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Auxetic metamaterials have attracted much attention due to their outstanding advantages over traditional materials in terms of
shear capacity, fracture resistance, and energy absorption. However, there are lack of design inspirations for novel auxetic
structures. According to the materials databases of atomic lattice, some natural crystals possess negative Poisson’s ratio (NPR).
In this paper, the mechanism of auxeticity in microscale Ti crystal is investigated through density functional theory simulation.
Then we propose a macroscopic auxetic metamaterial by mimicking the microscopic atomic lattice structure of the body-
centered cubic Ti crystal. The NPR property of the macroscopic metamaterial is verified by theoretical, numerical and
experimental methods. The auxeticity keeps effective when scaling up to macroscopic Ti crystal-mimic structure, with the
similar deformation mechanism. Furthermore, from the geometric parameter investigation, the geometric parameters have great
influence on the Poisson’s ratio and Young’s modulus of the macroscopic metamaterial. Importantly, an optimized structure is
obtained, which exhibits 2 times enhancement in auxeticity and 25 times enhancement in normalized Young’s modulus,
compared to the original architecture. This work establishes a link between the physical properties at micro-nanoscale and

macroscale structures, which provides inspirations for high load-bearing auxetic metamaterials.
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1. Introduction

Mechanical metamaterials have attracted great interest due
to their unconventional characteristics [1-4], such as nega-
tive Poisson’s ratio (NPR) [5,6], negative stiffness [7], high
shear capacity [8], and sound insulation [9]. Auxetic meta-
materials possess NPR, which implies that they expand or
contract transversely in response to longitudinal tension or
compression. Auxetic materials show a number of dis-
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tinctive mechanical properties, including exceptional shear
resistance [10], fracture resistance [11], indentation re-
sistance [12], vibration isolation [13], energy absorption
[14], and synclastic behavior [15], etc. Thus, auxetic meta-
materials have a wide range of important applications in
biomedical materials, smart sensors, acrospace, and actua-
tors [16-18], etc. In the macroscale, several kinds of auxetic
mechanisms have been discovered and the corresponding
auxetic elements have been designed, including re-entrant
structures [19,20], rotating polygons [21-23], chiral struc-
tures [24-26], and perforated sheets [16,27]. However, most
auxetic metamaterials are obtained by the combination or

© The Chinese Society of Theoretical and Applied Mechanics and Springer-Verlag GmbH Germany, part of Springer Nature 2024


http://ams.cstam.org.cn
https://doi.org/10.1007/s10409-024-24488-x
https://doi.org/10.1007/s10409-024-24488-x
https://doi.org/10.1007/s10409-024-24488-x
http://www.springer.com/locate/gpb
http://crossmark.crossref.org/dialog/?doi=10.1007/s10409-024-24488-x&domain=pdf&date_stamp=2024-11-26

J. Zhou, et al. Acta Mech. Sin., Vol. 41, 424488 (2025)

modification [28-30] of these limited auxetic elements.
Design inspiration for novel auxetic structures is needed.
In microscale, some natural crystals can also exhibit
unusual physical properties, such as NPR [31,32], negative
thermal expansion [33,34] and piezoelectricity [35,36]. No-
vel deformation mechanisms of these crystal structures may
provide inspiration for designing macroscale metamaterials
[37,38]. A polar elastic metamaterial is designed by con-
structing a frame similar to the lattice structure of pyrochlore
crystals [39]. The auxetic behavior of rutile-structure crystals
inspires a three-dimensional (3D) structure with simulta-
neous NPR and negative compressibility [40]. After studying
the microscopic deformation characteristics of PbO crystal, a
PbO-mimic lattice metamaterial with simultaneously NPR,
compressibility, and thermal expansion is achieved [41].
These successes imply the feasibility of designing macro-
scopic metamaterials by mimicking microscopic atomic lat-
tices. However, existing research about scaled-up NPR is
limited. The design and optimization from microscale to
macroscale for auxetic metamaterial remains a challenge.
In this paper, we explore the microscopic deformation
mechanism of body-centered cubic (b.c.c) Ti crystal with a
NPR. It is revealed that the auxetic effect is due to the
rhombuses structures made up of bonds. Then a macroscale
auxetic metamaterial mimicking the atomic lattice structure
of Ti is designed. The mechanical properties of the auxetic
metamaterial are investigated by theoretical, numerical and
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Figure 1

Poisson’s ratio v(110, 110) in terms of tensile strain £[''°). The changes of the (c) lengths and (d) angles with tensile strain &
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experimental method. The results show that the NPR me-
chanism of the atomic lattice keeps valid when scaled up to
macroscale beam system. Moreover, the geometric para-
meter studies show that the NPR and normalized Young’s
modulus of this metamaterial can be tailored by adjusting
the geometric parameters. Subsequently, an optimized
structure with notably enhanced auxeticity and Young’s
modulus is realized based on the parametric studies.

2.  The auxetic behavior of Ti crystal

To explore the microscopic mechanism for the deformation of
atomic lattice crystal, density functional theory (DFT) simu-
lation is conducted using the Vienna ab initio simulation
package [42,43]. The generalized gradient approximation
method of Perdewe-Burkee-Ernzerh [44] is employed to de-
scribe the electronic exchange and correlation interaction of
electrons. The DFT results indicate that the atomic lattice of
the Ti crystal has relatively simple crystal structures and
obvious NPR, which means it may serve as a promising in-
spiration for the design of macroscopic auxetic metamaterials.

The atomic lattice of Ti crystal is shown in Fig. 1(a),
which contains two-unit cells connecting in the [001] di-
rection. Ti crystal is b.c.c structure (Im-3m, Oh9), with each
cubic cell containing two Ti atoms located at Wyckoff co-
ordinate 4a position. The lattice constants in the [100],
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Atomic lattice and DFT simulation results of Ti crystal. (a) The atomic lattice of Ti crystal and its mechanism of NPR. (b) DFT prediction for
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[010], and [001] directions are ag, by and c¢,, respectively.
The dimensions of a unit cell in the [110], [110], and [001]
directions are denoted by ay, by and ¢, respectively. The
bond angles formed by atoms 2, 1, 4 and 3, 2, 4 is denoted
by 0,. Similarly, the bond angles 0, (angle 123 and 143), 0,
(angle 516 and 536) and 0, (angle 153 and 163) are depicted
in Fig. 1(a), respectively.

The periodic crystal is stretched along the [110] direction
with a strain of ¢['1% = Aayla,. The strain along the [110]

direction £!11% = A2¢y/2¢, is calculated. Then the Poisson’s

ratio v(110,110) = 11190/ 1100 g obtained and depicted in
Fig. 1(b). The length changes and angle changes of the
crystal are shown in Fig. 1(c) and (d). When the tensile
strain reaches 2%, the length of a, and b, increases, and c¢,
decreases, which mean that the system presents an NPR in
the plane perpendicular to [001]. When the tensile strain
"% is under 10%, a, increases and ¢, decreases mono-
tonically, while b, firstly increases obviously and decreases
slightly (Fig. 1(c)). Although b, is slightly reduced, it is
always larger than its original value when the tensile strain
is under 10%. The bond angles 8, and 6; increase mono-
tonically, while 6, and 0, decrease monotonically during the
stretch, as shown in Fig. 1(d).

To explain the mechanism of NPR in the atomic lattice of
Ti, we can focus on the deformation of two unit cells, as
depicted in Fig. 1(a). When tensile strain is exerted in the
[110] direction (as indicated by the white arrows in Fig. 1
(a)), the length of a, increases. The angle 6, increases and 6,
decreases, which means that the rhombus consisting of atoms
1, 2, 3 and 4 (thombus 1234) extends along the [110] di-
rection and contracts along the [001] direction. The rhom-
buses on the (110, 001) boundaries undergo the same
deformation. Hence, the upper atoms of these rhombuses
move up, and the lower atoms move down. The atoms 1 and
3 move inwards along the [001] direction (the black arrows
in Fig. 1(a)) and ¢, decreases. These displacements result in
the extensions along [110] direction of rhombus 1536 and

rhombuses on the (110, 110) boundaries. Thereby the angle
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05 increases and 0, decrease. These changes cause atoms 5
and 6 to move outwards along the [110] direction (the orange
arrows in Fig. 1(a)) and the distance b, increases. Therefore,
when stretched along the [110] direction, the unit cells ex-
pand along [110] direction. The NPR effect of Ti crystal is
attributed to the linking rhombuses in the atomic lattice.

3.  Macroscopic auxetic metamaterial design
and theoretical analysis

3.1 The atomic lattice-mimic design for macroscopic
auxetic metamaterial

To attain the special auxetic property in macroscale, a
macroscopic architected structure consisting of elastic beams
is designed. Figure 2 shows the atomic lattice-mimic design
for the macroscopic structure. The design starts from the
microscopic crystal structure. Firstly, a proper representative
unit cell of the atomic lattice should be selected to design the
macroscopic metamaterial. Considering the auxetic me-
chanism of Ti crystal, we choose a new unit cell different to
the primitive unit cell or conventional unit cell of the body-
centered cube, as shown in Fig. 2(a). The newly selected unit
cell helps to present and analyze the auxetic mechanism
more intuitively and it can also be repeated periodically
along the Cartesian axes. Secondly, the precise locations of
each atom of Ti are obtained. Thirdly, to transfer the atomic
lattice to an architected structure, each atom is represented as
a node within the macroscopic framework. The atom posi-
tions are then mapped to the nodes of the macrostructure.
Subsequently, macroscale elastic beams are used to connect
these organized nodes in the similar way that atoms are
connected via bonds. Lastly, to scale up the microscale lattice
structure to macroscale, the length of /, is designed as
21.119 mm, which corresponds to the bond d, with the length
of 2.816 A. A macroscopic unit cell of Ti crystal-mimic
structure consisting of beams is obtained, as shown in Fig. 2
(b). Noting that the NPR exists in the [100] [010] plane but
along the [110] and [110] directions, the directions of the
Cartesian axes x, y, and z for the macroscopic structure are in

Figure 2 Atomic lattice-mimic design for the macroscopic auxetic metamaterial. (a) The new unit cell of Ti crystal; (b) the macroscopic unit cell of Ti
crystal-mimic structure; (c) a macroscopic periodic lattice structure consisting of unit cells.
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accordance with the directions of [110], [110] and [001],
respectively. Therefore, the macroscopic unit cell can be
periodically arranged along the x, y and z directions to obtain
the 3D periodic lattice structure (Fig. 2(c)).

In the macroscopic unit cell, the cross-section of the beam
is assumed to be a circle with diameter d. The beams located
within the boundary planes exhibit half of the thickness
because they are divided by adjacent unit cells, as shown in
Fig. 2(b). All the beams parallel to the xz plane are of the
same length /;, and make an angle a (0 < o < 71/2) with the xy
plane. All the beams parallel to the yz plane are of the same
length /,, and make an angle § (0 < < 7/2) with the xy plane.
The dimensions of the unit cell in the x, y and z directions are
designated as a, b and c, respectively. Given that the beam
length of /, has been defined as 21.119 mm, the remaining
geometric dimensions are: /; = [, = 21.119mm, a = ¢ =
34.487 mm, b = 24.386 mm, a = f = 0.6155.

3.2  Theoretical analysis of macroscopic mechanical
properties

To obtain the analytical models of the Poisson’s ratio and
normalized Young’s modulus, a theoretical model is built for
the unit cell of the atomic lattice-mimic structure, as demon-
strated in Fig. 3. As the macroscopic auxetic metamaterial is
constructed with slender beam, it is assumed that the beams
are Euler-Bernoulli beams by neglecting the shear deforma-
tion. In addition, it is supposed that the material is in the linear
elastic range and in small deformations, so the geometric
nonlinearity is not considered in the theoretical analysis.
Consider that a uniformly distributed stress o, is applied
to the unit cell in the y direction. Figure 3(a) illustrates the
forces exerted on the boundaries of the unit cell. In the unit
cell there is a geometrical relationship /;sina = /,sinf. The
beams located within the boundaries (the green beams in

(b)
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Fig. 3(a)) only show half of the thickness. Based on peri-
odicity and symmetry, the xz and yz boundaries remain
planar and no rotations occur. Thus, the beams in the xz
boundaries have identical forces F, along the y direction at
the ends, and deform only in the xz plane. So the beams
parallel to the yz plane are subjected to forces along the y
and z directions, and the beams parallel to the xz plane are
not subjected to forces in the x direction. It can be found that

0, = Fl’sinacosa and S;+ Ty = 0. The deformation of the

periodic structure can be obtained by analyzing the forces of
beams OA and OB. The forces and moments acting on the
end of the beams are sketched in Fig. 3(b) and (c), where the
beams in grey are structures symmetric about the xy plane
within the unit cell. The beam OB is clamped at the end
node O, and at the end B undergoes a force F), along the y
direction, a force S; along the z direction and a bending
moment M; about the x direction. The beam OA is clamped
at the end node O, and at the end A undergoes a force 75
along the z direction as well as a bending moment M, about
the y direction.

As there is no rotation at end B, the moment acting on end B is

M, = —31,Fysing + 11,Sscosp. )

Then the relative displacements of point B to point O in
the y and z directions can be expressed respectively by

1 . .
op =I(F =S 2
B2 Kfz( »sinf — Sscosf )sing (2)
+ KLsz(cmosﬂ + S3sinﬂ)cos,b’,
1 .
Oops = —(F +S
B Kfz( »sinf + Sscosff)cosfp
+KLSZ(F2cosﬁ+ Sysing)sing, 3)
with
_ 3nd*E, _ nd?E,
12 16[23 s 2 4[2 5 (4)
(c)

Figure 3 Theoretical model of the macroscopic unit cell. (a) Forces acting on the boundaries of the unit cell; (b) forces and moments acting on the B end of

beam OB; (c) forces and moments acting on the A end of beam OA.
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where E; is the Young’s modulus of the parent material.
As there is no rotation at end A, we have

M, = %lﬂ}cosa. (%)

Then the relative displacements of point A to point O in
the y and z directions can be calculated respectively by

Op1 = *ﬁ]}cosasim + 1(151 Tisinacosa, (6)
Op3 = LT cosocosa + LT sinasina (7
" TK K, 3 )
with
_ 3ndE, _ nd’E,
Kfl_ 16113 Ks‘l_ 411 . (8)

Considering the periodicity, end A and end B always lie in
a plane parallel to the xy plane, that is, point A and point B
have the same displacement along the z direction, which can
be expressed as
Op3 = Opse ©)]
By using Egs. (4) and (7) as well as the relation
§;+1;= 0, it can be obtained that

Sy = kFy, T, =—kF), (10)
where £ is defined by
|
K—fz X, sinfcosf
k= —— ——. (11
cos2a  sin%o | cos?f  sin’f
Ky a  Kpo Ky

Then the strains of the unit cell can be derived as
e = 2(;A1 _ szsina(Kﬂ*KSl)
e s w £ . U

a LKpKg 7 (12)
£y = 251)132
Fz[(Kfz*Ksz)Coszﬂ + kSinﬂ(Kfszsz)COSﬁ +K32]
- LK K pcosp R
c Fok|(K e — Ky )cos?a— Ky
=2 (K~ K) 9 (14

llK/'lKS 1Sina

Accordingly, the Poisson’s ratios along the x and z di-
rections are respectively

€
Ve = _s_; (15)

_ LkK K oKy — Kig)sinacosf

Zlelelez + (Kfz - Ksz)(coszﬁ + ksinﬁcosﬁ)] ’

__&3
Vyz = _5

- lszfszzCOSﬂl(Kfl —Kj)cos?a— K_/‘l]

1K K gsinalK o+ (Kfszsz)(coszﬂ + ksinﬂcosﬁ)} '

(16)

The effective Young’s modulus E), in the y direction is
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_ 0
E,=2

ST [ 8]

_ lszzKﬁCOSﬁ
llzsinoccosoc[K_ ot (K fz—Ksz)(cosz,b’ + ksinﬁcosﬁ)}'

(7

Then the normalized Young’s modulus of the unit cell can
be calculated as E|/E.

4. Finite-element simulations and experimental
tests

4.1 Finite-element method

To analyze the deformation mode and mechanical properties
of the designed metamaterial, finite-element simulation
model is introduced and investigated using the finite-ele-
ment simulation software. The unit cells maintain the same
geometric dimensions as detailed in Sect. 3.1. A periodic
lattice structure with 2x6x2 unit cells is used for finite-
element simulation, as shown in Fig. 4(a). The size of the
lattice structure in the x, y and z directions are 71.974 mm,
231.92 mm and 51.772 mm, respectively. Two solid blocks
are embedded to facilitate the loading process and ease the
calculation of results.

Free tetrahedral solid elements are used in the finite-ele-
ment model. Mesh convergence analysis indicates that with
a minimum mesh size of 0.997 mm, the model is sufficient
to produce accurate outcomes, including the -effective
Poisson’s ratio and the effective Young’s modulus. To si-
mulate the structural deformation as much as possible and
compare with the subsequent experimental results, geo-
metric nonlinearity is considered in the stationary analysis.
In the simulation, a displacement is imposed on the upper
solid block along the y direction (equal to up to 14% of the
longitudinal length of the lattice structure), while the lower
solid block is fixed.

The sweep of loading stain is assigned in the analysis to
gain the deformation process. When the analysis is com-
plete, a volume integral is employed on the solid blocks to
ascertain the loading response, thereby enabling the stress
and effective Young’s modulus to be derived. To circumvent
the influence of boundary effects, longitudinal and trans-
verse strains of the 2x2x2 unit cells in the central portion of
the model (the red dotted rectangle in Fig. 4(a)) are obtained
to calculate the effective Poisson’s ratio of the structure.

4.2 Experimental setup

In order to validate the auxeticity of the designed metama-
terial, quasi-static uniaxial tensile tests are conducted.
Geometry configuration of the specimens is the same as the
finite-element simulation model. Utilising nylon as the
parent material, the metamaterial specimens are produced
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Figure 4 (a) Finite-element simulation model and (b) experimental set up for the quasi-static uniaxial tensile tests.

via the selective laser sintering method. Uniaxial tensile
tests are firstly operated on the dog-bone shaped specimens
in order to obtain the mechanical properties of the parent
material, with a tensile rate set at 2 mm/min. The true stress-
strain curves are derived, revealing the Young’s modulus E;
of the parent material to be 616 MPa.

Uniaxial tensile tests are performed on two identical
metamaterial specimens to ensure the repeatability. The
experimental set up for the quasi-static uniaxial tensile tests
is illustrated in Fig. 4(b). The quasi-static uniaxial tensile
tests are conducted on a 200 kN Instron testing machine.
Specimens are held in between the top and bottom clamps.
The bottom clamp is fixed, while the top clamp moves up at
a displacement rate of 5 mm/min. The load-displacement
response was recorded by the testing machine with a sam-
pling rate of 10 times/s. And then the loading strain and
stress can be derived. During the tensile process, the di-
mensions and strains are recorded using a digital image
correlation system with a video extensometer. Similar to the
finite-element simulations, longitudinal and transverse
strains of the 2x2x2 unit cells in the central portion of the
specimen are obtained to calculate the Poisson’s ratio.

5. Results and discussions

5.1 Comparison between theoretical, numerical and
experimental results

This section presents an investigation into the Poisson’s
ratio and the normalized Young’s modulus of the atomic
lattice-mimic metamaterial. In addition, the results of theo-
retical analysis, finite-element analysis (FEA) and experi-
ments are compared and discussed, which validates the

auxeticity of the designed atomic lattice-mimic structure.

The deformation patterns of the atomic lattice-mimic
structure at 10% loading strain are shown in Fig. 5. The
deformation patterns obtained from FEA (Fig. 5(a)) and the
experiment (Fig. 5(b)) are similar. The shape defined by the
black lines in Fig. 5(a) corresponds to the initial config-
uration of the structure. The lateral deformation demon-
strates that the structure expands transversely when
subjected to longitudinal tension along the y direction,
which indicates its auxetic characteristic. The deformation
of a unit cell is shown in Fig. 5(c). The grey configuration is
the undeformed unit cell, and the green configuration is the
deformed unit cell.

When stretched along the y direction (the white arrows in
Fig. 5(c)), the thombuses BKFL and DJHM which lie in the
xz boundaries move outward along the y direction. These
movements cause the deformation of the beams in the yz
plane. Rhombuses CMGL and AJEK extend along the y
direction and contract along the z direction. Under the
combined action of rhombuses AJEK and beams OA and
OE, the nodes A and E move close to each other along the z
direction and move along the x direction (the purple arrows).
Similarly, the nodes C and G move close to each other along
the z direction and move along the negative direction of x
axis (the purple arrows). Thus the rhombus AJEK moves
along the x direction, and the rhombus CMGL moves along
the negative direction of x axis. As a result, the nodes LMJK
move away from each other in the xy plane (the yellow
arrows). The extension of rhombus BKFL along the x di-
rection causes the contraction of itself in the z direction. So
the nodes B and F move close to each other in the z direction
(the blue arrows). Due to the symmetry of the unit cell, the
nodes D and B also move close to each other (the blue
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(c)

[ Undeformed
mm Deformed

Figure 5 Deformation patterns of the atomic lattice-mimic structure at 10% loading strain. (a) Displacement in the x direction obtained from FEA; (b) the
deformation of the specimen obtained from the experiment; (c) deformation analysis of a unit cell. The shape defined by the black lines in (a) corresponds to
the initial configuration of the structure. The red dashed lines in (a) and (b) show the corresponding unit cell in (c).

arrows). Therefore, when the unit cell is stretch along the y
direction, it expands along the x direction (the orange ar-
rows), which means the structure is auxetic. The NPR effect
of the macroscopic Ti-mimic structure is attributed to the
linking rthombuses in the unit cell.

The deformation mechanism of the macroscopic Ti-mimic
structure is similar to that of the microscopic Ti crystal. The
crystal lattice deformation arises from the alterations in the
bond lengths and angles, predominantly due to the changes
of the interaction force between atoms [45,46]. Furthermore,
the deformation of the atomic lattice may be affected by the
interactions between or within atoms, which are complex
[47-50]. On the other hand, the deformation of the designed
macroscopic Ti-mimic structure is mainly attributable to the
axial tension, compression, bending and torsion of the
elastic beams, which alter the position of the nodes.

As shown in Fig. 6, comparing the theoretical results,
FEA results and experimental results, the curves are in close
agreement with each other. Figure 6(a) and (b) indicates the
auxeticity of the atomic lattice-mimic structure. The Pois-
son’s ratio obtained from theoretical analysis, FEA and
experiments are —0.877, —0.823 and —0.905, respectively.
The design approach for the auxetic metamaterial inspired
by the crystal structure of Ti is proved to be feasible by the
consistency between these results.

To evaluate the effective Young’s modulus of the struc-
ture, the normalized Young’s modulus E,/E; is defined as the
ratio of effective Young’s modulus E), to Young’s modulus of
parent material E;. Figure 6(c) and (d) shows the compar-
isons of the stress-loading strain and E|/E-loading strain
curves from the theoretical, FEA and experimental results.
The normalized Young’s modulus E,/E, obtained from the-
oretical analysis, FEA and experiments are 2.270x107,
2.256x107°, 2.648x107, respectively.

The slight differences in the theoretical, FEA and ex-
perimental results may be due to the simplification of the
beam theory, the boundary conditions and the nonlinearity
of material and geometry. Moreover, the experimental result
may be influenced by the parameters of the 3D printing
process of the specimen [51,52]. The differences among
different methods are acceptable, and the theoretical results
can describe the mechanical properties of the metamaterials
accurately. Hence, the characteristics of the metamaterial
analyzed by the theoretical method are reliable as well as
efficient.

It is worth noting that the Poisson’s ratio changes little as
longitudinal strain increases, as shown in Fig. 6(b). In the
finite-element simulation, when the loading strain is less
than 10%, the Poisson’s ratio of the auxetic metamaterial
varies within 6.25%. In contrast, for other auxetic materials,
the NPR weakens up to 50% at a small loading strain of 5%
[53]. It can be posited that the Poisson’s ratio v,, of the
proposed auxetic metamaterial is strain-independent when
the loading strain is lower than 10%. This overcomes the
problem of strain-dependent auxeticity in most auxetic
metamaterials and can broaden the application of auxetic
metamaterials.

5.2 Geometric parameter investigation

In this section, the relationships between the geometric
parameters and the mechanical properties of the metama-
terial are discussed. The Poisson’s ratio v,, and normalized
Young’s modulus E,/E, of the structure are analyzed using
the theoretical model introduced above.

Firstly, in the theoretical model, it is set that [, = [, =
21.119 mm and a = . The effects of angle a(f) and diameter
d are demonstrated in Fig. 7(a) and (b). As a and f increases
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Figure 6 Comparisons of (a) transverse strain-longitudinal strain curves, (b) effective Poisson’s ratio v,,-longitudinal strain curves, (c) stress-loading strain
curves and (d) normalized Young’s modulus E,/E-loading strain curves of the theoretical, FEA and experimental results of the atomic lattice-mimic metamaterial.

from 0 to n/2, v, first decreases and then increases. The
Poisson’s ratio vy, reaches maximum values when o and f is
equal to n/4. When a and f§ are fixed, v, decreases with
increasing d. Besides, normalized Young’s modulus E)/E;
increases when d increases or a(f) decreases.

To obtain a structure with larger NPR and normalized
Young’s modulus, it is set that /; =21.119 mm, d = 5.2 mm
and a # f, and then the effects of angle a and f are shown in
Fig. 7(c) and (d). The Poisson’s ratio v, decreases with in-
creasing a. With fixed a, v, first decreases and then increases
when f increases. The normalized Young’s modulus E/E,
decreases with increasing S, and it first decreases and then
increases with increasing a. Through parameter design, the
Poisson’s ratio v, can be tailored from —6 to 0, and the nor-
malized Young’s modulus E,/E; can be tailored from 0 to 0.8.

The parametric studies reveal that the Poisson’s ratio and
normalized Young’s modulus of the auxetic metamaterial
are tailorable through adjusting the geometric parameters.
The mechanical properties of metamaterials can be designed
according to different application requirements, which may
broaden the applications of auxetic metamaterials.

5.3 Optimization design

To obtain an auxetic structure with larger NPR and nor-
malized Young’s modulus, an optimized structure is pro-
posedbased on the parametric studies. The unit cell of the

optimized structure is shown in Fig. 8(a). The geometric
parameters of the unit cell are: d =152 mm, a = 1.2566,
L =0.5921, and /; keeps the same value as the original
atomic lattice-mimic structure, which is 21.119 mm.

As the change of the size of the unit cell and the limitation
of the size of the clamp, a periodic lattice structure with
2x5x1 unit cells is used for the numerical and experimental
studies. Finite-element simulations and quasi-static uniaxial
tensile tests are conducted on the optimized structure. The
finite-element simulation model is shown in Fig. 8(b). The
lateral deformation of the lattice structure at a loading stain
of 8% is illustrated in Fig. 8(b), which reveals that the op-
timized structure has apparent auxeticity.

The mechanical properties of the optimized metamaterial
obtained from experiments and FEA are shown in Fig. 8(d)
and (e). The Poisson’s ratio v,, obtained from the FEA and
experiment are —1.621 and —1.751, respectively. And the
normalized Young’s modulus E,/E; are 0.071 and 0.067, re-
spectively. It is observed that the effective Poisson’s ratio v,
-longitudinal strain curves obtained from FEA and experi-
ment are in good agreement with each other. The curve of
normalized Young’s modulus E,/E, obtained from experi-
ment vibrates before 1.3% loading strain, which is mainly
due to the relative slip between the clamp and the specimen.

Comparisons of the geometric parameters and mechanical
properties of the original atomic lattice-mimic structure and
the optimized structure are demonstrated in Table 1. After
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Figure 8 Schematics of the optimized structure: (a) unit cell, (b) finite-element simulation model and (c) the lateral deformation of the lattice structure at
8% loading strain. Mechanical properties of the optimized metamaterial: (d) effective Poisson’s ratio v,, and (e) normalized Young’s modulus E\/E;.



J. Zhou, et al. Acta Mech. Sin., Vol. 41, 424488 (2025)

Table 1 Comparisons of geometric parameters and mechanical properties
of the original atomic lattice-mimic structure and the optimized structure

Optimized structure

Original structure

I, (mm) 21.119 21.119
I, (mm) 21.119 35.988
a 0.6155 1.2566
B 0.6155 0.5921

d (mm) 3.0 5.2
Vey -0.905 -1.751
EJE, 2.648x107 0.067

the optimization, the effective Poisson’s ratio can reach
—1.751, with nearly 2 times enhancement of auxeticity
compared to the origin structure. The normalized Young’s
modulus is enlarged from 2.648x107° to 0.067, with an
improvement of 25 times. The auxeticity and the stiffness of
the metamaterial are both significantly improved through
optimization design, which may make this metamaterial
have greater application prospects.

6. Conclusion

In conclusion, the mechanism of auxeticity in microscale Ti
crystal is investigated through DFT simulation. It is found that
the auxetic effect of Ti crystal is attributed to the thombuses in
the atomic lattice. Then a macroscopic auxetic metamaterial is
designed by mimicking the atomic lattice of Ti crystal.

The auxeticity of the macroscopic metamaterial is vali-
dated by theoretical, numerical and experimental methods.
Besides, the Young’s modulus of the metamaterial is in-
vestigated.

Furthermore, the geometric parameter investigation shows
that the NPR and normalized Young’s modulus of the me-
tamaterial can be tailored by adjusting the geometric para-
meters. The Poisson’s ratio of the metamaterial can be
tailored from —6 to 0, and the normalized Young’s modulus
can be tailored from 0 to 0.8.

Through the optimization design, an optimized metama-
terial is achieved, displaying 2 times increase in auxeticity
and 25 times increase in in normalized Young’s modulus,
compared to the initial architectures.

This work provides inspirations of auxetic metamaterial
design, and lays a foundation for the application of auxetic
metamaterials.
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