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Absorbing mechanical shocks and vibration energy is crucial in industrial, domestic and medical applications.
Very often, systems (such as hydraulic cylinders) or structures (such as helmets) are used to achieve energy absorp-
tion or protection from impacts or periodic vibrations. In this respect, mechanical metamaterials have received
much attention in recent years due to their extraordinary mechanical properties, including outstanding specific

stiffness and strength, and energy absorption. Here, we design a stretching-dominated mechanical metamaterial
that can absorb very large energies while retaining a low density. In this study, a few examples of metamaterials
are considered and we show that a new class of shell lattice (SL) metamaterials has the best mechanical properties
for shock absorption they are ultrastiff, ultrastrong, and possess high specific energy absorption at low relative

density.

1. Introduction

Absorbing mechanical shocks and vibration energy is crucial in in-
dustrial, domestic and medical applications [1-3]. Very often, systems
(such as hydraulic cylinder) or structures (such as helmets) are used to
achieve energy absorption or protection from impacts or periodic vi-
brations. In this respect, mechanical metamaterials have received much
attention in recent years due to their extraordinary mechanical prop-
erties, including outstanding specific stiffness and strength [4-17], and
energy absorption [18]. Recently, scientists have shown that metamate-
rials based on bending-dominated buckling inclusions can absorb more
energy than commercially available aluminum foams. This method is
very promising, especially when combined with current fabrications
techniques such as 3D micro and macro printing. Body-centered cubic
(BCQ) lattice materials are the best-known bending-dominated materi-
als [19-21]. Such metamaterials, however, lack scalability toward ex-
tremely low densities [22] instabilities disappear together with the stiff-
ness. Furthermore, the bending-dominated behavior localizes the plas-
ticity regions toward the hinges.

As cellular materials, mechanical metamaterials are topologically
categorized as either bending-dominated or stretching-dominated [23].
The effective mechanical properties of stretching-dominated cellular
materials scale linearly with the relative density, unlike bending-
dominated materials. Materials deforming in a bending-dominated
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mode have higher specific energy absorption, but lower stiffness and
strength, than those deforming in a stretching-dominated mode.

Octet lattice and truss lattice materials play an important role in
stretching-dominated materials [24-28]. Indeed, recent advances in ad-
ditive manufacturing technology make it possible to fabricate them at
the microscale, or even at the nanoscale [29-31]. He et al. showed that
surface effects have little influence on the stiffness and strength scaling
of nano-lattices [32]. However, stress concentrations often occur at the
connections between micro hollow struts in lattice structures.

As an alternative to octet lattice materials, shellular materials, which
are composed of a single, periodic, continuous, smooth-curved shell
[33], overcome the nodal weaknesses of truss structures and can have
an ultralow density. Their compressive response is superior to those of
octet lattices at equal relative densities [34-36]. Maskery et al. fabri-
cated gyroid shellular material whose specific energy absorption was
nearly three times that of BCC lattice material [37]. Bonatti et al. de-
signed shellular materials with nearly two times the strength and the
energy absorption of conventional octet lattices at 20% relative density
[38].

Here, we design a stretching-dominated mechanical metamaterial
that can absorb very large energies while at the same time retaining
a low density. In this study, a few examples of lattice materials are
considered and we show that a new class of BCC shellular metamate-
rials has the best mechanical properties for shock absorption: they are
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ultrastiff, ultrastrong, and possess high specific energy absorption at a
low relative density. The mechanical properties are calculated numer-
ically and verified experimentally under uniaxial compression. Com-
pared to octet lattice metamaterials, our metamaterial has a relative
elastic modulus 2.4 times larger and a relative compressive strength
about 5.4 times larger, for a relative density of 10%.

2. Design and fabrication of metamaterials

One of the crucial limiting aspect in 3D buckling/absorbing metama-
terials is the ratio between the volume of material that is really used (for
deformation of absorption) compared to the total volume of the host ma-
terial. In other words, one needs to optimize all hinges and bending parts
such that they deform homogeneously. Obviously, the simplest candi-
date would be the homogeneous material itself. However, one also needs
to decrease the volume and thus to create inner holes. Holes thus become
the real playground for optimization. We show in Fig. 1 the stiffness
and the potential energy absorption that one can aim at using standard
bending-dominated metamaterials versus stretching-dominated materi-
als. The stretching-dominated mechanism appears clearly as a much bet-
ter candidate for energy absorption.

Figs. 2 (a) and (c) display the geometry of the bending-dominated
truss-lattice (TL) metamaterial and its corresponding unit cell model
which consists of eight struts. Here, the cross-section of each strut is
assumed to be circular with a constant diameter d and a length L. As
presented by Ushijima et al., the relative density of the TL metamaterial
is the ratio of the actual volume occupied by the lattice structure to the
volume of the overall structure [19], or

3v37 1 d\2
4 (7) '
However, the above analytical relationship is only valid for TL meta-
materials with very low relative density. At high relative density, the
influence of material overlap at the nodes cannot be neglected. Sub-
tracting the overlap volume at the nodes, a more precise expression for
the relative density is [20]

) )
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Fig. 2 (b) and (d) show a configuration of stretching-dominated shell-
lattice (SL) metamaterials and its corresponding unit cell model. The SL
unit cell is composed of a spherical shell, which has circular openings
on the eight lateral corners, and of four cylindrical shells. The adjacent
parts are connected by a smooth variable cross-section cylindrical shell.
The unit cell model can be geometrically described by four main pa-
rameters, that are the radius of the spherical shell R, the radius of the
cylindrical shell r, the length of the cylindrical shell [j, and the wall
thickness t. With a given inclination angle of 30°, the radius of the vari-
able cross-section cylindrical shell is given by

= (¢))

p= (@)

ro=2R-r 3)
and the total length of the shell strut is expressed as

I=1y+2V3(R-r). &)

Hence, the analytical expression for the relative density of SL metama-
terial is

|4

, 3
(\—@l)

where V is the unit cell volume of the SL metamaterial and is given by

p= (O]

V=V +V, ©
with the volume of the cylinder shell struts

V. =8xQ2r — t)lyt )
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Fig. 1. Simplified doubly clamped beam model of (a) bending-dominated
truss-lattice (TL) metamaterial and of (b) variable cross-section shell model of
stretching-dominated shell-lattice (SL) metamaterial. Deformations under axial
compressing force, bending moment and shearing load are shown. Under the
same loading conditions, the shell model appears to have less axial and deflec-
tion displacements than the beam model. (¢) Compressive stress-strain curves
obtained from finite simulations. SL has higher elastic modulus and strength
than TL. (d) The specific energy absorption (SEA) of SL is almost 4 times larger
at low relative density.

and the volume of the spherical shell nodes
V, = 8zt ‘31”(1{ P+ (4\/_— %”)(R —P)@r—1)=3RQR 1) — 12]. ®)

We designed stretching-dominated shell-lattice (SL) metamaterials
and compared them to standard bending-dominated truss-lattice (TL)
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Fig. 2. Representative photographs of (a) bending-dominated
TL and (b) stretching-dominated SL samples are shown. The
unit-cells of (¢) TL and (d) SL metamaterials have a base-
centered cubic (BCC) symmetry. Important geometrical pa-
rameters are shown.
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0.05 0.10 0.15 0.20
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Fig. 3. (a) Measurement setup for the uniaxial tensile test on the printed dog-bone specimens. (b) Stress-strain curve of the tensile specimen.

metamaterials. Samples were fabricated by selective laser sintering
(SLS) using a 3D printer (EOS model P110) with the base material
PA 2200 (EOS Nylon 12), using a laser power of 30W and a scan-
ning speed of 5 m/s. The operational temperature was 190°C and the
layer thickness was 0.06 mm. Representative samples and their unit-
cells are displayed in Fig. 2. As a note, all structures presented here are
anisotropic due to cubic symmetry. We only consider in experiments
the (1,0,0) direction, which is one of three principal directions and the
strongest of them, as representative for the investigation of the compres-
sive response. Each specimen comprises 5x 5 X 5 unit cells and features
a strut length / = 17.32 mm. Three configurations and relative densities
p =0.05 or 0.10 were investigated. Configuration TL has strut diame-
ter d = 1.01 mm or 1.45 mm (Fig. 2a and c). Two different SL config-
urations were selected in order to investigate the effect of parameters
R/r and I/(I — ;) on mechanical properties. Configuration SL1 is com-

posed of small ball shells and long cylindrical shell struts (R = 6.94 mm,
r =278 mm, l,/(I —Iy) = 0.2). The wall thickness t is either 0.29 mm or
0.59 mm. Configuration SL2 is composed of large ball shells and short
cylindrical shell struts (R = 8.04 mm, r = 3.5 mm, /,/(I — ;) = 0.1). The
wall thickness t is either 0.23 mm or 0.56 mm. For each configuration,
two samples were manufactured for uniaxial compression experiments.
The maximum dimensional error between as-designed and measured
samples was 0.8%. As a note, the smallest relative density of about 5%
was imposed by fabrication constraints.

3. Characterization
To obtain the mechanical properties of parent material PA2200, five

dog-bone specimens were manufactured according to the ASTM 638
standard with the same laser processing as used to build lattice and
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Fig. 4. Compressive deformations of (a) TL, (b) SL1 and (c) SL2 samples are shown as a function of strain. For strains of 0.12, top and bottom surfaces of the TL
sample are not entirely in contact with the compression platens. The error from this defect in the applied load is likely to be small, and certainly far less than the
effect of geometry which can be neglected. The particular photographs shown are for a relative density of 5%. (corresponding images for a relative density of 10%
are shown in Figure S1). Engineering stress-strain curves are shown for a relative density of 5% in panel (d) and 10% in panel (e).
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Fig. 5. Optimization of SL metamaterial: the compressive stiffness and strength of SL metamaterial with relative densities of 0.02, 0.05 and 0.10 are plotted as a

function of geometrical parameters R/r and [, /(I — I,).

shellular structures for uniaxial tensile test. The uniaxial tensile test on
the printed dog-bone specimens were performed on a 5kN SHMADZU
testing machine at a nominal strain rate of 1073 s~!. The axial tensile
deformations of the tested specimens were measured by a mechanical
gripping type extensometer. Fig. 3(b) shows the stress-strain curve of

the tensile specimen. The average elastic modulus is about 1.17 GPa and
the 0.2% offset yield stress is nearly 14.09 MPa. The ultimate strength
is about 33 MPa and the corresponding strain is 20%.

Once fabricated, samples were experimentally tested under uniaxial
loading. Quasi-static compression tests were conducted on an Instron
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machine with 50 kN load cell at a nominal strain rate of 1073 s~!. Sam-
ples were positioned between two polished steel platens with suitable
preload forces applied to ensure no slip. During the test, samples were
placed in the center of the loading device to avoid the influence of ec-
centric forces. Tests were continued until the onset of densification. En-
gineering stresses were calculated by dividing measured loads by the
specimen cross sections. Engineering strains were obtained by dividing
the displacement of the moving platen by the specimen height.

Fig. 4 (a)-(d) shows compressive deformations of the samples at a
relative density of 5%. The TL sample exhibits a monotonically increas-
ing engineering compressive response. After an initial linear phase, the
stress-strain curve turns into a weakly increasing elastic-plastic phase.
After an initial elastic phase followed by an infinitesimal nonlinear in-
creasing behavior, the response of SL1 reaches a first peak stress of
about 0.4 MPa followed by buckling oscillations. The main differences
between SL1 and SL2 are that the first hump of SL2 has lower ampli-
tude and its elastic modulus is larger. For both SL samples, a weakly
damped oscillation stress-strain response can be observed. During the
compression test, the struts of the TL sample are mainly subjected
to bending moments, whereas the deformation of the TL samples are
uniform. It is observed that the SL samples are collapsing from upper to
lower boundaries in a layer by layer fashion.

Fig. 4 (e) shows compressive deformations of the samples at a rela-
tive density of 10%. The compressive response of TL and SL1 samples
show trends similar to those at 5% relative density. Their collapsing
modes are also unchanged. Interestingly, SL2 at 10% relative density
has the highest modulus and strength among all configurations. SL2 col-
lapses from upper and lower boundaries to middle plane in a layer by
layer fashion. The deformation mode is also more stable compared with
other configurations and there is no obvious attenuation in amplitude
oscillations.

4. Simulation

A series of unit-cell models with different relative densities were built
using the commercial finite element software ABAQUS with first-order
solid elements (type C3D8R). The constituent material (PA 2200) was
assumed to be isotropic and is modeled as a perfectly elasto-plastic mate-
rial. The stress-strain curve is obtained from a tensile test. For PA 2200,
Poisson’s ratio is usually set to be 0.4. For all models, the edge length of
unit cells is fixed to 2 mm. The corresponding strut diameter for TL and
wall thickness for SL change with relative density. For the SL unit cell,
there are four solid elements along the wall thickness direction at low
relative density. Five solid elements through thickness were used in high
relative density models. To improve the calculation accuracy, periodic
boundary conditions are applied. The compressive strength due to yield
and buckling is extracted from the simulations. Buckling strengths were
obtained by eigenvalue buckling analysis, following Valdevit et al. [39].
The yield strength can be defined as the first peak in the stress-strain
curve calculated by elastic-plastic analysis. For the TL metamaterial,
e = 7% is chosen as the collapsing strain and the corresponding strength
is taken as the yield strength.

5. Results and discussion

The parameters chosen for SL metamaterials were obtained from
numerical analysis and are optimal for the chosen relative densities.
Fig. 5 shows the variation of the relative compressive stiffness and of
the strength of SL metamaterials as a function of geometrical parame-
ters R/r and Iy /(I — ).

When R/r is smaller than 2.5, a tiny increase followed by a continu-
ous decrease in elastic modulus is found. When R/r is larger than 2.5, the
compressive modulus is a monotonic decreasing function of /,/(I — I;).
When /,/(I - I,,) is larger than 0.2, the compressive modulus decreases
with R/r. Similar trends are found in Fig. 5(c) and (e). The only differ-
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TL, SL1 and SL2 metamaterials.

ence is that the transition value of R/r decreases as the relative density
increases.

Similarly, the maximum compressive strengths are always found
for 1,/(I — 1) smaller than 0.3. However, compared with the stiffness
curves, the variations of compressive strength are more disordered at
small R/r. That may contribute to the occurrence of local buckling at
low relative density, which decreases the compressive strength signifi-
cantly. The main conclusion of this analysis is that in order to achieve
the best compressive performance the interval of geometrical parame-
ters is R/r = 2.1 to 2.5 and I,/(I — I;) = 0.1 to 0.3.

We compared experimental results to numerical simulations and
found them to be in good agreement (see Fig. 6). With an increase in
relative density, the compressive stiffness and strength of all three con-
figurations increase. SL2 has the largest stiffness. The elastic modulus
of TL is always much less than that of SL. When the relative density
is smaller than 5%, SL1 possesses the highest compressive strength. At
high relative densities, the compressive strength of SL2 is in contrast
significantly higher than that of SL1.

Fig. 7 displays the failure modes of TL, SL1 and SL2 metamaterials
with relative densities ranging from 0.01 to 0.1 under uniaxial com-
pressive loading. SL metamaterials always fail by plastic collapse of the
struts before the onset of elastic buckling. The strength of TL is always
much less than that of SL1 and SL2 materials. The stress concentration is
located at the connections of adjacent struts where plastic hinges occur.
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Fig. 7. Failure mode of TL, SL1 and SL2 metamaterials with relative densities ranging from 0.01 to 0.1 under uniaxial compressive loading.

The appearance of plastic hinges can guarantee the stability of mechani-
cal performance, but at the expense of reducing the structure capability.
The failure of SL1 structures is dominated by plastic yield, not by elastic
buckling. At low relative densities, the SL1 structure possesses the high-
est compressive strength and the stress concentration is located near
variable cross-section cylindrical shells. With a relative density increase,

the range of stress concentration extends to shell struts. Different from
TL and SL1 metamaterials, SL2 metamaterials fail by elastic buckling or
plastic yield, as determined by the relative density. When the relative
density is smaller than 5%, the buckling strength is close to the yield
strength and stress concentration is always located at the middle areas
of the ball shells. Spherical shells are too thin to resist local buckling
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our SL samples and other stretching-dominated lattice and shellular materials,
including octet truss-lattice [41], L-shellular [36], and BCC shellular [40] meta-
materials.

and the failure of the SL2 metamaterial is dominated by local buck-
ling of spherical shells. Note that in our simulations the elastic buckling
strength and the yield strength of SL1 are very close to that of SL2 at low
relative density. The strength of SL2 should be larger than that of SL1.
However, SL2 structures are more sensitive to flaws, imperfections and
boundary effects due to their structural characteristics, that is, the ratio
of wall thickness and ball shell radius is too small. Hence, as compared
to the SL1 material, the load bearing capacity of SL2 is good but not
improved. However, at high relative density the compressive strength
of SL2 is significantly higher than that of SL1, which is validated by
the previous experiments. Stress concentration is located at most areas
of spherical shells and cylinder strut shells. Of course, flaws, imperfec-
tions and boundary effects are also the most important factors, but they
have less effect on compressive strength as the wall thickness increases.
Moreover, the advantage of a large ratio of spherical radius to cylinder
strut length is more obvious.

We also compared the effective stiffness and strength with other
stretching-dominated lattice materials and other shellular materials
[36,39,40], as reported in Fig. 8. For a fair comparison between different
constituent materials, we use the normalized elastic modulus E/(pEg)
and the normalized compressive stress ¢ /(goy). SL metamaterials have
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higher relative compressive stiffness and strength (see Fig. 8). For rel-
ative density of about 10%, SL2 metamaterial has a relative strength
about 5.4 times and a relative elastic modulus about 2.4 times larger
than those of octet lattice material [41], which makes it a noteworthy
alternative to support structures.

Finally, the specific energy absorption (SEA), a crucial characteristics
of any shock absorber, is defined as the work performed under uniaxial
compression up to a strain of —0.6 per gram of mass by

0.6
Vfo ode
SEA = ———.
i 9

The SEA is obtained experimentally from compressive stress-strain
curves (see Fig. 3). At low relative density, the SEA of the SL1 meta-
material is almost 4 times larger than the SEA of the BCC lattice mate-
rial and is slightly larger than the SEA of the SL2 metamaterial. When
the relative density is about 9%, the SL2 metamaterial has a SEA nearly
3.56 times as large as the SEA of the BCC metamaterial and nearly 1.26
times as large as the SEA of the SL1 metamaterial. In absolute num-
bers for the low density of 5% we get SEAy =0.61 J/g, SEAq, =
2.71J/g and SEAg, =2.61J/g and for the high density of 10% we get
SEAp =047 J/g, SEAg , =4.15J/g and SEAg, = 5.23 ]/g. Lately,
a paper by Bonatti et al. [40] reported results similar to ours, but for
metallic structures. In comparison, we achieve a lower normalized elas-
tic modulus (normalization is to the constituent material in order to
enable a fair comparison of the designed metamaterials) but a larger
normalized compressive strength with much cheaper fabrication tech-
nique and constituent materials.

6. Conclusion

As a conclusion, we have designed a stretching-dominated mechani-
cal metamaterial that are ultrastiff, ultrastrong, and that exhibit high
specific energy absorption properties at low relative density. These
stretching-dominated mechanical metamaterials can absorb large ener-
gies while at the same time retaining a low density. They are promis-
ing candidates for applications to shock absorption and as a model for
closed-cell crystalline foams.
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