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This study demonstrates that two- and three-dimensional spatially graded, truss-based polymeric-material meta-
materials can be designed for beneficial impact mitigation and energy absorption capabilities. Through a combi-
nation of numerical and experimental techniques, we highlight the broad property space of periodic viscoelastic
trusses, realized using 3D printing via selective laser sintering. Extending beyond periodic designs, we investigate
the impact response of spatially variant viscoelastic lattices in both two and three dimensions. Our result reveal
that introducing spatial variations in lattice topology allows for redirecting of the impact trajectory, opening

new opportunities for engineering and tailoring lightweight materials with target impact functionality. This is
achieved through the combined selection of base material and metamaterial design.

1. Introduction

While research on truss-based metamaterials has largely focused
on periodic assemblies of structural members, spatial variations in the
structural architecture expand the design space and admit locally opti-
mized, location-dependent mechanical properties. Examples include or-
thopedic implants [1,2], the soles of running shoes [3], and soft robots
[4], which all benefit from architected materials with a non-periodic
architecture or heterogeneous material distribution. In addition to op-
timizing the local effective, macroscale mechanical behavior (includ-
ing extreme cases such as negative compressibility [5] or Poisson ef-
fect [6]), spatial variation in the architectural design can facilitate new
functionality. Such concepts have been explored at large scales, e.g.,
in the design of space solar sails [7] and deployable solar arrays [8].
Combining different types of multistable unit cells at smaller scales in a
spatial tessellation [9] has enabled mechanical logic and reconfigurabil-
ity. In contrast, the functional grading between soft and stiff 3D-printed
structural components or regions has enabled pre-programmed motion
through mechanisms [10] and enhanced the performance of soft robots
[11]. Note that in this study we refer to ‘metamaterials’ as a synonym
for ’architected materials’, as is often customary in the metamaterials
community — not necessarily implying that none of the reported mate-
rial properties cannot be found in nature but rather highlighting that
the structural architecture controls the material properties, which may
indeed lie outside the range of natural materials.
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Additively manufactured metamaterials are often polymeric and vis-
coelastic; i.e., the base material dissipates energy and renders the me-
chanical response time- and history-dependent. What is disadvanta-
geous for wave guidance in acoustic metamaterials [12] can be benefi-
cial for energy absorption applications [3,13,14]. The viscoelastic relax-
ation, creep, and time-dependent response have promoted new effects
and applications [15] ranging from viscoelastic snapping [15], rate-
dependent buckling patterns and bistable beams [16,17] to advanced
and tailored vibration damping [18,19] and frequency control and dis-
persion tuning in soft phononic crystals [20].

Impact into a metamaterial by a stiff object is a particular scenario
that is of practical relevance (e.g., for shoe soles, protective bumpers,
planetary landers, and packaging) and leverages the energy absorption
capability. Importantly, the impact behavior depends on the structural
architecture and the base material and has been investigated across
scales. Both large-scale [14] and small-scale [21] truss lattices can ab-
sorb significant impact energy, spread the impact load in time and space,
and reduce the peak impact stress—depending on the truss topology.
In those studies, the metallic base materials led to significant plastic
deformation and permanent crushing. Brittle carbon-based nanolattices
[22], by contrast, were shown to absorb energy during impact through
dynamic resonance and failure mechanisms, depending on the impact
speed and lattice design.

Low-density polymer-based truss lattices have significant damping,
so that dynamic (inertial) effects are often negligible. In contrast, the
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deformation behavior shows significant rate dependence due to the vis-
coelasticity of the base material [23]. A good body of prior work has
focused on the linear elastic static and dynamic effective response of
truss lattices, their large-deformation nonlinear elastic buckling behav-
ior, their impact absorption focusing on stiff materials, and the effec-
tive viscoelastic quasistatic behavior. Yet, the overall available design
space of periodic and significantly spatially graded viscoelastic truss-
based metamaterials has remained unexplored. To this end, we discuss
the performance of periodic and graded trusses in three and two dimen-
sions (3D and 2D, respectively), focusing on shedding light on untapped
opportunities in their design and property spaces.

2. Stiffness versus energy absorption

Materials’ stiffness and energy-absorbing capabilities are classically
inversely related [24]. Stiff materials like metals and ceramics typically
show low energy absorption and fail under significant loads. By con-
trast, soft materials such as polymers, rubbers, and foams generally are
excellent energy absorbers but exhibit low stiffness. Metamaterials have
overcome this classical distinction since their base material and archi-
tecture can be tailored independently—allowing for resilient and com-
pliant truss [25] or shell networks [26] made of stiff ceramic base ma-
terials. While the effective stiffness is a well-defined linear and average
property of a structure [27] (which can be determined by homogeniz-
ing a single unit cell in case of periodic designs), the energy absorption
upon impact is less trivial to predict and involves the overall structural
response. Depending on the impact regime, it may involve large defor-
mation, buckling, crushing, and localization [28] and lead to anything
from full recovery to full destruction of the structure [21,22].

Truss lattices are appealing not only for their tunable mechanical
properties but also for their low mass density, reaching exceptionally
high stiffness- and strength-to-weight ratios [29-31], owing to their low
relative density, or fill fraction, p. The influence of density (to leading
order) is often summarized in scaling laws [32-34], e.g., for Young’s
modulus E of the type E « p*, where exponent a > 1 depends on the
truss topology (the lower bound stemming from the Voigt upper bound,
and « =2 and 4 being characteristic for, respectively, stretching- and
bending-dominated cellular architectures). Regarding impact energy ab-
sorption, the low relative density of truss lattices promotes consid-
erably nonlinear deformation, buckling, and—ultimately—contact be-
tween beams, which serve as excellent dissipation mechanisms. How-
ever, the relationship between density, stiffness, and energy absorption
is nontrivial as illustrated in Fig. 1. For three representative lattices (the
stretching-dominated octahedron and octet, and the bending-dominated
bitruncated octahedron, also known as Kelvin foam), we show the ef-
fect of increasing the relative density in the low-density regime (en-
suring slender struts with Lﬂ <0.1, D and L, being the diameter and

length, respectively, of the struts with circular cross-section). Note that
all struts/beams in each structure have identical beam lengths, while
their diameters vary with density. While all three architectures show
an increase in their effective uniaxial stiffness with increasing density
(by one order of magnitude for the shown density range of 1% — 3%),
the impact on energy absorption is distinctly different and notably non-
monotonic. Against the general trend, the octahedron dissipates less
impact energy with increasing density. The energy absorption, mea-
sured as the difference in the impactor’s kinetic energy before and after
the impact, depends on the chosen impact speed (besides impactor size
and shape). The chosen impactor (a stiff disk of radius r; = 60 mm and
mass m; = 48.43 g) generally shows increasing dissipation with increas-
ing speed—in excellent agreement with experimental data, as shown in
Fig. 1. The finite element simulations are based on corotational beam
elements [35] and a linear viscoelastic constitutive model for the base
material. We adopt the numerical framework of 3D linear viscoelastic
slender beams of [23], which accounts for finite rotations of the beams
while considering infinitesimal (linearized) axial, flexural, and torsional
strains. To properly capture the viscoelastic behavior of the material
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Table 1
Modulus values and corresponding relaxation times obtained from the calibra-
tion of the Prony series for the TPE base material.

Elastic moduli Elastic moduli values (MPa) Relaxation Relaxation times (s)
E, 5600 - -

E, 7270 7 0.3

E, 791 7, 3.0

E; 465 7 30.0

E, 570 7, 300.0

used in this study, a generalized Maxwell model was calibrated experi-
mentally for the thermoplastic base material of the 3D-printed samples
by identifying the parameters of the associated Prony series from qua-
sistatic uniaxial relaxation experiments on 3D-printed dogbone samples,
following the procedure outlined in [23]. The complete Prony series pa-
rameters are provided in Table 1. The impactor was modeled as a rigid
body that freely fell in a vacuum and indented the sample through an in-
teraction potential [36], starting from rest. Simulations were performed
using the open-source finite element code ae108 [37].

The truss lattice samples, measuring 110mm? in outer dimensions
and containing 10 x 10 x 10 unit cells, were designed based on the
nodal coordinate and connectivity information and were 3D-printed on
a Sintratec S1 printer via selective laser sintering with a layer thick-
ness of 100 pm. The pre-treated elastomeric material TPE has a density
of 0.95g - cm? and, when sintered, results in flexible, rubber-like parts,
which can reach an elongation at a break of 430%. After printing, the
residual powder was manually removed from the samples, followed by
a thorough cleaning using an air-blasting cabinet. The experiments used
an in-house drop tower, whose impactor is attached to a rod contained
within a guiding tube and actuated by a release system to ensure a well-
controlled drop (see Fig. 1). During experiments, the lower nodes of the
structure in the direction of loading are constrained, and a high-speed
image tracking system is used to track the position of the indenter’s cen-
ter, using the tracking code presented in [38]. For each lattice topology
and density, three samples were 3D-printed and tested five times. The
average values are reported in Fig. 1. As illustrated in Fig. 1, the tested
samples confirm the accuracy of the simulation results. Fig. 1 further
shows that changes to the architecture can lead to significant changes
in both stiffness and damping and that the correlation of these two key
properties is nontrivial but excellently predictable by structural analy-
sis. As the probed experimental/simulated regime avoids beam contact
and failure and wave dispersion does not considerably affect the impact
response, dissipation stems primarily from the intrinsic viscoelasticity
of the base material.

3. Spatially variant trusses

Spatial variation in the architecture of 3D truss lattices allows us to
tailor the effective mechanical properties locally. For example, we con-
sider a bitruncated octahedron lattice (Kelvin foam), whose unit cells
are continuously stretched in the x-direction. The overall truss has the
shape of a cuboid containing 8 x 10 x 10 unit cells. The x-components
of all node positions are displaced to xpe = L(xoq/L)"/?, where pa-
rameter y > 0 defines the grading (y = 1 representing a periodic truss
without grading), and L is the side length of the overall truss. Fig. 2(a)
shows a 3D-printed sample of such graded truss with y = 20 and overall
dimensions (110 mm)*. Through the grading, the effective mechanical
response changes continuously along the x-direction, including a de-
crease in the effective (vertical) stiffness E;; by 15% from left to right
(obtained from periodic homogenization of a periodic truss with the unit
cell taken from different locations within the graded truss; see Fig. 2(a)).
Similarly, the energy absorbed during an impact modulates from left to
right. To assess the impact response of the graded truss, a stiff, spher-
ical impactor (mass m = 48.43 g, radius r = 60 mm) is dropped from a
height of 170 mm above the truss (measuring the vertical distance of
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Fig. 1. Effect of the relative density of viscoelastic truss lattices (adjusted by altering the strut thickness) on the effective uniaxial stiffness E and the energy absorption
J during impact for three truss topologies: (a) octahedron, (b) bitruncated octahedron (Kelvin foam), and (c) octet. The 3D property maps include the 2D projections
in the three planes. Photographs and CAD unit cells illustrate the three designs.
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Fig. 2. Impact into a spatially graded bitruncated octahedron lattice, shown in (a) as its three surface projections. (b) Snapshots of the rigid spherical impactor:
instant A shows the lattice and impactor before impact; instant B the impactor comes into contact with the lattice; instant C is the turn-around point of the impactor,
and at instant D, the impactor leaves the truss (loses contact) under an angle « = 23° against the vertical axis. (c,d) Averaged vertical (red) and horizontal (blue)
displacement and velocity measurements throughout the experiments, highlighting the four instants A through D from (b). (For interpretation of the references to
colour in this figure legend, the reader is adviced to consult the web version of this article.)

the indenter’s center to the sample’s surface before release), reaching
an average impact speed of vz = 1005 mm - s at contact. A high-speed
camera tracks the center point of the falling and rebounding sphere at
a rate of 4000 frames per second. Measurements are averaged over ten
consecutive experiments, which indicate excellently reproducible data.
Fig. 2 presents the time-dependent vertical (Fig. 2(c)) and horizontal
displacement (Fig. 2(d)) along with the velocity components of the im-
pactor, which enters the truss up to point C, where it reverts its direction

and finally loses contact at point D. The considerable difference between
the entry and exit velocities (here of about Av = |vg — vp| = 1700 mm -
s'1) characterizes the energy lost during impact and hence the energy
absorption capability of the viscoelastic truss, as described in Section 2.
Unlike there, however, the spatial grading introduces a new effect here.

The horizontal versus vertical displacement and velocity data con-
firm what can be observed visually during experiments: the vertically
impacting sphere leaves the truss with a non-zero horizontal velocity
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Fig. 3. Directional Young’s modulus maps of the eight-unit cells in the spatially variant bitruncated octahedron sample. Each subplot represents the polar plot of
the directional stiffness of a unit cell, as calculated from their respective homogenized 3D stiffness tensors (based on the periodic homogenization of each unit cell).
The angle represents the direction of the applied load in the x — y plane. At the same time, the radial distance indicates the stiffness value normalized by the base
material’s Young’s modulus (the first plot includes stiffness magnitude labels for reference, which are identical for all plots but omitted for clarity).

component of approximately 200 mm - s, thus changing its initially ver-
tical trajectory into a new direction. The observed deviation angle of
a = 23° stems from the spatial grading of the truss and the associated
stiffness reduction in the direction of the spatial grading, allowing the
impactor to penetrate deeper (and over a longer in time) with increas-
ing x-position. This is confirmed in Fig. 3, showing the directional stiff-
ness of each of the eight unit cells in the graded sample, arranged from
the smallest to the largest (from left to right, respectively). Homoge-
nized stiffness tensors were computed by assuming an infinite periodic
medium for each unit cell and performing computational homogeniza-
tion with periodic boundary conditions [27,39]. The presented stiffness
plots are projections of the 3D elastic modulus surface onto the x — y-
plane, indicating the variation of the uniaxial Young’s modulus with ori-
entation in the x — y plane. Aside from the strong changes in anisotropy
with unit cell geometry, we observe a clear decrease in the vertical stiff-
ness (along the y-axis) when transitioning from left to right along the
x-axis. Notably, by construction, all unit cells have the same slenderness
ratio. Taking the simple analogy of a stiff mass impacting an elastic 1D
medium of stiffness E, density p and height A, the characteristic impact
time until rebound is twice the travel time of the compressive impulse
through the medium, A7 = h/ \/E_/p As h and p are constant throughout
the graded sample, the rebound time relates inversely to the stiffness —
which in our cases varies from left to right as shown in Fig. 3 (E is the
shown value in the vertical direction). Consequently, the graded stiff-
ness is responsible for the directional rebound, and the stiffness grading
can be used to control the impact response.

The result is a graded penetration and hence a directional bias (show-
ing convincing agreement between simulations and experiments, the
latter yielding a slightly stiffer response). Based on the calculated co-
efficient of restitution, the total absorbed energy by the graded lattice
(egraded bioct. = [vp/vgl = 0.77) is almost identical to that of an impactor
hitting a non-graded, periodic bitruncated octahedron truss (epjoer. =
0.75), whose periodic unit cell is at the center of the graded truss. Hence,
the spatial grading did not degrade the energy absorption but added a
directional bias, which admits, e.g., to sort impacting particles based on
their impact velocity mechanically.

To gain insight into the effect of the viscoelastic base material and
the spatial grading, Fig. 4(a) shows the simulated total force vs. time
response, recorded at the top and bottom surfaces of the sample dur-
ing impact, for three different samples, all having bitruncated octahe-
dral lattice topologies: a viscoelastic periodic one, a viscoelastic spa-
tially graded one, and a linear elastic spatially graded one (having the
same long-term elastic moduli as the viscoelastic sample). Snapshots of
the evolving local instantaneous elastic energy distribution in the corre-
sponding samples are illustrated in Fig. 4(b)-(d). The evaluated lattices
are tested under the same impact conditions used in Section 3. The force-
time plot (Fig. 4(a)) reveals the profiles of forces applied to (top) and
transmitted through (bottom) both viscoelastic and elastic samples. As
expected, the viscoelastic lattices attenuate force oscillations at the reac-
tive end over time, consistent with the dissipative behavior intrinsic to
viscoelastic materials, while the linear elastic lattice (Fig. 4(b)) demon-
strates persistent oscillations with lower energy dissipation. The uniform
force distribution in the viscoelastic homogeneous lattice (Fig. 4(d)) sug-
gests that, while it benefits from the viscoelastic behavior in terms of
damping (as the graded one), it lacks the tailored deformation pathway
provided by structural grading, which in the directional rebound visible
in Fig. 4(b).

Under impact loading, as observed in Fig. 4(b)-(c), the graded lattice
leverages the stretching and bending deformation of its members more
efficiently, allowing for a tailored response to the applied force. As dis-
cussed above, the variation in unit cell stiffness facilitates a progressive
energy absorption, where the impact force initially engages the stiffer,
smaller cells, gradually involving the softer, larger cells. This gradation
not only enhances the energy dissipation through bending but also in-
troduces a stretching component due to the axial forces generated in the
direction of gradation. In contrast, the periodic lattice in Fig. 4(d), hav-
ing a uniform unit cell size and effective stiffness throughout its struc-
ture, results in a more isotropic deformation response to impact, with
energy absorption and dissipation symmetrically distributed across the
lattice. In this symmetric deformation, the bending-dominated deforma-
tion mechanisms of the bitruncated octahedral lattice topology are pre-
dominant, with less opportunity for the lattice to exploit axial stretching
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Impact of Viscoelastic Metamaterials
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Fig. 4. (a) Comparison of the simulated forces vs. time responses for three truss samples during impact, where the top and bottom forces represent the applied net
force by the indenter and the reaction force from the ground, respectively: a viscoelastic bitruncated octahedral lattice (also shown in (b)), a viscoelastic spatially
graded bitruncated octahedral lattice (also shown in (c)), and, for reference, the same spatially graded bitruncated octahedral lattice with linear elastic base material
properties (adopting the long-term elastic modulus of the viscoelastic base material, shown in (d)). Snapshots were taken at given time steps during and after impact;
the color code illustrates the normalized local stored elastic energy in the beams of the samples.

in absorbing and dissipating the impact energy. The dual-mode defor-
mation under impact — combining bending with stretching — affords the
graded lattice slightly superior energy absorption and, especially, the
directional response absorbed in our simulations and experiments. Note
that the progressive engagement of lattice cells from stiff to soft may
also help distribute the impact forces, mitigating potential stress concen-
trations and enhancing the structural integrity under load (though this
requires further characterization and examination of local stress concen-
trations and potential failure mechanisms of the base material, which is
beyond the scope of this study).

4. Spatially variant truss lattice sheets

Inspired by the popularity of 2D materials [40], this study extends
the aforementioned design paradigm to viscoelastic 2D truss lattice
sheets with spatial grading. Spatially variant 2D structures are gener-
ated using a design parameterization that switches between hexagonal
and re-entrant honeycomb unit cells [41-43]. As shown in Fig. 5, the
unit cell with two orthogonal symmetries is tailorable by four geometric
parameters: the lengths q, b, L,, and L, (for a unit cell of dimensions
L, x L)). In this examples, the aspect ratio L,/L, is fixed for simplic-
ity, leaving three design parameters. In general, the unit cell has n, = 8

nodes and n;, = 8 beams, though for certain choices of parameters (e.g.,
b= L,) overlapping nodes are condensed into one (and beams of zero
length are removed).

Fig. 3(b) illustrates a spatially variant 2D lattice obtained from inter-
polating the UC parameters a and b (at fixed L, and L, and aspect ratio

L,/L,= \/5) from a set of control points. Specifically, we define the UC
geometry at the four shown control points by (counterclockwise start-
ing from the bottom left) a=b=/3L,/3,a=b=0,a=L,and b =0,
anda=b= \/§Ly /2. Interpolation (as well as extrapolation) across the
entire domain is achieved based on the Gaussian-type shape functions

N;(X) . o ?
— 2 with N,(X) = exp —ﬂ‘X -x0), )
Tt N

where § > 0 defines the width of shape functions (for the example in
Fig. 6 we use f = 4). For fixed L, and L, we interpolate the geomet-
ric parameters a and b based on their values at the four control points
and based on the shape functions in Eq. (1) evaluated at the geomet-
ric center of each unit cell within the domain. Parameter # controls the
width of the transition zones between control points, providing a seam-
less functional grading. While g = 0 results in a non-variant, periodic
mesh whose unit cell has the average value of all control point unit cells,

Ny(X) =
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Fig. 5. Geometric description of 2D spatially-graded unit cells.
(a) The UC consists of eight beams connecting the eight nodes.
Parameters a, b, L,, and L, define the UC geometry. (b) Ex-

ample of a 2D spatially variant lattice with an aspect ratio of

L,/L, = \/5, described by four different UC geometries dis-

played in the magnifications, and four control points. Interpo-

lation (and extrapolation) between these four UCs allows for
smooth transitions.
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Fig. 6. Impact into a spatially graded 2D truss lattice sheet. (a) Simulated response of three spatially graded sheets (interpolating between, from top to bottom,
hexagonal and bowtie, hexagonal and diamond, and hexagonal and square UCs). (b) Top view of the 3D-printed undeformed spatially variant lattices. (c) Comparison
of the impactor’s trajectory when rebounding from the three spatially variant truss sheets, showing its horizontal x and vertical y displacement and velocity components
as obtained from simulations and from tracking the impactor’s position in experiments.

the limit # — oo represents a spatially-variant lattice with regions of uni-
form UCs separated by sharp transitions (each UC uniquely belonging
to the nearest control point). Note that the choice of g depends on the
distance between control points (and # may be normalized accordingly
for a size-independent interpolation parameter).

Fig. 6 shows three spatially variant lattices obtained from interpo-
lating between two UCs in each case: hexagon to bowtie, hexagon to
diamond, and hexagon to square. As before, each spatially variant struc-
ture is simulated (see Fig. 6(a)) using corotational beam elements with
the same viscoelastic base material model presented above. To mimic
experiments, we assume that the 2D spatially variant structures (and pe-
riodic ones for references) are clamped at their outer boundary. Using
the same 3D-printing procedures as before (see Fig. 6(b)), we fabricated
all three spatially variant lattice sheets and tested the impact response
of each sample five times, using an indenter of mass m; = 3.77 g and
radius r; = 28.5 mm with an impact velocity of v; = 1505 mm - s1. Hor-
izontal and vertical displacements and velocities of the indenter over
time as obtained from both experiments and simulations are compared
in Fig. 6(c). Overall, simulations and experiments demonstrate convinc-
ing agreement (especially when considering the relatively simple beam
and viscoelastic constitutive models used). A maximum impact depth
of 20 mm is observed for the hexagon-to-bowtie lattice, while it is ap-
proximately 17.5 mm for the other two. Consequently, the (average)
rebound vertical speed of the impactor is maximal for the hexagon-to-

bowtie lattice with approximately vy, = 1000 mm - s’ in simulations
and vy, =~ 1024 mm - s’ in experiments.

The hexagon-to-bowtie and hexagon-to-square designs redirect the
rebound trajectory of the impactor by approximately 23 deg from the
vertical axis, compared to 3 deg for the hexagon-to-diamond case. This
stark contrast can, again be explained by the effective elastic properties
of the UCs. The effective elastic properties of the hexagon and diamond
UCs are almost identical when stretched during impact (see Table 2),
making the rebound close to vertical. Contrarily, the bowtie UC is con-

Table 2

The effective Young’s modulus, Poisson’s ratio, and shear mod-
ulus of four 2D unit cells, normalized by the base material’s
Young’s Modulus E. The effective (isotropic reference) mod-

uli are computed from the homogenized 3D compliance tensor
S S R A | 1 1 - 1Sy, Si Sﬂ)
= via E=-(—+—+ — = =2 4 2L 4 =B ne
S=Cvia E= (g4 b gt ) 3<S.1+S.1+sn » and
G= 1(L +L+L ) They characterize, respectively, the axial
3 S44 SSS S66
strength, Poisson effect, and the shear resistance of the structure.

Hexagon Bowtie Square Diamond
E/E 7.652 x 1073 9.114 x 107 7.854 x 107 8.068 x 1073
v 0.971 —-0.330 0.000 0.985
G/E  1.98x107° 3434x 107 3.945x10° 2,602 x 1073
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siderably softer than the hexagon UC when stretched during impact,
which leads to a deflection of the impactor and a horizontal speed after
impact of approximately 120 mm - s’1. Therefore, the choice of the right
combination of unit cells can be used effectively to control the rebound
of the impactor. Moreover, increasing the incoming velocity of the im-
pactor increases the indentation depth, which leads to a higher rebound
angle.

5. Conclusion

We have shown how periodic and spatially graded polymer-based
viscoelastic truss lattices in 2D and 3D behave during impact and how
this behavior can be controlled through the geometric design of the lat-
tice. The employed beam-based computational model is highly efficient
and accurately predicts the response of various truss lattices in exper-
iments (once calibrated [23], it predicts the response of complex 2D
and 3D lattices well). We have demonstrated that periodic 3D lattices
cover a wide domain in the stiffness versus energy absorption space (two
important and often mutually exclusive properties of architected mate-
rials). Moreover, we have shown how spatial variations in the unit cell
topology in 3D lattices and 2D lattice sheets can effectively redirect the
impactor and how unit cell changes can be used to control the extent
of redirection (using the homogenized elastic stiffness of a unit cell as a
key metric to understand the impactor’s redirection).

Our findings give insight into the structure-property relations of pe-
riodic and spatially graded viscoelastic trusses, emphasizing their poten-
tial applications in areas such as advanced protective gear, automotive
safety components, and vibration damping solutions. Additionally, we
demonstrate that beam-based finite element simulations can accurately
and efficiently capture the mechanical response of 3D-printed truss lat-
tices under various impact conditions. The proposed architectures offer
opportunities for controlling the impact response through architected
materials, enabling enhanced energy absorption (making them inter-
esting for, e.g., protective gear or body armor) and especially for as-
designed impact redirection (of interest, e.g., in sports equipment, soft
robotics, or reconfigurable metamaterials). While the 3D-printed ther-
moplastic provided the viscoelastic properties of the base material, op-
timizing the 3D-printing process and post-processing could allow the
viscoelastic material properties to serve as design variables
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