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A B S T R A C T   

Mechanical metamaterials with immense specific energy absorption and high specific strength are extensively 
being applied in engineering fields, including bone tissue scaffolds, aerospace and automotive engineering. Many 
structural design strategies have been developed to improve their mechanical properties. The lattice meta
materials with a tremendous specific energy absorption capacity exhibit continual platform stress after initial 
yield and before densification. Here, combined with bionic design, we designed and fabricated a series of me
chanical metamaterial with tension-dominated mechanical behavior which can assimilate enormous amounts of 
energy while maintaining a low density. The design strategy relied on the network construction in the periodic 
grid topology, which took the microstructure with several beams as the building block connecting the grid nodes. 
The mechanical properties can be adjusted by changing topology parameters. Additionally, the metamaterials 
fabricated by 4D printing technology show intelligent properties, which can jump from one mode to another 
under external stimulation. It was worth mentioning that the shape memory effect (SME) also endowed the 
material with certain self-healing properties. Excellent compressive resistance, energy absorption, shock ab
sorption and shape memory effect suggest the application prospect in engineering fields.   

1. Introduction 

Absorbing mechanical shock and the vibration energy is a necessary 
factor that needs to be considered in industrial design. Mechanical 
metamaterials, owing to their light weight, high energy absorption ca
pacity and excellent crashworthiness, have gained broad applications in 
various fields. Mechanical metamaterials aim to achieve fantastic me
chanical properties by optimizing the design of the structure [1,2]. The 
unique properties, including negative Poisson’s ratio [3], bistable state 
[4], deformable [5], negative compression coefficient [1], negative 
stiffness [6], crumpling-based soft metamaterials [7] and tunable 
negative thermal expansion, stem from the rational design at the 
microscopic scale. 

For most of the structures, the mechanical properties including the 
impact resistance will weaken with the decrease of the relative density 
[8]. However, the mechanical target of light weight and high strength, 
and high energy absorption efficiency can be realized by efficient 
structure design and parameter adjustment [9]. For example, Jang et al. 
[10] developed a kind of mechanical metamaterial composed of the 

tetrahedral structural unit based on kelvin foam and achieved extraor
dinary compressive strength. By investigating the mechanical property 
of Miura-origami, Wei et al. [11] developed a structure that had a 
negative Poisson ratio and excellent deformation performance. Using 
liquid crystal elastomer (LCE) and periodic single cell structure design, 
Yu et al. fabricated a series of LCE-based lattice structures with 
dramatically enhanced energy dissipation [12–14]. 

As a kind of typical mechanical metamaterial, the micro-truss lattice 
is a periodic structure composed of nodes and truss elements, which has 
obtained huge attention in the territory of shock absorption and energy 
absorption [15]. The mechanical properties are determined by the 
number and configuration of truss elements [16]. According to topo
logical criteria, they can be segmented into bending-dominated or 
tension-dominated structures [17]. With the development of micro- 
fabrication and nano-manufacturing technology, the lattice structure 
is able to be fabricated by the trusses with a diameter ranging from 
submicron to millimeters [18]. 

Up to now, for energy-absorbing metamaterials, most of the high 
energy absorption capacity is realized through different geometric 
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designs [19]. However, the rational designs are not limited to the ge
ometry scale, but also include geometric configuration and material 
selection. For example, by introducing bionic concepts into the design, 
the structures will have a better ability to adapt to the environment [20]. 
Additionally, if the metamaterials are fabricated by intelligent materials, 
such as shape memory polymer (SMP) [21–27], they will be equipped 
with excellent environmental adaptability and a large deformation 
capacity. 

Generally, once the critical buckling load is reached, the structure 
will be damaged and affect the function of energy absorption and shock 
absorption. This kind of structure only exhibits high strength and energy 
absorption efficiency under low density, but there is no special function 
attached to it. If mechanical compression [28,29], expansion [30], and 
magnetic [31] are used to trigger the pattern switching, reversible and 
repeatable shape transformation can be realized by restructuring the 
topological units. It is interesting to imagine that if pattern switching 
[32] can be triggered, the structure could be designed to respond to 
different environmental changes, even exhibiting some self-repairing 
function [33]. 

Here, we designed a series of lattice metamaterials with excellent 
energy absorbing capacity. The mechanical properties can be adjusted 
by varying the topological parameters including the diameters of the 
truss, and the ratio of length to height. It was worth noting that the 
design of the gradient structure was presented by combining the unit- 
cell with different mechanical properties. Utilizing SMP as the feed 
material, the lattice metamaterials were fabricated using 4D printing 
[34–37]. Subsequently, the crushing performance was evaluated and 
analyzed by compressive tests. Based on the SME of SMP, the shape 
transformation experiments were conducted and compared with simu
lation results. 

2. Materials and methods 

2.1. Bionics design of truss 

Bamboo is a typical organism existing in nature with good me
chanical properties. It has a series of advantages including high strength, 
good elasticity, stable performance and low density. The unique struc
ture of the culm wall is the material basis of the excellent mechanical 
properties of bamboo. A variety of cells with different morphological 
structures can be distinguished from the culm wall. However, from the 
mechanical point, these cells can be divided into two categories: The 
first type is the basic tissue cells, which are round thin-walled structures 
under the microscope and play the role of load transmission; The second 
type is sclerotic cells with vascular bundles as the main body, which are 
surrounded by basic tissue cells and responsible for load bearing as 
shown in Fig. 1(a). For the structural form of bamboo, the bionic design 
of cylindrical components is intuitive. Fig. 1(b) reveals the evolution of 
the bamboo cross-section structure. Fig. 1(c) displays the simplified 
microstructure of the bamboo cross-section. Combined with the bionic 
design, the bamboo cross-section can be simplified into the form of a 
hollow truss. 

2.2. Design of the lattice meta-materials structures 

For large bone defects and the bone defect site with large bearing 
capacity, such as the skull, the energy absorption performance is one of 
the mechanical properties of bone tissue scaffolds to be considered. One 
of the key parameters is the ratio of the actual volume of material to the 
entire volume of the structure for energy-absorbing metamaterials. The 
rational distribution of the materials can make the structure deform 
uniformly. The simplest choice is the isotropic solid material. However, 
to make the material get higher utilization efficiency, it is necessary to 
reduce the actual proportion of the material to introduce some light
weight design. 

In this work, three different unit-cell structures were designed. The 
diagrammatic drawing of the unit cell and the 3 × 3 × 3 representative 
structures obtained by the topology design were demonstrated in Fig. 2. 
The length, width, and height were defined asa, a and b for a unit cell, 
and the truss element in the unit cell had a uniform diameter ofr. There 
were 20, 32, and 24 trusses in the unit cells I, II and III, respectively. Unit 
cells I and II comprised four types of trusses and were defined as 1, 2, 3 
and 4 respectively. There were three types of trusses in unit-cell III and 
defined as 1, 2, and 3, respectively. Arraying them along the ×, y, and z 
directions can produce a lattice structure. 

By changing the topological parameters of the trusses, the configu
ration and the mechanical properties of the structure will be changed 
and affected. In this work, several different structures were designed by 
changing the diameter of the trusses to explore the relationship between 
topological parameters and mechanical properties. 

(1) The dimension of the unit-cell wasa = b = 5 mm. By changing 
the diameter of the truss, three types withd = 0.5, d = 0.75 and d =

1 were designed. The structures with 9 × 9 × 9 unit cells were obtained 
by arraying along the ×, y and z directions, as shown in Fig. 3(a). 

(2) Setx = b/a, by changing the parameterx, we have designed two 
types of unit-cell with x = 1.5 andx = 2, and the diameter of the truss 
wasd = 0.5. Arraying along with ×, y and z directions, the obtained 
structures were shown in Fig. 3(b). 

(3) Plants, animals, and other organisms in nature have gradually 
evolved gradient organizations to adapt to the living environment, 
which is a highly evolved form. The human bone, for example, is a 
typical gradient structure, which is divided into the cortical bone and 
cancellous bone [38]. From the inside to the surface, the human bone 
changes from cancellous bone to cortical bone, which enables the sur
face hard and the inner skeleton to be more flexible. By changing the 
topological parameters, the mechanical properties can be locally 
controlled to meet different requirements. The functionally graded 
structures can be accurately fabricated based on the 4D printing tech
nology, which can achieve gradient mechanical properties according to 
the mapping relationship. The different unit-cell endows the structure 
with disparate mechanical properties. By varying the type of the unit 
cell, the functionally graded lattice was constructed (Fig. 3(c)). 

In this work, by changing the parameters d, x and unit-cell type, we 
designed three kinds of gradient structures. For the first type of struc
ture, the upper three layers were comprised of the unit-cell with a = b =

Fig. 1. (a) The microstructure of bamboo cross-section (b) Bionic structure of the cross-section of bamboo (c) Simplified cross-section of bamboo structure.  
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0.5 mm andd = 0.5; The middle three layers were comprised of the 
unit-cell with a = b = 0.5 mm andd = 0.75; and the bottom three 
layers were composed of the unit-cell with a = b = 0.5 mm andd = 1. 
For the second type of structure, the upper three layers, the middle three 
layers and the bottom three layers were comprised of the unit-cell 
withx = 1, x = 1.5 andx = 2, respectively. For the third type of 
structure, the upper three layers, the middle three layers and the bottom 
three layers were comprised of the unit-cell S-I-1–0.5, S-II-1–0.5 and S- 
III-1–0.5, respectively. 

2.3. Fabrication process 

A photocuring 3D printer (Anycubic Photon) and a fused deposition 
modeling 3D printer (Anycubic) were employed to fabricate the shape- 
transformation meta-materials structures. The photosensitive resin and 
the shape memory printing filament were provided by the Center for 
Composite Materials and Structures, Harbin Institute of Technology 
(HIT). The testing of the mechanical properties can be seen in Sup
porting Information. The exposure time at the bottom of the structure 
was set as 80 s, the normal exposure time was 23 s, and the spatial 
resolution was 0.1 mm (detailed processing parameters can be found in 
Table S1). The fabricated structures are shown in Fig. 4, which corre
sponds to (a), (b) and (c) in Fig. 3, respectively. 

2.4. Measurement of the Poisson’s ratio 

The Poisson’s ratio was measured by the digital speckle correlation 
measurement system. The acquisition of real-time image acquisition was 
finished by the CCD digital camera. Each image was discretized into a 
gray matrix of 1280 × 1024 (pixels) and calculated by corresponding 
software. Furthermore, the measured structure was sprayed with black 
and white paint as speckles to provide grayscale matching 
characteristics. 

2.5. Energy absorption test 

One of the potential applications of this structure is energy 

absorption structure and systems [39–41]. If the structure has a high 
density, the target strength may be achieved. However, its weight effi
ciency will inevitably be lost. Therefore, suitable parameters are 
important to achieve higher energy absorption, and the key is the design 
of a lightweight structure with efficient and practical application value. 

The quasi-static compression tests were conducted to evaluate the 
lattice structure’s compressive performance including deformation 
mode and related crushing performance parameters. The Zwick-010 
universal testing machine was employed to conduct quasi-static 
compressive tests. To ensure the compressive process was quasi-static, 
the preloading loading speed of 0.5 mm/min was first applied, then 
the normal loading speed of 5 mm/min was leveraged as a constant. 
Subsequently, the energy absorption efficiency was evaluated, and the 
crush performance parameters were calculated. 

For lattice metamaterial, the analytical expression of its relative 
density can be expressed as: 

ρ =
Vm

Vs
(1) 

where Vm is the volume occupied by the material entity, and Vs is the 
overall volume of the metamaterials. The normalized expression of the 
elastic modulus is adopted to compare the mechanical performances of 
different structures. The elastic modulus can be expressed as: 

E = Es/ Em (2) 

where Es is the elastic modulus of the structure, and Em is the elastic 
modulus of the material. Normalized compressive stress can be 
expressed as: 

σ = σs/ σmY (3) 

where σs is the yield strength of the structure, and σmY is the yield 
strength of the material. According to the elastoplastic analysis, the first 
peak value of the stress–strain curve is defined as the yield strength. 

The crushing performance parameters are derived from the engineer 
strain-engineering stress curve. Nominal compressive strain and stress 
are expressed as ε = δ/H andσ = F/A. δ is the displacement of 
compression, F is the crushing load, H is the height of the structure, and 

Fig. 2. Schematic of the lattice meta-materials structures and representative topological unit-cell.  
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Fig. 3. Schematics of the representative unit cell and the meta-materials structures with 9 × 9 × 9 unit cells: meta-materials with (a) Different diameters of the beam 
(b) different ratios of length and height (c) Gradient structure. 
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A is the crossing section area of the structure. The total energy absorp
tion (EA) is calculated according to the area of the stress–strain curve, 
and can be expressed as: 

EA = V
∫ b

0
σdε (4) 

where b is the displacement of the sample. Specific energy absorp
tion (SEA) is the rate of EA to sample weight (m). 

SEA =
V
∫ b

0 σdε
m

(5) 

Crushing efficiency (CFE) refers to the ratio of average crushing force 
(MCF) to peak crushing force (PCF), which can be computed as follows: 

MCF =
1
b

∫ b

0
F⋅dδ (6)  

CFE =
MCF
PCF

(7)  

2.6. Finite element analysis 

A series of meta-material models were established by the commercial 
finite element software ABAQUS. The first-order solid elements C3D8R 
were adopted to mesh the model. The material properties were assumed 
to be isotropic and viscoelastic. The generalized Maxwell model was 
utilized to depict the shape memory behavior. The related parameter 
was obtained by uniaxial tensile experiments (Supporting Information). 
The Poisson’s ratio of the material was set as 0.38. 

3. Results and discussion 

3.1. Meso- and microstructural analysis 

The microscopic images of the sample were monitored by scanning 
electron microscope (SEM, ZIESS Ultra-55). As shown in Fig. 5, the 
surface of the sample was smooth, the diameter of the beam was a 
uniform size, and there was no obvious defect. The related physical 
parameters for meta-materials structures were summarized in Table 1, 
the maximum relative density was 27.74 % of S-II-1–1, and other 
structures were less than 20 %, which meant that the porosity of the 
structures was above 80 % except for structure S-II-1–1. The remarking 
thing is that the relative density gradually decreased as × increased. 

3.2. Compression test of 4D metamaterials structures 

3.2.1. Engineering strain vs Engineering stress 
All of the structures were compressed to about 30 % of the original 

height. Exemplified by structures S-I-1–0.5, S-I-1.5–0.5, and S-I-2–0.5, 
the typical crushing process was shown in Fig. 6. For a unit cell that 
made up the structure, the load applied to it was equal when the 
structure underwent the compressive load, and the collapse usually 
began with the local buckling of the supporting beam in a single unit-cell 
layer. During the loading process, the specimens were placed in the 
center of the testing machine, avoiding odd loads. Accompanied by the 
buckling vibration, it can be seen that the structure collapsed layer by 
layer, and the experiments continued until the structure was densified. 

For structures S-I-1–0.5, S-II-1–0.5 and S-III-1–0.5, the correspond
ing relationship between the monotone increasing engineering 

Fig. 4. Shape-transformation meta-materials structures fabricated by 4D printing (a) Structures with different diameters of the truss (b) Structures with different 
ratios of length and height (c) Gradient structure. 
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compression deformation and the peak value of the real-time curve 
during compression are shown in Fig. 7 (a)-(c). After the initial liner 
stage, the engineering stress-engineering strain curves presented a weak 
increasing trend, entering the elastoplastic stage. The peaks in the curves 
represented the complete collapse of a unit cell at one layer and the 
beginning of the bucking of the unit cell in the next layer. During the 
compressive process, the trusses of the unit-cell were mainly subjected 
to the bending effect, and the first peak stress of each structure was 0.21 
MPa, 0.31 MPa, and 0.16 MPa, respectively. 

The engineering stress–strain curves for structures with r = 0.5 mm 
in the compression process were shown in Fig. 8. During the elastic 
loading stage, all specimens rose rapidly to the first initial buckling 
stress and quickly dropped to about half the original stress. Subse
quently, the stress reciprocated within a certain range. The first and the 
progressive crushing stress limit value of structures S-I, S-II, and S-III 
increased significantly upon increasing the diameters of the truss. The 

increase of the diameter increased the flexural delayed plastic defor
mation, and this enhancement also provided a noticeable growth in the 
compressive strength. For the structures with the same type, the order of 
maximum load from high to low was X  = 1 > X = 1.5 > X = 2. The larger 
the ratio of length to height ×was, the more stable the evolution trend of 
engineering stress with engineering strain was. Additionally, the 
strength of S-II series was higher than that of S-I and S-III series struc
tures, and the strength of S-III series structures was the lowest. 

The engineering stress-engineering strain curves for the structures 
with a diameter of r = 0.75 and r = 1 were shown in Fig. 9. The first 
initial buckling stresses were 1.41 MPa, 1.63 MPa and 1.87 MPa for 
structures with r = 0.75 mm, respectively, which were significantly 
higher than the structures with a diameter of 0.5 mm. S-II series struc
tures exhibited excellent energy absorption performance, and the stress 
evolution was relatively stable after reaching the first stress extreme 
value. For structures with r = 1 mm, the first initial buckling stresses 

Fig. 5. SEM observations of the fabricated structure.  

Table 1 
Related physical parameters for meta-materials structures.  

Specimen ρ(\% ) Vm Mass (g) Specimen ρ(\% ) Vm Mass (g) 

S-I-1–0.5  5.28 8321  9.15 S-I-1–0.75  11.31 17,814  19.59 
S-I-1–1  19.09 30,056  33.06 S-I-1.5–0.5  4.25 6692  7.36 
S-I-2–0.5  3.78 6608  6.60 S-II-1–0.5  7.93 12,482  13.73 
S-II-1–0.75  18.10 15,987  17.58 S-II-1–1  27.74 43,682  48.05 
S-II-1.5–0.5  16.40 10,084  11.09 S-II-2–0.5  5.71 9989  10.98 
S-III-1–0.5  14.72 7436  8.18 S-III-1–0.75  10.15 28,489  31.33 
S-III-1–1  17.21 27,099  29.80 S-III-1.5–0.5  3.82 6008  6.61 
S-III-2–0.5  3.39 5931  6.52 S-I-1r  10.70 17,000  18.70 
S-II-1r  17.27 27,200  30.00 S-III-1r  10.47 16,500  18.10 
S-I-1,1.5,2  4.23 10,000  11.00 S-II-1,1.5,2  7.62 18,000  12.80 
S-III-1,1.5,2  4.91 11,600  19.80 S-I, II, III  6.54 10,300  11.30  

Fig. 6. The typical crushing process for the metamaterials structures.  
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Fig. 7. The engineering stress- engineering strain response of S-I-1–0.5, S-II-1–0.5, and S-III-1–0.5 with weakly damped oscillations.  

Fig. 8. Engineering strain vs engineering stress of the lattice structures with different length to height ratio (a) S-I (b) S-II (c) S-III.  
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were 3.13 MPa, 2.03 MPa, and 1.87 MPa, respectively. After the load 
reaching to the first initial buckling stresses, the stress oscillated within a 
range as the deformation increases. The stress evolution of S-I and S-III 
series structures was relatively stable, while the stress of the S-II series 
structure showed a trend of rising-falling- rising with the deformation of 
35 % as the boundary. The increase in truss diameter increased the 
bending resistance of the structure and greatly improved the overall 
strength of the structure. Among the three configurations, structure S-II 
exhibited a stronger compressive resistance, which can be attributed to 
that structure S-II has more triangular elements along the direction of 
loading. This fully proves that the dissipative capacity of the structure 
can be further improved by reasonable structural design as mentioned 
above. 

The engineering stress-engineering strain responses of the gradient 
structures were shown in Fig. 10. The stress evolution trend of S-I, S-II 
and S-III series structures exhibited an obvious step change when the 
diameter of the truss was a gradient, corresponding to r = 0.5 mm, r =
0.75 mm and r = 1 mm, respectively, as shown in Fig. 10(a). However, 

there was no significant step change for engineering stress-engineering 
strain responses of structures with the gradient change in the ratio of 
length and height as illustrated in Fig. 10(b). The mechanical perfor
mances of the structure comprised of unit-cell S-I, S-II, and S-III were 
shown in Fig. 10(c). The mechanical response exhibited step change 
with the increase of deformation, corresponding to S-III-1–0.5, S-I-1–0.5 
and S-II-1–0.5. 

3.2.2. Crushing parameters of the meta-materials 
Fig. 11 illustrated the relevant parameters of the compression per

formance, in which EA and SEA increased upon increasing the truss’s 
diameter. With the beam’s diameter increasing from 0.5 mm to 1 mm, 
SEA increased more than 10 times. It can be observed that the me
chanical strength and stiffness of S-II series structures were the best 
while there was little difference in the mechanical properties between S- 
I and S-III. The SEA of S-II was the highest, while the SEA of S-I and S-III 
were comparable. In particular, when the structure had almost the same 
quality, the SEA of structure S-II was 32.6 % and 26.9 % higher than S-I 

Fig. 9. Engineering strain vs engineering stress of the lattice structures with a diameter of (a) 0.75 mm and (b) 1 mm.  

Fig. 10. Engineering strain vs engineering stress of the gradient structures (a) Gradient change in diameter (b) Gradient change in the ratio of length and height (c) 
Gradient variation of the unit-cell type. 
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and S-II, respectively. We can find that the diameter of the truss was an 
effective parameter to increase the SEA of the structures. Furthermore, 
the increase in the ratio of length to the unit cell’s height increased the 
structure’s porosity, but the SEA was weakened. 

MCF was directly dependent on total energy absorption. Conse
quently, the effect of unit-cell geometry, the truss diameter, and the rate 

of length and height on MCF were the same as those of EA and SEA. CFE 
was an essential parameter to evaluate the crushing properties of meta- 
materials, which indicated the uniformity of the stress–strain curve. A 
larger CFE means the energy can be dissipated more efficiently. CFE 
gradually increased with the increase of the truss’s diameter. However, 
the higher ratio between the length to height, the smaller of CFE. 

Fig. 11. Crashing performance parameters for meta-materials structures.  
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3.2.3. Mechanical properties of the meta-materials 
The comparisons between the simulation and experiments of the 

mechanical properties were demonstrated in Fig. 12. The simulated 
results agreed well with the experimental ones. From Fig. 12(a), it can be 
obtained that the relative compressive stiffness increase with the in
crease of the truss’s diameter. Besides, the ratio between the height and 
the length of the unit cell can effectively affect the value of the relative 
stiffness. The higher the ratio, the greater the relative stiffness. It was 
worth noting that S-II had the largest relative stiffness compared with 
the other two structures. The Poisson’s ratio was sensitive to the change 
of the parameters including the diameters of the truss and different ra
tios of length and height. As shown in Fig. 12(b), the Poisson’s ratio 
decreases gradually upon increasing the truss’s diameters. Additionally, 
Poisson’s ratio increased gradually upon increasing the ratio between 
length and height. However, the value of Poisson’s ratio did not differ 
much among the three structures with different types of unit-cell. 

3.2.4. Shape memory behavior 
The shape memory cycle test was shown in Fig. 13, and its four stages 

are as follows. The temperature was first heated to 90 ℃ and maintained 
for 5 min to reach thermal equilibrium. Subsequently, 50 % deformation 
was applied to the metamaterials. The third stage was to cool the tem
perature from 90 ℃ to 20 ℃ with a rate of 2.5 ℃/min. After that, the 
external force was unloaded while retaining the deformation. The last 
stage was reheating the temperature from 20 ℃ to 90 ℃ with a rate of 
2.5 ℃/min. The metamaterial recovered to its initial configuration 
gradually upon increasing the temperature. The comparisons between 
simulation and experiment in the shape recovery process were shown in 

Fig. 13(a). The deformation-load response changing with the tempera
ture is shown in Fig. 13(b). After a thermal–mechanical cycle, the 
metamaterial recovered to its initial shape. Furthermore, utilizing fused 
deposition modeling and shape memory PLA/Fe3O4, we fabricate a se
ries of mechanical metamaterials, and the shape memory behavior was 
verified actuated by a magnetic field (Supporting Information). 

4. Conclusions 

In summary, combined with the bionic design, we designed a 
stretching-dominated metamaterial, which was ultralight, had high 
strength, and had high specific energy absorption efficiency with low 
relative density. By controlling the topological parameters, the me
chanical performance of the lattice metamaterials can be adjusted 
accordingly. The experimental results indicated that the lattice meta
materials had high specific strength. The design of the functionally 
graded structures with gradient mechanical properties highlighted their 
potential applications in tissue engineering and the shock absorption 
field. In addition, the introduction of the shape memory function enables 
the structure to have the function of shape transition, which provides the 
possibility of application in the field of tissue stents and is immensely 
convenient for the operation of minimally invasive surgery. 
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