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AUXETIC METAMATERIALS SUBJECTED
TO DYNAMIC LOADINGS

Georgios K. Tairidis’, Ioannis Ntintakis,
Georgios A. Drosopoulos, Panagiotis Koutsianitis,
and Georgios E. Stavroulakis

ABSTRACT. Materials with negative Poisson’s ratio are called auxetics and
they present enhanced properties (e.g. damping, indentation resistance, frac-
ture toughness and impact resistance) under external loadings. The auxetic
properties are derived from peculiar-shaped microstructures, such as star-
shaped frames. In the present investigation, several applications are studied
using auxetic microstructures. Finite element models are developed for dy-
namic analysis. First, an application related to auxetic microstructures, for
the core of structural panels, is presented. Next, the use of auxetic materials
in armor plates in dynamic bullet penetration problems is considered. Finally,
a numerical simulation for wind turbines blades, with aluminum foam, poly-
meric foam and the proposed auxetic material is carried out. The numerical
results demonstrate that the use of auxetic microstructures results in improved
dynamic response of the system in comparison to conventional materials.

1. Introduction

Mechanical metamaterials with a negative Poisson’s ratio are called auxetic
materials or simply auxetics. Auxetic materials have enhanced dynamical proper-
ties and damping behavior, and thus they can be used in the field of biomechanics,
in manufacturing of woven components with special mechanical properties, in en-
ergy absorption applications and others. This property is usually explained from
the microstructure (e.g. star-shaped frames or inclusions), although other models
have been used as well, such as chiral or mechanism-based models [16].

Auxetic materials are used in several fields; however, optimal design towards
dynamical properties is still under investigation. A modern approach to design
auxetics is based on topology optimization methods. Nevertheless, even classical
auxetic microstructures may be used, possibly after tuning, for certain applications.
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A first effort to review the effect of auxetic metamaterials in applications with
dynamic loadings is attempted in the present paper.

A particularly important application field is the use of auxetic materials in
protection equipment, for infrastructures, vehicles and bodies. The additive man-
ufacturing has a significant contribution to the construction of body armor. The
construction of the auxetic structures using conventional production methods is
often unfeasible as they are characterized by geometry of high complexity. Yang

et al. in [17] studied the potential uses of re-entrant hexagon and arrowhead type
printed auxetic structures made from common polymers in order to be used in body
protection. Moreover, Imbalzano et al. in [6-8] investigated the blast resistance

of hybrid sandwich panels. In addition, Han et al. in [5] created two structures of
auxetic materials for high absorption of energy, and Alomarah et al. in [1] stud-
ied the in-plane mechanical properties of auxetic structures subjected to dynamic
compression experimentally and numerically. The effectiveness of sandwich struc-
ture with auxetic 3D re-entrant lattice core and semi-auxetic braided composite
face sheets subjected to high-velocity impact has been investigated in [12]. The
auxetic behavior of materials in engineering applications is discussed in [13]. The
present paper is outlined as follows: in the first part of the study, a short lit-
erature review on classical auxetic microstructures, which still have potential for
further applications, as well as hints for more complicated optimal design methods,
are provided. Consequently, three different numerical experiments are carried out.
The first one studies a damping plate with conventional and auxetic materials on
damping panels. Next, a comparative evaluation of a star-shaped auxetic and a
non-auxetic structure under high-velocity impact is discussed (cf [14]). Finally, an
application of auxetic metamaterials on a wind turbine blade is presented. The
results obtained from the numerical experiments allow us to draw preliminary con-
clusions on the efficiency of the proposed metamaterials and to identify the needs
for further research.

2. Auxetic materials

Most of materials, which exist in nature, tend to get thinner to the direction
of loading or excitation when stretched. In other words, as for elastic loadings,
shrinkage usually appears in the direction which is perpendicular to the applied
load. This behavior results in the reduction of the cross-sectional area of the struc-
ture. In case of compressive loadings, the exactly opposite effect appears. In this
case, the cross-sectional area increases. The change of the length of the elastic
material in the perpendicular direction with respect to the applied load, is given by
the Poisson’s ratio, which is usually a positive number taking values in the interval
(0,0.5). This ratio is defined as the negative fraction of transverse strain Ay/ly
over the axial strain Az/lz [15]. However, there are materials which present ex-
actly the opposite behavior. These materials, featuring a negative Poisson’s ratio,
are called auxetic materials and can be conceived as microstructures, which become
thicker in the perpendicular direction to the one of the applied tensile loading. This
is because of artificial joints inside the microstructure which in turn help flexing
to occur [3,14]. The attribute providing the auxetic behavior to these materials,
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which occurs due to their specific internal structure, is the negative Poisson’s ratio.
This property is usually explained from the microstructure (star-shaped frames or
inclusions), although other models have been used as well (chiral, perforated or
mechanism-based).

The design of auxetic materials in the laboratory can be based on optimal de-
sign for the definition or fine-tuning of the auxetic microstructure. The effectiveness
of these materials, as well as their response and adaptiveness to nonlinearities, can
be verified by applying numerical homogenization tools and CAD/CAE software. A
body, which presents an auxetic behavior, can consist of recurring patterns of iden-
tical microstructures as is usually the case in homogenization. Each microstructure
consists of a monolithic body with specific geometry and a predefined deformation
which integrates all the features of a compliant mechanism. In Fig. 1, the behavior
of a conventional and an auxetic material, based on their microstructure, is shown.

A T A A A T

A\ Y i

. auxetic
v v v (conventional) (auxetic)

FIGURE 1. Conventional and auxetic materials.

The modern approach to design auxetics is based on topology optimization
methods. For example, a topology optimized architecture with programmable
Poisson’s ratio over large deformations is presented and discussed in [2]. From
the mathematical point of view, the optimization goal is defined as minimizing the
error between the actual and the pre-defined value of Poisson’s ratio over a range
of discrete, nominal strain values. The topology optimized structures are designed
and printed with programmable Poisson’s ratios ranging from —0.8 to 0.8 over large
deformations of 20 % or more. In addition, it is shown that with the combination
of topology optimization with additive manufacturing, the design of new materials
with desired properties is possible. A suitable topology optimization procedure
for the optimum design of compliant mechanisms, using evolutionary-hybrid algo-
rithms, and application to the design of auxetic materials has been proposed in
Kaminakis et al. [9,10].

3. Applications of auxetic structures subjected to dynamic loads in
comparison to conventional structures

3.1. Frequency analysis of conventional and auxetic structures. In the
first investigation, damping plates made of conventional and auxetic microstructure
are compared. For the finite element analysis, 4-node quadrilateral shell elements
with reduced integration and large-strain formulation, are used for the discretization
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of the core and the frontal sheets of the cell. Each node has six degrees of freedom.
A lattice with conventional honeycomb-shaped core and a lattice with auxetic core
are shown in Fig. 2. The main material of the cellular panel of the sandwich
structure was chosen to be the A5052-H34 aluminum alloy due to its high stiffness.
The material properties of this aluminum alloy are given in Table 1.

TABLE 1. Aluminum 5052-H34 properties

Material ~ Young’s Poisson’s  Yield Tensile Shear Density
Properties Modulus  Ratio Strength Strength Modulus
(MPa) (MPa) (MPa) (MPa)  (kg/mm?)

70330 0.36 213.7 262 25924.2  2.68x1076

FIGURE 2. Discretized conventional (honeycomb) core and dis-
cretized auxetic core.

According to Gibson and Ashby [4], who proposed the properties of the cell
based on the beam theory, a unitary cell of a cellular structure can be used for the
prediction of the behaviour of the sandwich panel. The parameters of the unit cell
are the height of the cell (h), the length of the cell wall (1), the depth of the cell
wall (d) and the angle between the horizontal and the leaning cell wall. Moreover,
the height ratio, and the depth ratio can be also calculated. For the conventional
cell the angle is given as 8 = 30 degrees and the ratio o = 1, while for the auxetic
one the angle is given as § = —30 and o = 2. The selection of the parameters of
the auxetic cell has not been made arbitrarily, but in a manner that the behaviour
of the auxetic simulates the function of a conventional cell, as the active coefficient
is the same at the two vertical directions. These parameters for the conventional
and the auxetic cell are given in Table 2.

The total dimensions of the conventional unit cell are given by:

2
cos
H.=2(h+1sin0)

c =
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TABLE 2. Geometrical parameters of the conventional and the
auxetic structure

Geometrical parameters Conventional cell Auxetic cell
Height of the cell wall, h (mm) 4.23 8.46
Leaning cell wall length, 1 (mm) 4.23 4.23
Depth of the cell wall, d (mm) 0.423 0.423

Cell angle, 6 30 30
Cell height ratio, « 1 2
Cell depth ratio, g 0.1 0.05

where L. is the total length and H, is the total height of the conventional unit cell.
Similarly, the total dimensions of the auxetic unit cell are given by:

L, =2lcosf
H, =2(h—1Isin®)

where L, is the total length and H, is the total height of the auxetic unit cell.

Displacement-frequency results have been obtained through the frequency anal-
ysis. According to these results, the displacement of the node at the upper edge
for the conventional and the auxetic structure have been recorded, respectively.
It is noticed that the first eigenfrequencies, that is the ones where the maximum
displacements occur, emerge in the interval of 0 — 5 Hz for the conventional struc-
ture. Similarly, the first eigenfrequencies for the auxetic structure appear at the
range 5 — 15 Hz. Moreover, in this case the peaks are scattered in this interval, in

contrast to the previous case where the eigenfrequencies were concentrated. It is
worth mentioning that the structure presents similar behavior at other nodes.

3.2. Design and Finite Element Analysis - Bullet Penetration test.
Ashby and Gibson proposed the properties of the cell based on the beam theory and
also discovered that a unitary cell of a cellular structure can be used as a prediction
tool for the behavior of the sandwich panel [4]. Fig. 3 shows the unitary cell of
both the conventional and the auxetic structure, along with the parameters that
define the geometry of the cell. The main design parameters of the cell size are the
height of the cell, the length of the cell wall, the thickness of the cell wall and the
angle between the cell wall and the horizontal axis.

The first structure is characterized by a honeycomb structure without present-
ing any auxetic behavior. The structure consists of a set of cells in a 2 x 6 layout
with dimensions 43.95 x 20.27 x 30 mm. The shape of the auxetic structure is char-
acterized by the star shape, which has been chosen for the negative Poisson’s ratio
and consequently, its auxetic behavior. This particular structure was chosen be-
cause of its relatively simple shape that helps in its production with the utilization
of additive manufacturing. The whole structure consists of a set of cells in a 2 x 7
arrangement with dimensions 43.53 X 11.93 x 30 mm. In both models, the sandwich
panel is created by adding a front and a back panel of 0.5 mm thickness.
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In each Finite Element Analysis (FEA) model a 9mm bullet at speed of
830m/sec is used. The total duration of each study is 1 ms. The proper displace-
ment restraint has been determined on the lateral surfaces of the two structures
(symmetrically). The used material of the cellular structure is the A5052-H34 alu-
minum alloy due to its high stiffness. Table 1 shows the properties of the material.

The duration of each impact analysis is 1 ms and the bullet speed is 830 m/s,
the deformation of the auxetic core is presented below (Fig. 4). The number of FE
nodes is 40.991 and there are 20.614 elements of the model, while the number of
time steps of the simulation is 25. Also, the type of finite elements is tetrahedral.
FEA was performed using the Autodesk explicit analysis algorithm. The parametric
model has been generated with the use of Autodesk Fusion 360 platform.

040

-

7.537

300" )/

6E0L
.

15047

515

FI1GURE 3. Non auxetic honeycomb structure and star-shaped aux-
etic structure.

In order to specify the effect of impact force on each structure we are going
to present the maximum stress (Von Misses) and maximum displacement. Figure
5 shows the maximum stress on auxetic and conventional structure respectively.
Figure 6 shows the maximum displacement on auxetic and conventional structure
respectively.

For each structure, the stress on the top surface is higher than the bottom
surface during the impact load period. After releasing the impact load, the stresses



AUXETIC METAMATERIALS IN DYNAMICS 7
time period: 0.2 ms time period: 0.6 ms
time period: 0.8 ms time period: 1 ms

s

FIGURE 4. Bullet impact on the baseline auxetic star-shape sand-
wich panel.
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on the bottom surfaces became lower for both the honeycomb and the star-shaped
auxetic structure. From the results, we observe that during the study the material
remains in the elastic region.

35000

30000

=== Honeycomb structure
25000

Auxetic star structure

20000

15000

10000

Von Misses Stress (MPa)
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1 23 45 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25
Steps

FI1GURE 5. The impact von Misses stress of the upper surface of
conventional honeycomb structure and auxetic star shape struc-
ture. The maximum stress on conventional structure is double
compared with star shape structure.

3.3. Dynamic analysis of a wind turbine blade with auxetic compo-
nents. The objective of this application is to investigate an important factor in
the efficiency and operation of wind turbines, which is the operation of the blade
and/or the rotor. Namely, the behavior of the materials that are used for absorb-
ing/damping of the oscillation is studied.
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FIGURE 6. Displacement of the upper surface of conventional hon-
eycomb structure and auxetic star shape structure.

TABLE 3. Materials properties for the blade model

Material Properties Young’s Modulus (MPa) Poisson’s Ratio Density (kg/m?)

Glass Fiber Plastic 70x103 0.259 2.8x10°%
Polymer Foam 27x103 0.34 270
Aluminum Foam 83x10° 0.05 324
Auxetic material with
star shaped microstructure 100x 103 -0.35 270
E-GRP 2.3 0.25 2720

For this purpose, a 3-D model of the turbine blade is created, and harmonic
loads are applied. Three cases of different materials, which are used for vibra-
tion damping, are compared. More specifically, a polymeric foam (modern high-
performance material used for aerospace applications), an aluminum foam and an
auxetic material (material with a negative Poisson’s ratio) are considered. The
properties of the three materials are given in Table 3.

The interior of the airfoil could be solid and its thickness could be calculated
from the bending moment. At the fixed end the wind turbine, which is clamped
to the hub, is subjected to compression and at the edge is subjected to tension.
The material inside the blade is not subjected to compression and to tension, so
it is considered hollow. The blade could ideally consist of two up-stream and
down-stream to the wind direction lamina. However, this structure would not be
functional for two reasons. Firstly, a continuous aerodynamic shape is necessary
to achieve aerodynamic efficiency. Secondly, if the blade consists of two panels
which are not fixed to each other, sliding phenomena could possibly occur leading
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the structure to behave like two separate very thin blades. Thus, the two laminae
should be fixed using beams or frames.

In the structural system of the blade, a composite frame with composite shear
webs and spar caps from composite fiber reinforced plastic (E-GRP) has been cho-
sen. The structure of the frame is shown in the section of the blade (see Fig. 7).

. materials
point 1
. 3 uniaxial GFRP
point 2 biaxial GFRP
s [ foam

(figure not to scale)

shear webs

FIGURE 7. Section of the blade.

As shown in Fig. 7 the vertical beams are of sandwich type. This means that
the material is a composite with two outer layers of fiber reinforced material (face
material). The core material is a foam which is used due to its capability of achiev-
ing better absorption of harmonic loads and higher damping of the amplitudes. In
this study, three different materials are considered in order to achieve the desired
features: a polymer foam, an aluminum foam and an auxetic material.

The design of the supporting system is based on the geometry of the shell.
The structural frame of the blade consists of two different materials; the E-GRP
material for the spar caps, and the FRP material, which is used as an exterior
material in composite vertical beams (shear webs). Also, composite beams are
used as dampers. Three different cases are studied for the composite beams. The
first case considers the use of a polymer foam for the beams, the second case an
aluminum foam, and finally the third case considers the use of an auxetic material
for the supporting beams. The results of the simulation are shown in comparative
amplitude and phase diagrams. The first graph concerns the fluctuation of the
amplitude of the three materials in relation to the frequency at two different points
(see Fig. 7).

From Figs. 8 and 9 it appears that the three materials present a maximum
point near the frequency of 6 Hz (6.5 Hz for the auxetic and the aluminum foam).
At this frequency, the maximum energy absorption is due to resonance. Overall,
one can conclude that the auxetic material presents lower amplitudes in contrast to
the other two materials besides the resonance at 6.5 Hz. Moreover, the frequency is
higher than the one of the aluminum foam, possibly due to the increased strength
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in stress which in turn is due to the negative Poisson’s ratio. Lastly, after the
resonance point and until 8.5 Hz there is a discontinuity between point 1 and 2.

The reason of this discontinuity lies in to the aerodynamic profile of the blade.

Displacement amplitude EP 1, Z component (m)

10,00000
1,00000
E
s
2 0,10000
3 w=f==Polymer
E Foam
< e=fii=Aluminum
Foam
0,01000 == Auxetic
Material
0,00100
4 6 8 10 12

Frequency (Hz)

FI1GURE 8. Amplitude-frequency graph for the three materials at
point 1.

Displacement amplitude EP 2, Z component (m)
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T 1,00000
o
°
=
% = Polymer Foam
5 0,10000 ~—Aluminum Foam
~—Auxetic Material
0,01000
0,00100
a4 6 8 10 12

Frequency (Hz)

FIGURE 9. Amplitude-frequency graph for the three materials at
point 2.
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Displacement Phase Diagramm EP1
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F1GURE 10. Phase difference diagram for the three materials at

point 1.
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FIGURE 11. Phase difference diagram for the three materials at

point 2.

The diagrams in Figs. 10 and 11 present the comparison in the phase difference
of the three materials in different load frequencies for two different points of the
structure respectively (see Fig. 7).

In both cases the auxetic material has almost a constant phase at 360°. This
coincides with the 0° because of the trigonometric circle and the explanation lies
in the negative Poisson’s ratio and its behavior at the deformations. For the other
two materials we observe that up to the maximum load the phase is approximately
(180°) until the resonance. Generally, from the phase difference graph in com-
parison with the amplitude diagrams one can observe that the auxetic material
presents a very efficient response as a vibration damper, with the aluminum foam
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coming next. It should be noted that the auxetic material shows higher Von Misses
stress values than the other materials; however it avoids the critical limits of the
structure.

4. Conclusions

From the numerical experiments of the present investigation, it was shown that
auxetic materials present unique mechanical behavior, which is based on negative
Poisson’s ratio of the cell structures. The frequency analysis of auxetic materials,
and more specifically the results of the simulations carried out through commercial
finite element software, suggested that the auxetic panel presents higher resistance
to strain in comparison to the one with the conventional core. Based on the re-
sults of the dynamic analysis one can observe that for the same excitation the
conventional model presents bigger displacements in contrast to the auxetic model.
Moreover, in the case of the conventional model, the resonance phenomenon takes
place in a lower range of frequencies. This conclusion came up from the observation
that the peaks for this model appear for much lower frequencies compared to the
auxetic model. All the above indicate that the structures with the auxetic core have
an advantage over the conventional, which is ones due to the special characteristics
of the auxetic core structure.

In the second application the effectiveness of the star-shaped structure on bullet
penetration test was investigated. The results showed that even if the structure was
subjected to extremely high impact loads, the auxetic materials presented very good
behavior. According to the results, on the front surface of the auxetic structure
the movement is smaller and on the back surface the movement value is lower in
relation to the maximum values. Thus, it is noted, that the rate of the vibration
damping is smoother in the auxetic structure, compared to the non-auxetic, where
a constant movement is present during the analysis. It was also shown that a
significantly higher Von Mises stresses are measured at the non-auxetic structure.

From the dynamic analysis of the auxetic wind turbine blade, and according to
the comparative graphs, it was found that the best damping behaviour is achieved
by the auxetic material. The microstructure, due to its auxetic properties, was
proved to be very efficient to the absorption of the oscillations providing immediate
response to the excitations with the minimum total amplitude. The resonance
point, at the frequency of 6.5 Hz, gives the ability of absorbing energy without any
impact on the integrity of the structure according to the deformation.

Future investigation will consider the usage of other auxetic microstructures
and materials in order to meet specific tasks, as well as the influence of plasticity
and other nonlinear effects. Moreover, the properties of auxetic materials coming
from topology optimization and their applicability for damping applications can be
further investigated as well. In fact, in this preliminary investigation the choice of
the microstructure is based on experience and trial-and-error investigation. A more
detailed approach could be based on a band gap analysis for the required frequency
content [11] in combination with parametric analysis and optimal design. For
parametric optimal design for the case of optimal damping, the loss factor could
serve as the frequency function, in order to carry out an analysis in a wider range
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of frequencies. Similarly, in penetration studies the total absorbed energy and

pl

astification can be used as optimization task.
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AYKCETUYHUW METAMATEPUJAJIN 110/,
JNMHAMUWYKNUM OIITEPEREIBEM

PE3UME. Marepujanu ca HeratusuuMm [IyacoHoBrM 0HOCOM HA3UBAjy Ce ayKce-
TUYHY ¥ UMajy TT000JbIIaHA CBOjCTBA (HIIP. IPUTYIITHBAGE, OTIOPHOCT Ha YyO/berbe,
JKHJIABOCT HA JIOM U OTIIOPHOCT HA yIap) noJ cnojbuuM onrepehemnma. Aykcernana
CBOjCTBa Cy M3BEMIEHA M3 MUKPOCTPYKTYpPa HEOOMIHOr OOJIMKA, KAO INTO Cy PaMO-
BH y OOJIMKY 3Be3zie. Y OBOM PaJly Cy Pa3BHjEHU MOJEJN KOHAYHUX €JIEMEHATa 32
JMHAMWYKY aHAJM3y ayKCeTUIHUX MUKPOCTPYKTypa. IIpBo je mpepcraB/ber Mojesn
KOJU Ce OJHOCU Ha ayKCETUYHE MUKPOCTPYKTYPE, 3a je3rpo CTPYKTYPaJHUX IaHe-
Jia. 3aTUM ce pa3Marpa yrnorpeba ayKCeTUIHIX MaTepujaia y OKJIOIHIM IJIoYaMa,
pobJieMuMa, ca IMHAMIYIKIM [IPOJIopoM MeTka. Ha Kpajy, u3BpiieHa je HyMepuaka
CHMyJIaIja JIONATHUIA BETPOTYPONHA, Ca aJlyMUHI]YMCKOM [I€HOM, IIOJTMMEPHOM IT€-
HOM ¥ TIPE/IJIOYKEHNM ayKCeTHIHUM MarepujajoM. Hymepudaku pesysiratu mokasyjy
Jia yrnorpeba ayKCeTUIHIX MIKPOCTPYKTYPa PE3YITUPA TOOOIBIMAHUM JTHHAMUIIKIM
OJI3UBOM CHCTEMAa y nopehemy ca KOHBEHIIMOHAJHUM MaTepPUjaIIMA.
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