 Hz–39 Hz, and the negative area of the PPR cellular 
metamaterial at low frequency decreases to 0–12 Hz and 19 Hz–23 Hz. 
Then, the three cellular metamaterials were compressed to 70 mm, and 
the VLD of the three structural shapes was calculated, as shown in 
Fig. 20(c). Compared with the initial VLD of the structure, the negative 
region of the NPR cellular metamaterial at low frequency is reduced to 
0–21 Hz, the negative region of the ZPR cellular metamaterial at low 
frequency is 0–22 Hz and 29 Hz–37 Hz, and the negative region of the 
PPR cellular metamaterial at low frequency decreases to 0–27 Hz. 

From the data in the table, it can be obtained that the maximum VLD 
values of ZPR cellular metamaterial at all three deformation heights are 
lower than those of the other two cellular metamaterials in the low 
frequency range. After compression, the ZPR cellular metamaterial also 
has maximum vibration isolation zone at low frequencies. The results 
demonstrate that the cellular metamaterials with ZPR possess superior 
vibration isolation capability compared to NPR or PPR cellular meta-
materials, which have great potential for applications in manufacturing 
and industry. Incorporating adjustable metamaterials into car seats to 
diminish passenger vibration represents a promising utilization [84]. At 
the same time, the use of metamaterial deformation to regulate the vi-
bration isolation performance of the structure at low frequencies is of 
great research value. 

4. Conclusion 

In this study, to further explore the properties of cellular meta-
materials, three types of cellular metamaterials with negative/zero/ 
positive Poisson’s ratio and vibration isolation effects were designed and 
fabricated based on 4D printing of shape memory polymers. First, the 
compressive properties and energy absorption capacity of the three 

cellular metamaterials at variable temperatures were evaluated by finite 
element simulations and compression experiments. The deformation 
modes and damage mechanisms of three cellular metamaterials at var-
iable temperatures were revealed. To explore the application possibil-
ities of 4D printed cellular metamaterials in deformable structures, 
shape recovery experiments were performed. Finally, the vibration 
isolation capabilities of three cellular metamaterials at different defor-
mation stages were tested and conclusions were obtained. The following 
conclusions have been drawn. 

The three cellular metamaterials demonstrate dissimilar energy ab-
sorption capabilities and shape deformations at various temperatures. 
NPR and PPR cellular metamaterials exhibit greater absorption capacity 
at lower temperatures, whereas ZPR and PPR cellular metamaterials 
demonstrate superior energy absorption at temperatures close to Tg. The 
three metamaterials undergo varied deformation when compressed at 
varying temperatures. In compression, the NPR cellular metamaterial 
exhibits substantial structural buckling, whereas the PPR cellular met-
amaterial does not display significant buckling. 

To investigate the potential applications of 4D printed cellular 
metamaterials in deformable structures, shape recovery experiments 
were conducted. The findings indicated that all three types of cellular 
metamaterials possessed a notable shape recovery rate (in excess of 
86.67 %). 

The maximum VLD values of ZPR cellular metamaterial at all three 
deformation heights are lower than those of the other two cellular 
metamaterials in the low frequency range. Additionally, the ZPR cellular 
metamaterial exhibits a maximum vibration isolation zone at low fre-
quencies after compression. These findings indicate that ZPR cellular 
metamaterials possess superior vibration isolation capabilities 
compared to NPR or PPR cellular metamaterials. 

Based on research into the mechanical properties, energy properties, 
shape memory, and vibration isolation effects of cellular metamaterials, 
this provides a valuable reference for the development of cellular met-
amaterials that can meet specific functional requirements. Conse-
quently, this research constitutes a dependable guide for applying 
cellular metamaterials in areas such as traditional architecture, inno-
vative wings, automotive engineering, nanotechnology, and 
biomedicine. 
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