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Abstract

Materials engineered with an internal architecture in order to achieve unusual properties, so-called
mechanical metamaterials, are a promising candidate in the ongoing quest for lightweight impact
mitigation. During impact events, these materials are subject to high strain rates, and the forces oc-
curring due to the deceleration of the impactor are transmitted in a non-uniform way. The prevailing
research in the field of impact mitigation focuses largely on the global effects of architected materials,
with less attention being paid to the internal mechanisms of these structured materials. While there
have been recent studies on the distribution of forces throughout an impact event, less research is
devoted to the transmission of forces and the distribution of energy dissipation. The objective of
this study is to examine the transition from static deformation patterns to dynamic phenomena for
different types and sizes of microstructure, and to understand both the force transmission through
the patch and the energetic distributions in different strain rate regimes. To enable this investigation
discretized—geometrically as well as materially—nonlinear Timoshenko-Ehrenfest beams are used in
implicit and explicit finite element schemes. The transmitted force levels and energy dissipation are
investigated for two auxetic architectures (one for each mechanism resulting in a negative Poisson’s
ratio) and one non-auxetic architecture. The dynamic force levels transmitted to the back face ex-
hibit an initial peak of a similar magnitude for all investigated strain rates and stabilize to the static
stress plateau for each architecture. While the global amount of potential energy remains largely
unchanged for all investigated rates, the amount of dissipation and kinetic energy demonstrates a
non-linear increase from static deformation to slow and high rate deformation. The phenomena ob-
served in different architectures are highlighted, and the differences are explained and related back to
the configurations of the lattices. Notably, the prevalent notion in literature asserting the superiority
of negative Poisson’s ratio materials for impact mitigation applications is not replicated in this study.
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1 Introduction

The engineered microstructure of architected materials achieving unusual mechanical properties, resulting
in so-called mechanical metamaterials, presents new opportunities for designers and engineers and new
challenges for researchers [22, 3, 41]. Of particular interest is the design of metamaterials for impact
mitigation. Impact events, necessitating protective measures, exist in a wide range of fields, from sports
[35] over space travel [29], metal roofs in hailstorms [34], collisions between cars and civil infrastructure
[28] to personal protective equipment [11]. In all these applications, the aim of the protective structure is
to limit the energy and impulse transmitted from the impactor to the protected structure, be it a living
being or an otherwise fragile material.

In this quest, auxetic (negative Poisson’s ratio) materials have gained considerable interest in the
research community in recent years, as evidenced by the reviews [2, 42, 32, 36]. The negative Poisson’s
ratio, which characterizes auxetic materials, leads to lateral material contraction under compression, as
shown in Figure 1.1. For impact mitigation, auxetic materials are of special interest due to reported higher
indentation resistance [1] as well as shear resistance [6]. Other promising properties for impact mitigation
include increased fracture toughness [5] and enhanced energy absorption [21]. Auxetic materials naturally
compress themselves underneath the impacted area, reportedly allowing for more mass-efficient protective
solutions. However, these assumptions are based on homogeneous, isotropic materials under infinitesimal,
quasi-static deformation.
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Figure 1.1: Auxetic materials concept.

As no relevant natural auxetic materials exist, this negative Poisson effect needs to be artificially
created through mechanical metamaterials. Whilst mechanical metamaterials can be constructed from
shells [25], plates [18, 24], or as foams [10], the focus in this work is on auxetic structures based on
structured beam-lattices. These architected materials are inherently not isotropic and, as they also
undergo large deformations, their material properties vary throughout deformation. In beam lattices,
the individual beams are re-oriented, leading to a change in the effective material properties [14].

As shown in [15] not only the pure energy absorption capability of a structure is of importance for im-
pact mitigation, but also the—temporal and spatial—distribution of forces. In the present contribution,
further investigation is conducted into the distribution of energy dissipation within the structure at vary-
ing strain rates for different refinement levels, alongside the subsequent effects on the force transmission
from the impactor to the protected structure.

The investigation into the energy absorption of protective structures has thus far focused mostly on
the energy dissipated by compression of the structure, and its conclusions focus on the higher amount of
energy dissipated by auxetic lattices [30, 23]. However, little attention is given to the internal mechanisms
and the distribution of the energies in comparable metamaterials of different architectures. Investigations
of different collapse patterns under high speed compression were undertaken as early as the 1980s [4],
where a comparison between two types of structures and their internal collapse mechanism is shown.
Ruan et al. [33] investigated different modes of collapse occurring throughout different speeds in non-
auxetic conventional honeycombs with different wall-thicknesses. More recently, investigations into the
static mechanisms in the deformation of metamaterials, either driven by the boundary conditions [7]
or by the interaction between local and global collapse patterns [44] have been conducted. However,
only one type of fundamental architecture was investigated in all these works, and a comparison between
different auxetic and non-auxetic architectures is yet to be made. The link between the collapse patterns,
dynamic loading and the corresponding force transmission for different types of unit cells is explored
in this manuscript. To provide a first insight into this topic, numerical experiments are conducted



using beam-based finite element analyses. For these analyses, three different fundamental unit cells, are
investigated: a) the most common auxetic type, a re-entrant honeycomb (cf. [17]); b) an auxetic cell
based on a rotation mechanism, the so-called missing ribs or chiral unit cell (cf. [39]); and ¢) a non-
auxetic unit cell, the regular honeycomb. The three unit cells are designed to exhibit the same relative
density as well as initial stiffness (cf. [14]). Knowledge of the behaviour of these architectures will allow
for better insight into the mechanisms of collapse under different strain rates. Here, special attention
will be paid to the effects of microstructural refinement and transmission of forces from the strike face
of the protective layer, i.e. the side of the structure subjected to the impact, to its back face, i.e. the
interface with the opposing structure. This enables design engineers to decide on a protection concept
fit for the expected impact events.

The architecture designs for the investigated metamaterials are presented in Section 2, and in Section 3
the numerical framework to conduct the investigation is laid out. In Section 4, an investigation into the
static behaviour of different sizes of unit cells in a patch is presented, which forms the basis for the
investigation into the force transmission at different rates through the patch in Section 5. To understand
the processes involved in this force transmission better and obtain insight into the deformation patterns,
in Section 6, the distribution of energies is presented and discussed. The article closes in Section 7 with
a short discussion of the obtained results, limitations of this study and recommendations for further
research.

2 Investigated architectures

All architectures investigated are designed to exhibit a Young’s modulus of 300 MPa in vertical direction
and a relative density with regard to the base material of 0.1. The material of which the architectures are
constructed from is taken to be a steel with a Young’s modulus of 210 GPa, a Poisson’s ratio of 0.3, and a
density of 7850kgm~3. An in-depth discussion on the static, elastic properties of these architectures, as
well as the design process, can be found in [14]. It should, however, be noted that the absolute dimensions
of the unit cells do not matter for the determination of the Young’s modulus or the relative density, so
that the unit cell can be directly scaled to the desired measures for the investigations conducted in this
work.
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Figure 2.1: Re-entrant unit cell used throughout this investigation.

The first investigated unit cell is the most common auxetic architecture, the re-entrant honeycomb
(cf. [17]). Its configuration is shown in Figure 2.1. The horizontal beam has a length of 100 mm, the
tilted beams a length of 42.6 mm and the angle between the titled beams and the horizontal is set to be
65.6°. The beams itself have a square cross-section with a side length of 3.45 mm.

Figure 2.2: Chiral unit cell used throughout this investigation.

In order to also capture unit cells with a fundamentally different deformation mechanism, chiral,



sometimes called missing ribs, unit cells (cf. [39]) are investigated. Whilst the Poisson effect of re-entrant
honeycombs is driven largely by inwards folding, the deformation of chiral unit cells is driven by rotation
of the joints, resulting in a mechanism that can also be found in rotating squares unit cells (e.g. [7]).
The chiral unit cell is depicted in Figure 2.2. The length of a single beam in the centre is 75 mm and
the angle between the horizontal (or vertical) axis and the beams is set to 28.1°. This results in a width
of the entire unit cell of 132mm and together with a square cross-section of 5.83 mm side length, the
relative density of 0.1 and the effective Young’s modulus of 300 MPa in vertical direction are obtained
as for the re-entrant unit cell.
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Figure 2.3: Honeycomb unit cell used throughout this investigation.

The final investigated unit cell is the non-auxetic honeycomb as depicted in Figure 2.3. The horizontal
beam has a length of 75mm and the tilted beams are 85.4 mm long. The beams have a square cross-
section with a side length of 7.08 mm and the angle between the tilted beams and the horizontal is set
to 119.7°. Again, the resulting Young’s modulus and relative density are 300 MPa in vertical direction
and 0.1, respectively.
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Figure 2.4: Patches from 2 x 2 and 12 x 12 unit cells, scaled to ensure the same outer dimensions.

All three unit cells are subsequently assembled into patches. When assembling these patches, the unit
cells are scaled down, to ensure that the overall patch has the same outer dimensions for each architecture.
For the scaling, all geometric dimensions, the length of the beams, as well as the dimensions of their
cross-sections are scaled by the same factor. The thickness in the third direction is thus changing for a
different number of unit cells, which is accounted for in the later analyses. A comparison between two
patches consisting of 2 x 2 and 12 x 12 unit cells is shown in Figure 2.4. In this illustration, the scaling
of the singular unit cells to achieve the same outer dimension is shown.

3 Numerical framework

The implementation for this work uses the JIVE-Framework [13].

In order to model patches made from the unit cells described above, the lattices are subsequently
modelled as a collection of nonlinear Timoshenko-Ehrenfest beams. These beams are also called special
Cosserat rods, geometrically exact beams or Simo-Reissner beams after [31, 37]. Such beams can be
described by the position of their centreline and the orientation of the cross-sections along the centreline.



The resulting six-dimensional space of strain-prescriptors corresponds with a six-dimensional space of
stress-resultants. For the initial, elastic response of the beams, a Young’s modulus of F = 210 MPa and
a Poisson’s ratio of v = 0.3 are assumed.

For plastic material behaviour of the beam, a direct approach is used incorporating plasticity into the
beam-level variables as discussed in [16]. The yield function ® and hardening tensor H for a reference
quadratic cross-section of side length 0.75 mm are taken to be

N 2.68 N 1.75 M 1.93
= 71,7 + 73h + 2 - -1, (1)
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The stress resultant N7 represents the shear force, N3 the axial force, and My the bending moment. The
hardening tensor determines the kinematic hardening present in the beam-plasticity formulation and
subsequently the evolution of the yield surface represented by the hardening contributions NJ', N M.
For a deeper treatise, the reader is referred to [40, 20, 16]. These parameters resulted from scaling the
reported values from literature [19, 20] to the physical material parameters of the steel used in earlier
experiments [15]. Scaling of these parameters follows the approaches given in [19, 16].

The approach of Simo and Vu-Quoc [38] and subsequent improvements proposed by Crisfield and
Jelenié [9] are followed to determine the global stiffness matrix and resulting nodal forces. Throughout
the analysis, beams are discretized using linear elements with Lagrangian shape functions and uniformly
reduced integration to avoid shear-locking phenomena.

Contact between the beams is implemented following [43]. We assume frictionless contact between
two linear two-node elements. For each node-to-element pairing the contact forces are computed using a
penalty approach. In order to scale the contact stiffness with the size of the contact points, the penalty
parameter ¢ is adapted with the thickness of the beams ¢

5:1><107-(1t>2, 3)

min

as the contact radii around all beams are set to half the beam thickness

r=g (4)

For the static investigations an implicit Newton-Raphson scheme is employed, whilst the dynamic
investigations are computed using an explicit scheme with adaptive time stepping. This adaptive stepping
scheme uses an explicit and implicit Euler scheme as a predictor-corrector pair and a Milne-device [20]
as error estimator. The orientation matrices, being of the special orthogonal group SO(3), are integrated
using an exponential integrator (e.g. [27]).

Throughout the analysis, different stress and energy measures are recorded. The stress on the strike
face is the sum of the resulting nodal forces in vertical direction on the top boundary divided by the
width of the sample w and the thickness t of a beam. A similar computation is employed for the back
face. As the resulting forces on the strike face are typically acting downwards (in negative direction) a
factor of —1 is added to obtain positive values:
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The specific energy absorption (SEA), i.e. the external work put into the system, is calculated by integ-
rating the sum of the resulting forces on the strike face over the displacement of the strike face ustrike
and normalizing it by the mass of the patch mpatcn:

SEA(u) = ! /Ou (Z fstrikc) dUstrike, (7)

Mpatch




where the integration is executed using the discrete values recorded during the simulation using Simpson’s
rule. The potential, kinetic and dissipated energies are recorded on a nodal basis. The kinetic energy
is directly computed from the nodal velocities and the global mass matrix, whereas the potential and
dissipated energies are calculated per element and subsequently integrated for each node using standard
finite element procedures.

As the time-steps for the different simulations are not identical, and the dynamic simulations conduc-
ted show high-frequency oscillations due to the absence of damping in the model, all reported measures
are created from the average of bins stretching 0.5% compression each. E.g. the point plotted at 15 %
compression is the average of the recorded values between 14.75 % and 15.25 % compression.

3.1 Boundary conditions

-~
S
S Sl
<~ <
-
<
-~
S
S Sl
<~ 2
-
<
-~
S

TITTT T T e

111t

Figure 3.1: Boundary conditions applied in this investigation at the example of an 8 x 8 patch.

In order to estimate the behaviour of different patch configurations, a set of boundary conditions
mimicking a constant strain-rate setup is applied. An overview of these boundary conditions can be
found in Figure 3.1. On the bottom side, the patch is fully fixed, whilst at the top side, horizontal
movement is prevented and a vertical, compressive displacement © = ugtike iS enforced. The boundary
nodes on the left and on the right side are enforced to deform symmetrically with respect to a symmetry
plane corresponding to the centre of the patch, in order to prevent globally asymmetric deformation.

Throughout this study, different compression rates «/h are investigated. As a reference case static
compression is analysed. For the dynamic investigations, the investigated strain rates are u/h = 250571,
4/h = 1000571, and 4/h = 4000s~1. These rates will be called in the remainder of the manuscript slow
rate compression (1i/h = 250s~1), medium rate compression (i1/h = 1000s~1), and fast rate compression
(4u/h = 4000s~1).

4 Effects of the number of unit cells

As a first investigation, using the boundary conditions described above, the effect of the number of unit
cells within the patch is analysed. For this, unit cells of different size are assembled into patches of the
same overall size, ensuring the same elastic tangent properties, as explained in Section 2 and shown in
Figure 2.4. This scaling results in e.g. each individual unit cell in a 2 x 2 patch to be twice as high and
wide as each individual unit cell in a 4 x 4 patch. The resulting changes in the thickness of the patch in
the third dimension ¢ are explicitly accounted for when calculating the stresses in Equations (5) and (6)
and implicitly via the total mass mpatcn When calculating the SEA in Equation (7).

4.1 Re-entrant unit cells

The behaviour of different re-entrant patches under static compression is investigated first. In Figure 4.1
the static stress-strain curves at the strike face for different numbers of re-entrant unit cells under
compression are shown. All investigated patches show onset of plasticity at 1% compression. Prior
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Figure 4.1: Stress-strain curves of patches with a different number of re-entrant unit cells under static
compression.

to the onset of plasticity, there is some loss of stiffness corresponding with the re-orientation of beams
and the subsequent shift in load-carrying capacity as discussed in [14]. After the onset of plasticity,
as the load carrying capacity of the beams is limited at yield, nearly no stiffness remains upon further
deformation. When the unit cell size is decreased, a more brittle response is observed. This phenomenon
is attributed to the more pronounced localization resulting from the smaller unit cells, and thus in less
material undergoing large deformations. The hardening in later stages of the response, most clearly seen
for the 12 x 12 patch, is an effect of contact within the unit cells.
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Figure 4.2: Re-entrant 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under static
deformation at 1%, 10 % and 20 % compression.

The deformation patterns in Figure 4.2 support this observation. In this figure, the deformed config-
urations of 4 x 4, 8 x 8, and 12 x 12 unit cell patches are showcased for 1%, 10 % and 20 % compression.
These compression levels are indicated by vertical lines in Figure 4.1 as well. Here, it can be seen, that
1% compression coincides with the loss of stiffness due to plasticity. During the initial, mostly elastic
deformation (depicted in the top row), the patches are deformed uniformly. At a deformation of 10 %,
differences in deformation are visible: Whereas in the 4 x 4 and the 8 x 8 patch, on the left and in the
centre, the deformation appears symmetric both along the vertical axis as well the horizontal axis, the
12 x 12 patch on the right side of the figure shows a break of symmetry along the horizontal axis, i.e.
the deformation of the top half does not mirror the deformation of the bottom half. This is due to a
localization of deformation near the bottom edge. A stronger deformation within a single row of unit
cells leads to a stronger loss in stiffness and a more brittle response. Once such a weak spot appears, the
remaining deformation concentrates around it. In the last row of Figure 4.2, the deformation state for
20 % compression is shown. Here, the localization is intensified and becomes visible for the 8 x 8 unit cell
patch in the centre of the figure as well, whilst the 4 x 4 patch on the left maintains both symmetries. All



investigated patches suffer from loss of convergence in the global Newton-Raphson scheme at different
stages of compression. The common cause of these numerical problems is the contact between free ends
of beams at the left and right boundaries of the patch, as can be seen for example in the centre of the
4 x 4 unit cell patch at both sides between the second and third unit cell.
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Figure 4.3: Stress-strain curves of patches with a different number of re-entrant unit cells under fast rate
compression.

For the investigations of the impact behaviour of architected metamaterials, the consideration of
dynamic deformation is of crucial importance. To this end, the effects of different numbers of unit
cells on the dynamic response of a patch are investigated as well. In Figure 4.3 the stress-strain curves
measured at the strike face for fast rate compression are shown. For all patches, an initial rise in the
stress can be observed, followed by a loss in stiffness, that is occurring earlier for smaller unit cells.
Prior to the onset of plasticity at around 1%, smaller unit cells show a more stiff response, attributed
to differences in the distribution of inertia within the patches. After this, smaller unit cells show a more
brittle behaviour, as already seen for the static case in Figure 4.1. For a better understanding of the
dynamic behaviour of the different patches, again, 4 x 4, 8 x 8, and 12 x 12 unit cell patches are shown
at 6%, 12% and 24 % compression in Figure 4.4. As can be seen in the higher stress levels in Figure 4.3
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Figure 4.4: Re-entrant 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under fast rate
deformation at 6 %, 12 % and 24 % compression.

compared with Figure 4.1 and the concentration of the deformation near the moving boundary in the
patches in Figure 4.4, the response is driven by inertia and not by the structural response. This is due to
the fact that the accelerating forces are beyond the yield limit of the upper parts of the structure. These
forces lead to a localized collapse of the structure near the strike face. The peaks observed throughout the
stress-strain curves in Figure 4.3 put further emphasis on this observation. 6 % compression corresponds
with the first peak for the 8 x 8 unit cell patch, as indicated by the thin vertical line in Figure 4.3.
At this compression level, it can be seen from Figure 4.4 that the first half unit cell is fully collapsed



and the corresponding horizontal row of beams starts to come into contact. The acceleration of this
horizontal row of beams is the explanation for the increased stress experienced at the strike face. The
size of half a unit cell in horizontal direction would correspond to 6.25% of the length for an 8 x 8
patch. The effect occurs already at lower compression levels due to the finite sized beams coming into
contact already earlier. At 12% compression, showcased in the centre row of Figure 4.4, first contact
can be seen for the 4 x 4 patch as well as contact with the second row of horizontal beams for the 8 x 8
patch. This corresponds well with the peaks in Figure 4.3. This observation provides a rationale for the
earlier occurrence of peaks in the stress response for a smaller unit cell size. After a nominal compression
of 24 %, all deformation is concentrated at the top and the lower parts do not show any deformation.
One should note here, that the bulging of the beams through the upper boundary is not an error, but
a limitation of the employed boundary conditions only constraining the nodes at the top boundary in
the undeformed configuration. The limitation is acceptable as the bulging elements are not causing
numerical issues and are connected to the rest of the lattice. Furthermore, they are sufficiently far from
the bottom boundary, which is the focus of the remaining investigations. The remaining stress-strain
curves for slow and medium compression as well as the corresponding deformation patterns are shown
in Appendix A.1.

4.2 Chiral unit cells

— 2x2 — 4x4 — 6x%6 8x8 10x10 12x12

s
-

9 14 16 18 20 22 24 26 28 30 32

Compression (%)

0 2 4 6 8 10 1

Figure 4.5: Stress-strain curves of patches with a different number of chiral unit cells under static
compression.

Next to the re-entrant unit cell, the behaviour of patches from chiral unit cells is analysed. The
static stress-strain curves are shown in Figure 4.5. Also for this architecture, in these curves the onset of
plasticity can be seen at 1%. Similar to the re-entrant patches in Figure 4.1, all structures initially show
a hardening response. This hardening response is then followed by a softening response, which is more
pronounced for smaller unit cells. This is consistent with earlier observed tendencies, that smaller unit
cells lead to an earlier and stronger localization of the deformation. The deformed configurations for 4 x4,
8 x 8, and 12 x 12 patches at 5%, 10 % and 20 % are visualized in Figure 4.6. These compression levels
are marked in Figure 4.5 by thin vertical lines. In the stress-strain curves, it can be seen, that at 5%
compression both the 4 x 4 on the left and 8 x 8 patches in the centre are still in the first hardening phase,
whilst the 12 x 12 patch on the right is already in the softening phase. Upon inspection of the deformation
patterns, it can be seen, that the 12 x 12 patch exhibits localizations of deformation (near the top of the
patch), whilst the other two still showcase uniform deformation. At 10 % compression, the 12 x 12 patch
on the right side of the figure shows contact, leading to a slightly stiffer response. The 8 x 8 patch in
the centre has also entered the softening phase and showcases clearly localized deformation as well. The
4 x 4 patch on the left is near the peak of its stress level and when examining the deformation patterns,
the start of localized deformation can be seen as well. At the last investigated compression level of 20 %,
the 8 x 8 patch shows multiple points of internal contact, which corresponds to the global hardening of
the patch. On the other hand, the 4 x 4 patch shows no contact yet, which is consistent with the ongoing
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Figure 4.6: Chiral 4 x4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under static deformation
at 5%, 10 % and 20 % compression.

softening behaviour of the overall patch as seen in Figure 4.5. After further deformation, beams within
the patch will come into contact, marking the transition from the softening phase to the re-hardening
phase. It should be noted, that chiral patches show strong local asymmetries in their behaviour despite
the enforced global symmetry, due to the rotating mechanism responsible for the negative Poisson effect.
For the chiral unit cells, as is the case for the re-entrant ones, the static solution scheme suffers from loss
of convergence after a larger number of beams or the free ends of beams come into contact.
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Figure 4.7: Stress-strain curves of patches with a different number of chiral unit cells under fast rate
compression.

The dynamic behaviour is investigated for the chiral unit cells as well and the resulting stress-strain
curves for fast compression are shown in Figure 4.7. An initial maximum appears around the onset
of plasticity at 1% deformation. Here, as is the case for re-entrant patches, smaller unit cells show
a stiffer response not seen in static deformation, attributed again to differences in the distribution of
inertia within the patches. Furthermore, smaller unit cells show a more brittle response after the first
peak around 1% compression, as seen earlier for the re-entrant unit cells in Figure 4.3, consistent with
the static behaviour of both auxetic unit cells. Afterwards all investigated patches show further peaks,
appearing later for larger unit cells, i.e. patches with a smaller number of unit cells. In order to understand
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Figure 4.8: Chiral 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under fast rate
deformation at 6 %, 12 % and 24 % compression.

the reason behind these peaks, the deformed patches are plotted for 6 %, 12% and 24 % compression
and shown in Figure 4.8. All patches show a clear localization of the deformation at the top and no
deformation of the remaining parts of the structure. At 6 % deformation, for the 8 x 8 patch, half a unit
cell is compressed, and contact between the upper nodes as well as the next horizontal row of beams
is achieved. The acceleration of these beams corresponds with a peak in the stress-strain curve seen in
Figure 4.7. The same phenomenon can be seen in the 4 x 4 patch at 12% deformation, both in the
deformation plots in Figure 4.8 and the stress-strain curve in Figure 4.7. The peaks are cut off in the
figure for better visibility, but larger elements show peaks of higher magnitude, i.e. from the peak for
12 x 12 unit cells at about 800 MPa the stress level rises over approximately 2000 MPa for 6 x 6 unit cells
to roughly 6000 MPa for the 2 x 2 unit cell patch. These phenomena are similar to the ones observed
in the re-entrant patch. Additional stress-strain curves for slow and medium compression as well as the
corresponding deformation patterns are shown in Appendix A.2.

4.3 Honeycomb unit cells

In order to make a comparison with the auxetic unit cells, regular honeycomb unit cell patches with
a positive Poisson’s ratio are investigated. The corresponding static stress-strain curves are shown in
Figure 4.9. We observe the same kink in the curve at the onset of plasticity as for the patches with
re-entrant and chiral unit cells. For smaller unit cells neither the reduction in the hardening response,
observed for the re-entrant architecture, nor earlier softening, as for the chiral architecture, is observed.
This is also confirmed in the deformation patterns of 4 x 4,8 x 8, and 12 x 12 unit cell patches in
Figure 4.10. Global barrelling is clearly visible for the 8 x 8 and 12 x 12 cases, in the centre and on the
right side respectively. As the barrelling response is a global pattern we can, in Figure 4.9, observe a
convergence of the response already at smaller numbers of unit cells compared to the two investigated
auxetic structures in Figures 4.1 and 4.5, in which localized deformation is occurring.

For the dynamic investigation of different honeycomb patches, again the stress-strain curves under
fast compression are examined, as shown in Figure 4.11. The initial response, prior to the onset of
plasticity at 1% shows, opposed to the observations in static deformation, a stiffer response for smaller
unit cells, motivated again by differences in the distribution of inertia for different sizes of unit cells.
After this onset of plasticity, a more brittle response is observed for smaller unit cells, in agreement with
the observations made for both auxetic architectures. In the stress-strain curves, peaks are seen at lower
compression for smaller unit cells and at higher compression levels for larger unit cells as already seen in
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Figure 4.9: Stress-strain curves of patches with a different number of honeycombs unit cells under static
compression.
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Figure 4.10: 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under static deformation at
1%, 10% and 20 % compression.
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Figure 4.11: Stress-strain curves of patches with a different number of honeycombs unit cells under fast
rate compression.
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the responses of the two auxetic architectures. Nevertheless, fewer peaks are observed than for the two
auxetic architectures. To illustrate the reason behind this, in Figure 4.12, the deformed shapes of 4 x 4,

Figure 4.12: 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under fast rate deformation
at 6%, 12% and 24 % compression.

8 x 8, and 12 x 12 unit cell patches at compression levels of 6 %, 12 % and 24 % are shown. Whereas both
auxetic structures show peaks in their stress response at a compression level of 6 %, this peak is not seen
in the response of the non-auxetic patches. In the deformed shapes in Figure 4.12, it can be seen, that
none of the patches show any contact yet, as the beams at the upper boundary do not come into contact
with the beams at half a unit cell height due to the convex structure of the honeycomb architecture. For
this same reason, a full unit cell of compression is needed for the non-auxetic honeycomb structures to
experience contact. At this point, shown in the centre row at 12 % compression for the 8 x 8 patch in the
central columns and in the bottom row at 24 % compression for the 4 x 4 patch on the left side, contact
is seen. This corresponds with the stress peaks in Figure 4.11, where the first peak for the 8 x 8 patch
occurs at 12% and the first peak of the 4 x 4 patch at 24%. These values are again marked by thin
vertical lines. For better readability of the graph, the peaks are again cut off but are rising from about
2000 MPa for the 12 x 12 patch up to about 4000 MPa for the 4 x 4 patch. The 2 x 2 unit cell patch
does not show a peak in the first 33 % compression. The other stress-strain curves for slow and medium
compression as well as the corresponding deformation patterns are shown in Appendix A.3.

4.4 Comparison of unit cells

Balancing the convergence behaviour in the static case, the dynamic behaviour and the computational
cost, it is decided to take 8 x 8 unit cell patches as representative. Thus, 8 x 8 patches are used in the
dynamic investigations in Sections 5 and 6 on force transmission and energy distribution.

A first comparison between 8 x 8 patches using the three architectures is shown in Figure 4.13. In
this figure, the stress-strain curves are shown for the investigated rates. During static compression,
both investigated auxetic architectures, re-entrant and chiral, show a similar level of stress, whereas the
honeycomb architecture not only shows a higher overall level, but also a significant hardening throughout
the compression. This difference is explained by the fundamentally different deformation modes in the
patches: localized collapse in the case of the re-entrant and chiral architectures versus global barrelling
in the case of the honeycomb. Also for slow compression, the honeycomb shows higher stress levels
at the strike face compared to the auxetic architectures. As the static deformation patterns are less
relevant at higher speeds, in the medium rate, peaks begin to appear, as discussed above. Here the
re-entrant structure remains at a low stress level, and both the chiral and honeycomb patches show
a large fluctuation of similar magnitude. This is even further emphasized for the fast rate, where the
chiral and honeycomb structures again exhibit peaks of comparable magnitude, with the re-entrant patch
remaining at a lower stress level, despite a few distinct peaks. From this it can be concluded that in all
loading scenarios, the honeycomb structure outperforms the auxetic ones regarding the stress needed to
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Figure 4.13: Comparison of the stress-strain curves at the strike face for 8 x 8 patches of different
architectures for the four investigated strain rates.

compress the patch to the same level. For all investigated architectures, whilst the static deformation
modes differ and only the auxetic patches show localized deformation, during fast compression, the
response is dominated by inertial effects, leading to a more brittle behaviour for smaller unit cells of
all architectures, as discussed in the previous sections. Dynamic effects within the patches will be
investigated in more detail in the following.

5 Effects of strain rate on the force transmission

In order to assess the efficacy of a protection concept, one not only needs to assess the forces exhibited
at the strike face, but also the transmission of those forces through the protective layer, as was done in
[15] for an emulated impact event with focus on the local distribution of these forces. The measurement
of the forces acting on the strike face during an impact event has little information regarding the forces
acting on the back face, thus the next investigation focuses on the transmission of forces from the strike
face to the back face.

5.1 Re-entrant patch

To investigate this transmission of the force through the protective layer, a first comparison is done
between the stresses on the strike face and the back face for the slow rate compression. The corresponding
stresses, both on the strike face (the top boundary in Figure 3.1) and on the back face (the bottom
boundary in Figure 3.1), are shown over the compression in Figure 5.1. An additional abscissa is given
depicting the time corresponding to the amount of compression at this strain rate. The stress on the
back face follows the stress on the strike face with a delay, and both finally converge towards the same
stress level. The magnitude of the delay, especially in the first rise of the stress, can be explained by the
time needed for the elastic pressure wave to travel through the patch. Given the material parameters
laid out in Section 3, the pressure wave speed through a beam is

210 GPa
metal = e & 5172 71'
Crmetal ”7850kgm—3 5172ms (8)
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Figure 5.1: Comparison of the stress on the strike face and the back face under slow compression for an
8 x 8 re-entrant patch.

Together with the height of the patch of h = 77.7mm and the angle between the beams and the vertical
of a = 24.4°, the time required for the pressure wave to reach the bottom equals
h/cos(a)

Cmetal

~ 16.5 ps. (9)

tmetal =

This time is marked in Figure 5.1 with a thin vertical line and corresponds with the first rise in stress
being recorded at the back face.
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Figure 5.2: Comparison of the stress on the strike face and the back face under fast compression for an
8 X 8 re-entrant patch.

The behaviour of the patch under fast rate compression is then investigated, and the resulting stresses
recorded at the strike face and the back face are shown in Figure 5.2. The delay in the stress on the
back face is again visible and corresponds with the time required for the stress wave through the metal
tmetal. In this graph, the peaks in the stresses on the strike face at intervals of 6.25 %, corresponding to
half the height of a unit cell, as discussed in Section 4 can be seen as well.

To compare different rates, in Figure 5.3, the stresses on both faces are plotted for the investigated
compression rates. On the strike face, we can observe an increase of the stresses needed to compress
the patch at the given rates. This increase is moderate for slow and medium rate compression when
compared to static compression, but increases significantly for fast rate compression. On the back
face, it is clearly observed, that the stresses for both slow and medium rate compression approach
static compression stress, despite the increase seen on the strike face. For the fast compression case,
this cannot be observed. The increase seen here between the different compression rates is however
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Figure 5.3: Stresses on both faces for the re-entrant patch for different compression rates.

small, when compared to the increase in stresses on the strike face, leading to the assumption, that the
stress transmitted to the back face, after an initial peak, is in a first approximation independent of the
compression rate. These initial peaks show similar magnitudes irrespective of the compression rate. The
stresses transmitted to the back face are reduced when compared to the stress experienced at the strike
face. This is mostly due to an increase in the dynamic stresses at the strike face, whilst the stresses at
the back face have about the same magnitude. The mechanisms of dissipation of these forces will be
discussed in Section 6. Plots comparing the stresses at the strike face and the back face for static and
medium rate compression can be found in Appendix B.1.

5.2 Chiral patch
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Figure 5.4: Comparison of the stress on the strike face and the back face under slow compression for an
8 x 8 chiral patch.

Next to the re-entrant architecture also the dynamic effects in the chiral architecture are investigated.
The stresses on both faces for slow compression are shown in Figure 5.4. In this figure, the stresses are
plotted over both the compressive strain, and the corresponding time. As for the re-entrant case, the
theoretical time needed for a pressure wave travelling through a beam tpeta =~ 28.9pus is indicated
by a vertical line. This time is different from the re-entrant patch due to a different geometry (more
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explanation given in Appendix B.2). It can be seen in Figure 5.4, that the pressure wave reaches the
bottom significantly later than would be expected by a wave travelling unhindered through a metal
beam. This is attributed to the impedance jumps at the sharp kinks in the chiral unit cell, leading to
partial reflection and conversion from pressure to shear waves. Similar to the re-entrant patch, also for
the chiral patch, the stress on both faces converge towards the same value. This convergence is slower
than for the re-entrant patch, which is consistent with the longer times required for the stress waves to
transverse the patch.
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Figure 5.5: Comparison of the stress on the strike face and the back face under fast compression for an
8 x 8 chiral patch (the values of the peaks outside the figure axis are approximately 1250 MPa at 6 %
compression and approximately 800 MPa at 11.5 % compression).

In Figure 5.5 the stresses for fast compression of the chiral patch are depicted. The peaks can again
be attributed to the acceleration of horizontal rows of beams at half unit cells. A delay of the pressure
waves reaching the bottom of the patch, as discussed above for slow compression, can be seen again for
the fast compression case. The point where the stress on the back face starts to be observable is well
beyond the plotted range of 82.5ps. Prior to this, stress on the back face is insignificant at well below

1 MPa.
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Figure 5.6: Stresses on both faces for the chiral patch for different compression rates.

In order to get a better estimation of the effect different strain rates have on the response of the
chiral patch, the stresses on both faces for different strain rates are compared in Figure 5.6. As is the
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case for the re-entrant patch, the chiral patches show an increase of stress needed for the compression
of the patch at the strike face with an increase in rate. This increase is moderate for slow and medium
rate compression, and again significantly more pronounced for the fast rate. The stresses on the back
face are less evidently approaching a common value as is the case for the re-entrant patch. Although
the compression at static, slow, and medium rates seem to converge towards the same value, a longer
time interval is needed in order to assess this effect in more detail. This longer time interval is also
needed to be able to give an indication on the effects of the fast compression onto the stresses seen at
the back face, as the pressure waves through the material need more time to reach the back face of the
patch. This longer time interval relates to higher compression, which results in densification and thus
a response more akin to a solid material and no longer a heterogeneous metamaterial. At this stage of
densification, the formulation of the contact stiffness reaches a limit as well, and a more sophisticated
modelling of the contact would be required. It is thus opted not to conduct these simulations. Plots
comparing the stresses at the strike face and the back face for static and medium rate compression can
be found in Appendix B.2.

5.3 Honeycomb patch

The behaviour of non-auxetic honeycombs under dynamic compression is investigated as well. The

—— Strike face Back face

— 2
% 15
% 10
o
= ) -
0\ + + + + + + + + + + + + + + + +
00 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
5 Compression (%)
0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Time (ps)

Figure 5.7: Comparison of the stress on the strike face and the back face under slow compression for an
8 x 8 honeycomb patch.

stresses on the strike face and back face for the honeycomb patches, at slow rate compression, can be
seen in Figure 5.7. The time for the pressure wave to propagate through the metal teta1 = 32.9 s is
indicated by a vertical line (see Appendix B.3). The general behaviour of the honeycomb unit cell patch,
does not deviate from the auxetic unit cell patches. The time delay for the stresses at the back face to
rise roughly corresponds with the metal wave speed. Later on stresses on both the front and strike face
converge towards a common plateau.

The behaviour of the honeycomb patch for the fast rate compression, as seen in Figure 5.8, shows
again lower stresses on the back face compared to the stresses on the strike face. This is consistent with
the observations for the auxetic patches.

For a better understanding of the strain rate effect in the non-auxetic patch, the stresses on both
faces are shown for the different investigated strain rates in Figure 5.9. As with the auxetic patches,
we can see the stress on the back face for slow compression approaching the stress level for the static
compression. The stress for medium compression shows large oscillations around the same level as well.
Finally, at fast compression, the stress appears to be higher, which is in agreement with the observations
made for the auxetic unit cells. This increase is however negligible when compared to the increase in
stress at the strike face. A much higher increase in stress on the strike face is needed to compress the
patch at the fast rate compared to the medium, slow, and static compression cases, which is seen in the
auxetic patches as well. Plots comparing the stresses at the strike face and the back face for static and
medium rate compression can be found in Appendix B.3.
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Figure 5.8: Comparison of the stress on the strike face and the back face under fast compression for an
8 x 8 honeycomb patch (the values of the peaks outside the figure axis are approximately 2500 MPa at

12 % compression and approximately 900 MPa at 25 % compression).
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Figure 5.9: Stresses on both faces for the honeycomb patch for different compression rates.
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5.4 Comparison of patches

Summarizing the findings of this section, two observations can be made: Firstly, that the speed of
the pressure waves through the metal is a lower bound for the stress to reach the back face. This
theoretical phenomenon can also be observed in the simulations. This lower bound is approached when
more straight beams and fewer kinks and joints are present within an architecture, resulting the chiral
patch in a significant delay after the theoretical lower limit. Secondly, the stress amplitudes experienced
at the back face appear to be largely unaffected by the strain rate. The peak stresses experienced in
all investigated rates can be regarded as equivalent, and the final, constant stress level approaches the
static compression value for all investigated structures. However, this is only a first approximation; a
full understanding of the impact protection effect of the different patches requires the consideration of
the force-time record and subsequent effects on the protected material.

—— Re-entrant - - - Chiral Honeycomb
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Compression (%) Compression (%)

Figure 5.10: Comparison of the stresses at the back face for 8 x 8 patches of different architectures for
the four investigated strain rates.

Both observations can also be seen by comparing the stress curves at the back face of the three patches
in Figure 5.10. In this figure, the first effect is clearly observable as the rise in stress level appears later
for patches with less straight connections between the top and the bottom. For instance, both the re-
entrant and the honeycomb unit cell can be considered. The beams of the re-entrant patch are 24.4°
off the vertical, whereas the beams for the honeycomb patch are 29.7° off, meaning the re-entrant patch
offers a more straight vertical line for the pressure waves to the bottom compared to the honeycomb
patch. The angle is however not the only factor for the time of the waves reaching the back face, as can
be seen by the much later rise in stress for the chiral patch, of which the beams are only 28.1° off the
vertical, but exhibit more kinks and joints when compared to the other two architectures. The chiral
architecture contains beams meeting in 90° angles at their joints, amplifying this effect. Comparing the
stress levels at the back face between the architectures, static compression shows the same graph as the
strike face, resulting in Figure 5.10a being identical to Figure 4.13a. Considering higher compression
rates, the chiral architecture appears to show the lowest stress levels at the back face, despite showing
similarly high stress levels at the strike face compared to the honeycomb structure. This observation
is based on the slow and medium compression rates, as in the fast compression rate, the stress does
not reach the back face for the chiral patch within the investigated time, however a qualitatively similar
result is to be expected. These results indicate the chiral architecture as a good candidate for impact
mitigation.
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6 Local energy distributions

In order to facilitate a more thorough understanding of the mechanisms exhibited in the previous section,
the SEA, as defined by Equation (7) spent on compression of the patches and its subsequent distribution
into various components of energy throughout the patches is analysed. For the present analyses, the
global specific energy is split into elastic potential energy, inelastic dissipated energy, and kinetic energy.
The spatial distribution of the elastic, dissipated, and kinetic energy measures over the two directions of
the patch, based on the nodal energy levels as explained in Section 3, will be analysed as well.

6.1 Re-entrant patch
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Figure 6.1: Distribution of the SEA into different types of energy for the 8 x 8 re-entrant patches at
different strain rates.

The first comparison is the distribution of energy in the patch at different compression rates shown
in Figure 6.1 for the re-entrant patch. In Figure 6.1a, static deformation is shown. At around 1%,
plastic deformation starts to occur, which coincides with the loss in stiffness seen in Figure 4.1. During
the remainder of the analysis, the majority of the SEA put into the system is dissipated through plastic
deformation, and only a minor increase in elastically stored potential energy can be observed. This
increase can be related to the hardening present in the material model. In Figure 6.1b, the distribution
of energy for slow compression is shown. The ratio between dissipated and potential energy remains
roughly the same and the kinetic energy contributes only a minor part to the total SEA spent on
compressing the material. In Figure 6.1c, the distribution of energy in the medium compression scenario
is shown. While the dissipated energy is still the dominant form of energy present in the system, the
amount of kinetic energy increases whilst the potential energy vanishes. This effect is visible in a more
pronounced way in Figure 6.1d, showing both contributions of the kinetic and dissipated energy being
at similar levels. Note, that the force peaks observed in Figure 5.2, can be seen in the energy plots as
well. At the half unit cell points—at multiples of 6.25 %—the kinetic energy shows a sharp increase.

Next to the distribution of energy for different physical mechanisms, the distribution of energy across
the lattice structure is investigated. In Figure 6.2, the deformation after 20% static compression is
depicted with marginal distributions of the energy density split into the different physical mechanisms
shown at the top and the right of the patch. While the symmetry between the left and the right side
remains intact, the top-bottom symmetry is broken by the more localized deformation near the bottom.

21



1.5 Specific Energy

“ep
i 1 B Potential
= 0.5 Kinetic

0 mmm Dissipated

—_—
0 05 1 1.5
(kJ/kg)

Figure 6.2: Local distribution of energy at 20 % compression for static compression of the 8 x 8 re-entrant
patch.

The plastic nature of this collapse is emphasized by a higher specific dissipated energy near the bottom
of the patch.
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Figure 6.3: Vertical distribution of energy at 20 % compression for all investigated compression rates in
the 8 x 8 re-entrant patch.

In Figure 6.3 the vertical distribution of the absorbed energy is shown for the four investigated rates.
Comparing the static results to the slow rate compression case, in Figures 6.3a and 6.3b respectively,
confirms the observation from Figure 6.1, that the dissipated energy is responsible for the majority of
the SEA needed to compress the patch. Only a minor portion of the SEA is stored in potential energy,
and at slow compression, the kinetic energy contributions are of course comparatively small. A shift of
the energy distributions towards the strike face at the top of the patch is however observed. This shift in
the distributions can be seen more pronounced in Figure 6.3c for the medium rate, where the dissipated
energy still takes up the majority of SEA, as discussed above. At medium compression, although the
bulk of the energy is dissipated near the top, still a significant part of the energy is present in the lower
parts of the patch. This is no longer the case for the fast compression rate seen in Figure 6.3d. For this
rate, the amounts of energy seen at the lower parts of the structure appear negligible, and the energy
distributions show a clear increase in the relative share of kinetic energy, which is in agreement with
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the observations from Figure 6.1. This negligible amount of energy in the lower parts of the structure is
in agreement with the deformation patterns shown in Figure 4.4. As discussed above, the deformations
remain small in the lower parts of the patch at this fast rate, as also can be seen by the lack of lateral
contraction at the boundaries, that would be expected from the negative Poisson’s ratio of this structure,
resulting in negligible amounts of energy in the lower parts of the patch.

6.2 Chiral patch
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Figure 6.4: Distribution of the SEA into different types of energy for the 8 x 8 chiral patches at different
strain rates.

The energy distribution in the chiral patch under different deformation rate is analysed in the same
manner. In Figure 6.4, the distribution of the SEA in potential, kinetic, and dissipated energy is shown
for different rates. The observations made for the re-entrant patch hold for the chiral patch as well. At
static deformation, the majority of the SEA spent on compressing the material is dissipated throughout
the deformation and only a minor increase in potential energy due to hardening of the material can be
seen. At higher strain rates, the total SEA increased, as well as the share of kinetic energy. The share of
kinetic energy at the medium rate is already half of the total energy, whereas for the re-entrant patch,
this only happens at the fast rate, indicating an increased rate sensitivity of the chiral lattice. The higher
sum of the different forms of specific internal energy compared to the externally computed SEA seen in
Figures 6.4b and 6.4d is due to interpenetration of singular beams, that lead to divergence in the static
case (Figure 6.4b) and represent an unphysical source of energy in the dynamic simulations. Since this
effect is small and does not influence the global behaviour of the lattice, it is deemed acceptable.

The strain rate sensitivity of the chiral patch, can also be seen when comparing the vertical distri-
butions of energy in Figure 6.5. In this figure, the vertical distribution of energy throughout the patch
is plotted for the four investigated rates. In Figures 6.5¢ and 6.5d, depicting the medium and fast rate
compression, the complete concentration of energy at the top is shown. This is consistent with the
observations made in Figure 6.4 and further emphasizes the increased strain rate sensitivity of the chiral
architecture when compared to the re-entrant architecture. The chiral patch at low rate compression,
shows a similar trend compared to the re-entrant patch. A small shift of energy towards the top can
be observed, with the energy in lower parts being more uniformly distributed. A similar shift of energy
towards the top can be observed in static compression in Figure 6.5a, this is however explained by the
localized deformation in singular rows of unit cells, as shown in Figure 4.6, where the deformation cor-
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Figure 6.5: Vertical distribution of energy at 20 % compression for all investigated compression rates in
the 8 x 8 chiral patch.

responding to this distribution is shown for the 8 x 8 patch at 20 % compression. The localization of
deformation around the unit cells corresponds with a significant increase in energy dissipated and only
a minor increase in elastically stored energy, as shown in Figure 6.5a.

6.3 Honeycomb patch

Finally, the distribution of energy in the honeycomb patch is investigated. In Figure 6.6, the different
forms of energy are again compared for static, slow, medium and fast rates of compression. Here, the
phenomena observed in the re-entrant and chiral patch, can be seen as well. The majority of the energy
is dissipated and the fraction of kinetic energy rises with increasing compression rate. Two observations
are noteworthy: Firstly, the peaks in force on the strike face observed at fast compression, seen in
Figure 5.8, correspond with the sudden rise of kinetic energy in Figure 6.6d as well. In Figure 4.12 the
acceleration of horizontal bars is illustrated, leading to both force peaks and a fast rise in kinetic energy.
Secondly, at medium rate compression, the kinetic energy takes less than half of the energy in the patch,
resembling the behaviour of the re-entrant patch, distinct from the chiral patch. This is seen by the
vertical distributions of energy in Figure 6.7 as well. Here, at medium rate, the energies are shifted to
the upper boundary, but still a significant amount of energy is in the bottom part of the lattice, similar
to the observations made for the re-entrant patch. This is no longer the case for the fast rate, where
energy is fully concentrated at the upper part near the strike face. At slow compression, a nearly linear
distribution of all energies rising from the bottom to the top can be seen, with more energy dissipated
close to the strike face. Static compression shows a bulge in the centre of the patch, consistent with the
global barrelling seen in Figure 4.10. The peaks near the top and the bottom of the distribution are
attributed to the strong deformation of elements at the fixed boundaries.

6.4 Comparison of patches

There are two commonalities between different metamaterial architectures when considering the energy
distributions. Firstly, the majority of energy spent on compressing the material is dissipated by plastic
deformation of the material throughout all compression rates. At higher rates the amount of kinetic
energy approaches the level of plastically dissipated energy in the patch. This corresponds to the second
common effect at higher rates, noted in earlier sections. The behaviour is not determined by the trans-
mission of forces, but rather by the inertial forces that result from the distribution of mass within the
lattice.

For a fair comparison of the different architectures, the SEA is plotted against the compression
for the three investigated architectures. In Figure 6.8a, the SEA can be seen for static compression.
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Figure 6.6: Distribution of the SEA into different types of energy for the 8 x 8 honeycomb patches at
different strain rates.
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Figure 6.7: Vertical distribution of energy at 20 % compression for all investigated compression rates in
the 8 x 8 honeycomb patch.
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Figure 6.8: Comparison specific absorbed energies for 8 x 8 patches of different architectures for the four
investigated strain rates.

Here, the honeycomb architecture shows the highest levels, which is consistent with the higher levels of
pressure seen for this architecture in Figure 4.13. The honeycomb patches show the highest SEA for
the investigated strain rates. For fast compression, it is noteworthy, that the chiral patch shows similar
levels of energy absorption as the honeycomb architecture up to 12 %, at which compression levels the
first contact occurs for the honeycomb leading to a steep rise in absorbed energy. This emphasizes the
dominance, that inertial effects have over the structural response of the different architectures at high
rates of deformation.

7 Conclusion

The investigations presented in this article offer a novel perspective on the high-rate deformation mech-
anisms in different architected metamaterials employed for impact mitigation.

It has been shown in Section 4, that localized failure within the investigated auxetic architectures—
re-entrant and chiral—leads to a stronger softening effect for smaller unit cells due to a more pronounced
localization of the deformation. However, honeycombs, as an investigated non-auxetic architecture, show
a global deformation pattern, leading to a stiffer response when considering patches with more unit cells.
For higher rates, there is a shift towards deformation localizing at the strike face, leading to a more brittle
response and unit cell size dependence for all architectures. The subsequent deformation resistance is
dominated by inertia effects, that are directly related to the geometry of the microstructure of the patch.

Next to the stresses at the strike face, also the stress levels at the back face have been investigated
in Section 5. In this investigation it has been shown, that the force exerted on the back face is delayed
by the wave transmission through the lattice of the metamaterials. The magnitude of the transmitted
forces has been shown to be, in a first approximation, independent of the compression rate. Only at the
highest investigated compression rate the forces start to rise. This suggests, that for an initial estimation
of the force exerted at the back of the protective structure, a set of two calculations, i.e. a static to
estimate the terminal level of stress and a high rate analysis to quantify the dynamic pulses at the rear
face, might be sufficient to estimate the force transmitted through an architected metamaterial.

The distribution of different types of energy throughout the structure of the architected metamaterials
has been investigated as well in Section 6. In the static case, the concentration of energy at the moment
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of localized deformation is observed for the auxetic architectures, whereas for the globally barrelling
honeycomb structure, the energy is more evenly distributed. At higher strain rates, the distribution
of energy is concentrated at the top of the lattice near the strike face, consistent with the localized
deformation patterns seen in Section 5. The chiral architecture shows the highest sensitivity to strain
rate, whilst the honeycomb architecture shows the largest amount of SEA across the investigated cases.

Throughout this study no beneficial contribution from a negative Poisson’s ratio for impact mitigation
can be found. The obtained results allow designers of protection concepts to make an informed decision
on the architecture and the size of the unit cells based on force transmission during static compression
together with an estimation of the maximum force pulse during higher rate compression. Next to the
practical applications, also new research avenues have been opened into impact resistant metamaterials
away from simply auxetic structures towards architectures that focus on the limitation of the transmitted
forces.
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A Additional number of unit cells plots

A.1 Re-entrant unit cells
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Figure A.1: Stress-strain curves of patches with a different number of re-entrant unit cells under slow

rate compression.
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Figure A.2: Re-entrant 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under slow rate
deformation at 1%, 10 % and 20 % compression.
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Figure A.3: Stress-strain curves of patches with a different number of re-entrant unit cells under medium

rate compression.
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Figure A.4: Re-entrant 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under medium
rate deformation at 1%, 10 % and 20 % compression.
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A.2 Chiral unit cells
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Figure A.5: Stress-strain curves of patches with a different number of chiral unit cells under slow rate
compression.
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Figure A.6: Chiral 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under slow rate
deformation at 1%, 10 % and 20 % compression.
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Figure A.7: Stress-strain curves of patches with a different number of chiral unit cells under medium

rate compression.

Figure A.8: Chiral 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under medium rate
deformation at 1%, 10 % and 20 % compression.
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A.3 Honeycomb unit cells
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Figure A.9: Stress-strain curves of patches with a different number of honeycombs unit cells under slow

rate compression.

Figure A.10: 4 x4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under slow rate deformation

at 1%, 10 % and 20 % compression.
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Figure A.11: Stress-strain curves of patches with a different number of honeycombs unit cells under
medium rate compression.

Figure A.12: 4 x 4 (left), 8 x 8 (centre), and 12 x 12 (right) unit cell patches under medium rate
deformation at 1%, 10 % and 20 % compression.
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B Additional strain rate plots

B.1 Re-entrant patch
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Figure B.1: Comparison of the stress on the strike face and the back face under static compression for
an 8 x 8 re-entrant patch.
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Figure B.2: Comparison of the stress on the strike face and the back face under medium compression for
an 8 x 8 re-entrant patch.
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B.2
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B.3: Comparison of the stress on the strike face and the back face under static compression for

8 chiral patch.
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Figure B.4: Comparison of the stress on the strike face and the back face under medium compression for

an 8 x 8 chiral patch.

For the chiral patch, the time needed for a pressure stress wave to travel through the metal is
computed from the height of the patch h = 132 mm and the angle between the beams and the vertical

of a = 28.1°:

h/cos(a)

Cmetal

~ 28.9ps. (10)

tmetal =
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B.3 Honeycomb patch
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Figure B.5: Comparison of the stress on the strike face and the back face under static compression for

an 8 x 8 honeycomb patch.
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Figure B.6: Comparison of the stress on the strike face and the back face under medium compression for

an 8 x 8 honeycomb patch.

For the honeycomb patch, the time needed for a pressure stress wave to travel through the metal is
computed from the height of the patch h = 148 mm and the angle between the beams and the vertical

of a =29.7°:
h/cos(a)

tmetal =

~ 32.9us. (11)

Cmetal
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