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Abstract
This study aims at introducing a number of two-dimensional (2D) re-entrant based zero
Poisson’s ratio (ZPR) graded metamaterials for energy absorption applications. The
metamaterials’ designs are inspired by the 2D image of a DNA molecule. This inspiration
indicates how a re-entrant unit cell must be patterned along with the two orthogonal directions
to obtain a ZPR behavior. Also, how much metamaterials’ energy absorption capacity can be
enhanced by taking slots and horizontal beams into account with the inspiration of the DNA
molecule’s base pairs. The ZPR metamaterials comprise multi-stiffness unit cells, so-called soft
and stiff re-entrant unit cells. The variability in unit cells’ stiffness is caused by the specific
design of the unit cells. A finite element analysis (FEA) is employed to simulate the
deformation patterns of the ZPRs. Following that, meta-structures are fabricated with 3D
printing of TPU as hyperelastic materials to validate the FEA results. A good correlation is
observed between FEA and experimental results. The experimental and numerical results show
that due to the presence of multi-stiffness re-entrant unit cells, the deformation mechanisms and
the unit cells’ densifications are adjustable under quasi-static compression. Also, the structure
designed based on the DNA molecule’s base pairs, so-called structure F′′′, exhibits the highest
energy absorption capacity. Apart from the diversity in metamaterial unit cells’ designs, the
effect of multi-thickness cell walls is also evaluated. The results show that the diversity in cell
wall thicknesses leads to boosting the energy absorption capacity. In this regard, the energy
absorption capacity of structure ‘E’ enhances by up to 33% than that of its counterpart with
constant cell wall thicknesses. Finally, a comparison in terms of energy absorption capacity and
stability between the newly designed ZPRs, traditional ZPRs, and auxetic metamaterial is
performed, approving the superiority of the newly designed ZPR metamaterials over both
traditional ZPRs and auxetic metamaterials.
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1. Introduction

Mechanical metamaterials are artificially designed structures
obtaining their extraordinary mechanical properties from the
specific geometry and configuration of their cells than the par-
entmaterial fromwhich they aremade [1]. Thanks to technolo-
gical development, in particular 3D printing technology, there
are myriads of architected structures possessing diverse mech-
anical properties. The mechanical metamaterials are divided
into main sub-sets, including positive Poisson’s ratio (PPR)
structures [2], zero Poisson’s ratio (ZPR) structures [3–7], neg-
ative Poisson’s ratio (NPR) structures called auxetics [8–11],
negative stiffness [12, 13], and negative thermal expansion
structures [14, 15].

There have been numerous studies that have focused on
auxiliary structures up to this point. Though the auxetic struc-
tures enhance some mechanical properties, in particular the
energy absorption capacity due to resisting under compres-
sion [16, 17], the merits of ZPR structures are hard to ignore.
From the mechanics point of view, due to not existing a rela-
tionship between the stress and strain in two orthogonal direc-
tions [18], the ZPR value means that there is neither transverse
displacement under longitudinal loading nor double curvature
under out-of-plane bending. This leads to the ZPRs possess
a single curvature (unclastic) under bending compared to the
anticlastic and synclastic curvatures of PPR and NPR struc-
tures respectively [19].

As ZPR structures exhibit unclastic curvature under bend-
ing, they are suitable choices to be used as cylindrical sand-
wich panels for morphing applications [4, 6, 18, 20], where
the structures must undergo pure cylindrical bending or 1D
spanwise morphing. It is worth noting that morphing wing
designs are classified into in-plane and out-of-plane morphing
[21–23], and spanwise morphing is a kind of in-plane morph-
ing. The ZPR structures are also practical in tissue engineering
applications [24], in which ZPR scaffolds have similar effects
to what natural tissues provide. In the textile industry, the ZPR
weaving patterns have also been developed recently [25].

When it comes to categorizing ZPR structures, they can be
considered as structures that exhibit ZPR behavior in either
one or two orthogonal directions. Bubert et al [3] optimized
a morphing skin based on accordion topology with chevron
bending ligament exhibiting a ZPR behavior in one direction.
Similarly, Chen and Fu et al [4] modified a semi-reentrant
design to obtain a ZPR behavior in one direction. However,
some designs show ZPR behavior along with the two ortho-
gonal directions. Dudek et al [5] investigated the impact res-
istance of composite magnetic metamaterials comprising star-
shaped ZPR unit cells. Likewise, Wang et al [6] designed
a reverse semire-entrant structure based on strain-isolation
mechanism. In addition, Naghavi Zadeh et al [7] designed a

fish-based ZPR metamaterial that exhibits a ZPR behavior in
both orthogonal directions.

To date, most studies have concentrated on structures com-
prising uniform unit cells in terms of dimensions and materi-
als. However, from a structural point of view, a structure can
be named “graded” with multi-design unit cells, different cell
walls thicknesses or even materials [26–28]. The graded struc-
tures possess versatile mechanical properties and also pos-
sess superiority in terms of energy absorption and mitigat-
ing blast loadings than that of the non-graded ones [29]. Lira
et al [30] investigated the transverse shear stiffness of the
thickness-gradient honeycombs numerically and experiment-
ally. They exhibited controllable design properties such as
stiffness per unit of weight. Li et al [31] introduced piecewise
linear graded honeycombs showing better energy absorption
under high-crushing speed. Ajdari et al [32] realized that the
enhancement in energy absorption capacity of honeycombs
is a result of the decrease in relative density of the struc-
ture along with the crushing direction. Rahman et al [33]
designed graded honeycomb structures with a diversity of unit
cell sizes and materials. Their study showed that the use of
multi-material in the fabrication of the structure and signific-
ant changes in the size of the unit cells lead to a dramatic
enhancement in energy absorption capacity of honeycomb
structures.

On the other hand, there are lots of meta-structures whose
designs originate from nature or biological aspects. In this
regard, Wang et al [34] proposed an active structure apply-
ing dielectric elastomer on a NPR structure with the inspira-
tion of a human’s bone-muscle system to enhance the Young’s
modulus of a dielectric elastomer. Yang et al [35] designed
a novel lightweight bio-inspired double-sine corrugated sand-
wich structure with the inspiration of the dactyl club to boost
the impact capacity. Their designs dramatically enhanced the
crashworthiness and impact capacity of the sandwich struc-
tures compared to the triangular and sinusoidal corrugated
sandwich structures. Ha et al [36] also designed a novel beetle
forewing sandwich panel by mimicking the microstructure of
a woodpecker’s beak. Their proposed core design possessed
high energy absorption capacity compared to the honeycomb
core under dynamic loading. Ghazlan et al [37] designed a new
bone-inspired structure possessing superior energy absorption
performance compared to honeycomb and re-entrant metama-
terials. Hu et al [38] and Zheng et al [39] designed double
helical metamaterials for energy absorption applications with
the inspiration of the DNA molecule. Their design pos-
sessed superior mitigation capability and recoverability under
compression.

Due to the significant importance of designing energy
absorbers to possess the simultaneous considerable energy
absorption capacity and stability under compression, this
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Figure 1. The (a) unit cell repetition pattern, (b) design of slots and horizontal beams inspired by the DNA molecule and (c) conventional
auxetic structure.

paper proposes bio-inspired re-entrant based energy absorbers
to fulfill those objectives. A 2D image of a DNA molecule
demonstrates how a re-entrant unit cell could be patterned
along with two orthogonal directions to obtain a ZPR beha-
vior (the provision of stability). Meanwhile, taking slots and
horizontal beams into account based on DNA molecule’s base
pairs leads to considerable enhancements in energy absorp-
tion capacity due to a considerable increase in structural
stiffness. The ZPR metamaterials comprise multi-stiffness
unit cells, so-called soft and stiff re-entrant unit cells. Due
to the specific design of re-entrant unit cells, affecting the
stiffness of the unit cells, the unit cells’ densifications are
adjustable under compression. Following that, the mech-
anical performance and energy absorption capacity of the
ZPR metamaterials are evaluated numerically by the finite

element analysis (FEA) for each ZPR design. Then, the
TPU-based metamaterials are fabricated and tested experi-
mentally to verify the FEA results. Although auxetic struc-
tures seem the most suitable choices compared to the rest of
the mechanical metamaterials for energy absorption applic-
ations, the shrinkage behavior of an auxetic structure itself
cannot provide the highest energy absorption capacity. In
essence, the structure’s stability is another important item that
most auxetic structures are incapable of possessing. This is
the main reason magnifying the importance of the proposed
ZPRs. Furthermore, a comparison between new and tradi-
tional ZPRs is carried out, confirming the superiority of the
newly designed ZPRs than that of the traditional ZPRs in terms
of energy absorption capacity and stability under quasi-static
compression.
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Figure 2. (a) Soft and (b) stiff re-entrant unit cells.

Table 1. Unit cells parameters.

Symbol L1 L2 O1 O2 O3 Θ1 Θ2

Value (mm) 12.7 12.7 6.1 6.1 2.4 45 ◦ 45 ◦

2. Material and methods

2.1. DNA design

The design of ZPR metamaterials is inspired by the 2D
image of the DNA molecule’s design. The 2D image of a
DNA molecule says how a unit cell can be patterned along
with the two orthogonal directions to obtain a ZPR behavior.
Figure 1(a) shows the way through which a unit cell could be
patterned to achieve a ZPR behavior. Meanwhile, figure 1(b)
demonstrates how the design of slots and horizontal beams are
originated from the DNA molecule’s base pairs. These inspir-
ations lead to providing the simultaneous stability and consid-
erable energy absorption capacity for the bio-inspired ZPRs
discussing in detail in the next sections. Without inspiring the
unit cells’ repetition patterns from the DNA, the conventional
auxetic structure can be designed (figure 1(c)).

2.2. The geometrical specifications of unit cells

The mechanical performances of the mechanical metamater-
ials are induced by the specific designs of their unit cells
than the chemical compositions of the parent material. This
study considers two multi-stiffness re-entrant unit cells, called
soft and stiff re-entrant unit cells. The unit cells are shown
in figure 2 and the geometrical information is provided in
table 1.

2.3. Design of ZPR structures

This study introduces a number ZPR designs based on the
multi-stiffness re-entrant unit cells introduced in section 2.2.
The designs are named from ‘A’ to ‘N’ as depicted in figure 3.
To begin, two structures comprising only soft and stiff unit
cells are taken into account, so-called structures ‘A’ and ‘B’.
Then, the effect of simultaneous existence of soft and stiff unit
cells is considered (structure ‘C’). Afterwards, the effect of
unit cells’ arrangements is evaluated (structure ‘D’). Next, the
consideration of slots and horizontal beams based on DNA
molecule’s base pairs is investigated (structures ‘E’ to ‘H’).

Finally, to boast the capability of the proposed ZPRs com-
pared to conventional ZPRs and even auxetic metamaterials,
the structures named ‘I’ to ‘N’ are taken into account. The
geometrical specifications of the structures are provided in
table 2. To have comparable results, the mass of all structures
is almost constant around 24 g, otherwise, it has been noted
in figure 3. In this way, the wall thickness is a variable para-
meter through which the mass of all structures is considered
constant.

2.4. Material behaviors

When subjected to large deformations, hyperelastic materials
are a specific class of materials that respond elastically. They
exhibit both a non-linear behavior and large shape changes.
This study uses TPU (thermoplastic polyurethane elastomer)
as a hyperelastic material to fabricate the structures. To extract
themechanical properties of TPU, five dog-bone samples were
3D printed by fused deposition modelling (FDM) technology
according to ASTM D638 Type IV standard tensile test (see
figure 4(a)). Mechanical tensile tests were performed by the
SANTAM STM-20 universal testing machine with a speed of
5 mmmin−1 (see figure 4(b)). The stress–strain relationship of
TPU is illustrated in figure 4(c). Also, the tensile test specimen
undergoes large deformation till the break-down point at the
strain of 8.

2.5. Mechanical metamaterials

The TPU-based structures were fabricated by an FDM 3D
printer as demonstrated in figure 5. The dimensions of the prin-
ted structures are considered constant at 95 × 85 × 10 mm.
Compression mechanical tests were conducted using SAN-
TAM STM-20 universal testing machine with a displacement
rate of 5 mm min−1. It is also worth mentioning that to avoid
the out-of-plane buckling of the structures during compres-
sion, the structures were placed into a glassy box. Besides,
although the nozzle creates some deficits on the 3D-printed
structures mostly caused by high temperature and the flexibil-
ity of the material, the deformation patterns can live up to the
designers’ expectations under compression shown in the next
sections.

2.6. Finite element analysis

This study employs ABAQUS/Explicit package to simulate
the deformationmechanisms of the ZPR structures under com-
pression.

2.6.1. Boundary conditions. Figure 6 shows the bound-
ary conditions considered in the FEA. The 3D structures
are placed between two rigid plates, and then two reference
points are assigned to the rigid plates. The bottom reference
point is fully constrained along with the three principal direc-
tions, while the velocity is applied to the top reference point.
Besides, the structure’s movement is constrained in the out-
of-plane direction to prevent out-of-plane global buckling of
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Figure 3. The designed metamaterials.

the structure under compression. To avoid interpenetration,
a general contact is defined between the rigid plates and the
surfaces.

As dynamic explicit step is used to carry out the FEAs,
the velocity must be proper so as to fulfill the quasi-static

compression test condition. As the kinetic energy is much less
(near zero) than the internal energy by taking the velocity of
1000 mm s−1 into account (see figure 7), this speed is con-
sidered to simulate the structures’ deformation patterns under
a quasi-static compression.
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Figure 3. (Continued.)

2.6.2. Hyperelastic model. Hyperelastic materials are con-
sidered almost incompressible, indicating that there is no
change in their volumes under deformation. The mechan-
ical behavior of the hyperelastic materials is presented by
the relations between strain energy density (w) and three

strain tensor invariants (I1, I2, I3), or three principal stretches
(λ1, λ2, λ3).

W= f(I1, I2, I3) = f(λ1, λ2, λ3). (1)

6
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Table 2. The geometrical specifications of the structures.
XXXXXXXXXParameter

Structure
A B C D E E-graded-1

L (mm) 98 98 95 98 95 95
H (mm) 79 83 85 85 85 82
XXXXXXXXXParameter

Structure
E-graded-2 E-graded-3 F F′ F′′

L (mm) 95 97 98 98 98
H (mm) 80 82 84 84 84
XXXXXXXXXParameter

Structure
F′′′ G H I J

L (mm) 98 95 92 113 100
H (mm) 84 85 81 150 130
XXXXXXXXXParameter

Structure
K L M N

L (mm) 100 100 85 85
H (mm) 80 80 85 85

Figure 4. (a) Schematic of standard tensile-testing sample, (b) experimental set up and (c) stress–strain relationship of TPU.

Figure 5. The 3D-printed structure (a) ‘C’, (b) ‘E’ and (c) ‘G’.
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Figure 6. Boundary conditions considered in the FEA.

Figure 7. The comparison between internal and kinetic energy
obtained from the FEA.

There are diverse types of hyperelastic models, includ-
ing Neo Hookean, Mooney–Rivlin, Yeoh and Ogden [40]. To
perform the FEA on ZPR metamaterials, the Marlow hypere-
lastic criterion is chosen. It possesses the capability to predict
the material response when the results of one mechanical test
(uniaxial, equibiaxial or planar test data) are available [41]. To
this end, the results of the tensile test (figure 3(c)) are imported
to the ABAQUS software.

The Marlow model does not include any explicit relations
between the strain energy density and strain invariants. In fact,
the strain energy is independent of the second stretch invari-
ant, assumed to be dependent only on the first stretch invari-
ant. The formula related to the Marlow criterion is defined as
follows [42]:

W=

λT−1ˆ

0

T(E)dE . (2)

In equation (2), the parametersT(E) and λT are defined as the
nominal uniaxial stress and uniaxial stretch respectively.

2.6.3. Element types. As the cell walls possess bending
under compression, specifically the bending of soft re-entrant
unit cells, 3D solid continuum hexahedral elements with eight
nodes, so-called the C3D8R, are taken into account for ZPRs.
The R3D4 element type is also considered for each rigid plate.

Figure 8. Mesh convergence study.

Also, a convergence study is performed to obtain the most
proper element size for achieving accurate results. For that,
the seed sizes are changed from 1.2 to 0.6 mm with an interval
of 0.6 mm. As the seed size of 0.6 mm possesses an excellent
coincidence with the reaction forces obtained from the exper-
iments and FEA (see figure 8), the 0.6 mm of seed size is con-
sidered to carry out the FEA.

3. Results and discussions

3.1. Comparison between soft and stiff structures

This section justifies why the unit cells designed in section 2.2
are called soft and stiff unit cells. Also, how much stiffer the
stiff unit cell is than that of the soft unit cell. For this purpose,
two ZPR structures possessing the same mass are considered,
so-called structures ‘A’ and ‘B’. Figure 9 shows the deform-
ation patterns under quasi-static compression from the FEA.
As the structure ‘A’ comprises only the soft re-entrant unit
cells, some instabilities occur at high compressive displace-
ments (at 36 mm). On the contrary, the structure ‘B’ not only
resists severely under compression, but it also maintains its
stability .

Figure 10(a) compares the force–displacement behaviors of
the structures ‘A’ and ‘B’ under compression. The curve slop
related to the structure ‘B’ in the elastic region is almost twice
greater than the structure ‘A’, approving the high stiffness of
the stiff re-entrant unit cell compared to the soft one. Similarly,
the absorbed energy per unit of mass (SEA) in the structure ‘B’
is nearly twice greater than structure ‘A’ (see figure 10(b)).

3.2. Deformation patterns

This section discusses the deformation patterns that occur dur-
ing quasi-static compression test. In general, the ZPRmetama-
terials are divided into two main groups, those with slots and
those without slots. In non-slot ZPR metamaterials, the gradi-
ent items are the arrangement of soft and stiff re-entrant unit
cells. Figure 11 illustrates the deformation mechanisms in
non-slot ZPR metamaterials under compression. As shown in
figure 11, the stiff layers lead to the densification of the soft
layers, resulting in possessing controllable deformation pat-
terns that allow the designer to arrange the position of the soft
and stiff layers according to a specific application. Once the
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Figure 9. Deformation patterns of the structures ‘A’ and ‘B’ under compression.

Figure 10. (a) Force–displacement and (b) SEA–displacement relationships of the structures ‘A’ and ‘B’ obtained from the FEA.

Figure 11. The deformation patterns of the structure ‘C’.
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Figure 12. The deformation patterns of the structures ‘E’ and ‘G’.

Figure 13. The force–displacement relationship obtained from the FEA and the experiments for the structures ‘C’, ‘E’ and ‘G’.

compressive displacements are applied, the structure’s stiff-
ness increases. The structure’s stiffness then decreases due to
starting the soft unit cells’ densifications. Finally, the structure
stiffness increases again due to full densifications of soft unit
cells (see figure 13, the purple curve). It is also worth noting
that although the soft unit cells experience full densification,
the stiff unit cells do not face full densification at high com-
pressive displacements.

The concept of slots in ZPR metamaterials stems from
the observation of the base pairs in a DNA molecule (see
figure 1(b)). In the ZPR metamaterials comprising slots, by
applying compressive displacements, the walls of the slots
experience full contact, providing high-stiffness regions in
the structure. The high-stiffness regions lead to the occur-
rence of dominated-bending deformations and buckling in
the local unit cells, and the densification occurs at lower

10
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Figure 14. The comparison of deformation patterns between the FEA and experiments.
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Figure 15. The calculation of Poisson’s ratio.

compressive displacements (see figure 12). In essence, the
slots lead to an acceleration in the structure’s densification
by providing an upward trend in force–displacement rela-
tionship (see figure 13, green curve). Consequently, not only
do the ZPR metamaterials comprising slots possess super-
ior energy absorption capacity, but they also possess stabil-
ity under compression. Figure 13 shows a close agreement
in force–displacement relationship between the experiments
and the FEA. Also, figure 14 verifies the deformation patterns
between the experiments and FEA.

3.3. The calculation of Poisson’s ratio

Poisson’s ratio is calculatedwith a high-resolution digital cam-
era in a fixed position to capture the deformation patterns of
the 3D-printed ZPRs. To obtain the Poisson’s ratio, the images
are extracted and imported to CATIA software. Then, the relat-
ive displacements related to each red dashed line are measured
(see figure 15). The red dashed lines have the same lengths
before and after the compression. By taking the average of the
relative displacement of each red dashed line, and dividing it
to the axial compressive displacements, the Poisson’s ratio is
calculated.

3.4. Investigation of energy absorption capacity

Figure 16 shows a group of graded ZPR structures compris-
ing soft and stiff unit cells. When it comes to energy absorp-
tion capacity, the ZPR structures designed based on the DNA
molecule’s base pairs, named E, F, F′ and F′′, possess consid-
erable superiority compared to the remaining ZPRs. In struc-
tures E and F containing slots, the reaction forces increase
slightly under compressive displacements until the full con-
tact of the walls in slots. This leads to providing high-stiffness
regions in the structures (shown in the third row of figure 16
by the blue rectangle) and dissipating impact forces via fric-
tion. The ZPRs including slots can be practical in the applica-
tions where low values of initial reaction forces are required,
like collision accidents [43]. However, the structures F’ and F”
containing more horizontal beams possess a dramatic upward
trend in force–displacement relationship upon applying com-
pressive displacements (see figure 17(a)). As can be seen from
figure 17, amongst the ZPR structures designed based on the
DNAmolecule’s base pairs, the structure F′′ possesses consid-
erable energy absorption capacity compared to the other pro-
posed ZPRs.

3.5. The diversity in cell wall thicknesses

To investigate the effect of different cell walls thicknesses, the
structure F′′′ and the subsets of the structure E are considered,
see figure 18. These structures do not possess constant stiff-
ness and strength due to the variability of the cell wall thick-
ness. The structure F′′′ possesses the highest energy absorp-
tion capacity amongst all proposed structures in this study,
see figure 19. This possession of high energy absorption capa-
city is caused by the diversity in cell wall thicknesses of struc-
ture F′′′. This emphasize on the effectiveness of gradient thick-
nesses as an effective to item to enhance the energy absorption
capacity in graded metamaterials.

3.6. Effects of slot widths

This section investigates the influence of slot width in struc-
ture ‘E’ (see figure 20). As can be seen from figure 21,
the smaller the slot widths, the stiffer the ZPR metamater-
ials. In other words, considering small slot width leads to
the surge in structural stiffness at lower compressive dis-
placements, and the simultaneous occurrence of bending and
cell wall contacts in the local unit cells. This leads to the
occurrence of structure’s densification at lower compress-
ive displacements, enhancing the energy absorption capacity.
Consequently, one possible approach to boost the energy
absorption capacity is taking the smaller slot widths into
account.

3.7. Effects of wall thickness

To investigate the effects of wall thicknesses, the structure
‘E’ designed based on the DNA molecule’s base pairs is con-
sidered. Then, four different cell wall thicknesses with 0. The
25, 0.5, 0.85 and 1.2 mm are taken into account (see figure 22).
The thicker walls, the more resistance the walls possess to
bend. This leads to an increase in the structure’s stiffness,
as well as the appearance of plateau region in the force–
displacement relation at higher forces (see figure 23(a)), res-
ulting in an increase in energy absorption capacity. As shown
in figure 23(b), the amount of SEA increases by up to 1690%
when the wall thickness increases from 0.25 to 1.2 mm (the
SEA changes from 0.0128505 to 0.23014 (J g−1)). Therefore,
although the increase in wall thickness leads to an increase in
structure’s mass, it has a direct influence on energy absorption
capacity.

12
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Figure 16. The deformation patterns of the newly designed ZPR structures under compression.
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Figure 16. (Continued.)

Figure 17. The (a) force–displacement and (b) SEA–displacement relation of ZPR metamaterials obtained from the FEA.
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Figure 18. The deformation patterns of the newly designed ZPRs with variable thicknesses under compression.
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Figure 19. The (a) force–displacement and (b) SEA–displacement curves of the designed ZPRs obtained from the FEA.

Figure 20. ZPR metamaterials with different slot widths.

Figure 21. The effect of slot widths on (a) force–displacement and (b) SEA–displacement relationships.

Figure 22. The structure ‘E’ with (a) 0.25, (b) 0.5, (c) 0.85 and (d) 1.2 mm wall thicknesses.
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Figure 23. The dependency of (a) force–displacement relationship and (b) SEA on cell wall thicknesses of the structure ‘E’ obtained from
the FEA.

Figure 24. The incapability of an auxetic structure to keep its stability under compression.

Figure 25. The newly designed ZPR’s high energy absorption capacity compared to the auxetic metamaterial.

3.8. Comparison between the bio-inspired ZPRs and auxetic
metamaterial

This section exhibits how designing energy absorbers inspired
by the DNA molecule’s design leads to enhancing the energy
absorption capacity compared to the conventional auxetic
structure. Also, how the bio-inspired ZPRs’ stability is com-
pared with the auxetic metamaterial under quasi-static com-
pression. As can be seen from figure 24, although the
conventional auxetic structure shows a shrinkage behavior
under compression, it is incapable of possessing uniform
shrinkage at high compressive displacements. These are the
most common deformation patterns that occur in auxetic

structures under quasi-static compression and blast loading
[44, 45]. Besides, the energy absorption capacity of the struc-
ture F′′′ (the ZPR structure possessing the highest energy
absorption capacity) is almost four times greater than the
conventional auxetic structure’s energy absorption capacity
(see figure 25).

To demonstrate the superiority of the bio-inspired ZPRs
compared to the conventional auxetic structure in terms of
stability, two structures with long heights, but with constant
mass are taken into account (structures ‘I’ and ‘J’). As can
be seen from figure 26, the bio-inspired ZPR metamater-
ial possesses an excellent stability under quasi-static com-
pression due to layer-by-layer unit cells’ densifications.
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Figure 26. Comparison between the newly designed ZPR and auxetic structure in terms of stability under compression.

Figure 27. The deformation patterns of the traditional ZPRs under compression.
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Figure 28. Comparison of (a) force–displacement and (b) SEA–displacement relationships between the newly designed and conventional
ZPRs obtained from the FEA.

However, a conventional auxetic structure ong height pos-
sesses severe instabilities in the first stages of the quasi-static
compression.

3.9. Comparison between the bio-inspired ZPRs with
traditional ZPRs

This section considers the structure F′′′, possessing the highest
energy absorption capacity (see section 3.5), and compares its
capabilities in terms of energy absorption capacity and stabil-
ity with the conventional ZPRs. The traditional ZPRs’ deform-
ation patterns are based on the bending and buckling of the
cell walls under compression (see figure 27). The stability and
high stiffness of structure F′′′ is the main differences between
bio-inspired and traditional ZPRs. It is also worth noting that
the structures ‘M’ and ‘N’ possess PPR behavior when the
cell walls experience a full contact. In other words, the angle
Θ between the two adjacent cell walls (shown in figure 3),
provides restrictions for the star-shaped ZPRs to exhibit a con-
tinuous ZPR behavior under compression. Figure 28 approves
the superiority of the newly bio-inspired designed ZPR over
the traditional ones in terms of energy absorption capacity.

4. Concluding remarks

Inspired by the 2D image of a DNA molecule, a new group of
2DZPR bio-inspiredmetamaterials was introduced. The ZPRs
comprised multi-stiffness unit cells, so-called soft and stiff re-
entrant unit cells, to possess high energy absorption perform-
ance. TPU-based structures were fabricated by 3D printing and
tested mechanically to verify the FEA results. The findings are
summarized as follows.

• The DNAmolecule’s design exhibits the way through which
a unit cell can be patterned to achieve a ZPR behavior.

• The DNA molecule’s base pairs are the most effective
elements providing a considerable enhancement in energy
absorption capacity. This increase is caused by providing
high-stiffness regions in the newly designed ZPRs under
quasi-static compression.

• Due to the variability in the stiffness of soft and stiff re-
entrant unit cells, the deformation patterns and unit cells’
densifications are controllable under compression.

• Apart from considering slots in ZPR metamaterials, another
effective item enhancing the energy absorption performance
is the differences in cell wall thicknesses. To have a bet-
ter understanding, the SEA increases by up to 33% (the
SEA changes from 0.158964 to 0.212885) in structure ‘E-
graded-3′ compared to the structure ‘E’ with constant cell
wall thickness.

• A comparison between the newly designed and auxetic
metamaterials is performed. This sheds the light on the
incapability of the conventional auxetic metamaterial to
keep its stability and the simultaneous possession of high
energy absorption capacity under compression.

• Also, a comparison between the newly and traditional ZPRs
is performed. This exhibits the superior energy absorption
capacity of the newly designed ZPRs compared to the tradi-
tional ZPRs.
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