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a b s t r a c t

Hollow microlattice structures are promising candidates for advanced energy absorption
and their characteristics under dynamic crushing are explored. The energy absorption
can be significantly enhanced by inertial stabilization, shock wave effect and strain rate
hardening effect. In this paper we combine theoretical analysis and comprehensive finite
element method simulation to decouple the three effects, and then obtain a simple model
to predict the overall dynamic effects of hollow microlattice structures. Inertial stabiliza-
tion originates from the suppression of sudden crushing of the microlattice and its contri-
bution scales with the crushing speed, v. Shock wave effect comes from the discontinuity
across the plastic shock wave front during dynamic loading and its contribution scales with
v2. The strain rate effect increases the effective yield strength upon dynamic deformation
and increases the energy absorption density. A mechanism map is established that illus-
trates the dominance of these three dynamic effects at a range of crushing speeds. Com-
pared with quasi-static loading, the energy absorption capacity at dynamic loading of
250 m/s can be enhanced by an order of magnitude. The study may shed useful insight
on designing and optimizing the energy absorption performance of hollow microlattice
structures under various dynamic loads.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Developing superior energy absorption materials and
structures (EAMS) has been a research focus for both
scientists and engineers (Ashby et al., 2000; Chen et al.,
2006; Evans et al., 2010; Tilbrook et al., 2006). Different
mechanisms, such as plastic buckling (Gibson and Ashby,
1997; Guoxing and Yu, 2003); phase transformation
(Feuchtwanger et al., 2003; Frommeyer et al., 2003); fric-
tional dissipation (Duan et al., 2006; Sun et al., 2009), and

surface/interface energy trapping (Chen et al., 2008, 2006;
Liu et al., 2009), have been used in advanced EAMS to
absorb external mechanical energy. Cellular structures are
perhaps the most widely employed platform of EAMS,
thanks to their lightweight and high energy absorption
density (Ashby, 2006). The external impacting energy is
absorbed by either plastic deformation or viscoelastic
deformation of parent materials of the cellular structures.
Besides energy absorption in sporting, automotive and
defense applications, cellular structures are also widely
employed as building blocks of thermal management
(Evans et al., 2001; Sypeck and Wadley, 2001), acoustic
isolation (Davies and Zhen, 1983), catalyst supports
(Banhart, 2001; Davies and Zhen, 1983) and electrodes
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(Banhart, 2001). In periodic cellular structures (Evans et al.,
2010; Gibson and Ashby, 1997), the performance can be
further optimized by placing material at desired locations
where the mechanical and other indices are simultaneously
maximized (Evans et al., 2001).

Hollow microlattice cellular structures have attracted
recent attention, due to their improved energy dissipation
and heat transfer properties (Queheillalt and Wadley,
2005). Recently Jacobsen et al. (2007, 2008) have devel-
oped a new method to fabricate hollow metallic microlat-
tices with cell sizes in the 0.1–10 mm range and wall
thickness from 0.1 ? 100 lm. Ultralight metallic microlat-
tices with relative density lower than 0.001 have recently
been demonstrated (Schaedler et al., 2011). The quasi-
static energy absorption characteristics of the microlattice
structures were investigated experimentally (Evans et al.,
2010) and theoretically (Liu et al., 2014), which demon-
strate promising performance indices. However, a detailed
study on their dynamic responses and energy absorption
characteristics is still lacking.

Under dynamic loading, the cellular structures show
progressive collapse which is completely different from
the cases under quasi-static loading (Pal et al., 2010).
Therefore the load capacity and energy absorption of cellu-
lar structures usually show significant improvements
(Fang et al., 2010; Hanssen et al., 2000; Hou et al., 2011;
Zhao and Abdennadher, 2004). For instance, the energy
absorption density of cylindrical shells can be improved
more than 30% by increasing the crushing speed
(Karagiozova and Jones, 2001; Yu et al., 2006). In general,
the energy absorption enhancements are caused by three
factors: inertial stabilization; shock wave effect, and mate-
rial strain rate hardening (Deshpande and Fleck, 2000;
Zhao et al., 2006). However the three effects are integrated
under dynamic loading, so that the dynamic effects of cel-
lular structures are usually complicated. A general model
to decouple the three effects and exploring the influence
of individual effect on the energy absorption of microlat-
tice structures is still lacking.

The present paper aims to close these two gaps by first
developing a unified model including the contributions of
the three dynamic factors, and then specified for microlat-
tice structures through extensive finite element method
(FEM) simulations and parametric studies. Besides eluci-
dating the dynamic energy transfer mechanisms, the study
may shed some useful insight on designing and optimizing
the hollow microlattice structures for dynamic energy
absorption and mitigation. In Section 2, a one dimensional
crushing model is developed to analyze the dynamic
responses of a cellular buffer, based on which the dynamic
energy absorption enhancement is divided into three
parts: inertial stabilization, shock wave effect, and strain
rate hardening effect. These three factors are specified for
hollow microlattice structures through extensive and para-
metric FEM simulations in Section 3. Discussions of the
dominant dynamic factor in respective crushing speed
regions are presented in Section 4, followed by concluding
remarks in Section 5.

Two examples of hollow microlattice cellular structures
are shown in Fig. 1. One typical structure exhibits large
vertical trusses h = 90� connected by inclined trusses

h = 60� with a smaller diameter (Fig. 1(a)). Another exam-
ple has hollow trusses (connected at both ends) with an
inclination angle h of 60� (Fig. 1(b)). The corresponding
computational cells employed in this paper are shown in
Fig. 1(c) and (d), where h = 60� corresponds to the 60�
microlattice structure in Fig. 1(b). Here for the 90� micro-
lattice structure the role of the small inclined truss is con-
necting and stabilizing the large vertical truss. In this work
as a model system to study the dynamic response of micro-
lattice structure we only consider the deformation and
energy absorption of the large vertical truss in our FEM
simulation. While for the 60� microlattice structure as
the symmetry of the unit cell, we only consider one
inclined truss member (1/4 unit cell) and symmetrical
boundary conditions are applied to the truss member.
We further ignore any fracture process and temperature
raising that may occur during the process.

2. Theoretical model

Inspired by the one dimensional crushing model pro-
posed by Evans et al. (2010), in Fig. 2(a) an EAMS (e.g. a
hollow microlattice cellular structure) is compressed by
an external pressure through the attached buffer. Consid-
ering the high speed compression, the crushing is progres-
sively developing from the buffer toward the stationary
structure through the shock front. As the plastic deforma-
tion dominates the compression process of the cellular
medium, we assume the constitutive relation is ideal
rigid-plasticity same as the previous reference Evans
et al. (2010). The upstream of the shock front is assumed
to reach complete densification and moves at the same
velocity v, whereas the downstream does not deform and
keeps stationary. For the microlattice structure studied in
this work, these assumptions are acceptable when the
crushing speed is larger than 100 m/s.

2.1. Dynamic energy absorption

The one dimensional crushing model is shown in
Fig. 2(a). The cellular medium is bounded by two buffers;
one buffer is stationary and the other is pushed by the
external P towards the stationary one. During high speed
compression the plastic shock wave propagates from the
pushed buffer to the stationary buffer and the cellular
medium shows progressively collapse. The validation of
the progressively collapse for hollow microlattice struc-
tures will be discussed in Section 3. The cellular medium
in upstream of the plastic shock front moves with uniform
velocity v, so the momentum M is

M ¼ ðmb þ qsÞv ; ð1Þ

where mb is the mass per area of the buffer, s is the crush
length of the microlattice, q is density of the cellular med-
ium. The differential of the momentum corresponding to
time equals to the force acting on the buffer and cellular
medium. Based on the previous reference Evans et al.
(2010) the constitutive relation of cellular medium is
assumed as ideal rigid-plasticity, so the stress acting on
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