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a b s t r a c t

Mechanical metamaterials are structures designed to exhibit an exotic response, such as topological
soft modes at a surface. Here we explore single-material 3D prints of these topological structures
by translating a ball-and-spring model into a physical prototype. By uniaxially compressing the 3D-
printed solid having marginal rigidity, we observe that the surfaces are consistently softer than the
bulk. However, we also find that either of two opposite surfaces can be the softest, in contrast to the
topologically robust predictions of the linear model. Finite-element simulations allow us to bridge this
gap. We explore how the printing geometry and deformation amplitude could affect surface softness.
For small strains, we find qualitative agreement with the ball-and-spring model but, surprisingly,
nonlinear deformations can select which side is softest. Our work contextualizes the predictions of
topological mechanics for real 3D materials and their potential for cushioning applications.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ball-and-spring lattice models are effective at describing the
echanical behavior of many naturally occurring materials. Here,
toms are replaced by massive point particles and their bonds are
epresented by harmonic springs. More recently, these ball-and-
pring lattices have been carefully crafted to exhibit exotic phys-
cal properties that only occur within these artificial structures.
challenge is to faithfully translate the mechanical properties of

hese models into physical designer materials.
The proliferation of accessible Additive Manufacturing (also

nown as 3D printing) could offer a pragmatic solution to the
hallenge of fabricating lattices with many complex unit cells.
D printing presents many advantages. All available processes
re inherently digital and do not require any dedicated tool-
ng. Therefore, parts can be quickly produced and refined. For
mall production batches, this also translates to a low cost per
tem. In typical 3D-printing processes, little material is wasted,
evealing another efficiency. At the same time, 3D-printing pro-
esses are capable of geometrical complexity not possible through
ny other manufacturing method. This is pertinent to 3D lat-
ice geometries, where subtractive, transformative, and joining
anufacturing methods can only be employed in the simplest
ases.
For these reasons, 3D printing is the predominant method

or the production of mechanical metamaterials. Many material
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systems can be explored through additive manufacturing for lat-
tices, including combining multiple materials in a single print [1].
Similarly, 3D printing enables metallic lattices with features at
different scales [2]. Through photopolymerization of pre-ceramic
monomers, high-temperature metamaterials can be created [3]. A
recent review paper shows the proliferation and the diversity of
3D printing in this domain, but also highlights that a substantial
proportion of the available techniques are only available in the
lab, or come at a substantial cost [4].

For complex, open lattices arising from ball-and-spring mod-
els, the 3D-printing approach needs to allow for these delicate
geometries. Characteristically, theoretical ball-and-spring designs
feature slender bonds connected at the nodes by perfect hinges
[5–8]. For 3D printing, this idealization presents a significant
fabrication challenge. To approximate the hinges, one option is
to combine a stiff material for the springs with a second, more
flexible material for the balls [9]. However, for intricate lattices
with many unit cells, this construction (which also requires a
third material for support) quickly becomes prohibitively cost
and labor intensive. Single-material 3D printing offers a scal-
able and affordable solution. Various approaches have yielded
designed functionality in 3D structures despite the fabricated
mechanics departing significantly from the idealized ball-and-
spring models [10–12]. However, for single-material 3D printing
to become a standard tool for realizing ball-and-spring models,
further exploration of how to faithfully translate these models
into a network of joined beams is required.

Mechanical metamaterials [11,13] form a broad class of de-
signer matter with emergent mechanical properties. Typically,
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.eml.2022.101911
https://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eml.2022.101911&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:E.Loukaides@bath.ac.uk
mailto:A.Souslov@bath.ac.uk
https://doi.org/10.1016/j.eml.2022.101911
http://creativecommons.org/licenses/by/4.0/


A. Bergne, G. Baardink, E.G. Loukaides et al. Extreme Mechanics Letters 57 (2022) 101911

b

w
n
w
i
v
s
m
(
f
s
a
t
s
l
d
w
t
d
r
v

Fig. 1. Surface softness of the isostatic mechanical insulator. (a) Design of the metamaterial, which was obtained by deforming a six-particle unit cell from the
stacked kagome lattice [5]. (b–c) Stills from the Supplementary Video of the 5 × 5 × 8 lattice printed using Multi Jet Fusion (MJF) before (b, t = 0 min) and after
(c, t = 8 min) compression by a force F over a distance d. Each uncompressed unit cell is 2 cm in height for a total height of 16 cm. The labeled points correspond
to the same node across different metamaterial unit cells. (d) Vertical displacements of the five positions in (b–c) measured in pixels from stills taken at 1 min
intervals and converted to millimeters (labeled in their respective colors). The dashed line indicates the piston path. During compression, the top unit cell deforms
and tracks the movement of the plate. The displacements of the bulk nodes quickly level off at values that slowly decrease as we move deeper into the bulk. Because
of random variations in the displacements about these averages, lower-placed nodes do not necessarily have smaller displacements at all times, allowing for the
crossing of the lines corresponding to vertices 2 and 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
these materials are built from periodically repeating unit cells,
which can be finely tuned to yield a vast and diverse range of
macroscopic responses for numerous applications. Metamaterials
allow for designer mechanical properties, such as elastic mod-
uli, leading to surprising behavior including negative Poisson’s
ratio (auxetic response) [14–17]. Even more intricate control at
the meta-atom scale leads to programmable shape change [18–
20]. Moreover, metamaterials can tailor dynamical behavior of
vibrations [21], sound waves [22], and energy fluxes [23]. More
generally, metamaterials’ ability to sense and respond to their
environment could make them a key component in smart and
animate matter [24,25].

In this work, we focus on 3D printing the specific ball-and-
spring metamaterial architecture modeled in Ref. [5]. A key fea-
ture of this periodic lattice is that it acts as a 3D mechanical
insulator. Specifically, the ball-and-spring material is marginally
rigid in its interior (or isostatic, hosting no bulk floppy modes).
However, its top and bottom surfaces are soft (or malleable)
due to the presence of localized floppy modes. In addition to
this softness localization, our homogeneous lattice features a sec-
ond designer property which we call surface softness asymmetry,
ecause the top surface is softer than the bottom.
This surface softness asymmetry is captured by a vector P ,

hich points towards the softer face of the material. This soft-
ess polarization P is an example of a topological invariant,
hich can only take on discrete values. In general, topolog-

cal mechanical metamaterials have been designed to host a
ariety of such invariants, defined from their bulk vibrational
pectrum [13,26,27]. The topology encodes information about the
echanics at locations where the invariant becomes ill-defined

for example at edges, boundaries between materials, and de-
ects) according to a general principle called bulk-boundary corre-
pondence [7,28]. Due to their discrete nature, topological invari-
nts often endow the underlying materials with robust proper-
ies. Recently, mechanical invariants have been used to engineer
cattering-free acoustic and elastic waves [29–32], as well as
ocalized instabilities [33,34], failure modes [10,35], and elastic
eformations [7,36,37]. The softness polarization vector P that
e consider endows the material with robust softness asymme-
ry, which is independent of the printing material and lattice
imensions [5]. In this way, topological mechanical metamate-
ials could have wear-resistant applications in cushioning and

ibration control [9].

2

In this work, we 3D print a topological mechanical insulator
from a single material. We briefly review the theory underly-
ing these structures in Section 2. Experimentally, we uniaxially
compress our samples and observe softness localization at the
material surface. By measuring the reaction forces at free sur-
faces (Section 3), we find that the softness asymmetry varies
with the printing technique and the deformation amplitude. We
then connect these experimental results to theoretical predic-
tions using finite-element simulations (Section 4). In our simu-
lations, we characterize the dependence of the reaction forces
on the fabrication parameters for the 3D-printing geometry. We
discover that the amplitude of deformation can flip the soft-
ness asymmetry, providing a link between the theoretical predic-
tions and the experimental results. Our work suggests a general
model-to-prototype workflow for translating exotic theoretical
functionality into single-material 3D prints.

2. Topological theory of surface softness

A mechanical insulator is a ball-and-spring lattice which does
not support any floppy modes in its bulk. By floppy modes, we
mean collective ball displacements which incur no energy cost (at
the lowest, quadratic order). In other words, for sufficiently small
deformations, floppy modes are the softest [6]. In a sub-isostatic
configuration, the degrees of freedom for the balls outnumber
the constraints imposed by the springs. The Maxwell counting
argument [6,38,39] guarantees that any such under-constrained
configuration must host floppy modes.

If we cut springs from an isostatic (i.e., marginally rigid) me-
chanical insulator, we liberate a floppy mode for every spring that
we remove. For example, if we cut an infinite isostatic insulator
down to a slab with finite height, the resulting structure features
m × N floppy modes. Here, N counts the unit cells on the top
surface, and m counts the cut springs per unit cell, which were
formerly connected to their vertical neighbors. For an infinitely
wide slab (i.e., N → ∞), these floppy modes organize themselves
into m bands in the vibrational spectrum. The insulating bulk
guarantees that each band must be localized entirely at either the
bottom or the top of the finite lattice. This argument leads to the
crucial prediction that the structure is softer at the surface than
in the bulk.

How can we obtain such a marginally rigid mechanical in-

sulator? Although these structures are generic in 2D [28], they
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Fig. 2. Experimental setup. (a) SLA print of a single unit cell of the structure, with polarization vector P indicating the top of the original structure. (b) Two 5 × 5 × 8
Multi Jet Fusion (MJF) prints of the same structure with different orientations with respect to a rigid base plate, labeled B for base-on-bottom and T for base-on-top.
Without the base plate, linear theory would predict two floppy modes (FM) on the top (blue) surface, and one floppy mode on the bottom (red). (c) The two prints
behave differently under compression tests. Because the base plate pins the surface to restrict translations and rotations in any direction, the deformation will happen
mostly at the opposing surface, which is in contact with the piston. The reaction force Ftop measures the resistance against deformations for the side (of the B print)
with two floppy modes. Analogously, Fbot measures the resistance against deformations for the side (of the T print) with only one floppy mode. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
have proven elusive in 3D. Ref. [5] describes the design of a
parametrized family of periodic isostatic lattices in 3D (based on
the stacked kagome lattice, see Fig. 1a) and subsequent discovery
of a mechanical insulator within that parameter space. The
Supplementary Material contains the lattice construction and the
topological theory underpinning the surface softness asymmetry.
When printed and compressed, this structure presents a surface
which is much softer than its rigid bulk. The differences between
the uncompressed (Fig. 1b) and compressed (Fig. 1c) structure
are highlighted in Fig. 1d. The nodes near the top edge of the
structure are displaced significantly more than the nodes within
the bulk. This indicates the presence of a localized topological soft
mode at the edge of the structure.

Since our lattice features m = 3 vertical bonds between unit
cells, the top and bottom surfaces host an odd number of bands of
floppy modes. These bands must be attached to either the top or
the bottom, and therefore, one of the surfaces must necessarily
be softer than the other. Ref. [5] computes a topological vector
P from the geometry of the bulk. This softness polarization vec-
tor P points towards the surface which we dub to be the top.
Bulk-boundary correspondence [7,28] then predicts that the top
surface hosts more floppy modes than the bottom.

3. Softness asymmetry experiments

To independently probe the softness on both sides of the
structure, we prepare two copies, each attached to a rigid base
plate. A base plate on the bottom (B) or top (T) side of the lattice
locally restricts movement. The base plate therefore eliminates
the floppy modes attached to one side and allows us to character-
ize the floppy modes on the other side in isolation, see Fig. 2a–b.
We quantify the isolated softness of the top (bottom) surface by
measuring the reaction force Ftop (Fbot ) under compression by a
universal testing machine, as a function of the piston displace-
ment d, see Fig. 2c. To express which side is softer and by how
much, we use the dimensionless softness asymmetry parameter
defined as

χ ≡ ln
Fbot
Ftop

. (1)

The linear theory predicts that the top side will resist displace-
ment less than the bottom, corresponding to a positive χ . Con-
versely for a negative χ , it is the bottom side which will offer less
resistance.
3

Several samples with 5 × 5 × 8 unit cells of the structure
were (single-material) 3D printed. For simplicity, we replaced
the springs of the ball-and-spring model by beams of a uniform
thickness. We compare different prints to find how the mechan-
ical properties change with the underlying material and printing
process. Fig. 3a shows softness asymmetry χ for three different
combinations of constituent resin material and 3D printer. Initial
prints were made on the Formlabs Form 2 and Formlabs Form 3
printers using Formlabs’ Tough 1500 resin (with unit-cell height
a = 10mm). These printers use Stereolithography (SLA), whereby
a UV-sensitive polymer resin is solidified by selective illumina-
tion using a UV-laser to form the individual layers of the print.
After each layer is printed, the structure has to be sheared from
the bottom of the plastic vat containing the resin. The shearing
step avoids new layers of resin sticking to the printer but can
deform slender structures when the resin is still soft. The Form
3 printer has a more delicate shearing step than the Form 2, thus
reducing the risk of beams being deformed. We compared these
Formlabs prints with Nylon PA12 prints made using an HP Jet
Fusion 5200 3D printer (with a = 20mm), which uses Multi
Jet Fusion (MJF). In this technique, each solid layer is created
by applying fusing agents to the nylon powder and heating to
create the final structure. An advantage of this technique is that
the printed object is supported by the powder below and inside
it, reducing the need for supports and enabling the printing of
more slender structures. As shown in Fig. 3a, we observe that
the behavior of χ is dependent on the printing method used.
These inherent differences could result from printing tolerances
producing lattices with slightly different mechanical properties.

Due to large deformation amplitudes, the reaction forces show
ageing of the material under repeated loads. However, the trends
of the compression test remain, as shown in Fig. 3b. At first,
the reaction forces increase sharply until displacement reaches
d ≈ 0.2a, above which the reaction forces vary, increasing and
decreasing at different strain levels. Above the yield point, we
note that the reaction force on the bottom surface plateaus more
sharply compared to the gentle leveling-off of the top surface.
Under repeated compression (labels 1 through 3) we observe a
softening of the structure: the reaction force for each surface
decreases. We hypothesize that this softening is caused by sev-
eral beams irreversibly buckling during the initial loading. This
effect can be observed by comparing the number of deformed
beams in the compressed (Fig. 1c) and uncompressed (Fig. 1b)

structures. Additional softening could originate from failures or
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Fig. 3. Experimental data from the universal testing machine. (a) Softness asym-
metry parameter χ [≡ ln(Fbot/Ftop)] as a function of the deformation parameter
/a, where d is the piston displacement and a is the height of the unit cell. The
hree curves are labeled by the constituent resinous material (with the type of
D printer in brackets). (b) Reaction force against the deformation parameter
/a for the nylon (MJF) print from part (a). The reaction forces measured at
he top (solid blue line) and bottom (dashed red line) surfaces are shown
or three consecutive repetitions (labeled 1, 2, and 3). The effective Young’s
odulus of the structure, computed using a linear fit over the displacement

ange 0.002 < d/a < 0.018 of the first run, is 680 ± 53kPa for the top and
62 ± 52kPa for the bottom surface. The downward arrows indicate that the
tructure softens after each compression. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this
rticle.)

icro-cracks of the beams, or relaxation of the residual stresses
nitially present from the fabrication method. To characterize this
oftening during repeated compression experiments, future stud-
es could perform cyclical compressions starting at small strains.
n interesting open question is the strain amplitude at which
oftening will be observed in these cyclical tests.
The parameter χ involves differences of the (logarithms of)

orces that include significant measurement error. For small dis-
lacements, the measurements are dominated by these errors,
o the most reliable results are for displacements d/a above 0.1
excluding the gray area in Fig. 3a). Due to unevenness in the
eight of the prints, the piston initially does not make full contact
cross the surface: The Supplementary Video shows deformations
f the rightmost unit cell earlier than deformations of the leftmost
nit cell. We estimate that the top surface deforms uniformly
tarting from a displacement ratio of d/a ≈ 0.1. The region
here the linear theory applies is below this small displacement
hreshold. To bridge this gap between theory and experiment, we
urn to finite-element simulations.
4

Fig. 4. Simulations of lattices with various beam geometries. (a) Simulation
results for softness asymmetry χ for a lattice with 5 × 5 × 8 unit cells. We
vary the beam thickness r from 0.05mm to 0.5mm, while keeping the thickness
niform along the beam. (b) Softness asymmetry (plotted in triangles against left
ertical axis) as well as reaction forces for both bottom (plotted in filled circles
gainst right vertical axis) and top (plotted in open circles against right vertical
xis) surfaces for a 5 × 5 × 5 lattice with d = 0.01a. Here the beams have a
maller thickness rthin (fixed at 0.1mm) near the joints and a larger thickness
thick in the middle, which we vary.

. Softness asymmetry simulations

We simulate the structure using the Finite Elements Analysis
oftware Abaqus. To efficiently simulate large lattice sizes, the
eams are modeled using beam elements rather than solid el-
ments. The z-dimension of each unit cell is set to 20mm and
ach beam segment is 0.3mm long. To obtain results comparable
o experiments with the universal testing machine and base-
late setup, we implement asymmetric boundary conditions. The
odes of the face corresponding to the base plate have all trans-
ations and rotations frozen. By contrast, the nodes on the free
urface have free translations in the x–y plane and free rotations,
ut the translation in the z-direction is constrained to be the

displacement d.
Fig. 4a plots χ for the 5 × 5 × 8 lattice with varying beam

thickness r . For small displacements, the positive values of the
asymmetry χ correspond to a top surface which is softer than
the bottom, in agreement with linear theory. However, for dis-
placements greater than d/a ≈ 0.01, the sign of χ flips.

We observe that thicker beams correspond to smaller values
for the magnitude |χ | of the softness asymmetry. However, the
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Fig. 5. Simulations of lattices for various sizes. (a) Softness asymmetry χ as a function of deformation parameter d/a for lattices containing n× n× n unit cells. (b)
Schematics of the simulated beam elements for lattices with n = 3 (top) and n = 6 (bottom). (c) Distinguishing the contributions to the total softness asymmetry
χ from nodes at the edge (plotted in blue disks) and in the middle (plotted in red disks) of a surface. The total χ is plotted in gray triangles, for d = 0.01a,
Rthick = 0.5mm, rthin = 0.1mm, and E = 200MPa. The inset shows schematic representations of a 3 × 3 face and a 6 × 6 face with corresponding colors for nodes
at the edges and in the middle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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displacement d∗ at which χ switches sign remains approximately
the same. Changing the Young’s modulus between 1.5 and 2.7GPa
or changing the overall length scale a does not effect χ , as shown
in the Supplementary Material. This demonstrates how softness
asymmetry can be selected independently of the underlying ma-
terials properties, and therefore independently of parameters
such as heat or electrical conductivity.

The original ball-and-spring model assumes vanishing bending
rigidity of the springs, so that the nodes act as perfect hinges.
When printing using only a single material, one could use tapered
or stepped beams, which are thicker in their center than at
their endpoints. In simulations, we test these design choices by
splitting the beams into three sections: the thick middle section
consisting of 80% of the beam length (thickness Rthick), and the
two thin end sections each consisting of 10% of the beam length
(thickness rthin). This creates a stepped thickness profile to ap-
proximate perfect hinges, which we quantify using the parameter
of thickness ratio Rthick/rthin.

In Fig. 4b, we plot simulation results for both the reaction
forces F and the asymmetry χ as a function of this thickness ratio.
We use a constant value rthin = 0.1mm of the thickness at the
ends and vary the thickness ratio between 1 and 10 (for system
size 5 × 5 × 5 unit cells). When the thickness ratio is largest, the
beam geometry approximates a hinge and the system exhibits the
largest values of the softness asymmetry χ . Surprisingly, even for
uniform beams with Rthick/rthin = 1, the value of χ does not sig-
nificantly decrease away from the maximum. For thin beam ends,
the attachment points are prime locations for structural failure,
and these simulation results justify our 3D-printed geometries in
which we use beams of uniformly thickness.

Fig. 5a shows that χ is positive in the low strain regime for
very small lattices with n × n × n unit cells, where we take n
to be between n = 3 and n = 6. This is surprising, because the
theoretical argument [5] assumes that the lattices have both a
large overall height and a large transverse cross-section (i.e., n →

∞). In the case of small n, the distinction between the surface
and the bulk of the lattices becomes less clear, but the quantity
χ remains well defined. We also note that the displacement d∗

at which the asymmetry χ changes sign does not significantly
vary with lattice size. From Fig. 5a, we conclude that n = 6
approximates well the theoretical limit of large lattice sizes.

For the smallest lattice size of n = 3, we do find deviations
in the behavior of the asymmetry χ . The different contributions
from edge and middle nodes as n is varied are plotted in Fig. 5c.
We hypothesize that for n = 3, finite-size effects dominate,
5

because the 8 nodes at the edge of the top face (blue in Fig. 5c)
vastly outnumber the one node in the middle (red in Fig. 5c). The
figure shows that the contributions from the middle nodes to χ

are positive and the contributions of the edge nodes are negative.
Nevertheless, this small-size effect is only relevant for n ≤ 4 and
the asymmetry χ is determined by the middle nodes for larger
attice sizes.

. Concluding remarks

In summary, we 3D printed a topological mechanical insulator
nd experimentally observed softness localization at its surfaces.
ithin compression experiments, the softness asymmetry varies
etween printing methods, in contrast to the material indepen-
ence predicted by the linear theory. In order to bridge this gap
etween theory and experiment, we performed finite-element
imulations. Numerically, for small strains we confirm that the
oftness asymmetry parameter χ is material independent and
ositive. Surprisingly, we find that χ consistently changes sign
eyond a critical strain, providing a mechanism for the observed
ariations across experiments.
In general, designer ball-and-spring geometries can feature

unctionalities which are challenging to carry over into 3D prints.
or example in our geometry, the constituent beams must be
lender, but all 3D-printing techniques struggle with excessive
lenderness. Increasing thickness would lead to collisions be-
ween the beams, presenting a hard design constraint. In addition,
support structure would be practically impossible to remove

or such a dense lattice. Finally, our geometry has an extreme
iversity of beam orientations, so that reorienting the structure
o make every thin beam nearly vertical is infeasible. These fab-
ication issues have led to deviations of the physical structures
rom the design, including a few broken beams. In addition, in
he Stereolithography (Formlabs) samples, the force involved in
hearing the printed layer from the resin tank also resulted in a
light overall tilt. This tilt is difficult to predict and depends on
he placement and orientation of the sample relative to the build
late. We also observe sample-to-sample variation because the
attice geometry exceeds the manufacturers’ limits for the printer
nd the material. Despite these challenges, our samples have
llowed for an experimental quantification of the reaction forces
nd their decrease due to damage from repeated compressions.
A few strategies could potentially bring our current experi-

ental sensitivity limit of d/a ≈ 0.1 closer to the numerically

predicted asymmetry switchover point d/a ≈ 0.01. For example,
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ne could design a lattice with a bigger softness polarization,
ncrease the size of the sample, or explore different fabrication
ethods, such as freeform injection molding or assembly from
maller components. Increasing the sample size can be accom-
lished by upscaling the size of each unit cell or by increasing
he number of unit cells. In either case, the probability of errors
ould increase due to the need to support more weight, due to

onger times over which environmental conditions might change
such as temperature or viscosity of the uncured resin), and due
o defects from printing on top of already defective cells.

In this work we probed the surface softness with a large
lat-plate indenter. An interesting avenue for further exploration
s the non-linear response to indenters with varying profiles.
imilarly, one could design a sample with a non-flat top surface.
n either case, linear topological theory predicts that the surface
oftness asymmetry of our mechanical insulator is robust against
hese variations, but the non-linear regime could exhibit new and
nexpected phenomena. In addition, the presence of soft Weyl
odes in the bulk can give rise to complex relationships between

he indenter shape and observed softness [9], even in the linear
egime.

Our experimental results allow us to consider broad design
rinciples for marginally rigid, topological lattices. Marginal rigid-
ty leads to a material which is stiffer in the bulk than on either
urface. Under uniform compression, the linear regime predicts
ne side to compress more than the other. However, at higher
trains, the sign ambiguity of the asymmetry χ allows either
ide to experience most of the deformation. We therefore pre-
ict these materials to display complex collapse behavior. Such
omogeneous, light, and wear-resistant mechanical metamate-
ials pave the way for practical applications from cushioning to
echanical damping.
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