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Abstract

Auxetic metamaterials have high energy absorption capacity and indentation resistance, due to their significant densifica-
tion mechanism during compression. This study investigates the performance of structured materials in layered thin plates,
with potential applications in wearable protective devices for sport activities. Two different 3D lattices, conventional and
re-entrant honeycomb, are studied in detail and their dynamic behaviour is compared with that of a 2D auxetic lattice. Ini-
tially, the equivalent elastic properties of the proposed geometries are investigated at varying equivalent densities. Then a
new lightweight solution of a sandwich structure with an auxetic metamaterial core is proposed for possible application to
facial protective masks. Numerical impact analyses of the problem show the potential benefit of the present proposal with

respect to traditional mask geometries.
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Introduction

Metamaterials are artificial materials engineered to have spe-
cific desired properties hardly found in nature. These unu-
sual properties are obtained from the microstructure design,
rather than from chemical composition of the components.

In particular, auxetic materials are metamaterials with the
unusual negative Poisson’s rate property, i.e, when stretched,
they expand in the direction perpendicular to the applied
load, see Fig. la.

The auxetic materials are an emerging class of materials,
of great interest in many fields [3, 8, 14, 19], due to special
enhanced characteristics. Auxeticity is naturally found in
some biomaterials, such as healthy tendons [11] or in a can-
cellous bone in the proximal epiphysis of the human tibia
[24] or in alpha-cristobalite structure of silicon dioxide [26].
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One of the most common auxetic structures, the so called
re-entrant honeycomb geometry illustrated in Fig. 1b, was
first proposed in [20]. The design of the 3D re-entrant hon-
eycomb auxetic cellular structure is presented in [21, 23,
25]. As shown in [15] and [1] by indentation tests on copper
foams and on microporous polyethylene, there is an enhance-
ment in hardness when the Poisson’s coefficient becomes
negative. Several recent numerical and experimental studies
show the effectiveness of auxetic lattices for impact absorp-
tion [6, 12, 17, 22]. The optimal geometry of the unitary
cell of an auxetic material depends on the application and it
is largely studied in the literature [16, 25, 27]. In particular,
it is possible to tune the equivalent Poisson’s ratio, hence
obtaining different mechanical properties, through the vari-
ation of the unit cell geometric parameters, as in [10, 13].

Although auxetic materials are known and studied since
decades, the challenge in manufacturing process of the rigor-
ously designed 3D microstructure of metamaterials slowed
the technological progress in the past. Nowadays, the devel-
opment of additive manufacturing (AM) technologies, and
in particular 3D printing, paves the way to easy and cost-
effective production of metamaterials [22, 25].

The high performance of 3D auxetic materials in terms
of drapeability and impact absorption together with the
high stiffness-to-density ratio of all bending-dominated
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Fig. 1 a Undeformed (continuous) and deformed (dashed) shapes showing the 2D auxetic behaviour in traction (blue arrows); b 2D re-entrant

honeycomb auxetic structure and unit cell with dimensions

micro-structured materials make them good candidates for
sport wearable protector devices, such as facial masks.

Facial protectors attenuate and distribute the impact
energy over the face. The geometry of the protector and
anchoring points on the face should ensure comfort in order
not to compromise the athlete’s performance during practice
and competition. Moreover, nasal protectors should reinforce
resistance zones in the face and minimize the amount of
energy that reaches the fragile nasal portion of zygomatic
bones. The quality of the protection strongly depends on the
mechanical properties of the material, which should have an
adequate shock-absorbing capacity.

As a first step towards the optimal design of facial protec-
tor devices made of structured metamaterials, in the present
work, we propose a sandwich structure with a core made of
structured materials and we study its dynamic response to
the impact of a rigid sphere.

Different auxetic lattices are considered. First the experi-
mental results reported in [22] are simulated and a compari-
son between the original 2D lattice and the new 3D lattice
is performed. Then we consider the new sandwich structure
with the 3D auxetic metamaterials core. Two different meta-
materials with auxetic re-entrant honeycomb structure and
with honeycomb structure are analysed. In the following sec-
tion, the geometry of the proposed lattices is detailed and the
equivalent elastic properties are computed. Then, the impact
problems to be analysed are defined. Finally, the results of
the validation test and those of the impact of a rigid sphere
on the newly proposed sandwich structure are presented. A
comparison is made between the traditional solutions and
the innovative proposal of a sandwich structure with a meta-
material core.

@ Springer

Re-entrant Honeycomb and Honeycomb
3D-Structured Materials

Two different 3D periodic lattice materials are considered:
the re-entrant honeycomb (RHC) and the honeycomb (HC).
Their regular patterns in the microstructure are defined by the
unit cells shown in Figs. 2 and 3, respectively. Accordingly,
the RHC may exhibit an equivalent global auxetic behaviour,
while for HC structure, a mixed, auxetic and traditional (non-
auxetic) behaviour is expected.

In both cases the unit cell is a cube of side a, the beams
inside the cell have square cross section of side ¢ and are verti-
cal (x, direction) or inclined of 9 with respect to the horizontal
plane (x, — x3). To avoid interpenetration of the beams, 9 must
vary between 0 and 7 /4 and the ratio & = t/a has to fulfil:

cosd —sind
< =27 27
S S 20 —sind) M

The equivalent mass density p,,, defined as the mass of
the unit cell divided by its volume, depends on 9 and on &
according to the following equation:

Peg 2¢2

— = [4 4+ cos 9 £ sind — 2E(3 + sin 9)] 2)
P cosd

where p is the mass density of the bulk material and + has
to be interpreted as + for the RHC lattice, as — for the HC
one. In view of the limitations on 9 and & (1), the bulk mate-
rial condition p,, = p cannot be reached. Figure 4 shows
the variation of the effective mass as a function of the angle
9 and of the ratio £ for the two lattices in the geometrically
admissible region (left and middle plots). The white lines
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Fig.3 HC-structured material (left) and unit cell (right) with 9 = 25° and Peg = 0.1p
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Fig.4 Contour of the normalized equivalent mass density p,,/p, for the three structured materials considered, as a function of angle 9 and ratio

E=t/a
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correspond to the angle 9 = 25° that will be considered in
following, and white dots mark the equivalent mass density
0.1p which will be used in the sandwich structure of the
protective device.

For the sake of comparison, we also consider the auxetic
lattice with two-dimensional structure analysed in [22] and
shown in Fig. 1b. With this 2D lattice, the equivalent mass
density for 0 < 9 < z /4 reads

Peq 2cosd +2—5&sind

p) =¢ 2cosd —sind &)

The contour plot of the equivalent density (3) is shown
in Fig. 4 (rigth) in the admissible region £ < cos d — sin .
The white dot marks the geometry used in [22] with equiva-
lent mass density 0.28p which will be used in the validation
example.

The stiffness properties of the metamaterial depend on
the microstructure besides on the stiffness of the constituent
material. For a fixed geometry of the unit cell, the equivalent
elastic properties of the 3D RHC and HC structures can be
computed by means of numerical homogenization, as done
e.g. in [9]. In this work, the analyses are carried out by finite
elements on the unit cells of the structured materials with
prescribed periodic boundary conditions in order to repro-
duce the behaviour of the infinite periodic lattices.

Different geometries, with inclination 9 = 25°, endowed
with different equivalent densities (i.e. with a different ratio
t/a) are considered. In view of the following application,
we consider RHC- and HC-structured materials made of a
rigid ethylene vinyl acetate (rigid EVA). The mechanical
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Fig.5 a Normalized equivalent Young’s modulus E,/E (blue) and
E,/E (orange) and b equivalent Poisson’s ratios v,; (blue) and vy,
(orange), versus equivalent density p,,/p for the elementary RHC cell

@ Springer

behaviour of this material has been experimentally charac-
terized in [5]. For low levels of stress, the behaviour can be
described by a linear elastic isotropic model characterized by
Young’s modulus £ = 480 MPa and Poisson’s ratio v = 0.48,
as done in [7].

Given the selected geometries, made of an isotropic bulk
material, the behaviour of the two lattices is transversely
isotropic, with x, — x5 being the plane of isotropy. In the
small strain hypothesis, the problem is fully linear.

The homogenized linear elastic properties for the dif-
ferent analysed geometries are graphically represented in
Fig. 5 as function of the non-dimensional equivalent mass
density p,,/p.

Figure 5a shows the equivalent Young’s modulus in the
direction x; and x,, E| and E, respectively, normalized with
the Young’s modulus of the bulk material E, for the two
lattices of Figs. 2 and 3. In the log-log plot, the values are
aligned on straight lines of slope ~ 2 ; hence the equivalent
stiffness is proportional to the square of the effective mass.
This result is in agreement with what is reported in Ashby’s
charts [2] for bending-dominated metamaterials such as the
ones considered in this work.

The equivalent Poisson’s ratios of the two lattices are
shown in Fig. 5b. The Poisson’s ratio v,, is always positive
for the HC material (blue dotted line), while for the RHC
(blue continuous line), it is negative for low values of effec-
tive mass density and it becomes positive for high values of
the equivalent density. In the plane of isotropy, the Poisson’s
ratio v,; (orange lines) is similar for the two lattices, nega-
tive for low values of the equivalent density and positive for
high values. The homogenized properties tend to the elastic

El Voy - HC
Voy - RHC
2 s s s s
0 0.2 0.4 0.6 0.8 1
Peq! P
(b)

(continuous lines) and the HC one (dotted lines) with 9 = 25°. Mark-
ers correspond to cells with p,, = 0.1p
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properties of the bulk material as the equivalent mass den-
sity increases.

The equivalent bulk modulus can be computed using the
relation between the elastic constants of a transversely iso-
tropic material:

1 1-2vp 4 2(1 = vy — vy3)

K E, E, @)

eq

Negative values of the Poisson’s ratios result in low values of
the equivalent bulk modulus; therefore, the structured RHC
material is more compressible than the constituent mate-
rial and also than the HC-structured material. In Fig. 6, the
equivalent bulk modulus of the two lattices is plotted in bi-
logarithmic scale. For low values of the equivalent density,
the bulk modulus of the RHC material (continuous line) is
two orders of magnitude lower than the one of the HC mate-
rial (dotted line).

Two structured materials with equivalent mass density
0.1p and equivalent elastic properties as marked in Figs. 5
and 6 are selected for applications in protective equipment
devices. The RHC structure exhibits a full auxetic behaviour,
while the HC one exhibits a mixed behaviour.

The metamaterial geometry is chosen as a good com-
promise between the practical conflicting requirements of
low weight and sufficiently high mechanical stiffness of the
structure.

For validation purposes, we also consider the lattice in
Fig. 1b. With a cell of 21.3 mmx15 mm and wall thick-
ness of 1.5 mm, the equivalent mass density of the meta-
material is p,, = 0.28p; considering a bulk material with
v = 0.48, the equivalent Poisson’s ratio in the plane x; — x5
isv); = —0.338.
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Fig.6 Normalized equivalent bulk modulus versus normalized equiv-
alent density p,, /p for the elementary RHC cell (continuous line) and
the HC one (dotted line)

It is noted that the above-described equivalent homog-
enized transversely isotropic materials can be used only in
the small strain regime. When geometric nonlinearity is con-
sidered, the real response of the metamaterial significantly
differs from that of the equivalent homogeneous material.
In particular, when compressed, instabilities of the elements
and self-contact within the cell occur, the material densi-
fies and the nonlinear equivalent stiffness increases. This
property is of particular relevance for the shock-absorbing
performance of this structured material.

Impact on Auxetic Metamaterials
Validation Example

We first consider one of the experimental tests reported in
[22], namely, the impact of an hemisphere on the auxetic
material shown in Fig. 1b. The overall dimensions of the
metamaterial are 80.6 mm X 46.5mm X 40 mm and the
wall thickness is 1.5 mm. The lattice is made of a thermo-
plastic polyurethane that can be modelled as a nonlinear vis-
cous hyperelastic material. The tests in [22] are performed
by a drop hammer with hemispherical head attached to a
carriage that impacted the lattice with different energies.

Here, we simulate the most severe impact test with the
finite element software ABAQUS explicit, considering the
contact between the hammer and the lattice and the self-
contact between the walls of the lattice. The material is mod-
elled as in [22] by the Mooney-Rivlin 5-parameter model
with a viscous contribution in the form of Prony series.

We also simulate the impact on the auxetic three-dimen-
sional material of Fig. 2 studied in this work. The cell
dimension ¢ = 14.5 mm and element thickness t = 1.5 mm
is selected, leading to p,, = 0.109p.

Sandwich Structure for Wearable Protective Devices

The problem considered here is related to the design of pro-
tector masks to be used by athletes after facial injury or to
prevent it. An important aspect to be considered is the choice
of material used for the mask, which must have adequate
shock absorption capacity and guarantee the necessary com-
fort to the user. The functional requirement for the real appli-
cation sets a limit on the thickness of the device (maximum
value equal to 4.5 mm), while the ultimate stress on the
zygomatic bone sets a limit to the transmitted force in case
of impact [18]. In this context, [7] proposes a mask made of
two layers of flexible and rigid ethylene vinyl acetate (EVA)
and compares the stresses on the skin and on the bone in
case of impact with and without the mask. In [5] several
solutions for nose protector made of different layers of EVA
are proposed and compared.
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In the following, a different solution is proposed with the
inclusion of an intermediate layer of structured material.
The sandwich thin structure has three layers: two layers of
homogeneous material and a central core composed by a
structured material, with RHC or HC lattice. The external
layer and the core are composed of rigid EVA, while the
internal layer, in contact with the face, is made up of flexible
EVA. As a first step towards the real design of the mask, the
impact of a rigid sphere on a small portion of the structure is
considered. Figure 7 illustrates the geometry and the mate-
rials of the proposed structure, for the case of RHC lattice
witha =1 mm and p,,, = 0.1p.

The elastic behaviour of rigid EVA can be assumed to
be linear and isotropic until the yield limit o, = 46 MPa is
reached. Then a plastic behaviour with a very low hardening
is assumed. The flexible EVA has a nonlinear elastic behav-
iour that, according to [5], can be described by the Ogden’s
model with elastic energy:

2 2
2: 2/”;‘ 70; Ta; TQ; Z 1 2i
w = ?(ﬂl + 12 + /13 - 3) + & Ej(]el - 1) g (5)

i=1 "

where 4,, A, and A, are the deviatoric principal stretches, u,,
My, o and a, are material moduli and coefficients defining
the deviatoric elastic energy, D, D, are parameters defin-
ing the volumetric elastic energy (in the simulation nearly
incompressible volumetric behaviour is assumed) and J,; is
the elastic volumetric strain. The material properties of rigid
and flexible EVAs are listed in Table 1.

In order to evaluate the performance of the proposed
geometry in terms of energy absorption, we simulate the
impact of a rigid sphere of 3 mm radius, 10 g mass and
initial velocity of 1.5 m/s, against the sandwich structure of
dimensions 8 mm X 8§ mm X 4.5 mm.

The following analyses allow us to compare the dynamic
performance of the proposed structure with the more usual

— > Rigid

External surface

Internal surface

Fig.7 Geometry of the portion of the sandwich structure, with RHC
core, analysed under the impact of a rigid ball
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Table 1 Mechanical properties of the constituent materials

Material Mass density Properties
Rigid EVA p = 940 kg/m> E =480 MPa
v =048
Flexible EVA p = 2000 kg/m’ u; =7 MPa
H, =2.6 MPa
a; =08
a, =2.6

one constituted by stratified layers of homogeneous mate-
rial. In particular, the layer configurations studied in [5] and
detailed in Table 2 are simulated.

The 3-dimensional dynamic simulation is conducted with
ABAQUS explicit using solid elements. The metamaterial is
meshed by second-order 10-node tetrahedra, while 8-node
bricks, with reduced integration and hourglass control, are
used for the homogeneous layers. The global mesh, with
380,000 nodes, is very refined in the contact region. An iso-
tropic friction coefficient of 0.2 is considered to model the
contact between the sphere and the structure and among the
beams of the microstructure. Actually, this self-contact is
essential for capturing densification, an important charac-
teristic of the auxetic material in compression.

Results
Validation Test

The comparison between the numerical analyses here per-
formed and the results in [22] are reported in Fig. 8a in
terms of evolution in time of the reaction force. Fairly good
agreement is found between our simulation with ABAQUS
explicit, shown by the dotted blue line, and the experiments
or analysis with LS-DYNA of [22] (dashed and continuous
orange lines, respectively).

In the same figure, the response to the impact of the 3D
RHC lattice here proposed, made of the same material, is

Table2 Layers of the three stratified masks considered, from the
external to the internal surface

Configuration Material Thickness (mm)
Gl Flexible EVA 1
Rigid EVA 1
Flexible EVA 2
G2 Rigid EVA 1
Flexible EVA 3
G3 Rigid EVA 1
Flexible EVA 2
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Fig.8 Impact on metamaterials at 5J. a Evolution in time of reac-
tion force: experimental results and numerical simulation from [22]
(orange dashed and continuous lines) and present simulation with the

also shown by the continuous blue line. The 3D lattice, with
global dimensions similar to the 2D lattice, is endowed with
a significantly lower mass density. In particular, in the exam-
ple considered here, the weight reduction is of 46%, while
the peak force is only slightly increased (8%), attesting the
effectiveness of the proposed 3D geometry for lightweight
impact protector devices. After the impact with the 2D lat-
tice, the kinetic energy of the hemisphere is reduced to 0.75
of the initial value, while with the 3D lattice a higher reduc-
tion, to 0.63 of the initial value, is obtained.

Figure 8b shows the deformed configurations of the two
lattices at the instant of peak force: the instability of the
beams and the self-contact inside the two lattices is evident.
These instabilities cause the oscillation in the force evolu-
tion: the actual location and sequence of the instabilities
depend on the details of the mesh and of the contact algo-
rithm and hence in our simulation differ from the original
one; however, the global numerical response is similar, as
shown in Fig. 8a.

Portion of the Protective Device

Figure 9 shows the contour plot of the displacement mag-
nitude at different instants during the impact for both lat-
tices on the deformed configuration (left plots: RHC, right
plots: HC) of the core of the sandwich structure. One can
observe that very large displacements are induced in the
structure, which activate contact between the different por-
tions of the lattices below the impact point. Furthermore,
the deformed configuration is non-symmetric and hence a
full 3D analysis is required.

(b)

same 2D RHC lattice (blue dotted) and with the new 3D RHC lattice
(blue continuous); b deformed configuration at the peak of the force
of the 2D (top) and 3D (bottom) lattices

The results of the impact analyses considering RHC
and HC lattices are compared in Fig. 10a in terms of total
reaction force transmitted through the internal surface of
the device. The auxetic configuration, through a densifica-
tion mechanism, turns out to be more effective to protect
from the impact. In fact, the maximum force transmitted
is lower when adopting a protective structure with RHC
lattice (continuous line): 17 N instead of the 27 N obtained
with the HC lattice (dotted line).

Figure 10b shows the time evolution of energy contribu-
tions; continuous and dotted lines refer to RHC and HC
lattices, respectively. The kinetic energy (blue curves) is
zero at the instant that the ball rebound initiates, 1.0 ms
for the HC and 1.35 ms for RHC, when the force transmit-
ted is maximum. The total elastic strain energy (orange
curves), integrated in time, is higher for the RHC lattice
as significant deformations occur for a longer time frame.
The plastic dissipation contribution (black curves) is lim-
ited in both cases.

Figure 11a shows the time histories of the transmitted
force for the three configurations with the bulk-stratified
materials presented in Table 2. The best configuration is
G1, with a maximum force of 77 N. The advantage of using
a structured material is clearly evidenced in Fig. 11b where
the response of the innovative solutions, showed by black
lines, is compared with those obtained with bulk materi-
als, orange lines. With the RHC lattice, a reduction in the
peak force of 78% with respect to the G1 configuration is
obtained. The structured material also reduces the weight of
the mask: the configuration showed in Fig. 7, with a RHC
lattice core, weights about a sixth of the G1 configuration.
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Fig.9 Displacement magnitude at three instants during impact; left column: RHC lattice, right column: HC lattice
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Fig. 10 a Time evolution of the reaction force at the internal surface of protection devices; b time evolution of kinetic energy (blue), elastic
energy (orange) and plastic dissipation (black). Solid lines: RHC lattice, dotted lines: HC lattice
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Fig. 11 a Time history of transmitted force for different protection
devices with bulk materials: G1 (dashed line), G2 (continuous line)
and G3 (dotted line). b Comparison between transmitted forces by

As a further confirmation of the beneficial effect of the
structured material, in Fig. 12, the maximum compression
stress at the internal surface of the device is shown for the
different configurations. In the case of a facial protective
mask, these compression stresses are transmitted to the face
and their values should be minimized to protect the athlete.
Again, the configuration proposed here with the RHC mate-
rial has the best performance, with maximum compression
of —1.8 MPa; for the G1 configuration, the maximum com-
pression is —2.8 MPa. Despite a higher value of the maxi-
mum force, the G2 configuration allows for a reduction of
the maximum compression stress with respect to the G1 con-
figuration, with a value of —2.6 MPa, as already remarked
in [5].

Conclusions

In this paper, we propose the use of auxetic metamaterials to
design lightweight stratified structures with efficient impact-
absorbing properties. To this purpose, two different sets of
3D bending-dominated lattices are investigated. Numerical
analyses conducted on a single cell of different lattices, at
varying effective mass densities, allow to characterize the

100 ¢

2]
o
T

Force [N]
5

HC

0 0.5 1 15 2 25 3
Time [ms]

(b)

stratified structure (orange curves) and structure with RHC (black
continuous line) and HC (black dotted line) metamaterials

equivalent transversal isotropic behaviour and to evidence
the auxetic effect that arises at low equivalent density.

We select two lattices, characterized by a low value of the
effective mass density and by a strong complete or partial
auxetic behaviour, to constitute the core of the sandwich
structure for new protection devices. The impact analyses
on a portion of this structure show a significant reduction of
the force level and of the stress transmitted, indicating the
potential advantages of the proposed solution.

The results presented here can open the way to the design
of new light and efficient wearable protective devices such
as facial protector masks. The actual fabrication of these
complex geometries, however, is challenging. It requires
proper advanced additive manufacturing techniques at small
scale and it is currently under study. Besides 3D printing, a
promising technique for very small dimensions (in the range
of tens of microns) is represented by the two-photon polym-
erization technique [4].

The simulation of the real whole mask composed by
the structured material would require a proper multiscale
approach and further research is required in this direction.
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Fig. 12 Maximum compression stress on the internal surface for different structures of protective devices
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