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Nanoporous materials functionalized (NMF) liquid has high energy absorption efficiency which holds
great promise in advanced protective and damping devices. In this work we incorporate the NMF liquid
into hollow microtruss structures to construct a superior energy absorption system. The compressive
deformation map of hollow microtruss is given, and then the yielding criterion of NMF liquid filled
microtruss is proposed. The quasi-static crush behavior is systematically studied through FEM simula-
tion, then the plastic deformation of the microtruss and NMF liquid are analyzed in detail. By filling
NMF liquid into the microtruss the plastic buckling of the microtruss is effectively suppressed, so as to
improve the load capacity as well as energy absorption efficiency more than two times for relative thin
microtruss (t/R < 0.02). The origin of the energy absorption enhancement comes from two parts: one is
the volumetric plasticity of NMF liquid and the other part is plastic deformation enhancement of the
microtruss. Furthermore, the strain hardening effect of the materials of microtruss can further improve
the energy absorption of NMF liquid filled microtruss as the microtruss can hold larger infiltration
pressure and reduce the plastic strain localization in the wrinkles of the microtruss to avoid the leaking
of NMF liquid.

� 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
[2,6,9,22,27]. Cellular structure is perhaps the most widely
employed platform of EAMS, thanks to its lightweight and high
energy absorption density [11]. The development, design,
manufacturing and optimization of cellular structures have been
widely studied and reviewed [3,4,30]. Quite many previous works
have focused on optimizing the cell geometry, size, topology and
materials to improve energy absorption of the cellular structures
[10,16,29,31]. Besides energy absorption, cellular structure is also
widely employed as building blocks of thermal management
[10,26], acoustic isolation [8], catalyst support [4,8] and electrode
[4].

Attracted recent attention are the hollow microlattice cellular
structures, which have improved mechanical dissipation and heat
transfer properties [23]. The enhancement of their efficiency relies
on reducing the size of microtruss member, while ensures the
quality of node connection. Recently, Jacobsen et al. [14,15] have
developed a new fabrication method based on self-forming photo-
polymer waveguides that enables both a high degree of control
over the geometrical parameters of periodic microlattices and the
potential to scale to large areas (>m2) at high manufacturing
throughput (exposure times �10–100 s). This UV photopolymer-
based process produces polymeric microlattice cellular materials
with a wide range of unit cell sizes (0.1–>10 mm range) and lattice
geometries. Subsequent coating of the polymer microlattices, and
removal of the polymer result in tube geometries with linear hol-
low trusses and well-connected nodes [9]. This approach allows
for designing the microlattice architecture at three levels of hierar-
chy: unit cell (symmetry, size, etc.), hollow tube (diameter, wall
thickness, node geometry), and hollow-tube wall (micro-structure,
composition, multilayer) [24]. Because of the scalability and flexi-
bility of the photopolymer waveguide process, this study focuses
on the range of architectures that can be produced using the
technique. In particular, hollow microlattice architectures are very
attractive for energy absorption and a previous study demon-
strated that the hollow tube architecture results in higher energy
absorption per weight as compared to foams or solid strut lattice
structures [9]. The quasi-static energy absorption characteristics
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of the microlattice structures were investigated experimentally [9]
and theoretically [19], which demonstrate promising performance
indices. Besides, the very small size of the hollow structure and
well connected nodes are very suitable for high efficient heat
exchanger [20].

In order to improve the mechanical properties of the cellular
structures the cell can be further filled by the elastic filler, such
as aluminium foam, polymer foam, liquid and silicon rubber.
Previous studies have shown the stiffness, strength and energy
absorption of the cellular structures are improved by the additional
filler [1,5,7,13,17,30]. In addition, the liquid filler can fit well with
cellular structures, avoiding possible problems of filler-network
mismatch. However, since most of the liquids are nearly incom-
pressible and therefore cannot accommodate cell compression,
the liquid filled cellular structures are often too rigid and easy to
rupture during compression; i.e., the major advantage of cellular
structures is lost. Recently, a new type of nanoporous materials
functionalized (NMF) liquid shows great promise in energy absorp-
tion [12,25,33]. For hydrophobic nanoporous materials the liquid
molecules can enter the nanopore of the nanoporous materials to
generate inelastic volumetric deformation when the applied pres-
sure is larger than a critical value, Pin, thus a significant part of the
external work is converted to the solid–liquid interfacial energy
[18,21], while others are dissipated through the ‘‘friction’’ between
infiltrated liquid molecules and solid pore lattice. Here Pin is the
infiltration pressure of the NMF liquid which is the plateau pres-
sure in the pressure–volume curve shown in Fig. 1(e). Moreover,
Pin can be precisely tuned by the size of the nanopore and wettabil-
ity between the liquid and nanopore. The energy absorption
Fig. 1. The representative 90� (a) and 60� (b) hollow microlattice structures in
experiment. (c) and (d) The corresponding schematic diagram of FEM simulation
model for the microlattice structures with NMF liquid filler. (e) The typical
mechanical response of NMF liquid and (d) the ideal mechanical response of EAMS.
efficiency of NMF liquid is at the level of or above 10–100 J/g,
and the volume porosity of the nanopore in NMF liquid is about
np = 0.3 depending on the volume of the nanopore in the nanopor-
ous materials and the volume fraction of nanoporous materials in
the NMF liquid [6,12]. Furthermore the response of NMF liquid is
very quick, thus it is extremely suitable for mitigating very short
time impulse energy and high frequency vibration energy [32].
Therefore, the NMF liquid is a good candidate of pore filler to
improve the performance of cellular structures.

In this work we incorporate the highly energy absorbing NMF
liquid into hollow microlattice structures to develop a superior
energy absorption system. The plastic deformation of NMF liquid
filled microtruss is systematically studied through theoretical
analysis and FEM simulation. The NMF liquid is filled into the
hollow microtruss and sealed by two panels, as schematically
shown in Fig. 1(c) and (d). For the predominately 90� microlattice
(Fig. 1(a)), based on our previous works [19], the energy absorption
is mainly contributed by the large vertical truss. The NMF liquid is
fulfilled in the large vertical truss, so in our FEM simulations we
use the vertical truss to model the unit cell. By considering the
symmetry of 60� microlattice (Fig. 1(b)) the single inclined truss
member is employed as unit cell in FEM simulations, and symmet-
rical boundary conditions are applied to x and z directions as
shown in Fig. 1(d). Under compression, the NMF liquid is compat-
ible with the microtruss wall buckling and the infiltration of the
NMF liquid can accommodate the compressibility of the NMF
liquid filled microtruss. In Section 2, the compressive behavior of
both hollow microtruss and NMF liquid filled microtruss is ana-
lyzed theoretically and the yielding criterion of NMF liquid filled
microtruss is proposed. Thereafter, the finite element method
(FEM) simulation of NMF liquid and solid shell is investigated.
The quasi-static crush behavior and energy absorption of the
NMF liquid filled microtruss are presented in Section 3. In Section 4,
the influence of the strain hardening effect of the materials of the
microtruss is studied, followed by the discussions of the rupture of
the hollow microtruss in Section 5 and conclusions in Section 6.

2. Theoretical benchmarks

In what follows we will first analyze the compressive behavior
of hollow microtruss and construct a map of buckling modes for
different geometrical parameters of the hollow microtruss. Then,
the compressive behavior of NMF liquid filled microtruss is dis-
cussed and a yielding criterion is deduced.

2.1. Buckling modes of hollow microtruss

During compression of the hollow microtruss, there are three
types of buckling modes: the Euler beam buckling, shell buckling,
and plastic yielding which depend on the geometrical parameters
(length, radius and thickness) and mechanical properties of the
parent materials. Based on the classic elastic stability textbook
[28], the critical buckling stress rcr,b of Euler beam buckling is

rcr;b ¼ E
p2I

AðllÞ2
; ð1Þ

where E is the Young’s modulus of the parent materials, A is cross
section area, I is bending moment, l is length of the hollow
microtruss, l is the coefficient of effective length which is l = 0.5
for two ends clamped beam. For the circular hollow truss the cross
section area equals to A = 2pRt, where R is radius of the middle
plane of the hollow microtruss and t is thickness, while the bending
moment is

I ¼ p
4
½ðRþ t=2Þ4 � ðR� t=2Þ4� ¼ A

2
R2 þ t2

4

� �
: ð2Þ



Fig. 2. The compressive buckling modes of hollow microtruss with different
geometrical parameters of l/R and R/t.
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Substituting Eq. (2) into Eq. (1) then we get the critical buckling
stress is

rcr;b ¼ E
p2

ðllÞ2
R2 þ t2

4

� �
¼ E

p2

l2

R
l

� �2

1þ 1
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t
R

� �2
" #

: ð3Þ

However, in order to obtain Euler beam buckling, the critical
stress must be smaller than the yielding stress of the parent mate-
rials rcr,b < rY, so we get the criterion of Euler beam buckling and
plastic yielding as

l
R
¼ p

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E
rY

1þ 1
4

t
R

� �2
" #vuut : ð4Þ

If the ratio of thickness to radius is small, Eq. (4) is simplified to

l
R
¼ p

l

ffiffiffiffiffiffi
E
rY

s
: ð5Þ

For the cylindrical shell under uniform axial pressure the critical
buckling stress is

rcr;s ¼
Effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1� m2Þ
p t

R
; ð6Þ

where m is Poisson ratio of the parent materials. The same as the
Euler beam buckling the critical stress must be also smaller than
the yield stress of the parent materials rcr,s < rY to obtain the shell
buckling, so the criterion for shell buckling and plastic yielding is

R
t
¼ E

rY

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� m2Þ

p : ð7Þ

From Eq. (7) it seems the criterion is independent of l/R.
However, Eq. (6) is only valid for long cylindrical shell. For short
cylindrical shell, if [28]

l
pR

� �2

<
t

2R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� m2Þ

p ; ð8Þ

then, the critical shell buckling stress is [28]

rcr;s ¼
p2E

12ð1� m2Þ
t2

l2 ¼
p2E

12ð1� m2Þ
t
R

� �2 R
l

� �2

: ð9Þ

In order to get the elastic buckling rcr,s should be smaller than
rY. Therefore, for short cylindrical shell the criterion of plastic
yielding and elastic buckling is

l
R
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2E

12ð1� m2ÞrY

s
t
R
: ð10Þ

While the criterion for the Euler beam buckling and shell buck-
ling is the critical buckling stress of beam equals to the critical
buckling stress of shell, rcr,b = rcr,s, then we get

l
R

� �2

¼ p2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� m2Þ

p
l2

R
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� �
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" #

: ð11Þ

Based on the previous analysis we obtain the map of compres-
sive buckling modes of hollow microtruss for different geometrical
parameters of l/R and R/t which are shown in Fig. 2.

The typical size of the hollow truss microlattice in the
experiments is l = 15 mm, R = 1.7 mm and t = 0.07 mm, and the
parent material is electroplate nickel with the Young’s modulus
E = 200 GPa, Poisson ratio m = 0.31 and yielding strength
rY = 300 MPa. Substituting the geometrical and mechanical param-
eters into Eqs. (4) and (7), it can be deduced that l/R and R/t are
much smaller than the criterion of Euler beam buckling and shell
buckling, so during compression the deformation of hollow truss
microlattice is plastic hinges and wrinkles generated by plastic
yielding as demonstrated in our previous works [19].

2.2. Yielding criterion of NMF liquid filled microtruss

Based on the aforementioned analysis, the influence of NMF
liquid filler to the plastic yielding behavior of hollow microtruss
is now investigated. Here, we only consider the quasi-static axial
compressive deformation of the NMF liquid filled microtruss.
Before plastic yielding, the deformation in the hollow microtruss
can be assumed as homogenous.

The parent materials of the hollow microtruss are treated as iso-
tropic elastic-perfectly plastic materials, whose stress–strain rela-
tionship before yielding is

ez ¼
1
Et
½rz � mtðrr þ rhÞ�

eh ¼
1
Et
½rh � mtðrr þ rzÞ�

er ¼
1
Et
½rr � mtðrz þ rhÞ�

ð12Þ

where ez and rz are strain and stress in the axial direction of the
hollow truss, eh and rh are in the circumferential direction, er and
rr are in the radial direction, Et is Young’s modulus and mt is Poisson
ratio of the parent materials. As the radial stress rr is much smaller
than the axial rz and circumferential stress rh, in the following
analysis we neglect the influence of radial stress to the axial and cir-
cumferential strain of the hollow truss. The pressure, PL, in NMF
liquid is

PL ¼
�KLeV eV > � Pin

KL

� �
Pin eV 6 � Pin

KL

� �
8><
>: ; ð13Þ

where KL is the bulk modulus of NMF liquid and in the present
paper it is dominated by water, so that KL = 2 GPa, eV is volumetric
strain of NMF liquid. Here the constitutive relation of NMF liquid is
assumed as elastic-perfectly plastic where the relation between the
pressure and the volumetric deformation is linear when the
pressure is smaller than the infiltration pressure Pin, otherwise the
pressure is constant Pin. Here we assume the NMF liquid is fulfilled
in the cylindrical shell, so the volumetric strain eV is

eV ¼ ez þ 2eh: ð14Þ

According to the force equilibrium

rht
R
¼ PL: ð15Þ
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Solving Eqs. (12)–(15) we get the axial stress rz in the hollow truss
expressed by ez

rz ¼
Etez

1�m2
t

1� k2þk1mt
2k2þk1

mt

� �
eV > � Pin

KL

� �
Etez þ Pin

k1
mt eV 6 � Pin

KL

� �
8><
>: ; ð16Þ

and the circumferential stress rh in the hollow truss expressed by ez

rh ¼
Etez

1�m2
t

k2ð2mt�1Þ
2k2þk1

eV > � Pin
KL

� �
Pin
k1

eV 6 � Pin
KL

� �
8><
>: ; ð17Þ

where k1 = t/R, k2 ¼ KL
Et=ð1�m2

t Þ
and the volume strain eV is

eV ¼
k1ð1�2mtÞ

2k2þk1
ez eV > � Pin

KL

� �
2Pin

k1Et=ð1�m2
t Þ
þ ð1� 2mtÞez eV 6 � Pin

KL

� �
8><
>: : ð18Þ

Here ez equals to the nominal compressive strain applied to the
microtruss. For the NMF liquid filled microtruss there are two
types of permanent deformation: the plastic yielding of the hollow
microtruss rVM = rY and the infiltration of NMF liquid (rh = Pin/k1),
where rVM is the Von-Mises stress in the microtruss defined as

rVM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrz � rhÞ2 þ r2

z þ r2
h

2

s
: ð19Þ

Before plastic yielding of the microtruss, the deformation is
homogenous and there is no shear deformation in the microtruss.
Then the yielding criterion of NMF liquid filled microtruss is

Etez
1�m2

t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

3k2mt�k2þk1m2
t

2k2þk1

� �2

þ 1�k2þk1mt
2k2þk1

mt

� �2

þ k2 ð2mt�1Þ
2k2þk1

h i2

2

s�������
������� ¼ rY e�V > �

Pin
KL

� �

Etez
1�m2

t

k2ð2mt�1Þ
2k2þk1

¼ Pin
k1

e�V 6 �
Pin
KL

� �

8>>>>><
>>>>>:

:

ð20Þ

Here e�V is the volumetric strain at the yielding point of microtruss
which is

e�V ¼ �
k1ð1� 2mtÞ

2k2 þ k1

rY

Et
1�m2

t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

3k2mt�k2þk1m2
t

2k2þk1

� �2

þ 1�k2þk1mt
2k2þk1

mt

� �2

þ k2ð2mt�1Þ
2k2þk1

h i2

2

s :

ð21Þ

For the studied NMF liquid filled microlattice structures in
the experiments, the yielding strength of the microtruss is
rY = 300 MPa and the infiltration pressure of the NMF liquid is
about several tens of MPa. For the range of parameters studied
herein, the microtruss material yields first. After yielding, wrinkles
and plastic hinges occur in the microtruss, so that the compressive
deformation is no longer homogenous. With continued compres-
sion, the pressure of the filled NMF liquid reaches infiltration pres-
sure Pin and triggers NMF liquid infiltration, the second permanent
deformation mechanism. In the following section, FEM models are
employed to simulate the post plastic buckling behavior and
energy absorption characteristics of NMF liquid filled microtruss.

3. FEM simulations

In what following we first build the FEM simulation model for
the NMF liquid which can describe its fluidic and infiltration
behavior. Then, the quasi-static crush behavior and energy absorp-
tion characteristics of NMF liquid filled microtruss are systemati-
cally studied for different geometrical parameters and inclined
angles of the microtruss. The plastic deformation of the microtruss
and inelastic deformation of NMF liquid is analyzed in detail.
Thereafter, comparison to the experiments is given.

3.1. Simulation model

The representative unit cells of NMF liquid filled microtruss for
predominately 90� and 60� microlattice structures are schemati-
cally shown in Fig. 1(c) and (d). The hollow microtruss is fully filled
by NMF liquid and sealed by two flat panels. The parent material of
the microtruss is electroplated nickel, with density qs = 8.9 g/cc,
Young’s modulus E = 200 GPa, and yield strength rY = 300 MPa
[9]. The strain hardening effect of nickel is very weak, so the
stress–strain behavior of nickel is assumed elastic-perfectly plastic
in Section 3. The effect of strain hardening to the compressive
deformation and energy absorption of NMF filled microtruss is
given separately in Section 4. We further ignore any fracture pro-
cess that may occur during the compression in the FEM simulation
(the rupture of the microtruss and its influence on the leaking of
NMF liquid filler are discussed in Section 5). In current work, all
the experiments and simulations are under quasi-static loading
condition.

The NMF liquid is formed by dispersing lyophobic nanoporous
materials into liquid. The typical compressive behavior of NMF
liquid has three stages: the elastic deformation of the liquid and
the void nanoporous material, the infiltration of the liquid mole-
cules into the nanoporous material (inelastic volumetric deforma-
tion) when the applied pressure is larger than the capillary
pressure of the nanopore Pin, and the densification after all of the
nanopores are filled by the liquid, Fig. 1(e) [33]. In order to phe-
nomenologically describe the compressive behavior of NMF liquid,
the equation of state (EOS) method in ABAQUS is used. The elastic
deformation of the NMF liquid is described by a linear Us � Up

Hugoniot form combining with the P � a EOS compaction to
describe the inelastic volumetric deformation of the infiltration
process. The relationship between pressure P and density q of
NMF liquid is

P ¼ q0c2
0g

ð1� sgÞ2
1� C0g

2

� �
þ C0q0Em ð22Þ

where q0 is the reference density and q is the density of the NMF
liquid during compression, g is defined as g = 1 � q0/q, q0c2

0 is
equivalent to the bulk modulus at small strain, and Em is internal
energy. In the present study, q0 = 1000 kg/m3, c0 = 1414 m/s, so that
q0c2

0 ¼ 2 GPa equals to the bulk modulus of water, and we further
simplify s = 0 and C0 = 0. In order to describe the infiltration effect,
we use P � a equation of state where the pressure depends on the
density q and the minimum value of the state variable amin

a ¼ q0
q

� �
during loading. The EOS model can describe the volumetric

strength and infiltration of the NMF liquid, but does not account for
the macroscopic flow viscosity of NMF liquid (which is reflected in
part through the phenomenological infiltration pressure). However,
for the present problem where the NMF liquid is confined in the
microtruss, the macroscopic flow of NMF liquid is small and the
flow viscosity has little influence to the energy absorption.

Before studying the energy absorption of NMF liquid filled
microtruss, we first simulate a simple system of circular nickel
pad filled by NMF liquid to verify the computational model, shown
in Fig. 3(a). The radius of the nickel shell is 14 mm, height is 4.4 mm
and thickness is 0.05 mm. The general purpose shell element S4R is
employed to describe the nickel shell, and the NMF liquid is
described via C3D8R element by EOS method throughout the paper,
and a mesh convergence study is carried out. As the radius of the
circular shell is much larger than its height, buckling of the nickel



Fig. 3. Energy absorption of NMF liquid and nickel shell. (a) The schematic illustration of the NMF liquid and nickel shell model in the simulation. (b) The energy absorption of
the NMF liquid and whole system for different infiltration pressures Pin = 6 MPa and Pin = 9 MPa.

Fig. 4. The compressive deformation of 60� microtruss unit cell with NMF liquid (a)
and without NMF liquid (b) at different nominal compressive strain. t = 0.07 mm,
R = 1.7 mm and l = 15 mm.
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shell is prohibited during compression. This is suitable to analyze
the energy absorption mechanism of NMF liquid filled system.
Two different infiltration pressures, Pin = 6 MPa and Pin = 9 MPa
with the same porosity np = 0.3, are simulated to study the influ-
ence of the infiltration pressure of the NMF liquid to the energy
absorption of the hybrid system.

The energy absorbed by the whole system and the NMF liquid
are tracked during compression. For the infiltration pressure of
Pin = 6 MPa, the energy absorption is contributed by the NMF liquid
when the nominal strain is smaller than 0.35. After that, the energy
absorption is contributed by the plastic deformation of the nickel
shell and the energy absorption of the NMF liquid is saturated.
However, for the infiltration pressure Pin = 9 MPa, the external
energy is dissipated firstly by the plastic deformation of nickel
shell when the nominal strain is smaller than 0.15, after that the
extra energy is absorbed by the NMF liquid.

By considering the force equilibrium in the nickel shell, the
pressure of NMF liquid acting on the circumferential shell should
be equilibrated by the stress r

r ¼ P
h
2t
: ð23Þ

Since the radial stress cannot be larger than the yield strength,
r 6 rY, which determines the maximum value of the infiltration
pressure Pin in the NMF liquid as

Pin ¼ rY
2t
h
: ð24Þ

For the above simulated system, the maximum infiltration is
Pin = 6.8 MPa. Therefore, for the NMF liquid with Pin = 9 MPa, the
infiltration does not occur at small deformation. As the compres-
sion proceeds, the height h of the nickel shell decreases so as to
increase the maximum attainable pressure, and finally induces
infiltration. Next, we examine the compressive behavior and
energy absorption characteristics of the NMF liquid and microtruss
system.

The NMF liquid can accommodate well with the wall buckling
of the microtruss which makes it an ideal pore filler to improve
the energy absorption of the microtruss system. Due to the very
large specific surface area of the nanoporous materials, the hybrid
system of NMF liquid and microtruss system holds great promise
in energy absorption [6]. The quasi-static crush behavior of the
microtruss filled with NMF liquid is simulated by FEM. With refer-
ence to Fig. 1(c) and (d), the hollow microtruss unit cell is filled
with NMF liquid and sealed by two plates. The NMF liquid is tied
to the inner surface of the microtruss and the general contact pro-
cedure is employed to describe the self-contact of microtruss and
contact between the microtruss and top and bottom plates. The
bottom plate is fixed and the top plate is compressed vertically
towards to the bottom plate at a given velocity. The reaction force
acting on the top plate is tracked during compression and then the
energy absorption is deduced.

3.2. Compressive behavior

The compressive deformation of 60� microtruss with NMF
liquid and without NMF liquid is shown in Fig. 4. The wall thick-
ness of the microtruss is t = 0.07 mm, radius R = 1.7 mm and length
l = 15 mm. The infiltration pressure of the NMF liquid is an impor-
tant parameter for the energy absorption of NMF liquid filled
microtruss. Here for the studied microtruss we set Pin = 9 MPa
(which is the optimized infiltration pressure for the given micro-
truss; more discussions on the optimized pressure for NMF
liquid-microtruss system will be elaborated in Section 3.3). The
porosity of the NMF liquid is np = 0.3, which is consistent with
the previous experiment [6]. For the 60� hollow microtruss wrin-
kles are localized near the ends after initial yield, leading to plastic
‘‘hinges’’. Subsequently, the system ‘‘crushing’’ (Fig. 4(b)) and the
load capacity quickly reduces, followed by a long plateau before
densification (see the dashed line in Fig. 6). However, if the micro-
truss is filled by NMF liquid, the plastic ‘‘hinges’’ are effectively



Fig. 5. The compression deformation of 90� microtruss with NMF liquid (a) and
without NMF liquid (b) at different nominal compressive strain with the wall
thickness of the microtruss t = 0.07 mm, radius R = 1.7 mm and length l = 15 mm.

Fig. 6. The non-dimensional stress and nominal strain curves for the microtruss
with and without NMF liquid for the compressive deformation shown in Figs. 4 and
5.
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suppressed, therefore the sudden ‘‘crushing’’ is avoided. Owing to
the support of NMF liquid to the wall of the microtruss, the overall
deformation is beam-like bending and the wave length of the wrin-
kles is also larger. Besides, the stress distribution in the microtruss
with NMF liquid filler is more uniform than the hollow microtruss,
see the contour plots in Fig. 4. Thus more energy can be dissipated
by the shell of the microtruss. Here the contour plots in Fig. 4 rep-
resent the von Mises stress distribution in the microtruss and the
legend is shown in the lower right corner. The post buckling load
capacity of NMF liquid filled microtruss is larger than the value
of hollow microtruss (see the solid line in Fig. 6) and is approaching
the ideal response of EAMS in Fig. 1(e).

To illustrate the influence of inclination angle, the comparison
of 90� microtruss with NMF liquid and without NMF liquid is also
studied with the same wall thickness, radius and length. The opti-
mized infiltration pressure is 10 MPa and the porosity of the NMF
liquid is np = 0.3. For the 90� hollow microtruss, the wrinkles are
generated at the middle region of the microtruss after initial buck-
ling and the wrinkles propagate to both ends with compression
proceeding. For NMF liquid filled 90� microtruss, there are also
some long-wavelength wrinkles generated after initial buckling,
and the stress distribution is more uniform than the case of hollow
microtruss, see the contour plots Fig. 5. The post buckling load
capacity is larger than the value of hollow microtruss, therefore
the energy absorption is enhanced.

The history of compressive pressure, P, acting on the top panel
as shown in Fig. 1(c) and (d) is analyzed. The non-dimensional
nominal stress in the microtruss is defined as P=�qrY, where �q is
relative density of hollow microlattice. For 60� microlattice, it
equals to [9]

�q ¼ 32pRtffiffiffi
3
p

l2 ¼
32pffiffiffi

3
p R

l

� �2 t
R
: ð25Þ

The initial buckling stress of microtruss with NMF liquid filler
and without NMF liquid filler is almost the same for both 60�
microtruss and 90� microtruss, respectively. The non-dimensional
initial buckling stress for 60� microtruss is about 0.75 and for 90�
microtruss is about 1 which is consistent with the previous results
for hollow microtruss [19]. As the bulk modulus of NMF liquid is
much smaller than the Young’s modulus of nickel, the contribution
to the initial buckling stress by the NMF liquid is very small. This is
consistent with our theoretical analysis in Section 2. However,
after the initial buckling, in contrast to the rapid decreasing of
the load capacity for hollow microtruss, the weakening of load
capacity for NMF liquid filled microtruss is smaller, especially for
90� microtruss, see Fig. 6. The energy absorption of NMF liquid
filled microtruss is improved by about 80% for the given parame-
ters. The influence of the geometrical parameters of the microtruss
to the energy enhancement will be discussed later. During com-
pression, the initial buckling stress is the peak stress rp (for both
60� and 90� microtruss with and without NMF liquid). In practical
application, the peak stress should be smaller than damage thresh-
old stress rth (rp 6 rth) of the protected devices. The NMF liquid
filler can increase the energy absorption but does not increase
the peak stress which is particular desired in protective structures.

3.3. Energy absorption enhancement

The infiltration pressure of NMF liquid is very important to the
energy absorption of NMF liquid filled microtruss. The maximum
absorbed energy per volume of the NMF liquid is on the order of
Pin�np. According to previous experiment, the porosity np of the
NMF liquid is about 0.3 and is difficult to improve further [6]. In
order to fulfill the energy absorption capability of NMF liquid,
the infiltration pressure should be as large as possible. However,
if the infiltration pressure is too large, the infiltration process can-
not occur and it is also limited by the damage threshold of the pro-
tected device; moreover, the compressibility of the NMF liquid
filled microtruss is weakened and the microtruss may be ruptured
during compression. The maximum infiltration pressure is con-
strained by the geometry of the surrounding structures and yield
strength of the surrounding materials, as discussed in Section 3.1.
For microtruss, based on the force equilibrium the maximum infil-
tration pressure is bounded by rYt/R. For the microtruss with
thickness t = 0.07 mm, radius R = 1.7 mm and the yield strength
of parent material 300 MPa, the maximum infiltration pressure
constrained by the structure and material is 12.4 MPa. However,
the maximum infiltration pressure cannot be always sustained
by the microtruss because of the very complicated deformation
of the microtruss during compression. Here the optimized infiltra-
tion pressure is selected to maximize the energy absorption of
NMF liquid during compression. For 60� microtruss the optimized



Fig. 7. The comparison of the energy absorption of hollow microtruss and NMF
liquid filled microtruss during compression for 60� microtruss with the wall
thickness of the microtruss t = 0.02 mm, radius R = 1.7 mm and length l = 20 mm.

Fig. 8. The energy absorption enhancement of NMF liquid filled microtruss to
hollow microtruss for 90� microtruss with different R/l = 0.17 (open squares), R/
l = 0.11 (open circles), R/l = 0.085 (open triangles) and 60� microtruss with different
R/l = 0.17 (solid squares), R/l = 0.11 (solid circles), R/l = 0.085 (solid triangles).
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infiltration pressure is 9 MPa and for 90� microtruss it is 10 MPa
(with the given material and geometrical parameters). This is
different from the simple structures simulated in Fig. 3 where
the nickel shell can hold the maximum infiltration pressure. For
microtruss, as the global bending and local wrinkles are accompa-
nied with compression, after the global bending or local wrinkles
occurred, the pressure in the NMF liquid is released so the maxi-
mum infiltration pressure may not be kept. According to the FEM
simulation, the optimized infiltration pressure for 60� microtruss
is about 0.7rYt/R and for 90� microtruss is about 0.8rYt/R, for dif-
ferent geometrical parameters t/R from 0.01 to 0.09 and R/l from
0.085 to 0.17.

From Fig. 6, the load capacity is increased by filling NMF liquid
into the microtruss, so energy absorption is improved. The energy
absorption enhancement comes from two parts, the additional
energy absorption by volumetric inelastic deformation of NMF
liquid and the energy absorption enhancement by microtruss. For
example, the energy absorption by NMF liquid and microtruss for
the 60� microtruss with the wall thickness t = 0.02 mm, radius
R = 1.7 mm and length l = 20 mm are given in Fig. 7. For an NMF
liquid filled microtruss, as the supporting of NMF liquid the plastic
buckling of microtruss shell is highly suppressed and the plastic
deformation in the microtruss is more uniform so as to double
the energy absorption of the shell, see the green dash dotted line
and black line Fig. 7. In addition, the NMF liquid will provide
another fold, see the red dashed line1 in Fig. 7, so that the total
energy absorption of NMF filled microtruss is 3.3 folds of value of
the hollow microtruss.

The effect of geometrical parameters is illustrated next. The
total energy enhancement of the NMF liquid filled microtruss for
90� and 60� microtruss with t/R from 0.01 to 0.09 and R/l from
0.085 to 0.17 is given in Fig. 8. As t/R increases, the ratio of the
energy absorption between NMF liquid filled microtruss and hol-
low microtruss ENMFtruss/EHollow decreases from 3 (t/R = 0.01) to
1.5 (t/R = 0.09). This is because the mass ratio between NMF liquid
to the hollow microtruss is inversely proportional to t/R, and for
smaller t/R the enhancement by NMF liquid filler is larger. The
influence of R/l and inclined angle of the microtruss to the energy
absorption enhancement is small.

The transmitted stress, rtr, is an important parameter for EAMS.
In practical application, the maximum transmitted stress should be
smaller than the damage threshold stress of the protected devices
1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
(rtr 6 rth). Therefore, the maximum energy absorption per volume
is bounded by the damage threshold stress as

Emax ¼ rth 1� rth

rY

� �
; ð26Þ

where (1 � rth/rY) is the upper bound densification strain of EAMS.
If the EAMS has an ideal mechanical response like that shown in
Fig. 1(f), with the plateau stress rpl equals to the damage threshold
stress rth, and the EAMS is completely compressed to densification,
the upper bound energy absorption can be achieved. For hollow
truss microlattice structures, the densification strain is usually
about 0.85 which is slightly smaller than (1 � rth/rY) (�0.98). How-
ever, for the hollow microtruss structures, the maximum transmit-
ted stress usually occurs at the initial buckling of the microtruss
which is larger than the plateau stress, see Fig. 6. Therefore, the
upper bound energy absorption is hard to achieve. The relationship
between volume energy absorption density and damage threshold
stress for NMF liquid filled microtruss and hollow microtruss is
given in Fig. 9. The volume energy absorption density is well
bounded by Eq. (26). The NMF liquid filler does not increase the
maximum transmitted stress of microtruss system, but increases
plateau stress, so it is more approaching to the upper bound line.

3.4. Comparison with experiments

In order to validate the simulations, a model system of NMF
liquid filled microlattice was investigated experimentally. Quasi-
static crush tests were conducted on 60� hollow and NMF liquid
filled microlattice structures with the wall thickness t = 0.03 mm,
radius R = 1.7 mm and length l = 15 mm, with relative density
about 1.2%. The as-received nanoporous silica particles were
modified by trimethylchlorosilane (TMCS) to convert the naturally
lyophilic surface to lyophobic. The details of the surface modifica-
tion have been reported elsewhere [12,25,33]. Then, the pretreated
silica particles were dispersed into the liquid phase of 20%wt
1-Butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) aque-
ous solution. Upon external loading the NMF liquid exhibited an
infiltration stage from 0.8 MPa to 3 MPa, as shown in Fig. 10 the
sorption isotherm curve of the NMF liquid which is consistent with
the FEM simulation model. Here, because the nanopores in the sil-
ica particles were not uniform, the infiltration pressure was not a
constant since the largest nanopore was firstly filled by liquid.

In order to fill the NMF liquid into the hollow microlattice
structures, a stainless steel plate was attached to one end of the
microlattice by an Ecotech underwater adhesive. Then, the NMF



Fig. 9. The relation between energy absorption per volume and damage threshold
stress for NMF filled microtruss (squares) and hollow microtruss (circles). The
dashed line is the upper limit of volume energy absorption density.

Fig. 10. Sorption isotherm curve of selected NMF liquid filler.
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liquid was injected into the hollow microtruss and the filled micro-
lattice was sealed by another stainless steel plate using the same
adhesive. Here, for the comparison the hollow microlattice struc-
tures were also attached by two stainless steel plates; see also
Fig. 11(a) and (b). Afterward the hollow and NMF liquid filled
Fig. 11. The compressive deformation of 60� hollow mi
microlattice structures were compressed by an Instron machine
quasi-statically, and the compressive deformation was illustrated
in Fig. 11(a) and (b). Similar to the FEM simulation results, there
are wrinkles and plastic ‘‘hinges’’ generated in the hollow microlat-
tice, while for the NMF filled microlattice the wrinkles are effec-
tively suppressed and the deformation is more permanent.

The compressive stress–strain curves of both systems (Fig. 11)
are given in Fig. 12. The post buckling stress of the NMF liquid filled
microlattice is almost identical to the initial buckling stress, so that
the mechanical response of NMF liquid filled microlattice
approaches the ideal mechanical response of EAMS shown in
Fig. 1(d), while for the hollow microlattice the load capacity is sig-
nificantly weakened after the initial buckling which is consistent
with the previous FEM simulation results. Here the peak stress
(the initial yielding stress) of the empty structure and NMF liquid
filled structure is different, as given in Fig. 12. This is because the
peak stress is usually influenced by defects of the microlattice
structure and in our current experiments the structure is very
small (R�1.7 mm, t�0.03 mm), we cannot ensure all of the samples
have exactly the same structures and perfect cylindrical micro-
truss, so that there is different peak stress in Fig. 12. However from
the experiment it is clearly shown the NMF liquid filler can effec-
tively suppress the weakening of the load capacity after initial
yielding which is exactly same as the previous FEM simulation
results. Meanwhile the energy absorption capacity was improved
by about 30%, from 0.28 J/cc to 0.37 J/cc. Here, the energy absorp-
tion improvement by NMF liquid filler in the experiments is much
smaller than the FEM simulation results. This is because the stud-
ied microlattice structures are very small (diameter � 3.5 mm) and
the air is hard to exclude during the injection of the NMF liquid.
Therefore the energy absorption improvement is lowered by the
presence of air.

4. Strain hardening effect

In Section 3, the constitutive relation of the parent material of
the microtruss is elastic-perfectly plastic and in this section, the
strain hardening effect of the parent material on the energy
absorption for both NMF liquid filled microtruss and hollow
microtruss is studied. The parent material of the microtruss is
assigned bilinear stress–strain response such as aluminum alloy,
crolattice (a) and NMF liquid filled microlattice (b).



Fig. 12. Quasi-static compressive strain–stress curves of 60� hollow microlattice (a) and NMF liquid filled microlattice (b).

Fig. 13. The compressive deformation of 60� microtruss with strain hardening
effect for NMF liquid filled microtruss (a) and hollow microtruss (b) at different
nominal compressive strain with the wall thickness t = 0.07 mm, radius R = 1.7 mm
and length l = 15 mm.

Fig. 14. The compression of 90� microtruss with strain hardening effect of the
microtruss for NMF liquid filled microtruss (a) and hollow microtruss (b) at
different nominal compression strain with the wall thickness t = 0.07 mm, radius
R = 1.7 mm and length l = 15 mm.
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with moderate strain hardening (tangent modulus, Et/E = 0.01)
which is consisted with the previous work [9]. In order to compare
the strain hardening effect on energy absorption, the density,
Young’s modulus and yield strength of the microtruss material
are kept the same as the values listed in Section 3.

4.1. Compressive behavior

The compressive deformation of 60� microtruss with strain
hardening effect is given in Fig. 13. The overall deformation is sim-
ilar to that without strain hardening effect, for both NMF liquid
filled microtruss and hollow microtruss, see Fig. 4. However, the
stress distribution is different when strain hardening is taken into
consideration. Here the contour plots represent the von Mises
stress distribution in the microtruss. As the plastic strain is relative
large at the wrinkles, the high stress region localizes at the wrin-
kles, and, thus, the further formation of wrinkles is suppressed.
The number of wrinkles with strain hardening effect is less than
the cases without strain hardening effect, and the wave length of
the wrinkle is larger.

The compression of 90� microtruss with strain hardening effect
for both NMF liquid filled microtruss and hollow microtruss is
given in Fig. 14. The overall deformation is similar to the
deformation of 90� microtruss without strain hardening effect as
shown in Fig. 5. However, the wrinkles are suppressed by the strain
hardening effect and the high stress region localizes near the wrin-
kles, which is somewhat similar to the condition of 60� microtruss
with strain hardening.

In Fig. 15, the nominal stress–strain curves show that owing to
the strain hardening effect, the stress slightly increases after initial
buckling for both 60� and 90� microtrusses. This is different from
the microtruss without strain hardening effect where the peak
stress is the initial buckling stress. For the hollow microtruss, the
stress quickly decreases to the same level of the hollow microtruss
without strain hardening effect, and the energy absorption
enhancement by strain hardening effect is negligible. On the other
hand, with the strain hardening effect, the microtruss can support
higher pressure to the NMF liquid inward and the optimized
infiltration pressure of the NMF liquid is increased. The optimized
infiltration pressure for 60� microtruss in Fig. 13 is about 18 MPa



Fig. 15. The comparison of non-dimensional stress strain relation for NMF filled microtruss and hollow microtruss with and without strain hardening effect, for 60�
microtruss (a) and 90� microtruss (b). The wall thickness of the microtruss is 0.07 mm, radius is 1.7 mm and length is 15 mm.

Fig. 16. The comparison of the energy absorption between microtruss with strain
hardening effect and without strain hardening effect for 60� hollow microtruss
(squares), 60� NMF liquid filled microtruss (circles), 90� hollow microtruss
(triangles) and 90� NMF liquid filled microtruss (diamonds).
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and for 90� microtruss in Fig. 14 is about 20 MPa which is two
times the values without strain hardening effect studied in Sec-
tion 3. Subsequently, the post buckling loads are significantly
improved for both 60� and 90� microtruss. Therefore, the energy
absorption is significantly improved for the NMF filled microtruss
by counting for the strain hardening effect.

4.2. Energy absorption enhancement

The comparison of the energy absorption between microtruss
with strain hardening and without strain hardening effect is given
in Fig. 16. Here Eh is the energy absorption of microtruss with
strain hardening effect and Enh is its counterpart without strain
hardening effect. The infiltration pressure of NMF liquid for micro-
truss with strain hardening effect and without strain hardening
effect is optimized, respectively. The energy absorption enhance-
ment of strain hardening effect for hollow microtruss is small
and the energy absorption ratio of Eh/Enh is between 1 and 1.3
for both 60� and 90� microtruss with different t/R, which is consis-
tent with the stress–strain curves in Fig. 15.

By contrast, the strain hardening effect of microtruss can signif-
icantly help it to hold a larger infiltration pressure, thereby pro-
moting energy absorption. The energy absorption enhancement
by the strain hardening effect increases with t/R, for 60� microtruss
the energy absorption ratio Eh/Enh increases from 1.4 to 1.6 as t/R
increases from 0.01 to 0.09, while for 90� microtruss the energy
absorption ratio is higher (from 1.6 to 2.0). Here Enh is the energy
absorption of NMF liquid filled microtruss of the same geometrical
parameters without strain hardening effect. This is because for
NMF liquid filled microtruss the beam-like bending is the overall
deformation, and as t/R increases, the strain hardening effect con-
tributes more to the energy absorption of beam-like bending. By
introducing the strain hardening effect the energy absorption
between NMF liquid filled microtruss and hollow microtruss
Enh,NMFtruss/Enh,Hollow is improved from 2 to 4.5 compared to the
microtruss without strain hardening effect from 1.5 to 3 in the
studying parameter.

5. Discussion

Although the energy absorption can be improved by NMF liquid
filler, it is under the premise that no leaking takes place. If the
microtruss fractures during compression, the NMF liquid will leak
and the energy absorption enhancement by NMF liquid filler will
be lost. The equivalent plastic strain of the microtruss during com-
pression is given in Fig. 17. Here the equivalent plastic strain is
defined as

ePEEQ ¼
Z t

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

_epl : _epl

r
dt; ð27Þ

where _epl is the increment of the plastic strain. For hollow micro-
truss without strain hardening effect the distribution of the equiv-
alent plastic strain during compression is shown in Fig. 17(a). The
high plastic strain localizes at the wrinkled region. For the hollow
microtruss the energy absorption is contributed by the plastic
deformation of shell, so the major energy absorption is at the
regions of wrinkles, while the other part of the microtruss is not
fully utilized. For the NMF filled microtruss, owing to the support
of the NMF liquid, the distribution of equivalent plastic strain is
more uniform, see Fig. 17(b). This is the additional energy absorp-
tion enhancement by shell of the microtruss depicted in Fig. 7.
For the NMF liquid filled microtruss, there is also plastic strain
localization at the wrinkles. As shown in Fig. 17(b), the maximum
equivalent plastic strain is about 0.6 with the nominal compression
strain of 0.63. At this large plastic strain, it may generate fracture in
microtruss. Nevertheless, the energy absorption is still improved
before the NMF liquid leaks. As the wrinkles can be suppressed by
the strain hardening effect, for the NMF liquid filled microtruss with
strain hardening effect, the equivalent plastic strain is more
uniform and the maximum equivalent plastic strain is smaller
(about 0.34 at the nominal strain of 0.63), see Fig. 17(c).



Fig. 17. The distribution of the equivalent plastic strain during compression for hollow microtruss without strain hardening effect (a), NMF liquid filled microtruss without
strain hardening effect (b) and NMF liquid filled microtruss with strain hardening effect (c). The wall thickness of the microtruss is 0.07 mm, radius is 1.7 mm and length is
15 mm.
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The leaking problem is a challenge for energy absorption
enhancement by NMF liquid filler. In fact, we found that the leak-
ing problem was not very serious in experiments. This may be
caused by two reasons: the electroplate nickel employed in the
experiments has limited strain hardening effect and the maximum
equivalent plastic strain is smaller than that of FEM simulation
(Fig. 17(b)); and the high plastic strain region is much localized
at the wrinkles and the initial fracture may not propagate (that
any fluid leakage may be slow). In order to avoid leaking, materials
with high toughness such as polymer and composites, may be con-
sidered to construct the microtruss.

Furthermore, the hollow truss microlattice structures in the
experiments are well-connected and the NMF liquid can flow
through the microtruss members. This is especially useful to miti-
gate the ballistic impacting energy. Thanks to the fluidity of the
NMF liquid, the pressure of the NMF liquid inside the whole
microlattice is the same, which means that all of the NMF liquid
can contribute to the energy absorption and protection of the
localized ballistic impacting. This is the spread effect of the NMF
liquid which will be studied in future.

6. Conclusions

The energy absorption of hollow truss microlattice can be
improved by NMF liquid filler. The compressive deformation map
of hollow microtruss is given based on which the yielding criterion
of NMF liquid filled microtruss is proposed. In order to fulfill the
energy absorption capacity of NMF liquid, the infiltration pressure
should be properly optimized. For 60� microtruss, the optimized
infiltration pressure is 0.7rYt/R and for 90� microtruss it is
0.8rYt/R. If the infiltration pressure of NMF liquid is too small,
the potential of the energy absorption of NMF liquid is not fully
utilized; on the other hand, if the infiltration pressure is too large,
the infiltration process cannot occur and the NMF liquid becomes
too rigid, so that the compressibility of the microtruss structure
is weakened and the microtruss may be ruptured during
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compression. The energy absorption enhancement by NMF liquid
filler comes from two parts: one is the energy absorption by the
NMF liquid and another is the energy absorption enhancement
by the plastic deformation enhancement of the microtruss. The
energy absorption enhancement by NMF liquid filler decreases as
t/R increases. The ratio of energy absorption between NMF liquid
filled microtruss and hollow microtruss ranges from 3 (t/R = 0.01)
to about 1.5 (t/R = 0.09) for both 60� and 90� microtruss.

The energy absorption of NMF liquid filled microtruss can be
further improved by the strain hardening effect of the materials
of the microtruss. The enhancement by strain hardening effect
increases as t/R increases, and the energy absorption can be
improved about one fold for 90� microtruss with t/R = 0.09. Hence,
by introducing the strain hardening effect the energy absorption
between NMF liquid filled microtruss and hollow microtruss
Enh,NMFtruss/Enh,Hollow can achieve 4.5. The strain hardening effect
can also reduce the plastic strain localization at the wrinkles of
the microtruss during compression, which may help to suppress
the leak of NMF liquid. This study reveals the energy absorption
enhancement mechanism by NMF liquid filler, which may be help-
ful to design high energy absorption structures.
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