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a b s t r a c t

To effectively mitigating intense impact and blast waves, a novel protection mechanism is
proposed in this study where a significant amount of the incident energy can be
temporarily captured as potential energy in a nonwetting liquid-nanoporous material
system, thereby weakening the peak pressure and elongating the impact pulse. When the
pressure of a compressive wave traveling in a liquid overcomes the capillary resistance,
the liquid molecules quickly intrude into nanopores while retaining highly compressed
form. The incident energy is thus captured (temporarily stored) in nanopores in the form
of potential energy of intercalated water molecules, and then gradually released upon
unloading (which makes the system reusable). Comparing with other energy absorption
materials, the present system has the unique advantage of low activation pressure and
high energy density. Using comprehensive molecular dynamics (MD) simulations, the
effects of several key parameters (e.g., impact velocity, nanopore size, and pore composi-
tion) on energy capture are investigated, and the molecular mechanism is elucidated. The
findings are qualitatively validated by a parallel blast experiment on a zeolite/water
system.

Published by Elsevier Ltd.
1. Introduction

Conventional energy absorption materials, such as foams and honeycombs, dissipate energy through cell buckling and
extensive plastic deformation (Gibson and Ashby, 1997). Recent improvements, including material selection and cell
geometry optimization, are toward the goal of enhancing their capabilities for mitigating blast or impacting waves (Cao
et al., 2005; Evans et al., 2001; Nemat-Nasser et al., 2007; Schaedler et al., 2011). For instance, Hutchinson et al.
(Dharmasena et al., 2008; Xue and Hutchinson, 2004) studied the buckling mechanism of sandwich plates of different cell
structures. Tilbrook et al. (2006) developed an analytical model to elucidate the impulsive response of sandwich beams, and
found that an overlap in time scale could enhance shock resistance. Evans et al. (2010) proposed that the energy absorption
capability can be enhanced by using a hollow micro-lattice. Nevertheless, upon a high-speed impact loading or blast wave,
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due to the short timeframe and highly localized damage (e.g., shear localization and local softening), the failure stress may
be quite low (Zhu et al., 1997) which significantly reduces the overall protection capacity (Côté et al., 2004; Radford et al.,
2007), the system response may be quite slow and insufficient for blast/impact mitigation (Lindberg and Florence, 1987;
Moss et al., 2009), and the material may not be used repeatedly after cell buckling or fracture.

Recently, nanoporous materials became attractive for high-performance energy dissipation (Lee et al., 2010; Misra et al.,
2008; Teo et al., 2007), in part because the nano-sized cells are smaller than shear band (thus cell collapse and condensation
would provide a local hardening mechanism, instead of local softening) and have faster response time. Han et al. (2008)
found that the energy dissipation density of a nanoporous silica was on the order of 300 J/g. Kazemi-Kamyab et al. (2011)
carried out impact experiments on nanoporous aluminum with various porosities, and argued that that the energy
absorption and stress attenuation performances depend on the porosity, pore structure, as well as the interaction between
pore gas flow and solid wall. Moreover, when nanoporous materials are immersed in a non-wetting liquid, the pressure-
induced infiltration process can convert part of the external mechanical work to the excessive solid–liquid interfacial
tension, further enhancing energy absorption (with an energy density that exceeds 100 J/g) (Eroshenko et al., 2001; Han and
Qiao, 2006; Zhao et al., 2009b). The process is reversible (such that the system may be used repeatedly), and the liquid
phase helps to reduce localized damage, which achieves high energy density (Chen et al., 2006; Qiao et al., 2007).

A major dilemma of all preceding energy absorption or dissipation mechanisms is the intrinsic conflict between the
required high energy density (on mass or volumetric basis) and the desired low working pressure (for safety and comfort).
That is, the total absorbed energy can be estimated (on the zero order) as E¼PV, where P is the pressure under which the
energy mitigation mechanism works (e.g., for buckling, plastic deformation, or liquid infiltration) and V is the associated
system volume reduction. To achieve a high energy density (E per mass or volume), P must be as high as possible; but such a
system becomes “hard”, not only uncomfortable, but also unsafe if P exceeds the safety threshold of the personnel/devices to
be protected (the pressure of the transmitted wave can never be lower than the working pressure, P). In order to solve this
dilemma, novel energy mitigation mechanism that has at least one more degree of freedom needs to be discovered.

In this paper, we report a novel nanofluidic energy capture (NEC) mechanism through which an intensive impact or blast
energy can be effectively mitigated. This mechanism is underpinned by the unique characteristics of nanopores such that,
upon a pressure wave loading, a non-wetting liquid phase can infiltrate into the nanopores to reduce the overall system
volume, and the small ligament length and large impedance mismatch enables the energy capture effect, where a significant
portion of the incoming kinetic energy is temporarily captured as the potential energy of invaded liquid molecules in
nanopores. Furthermore, the ultralarge surface area and nanoscale confinement helps to “lock” the wave energy in
nanopores temporarily, significantly weakening the incoming energy, lessening peak pressure, elongating impact pulse, and
leading to an unprecedented performance of impact/blast energy mitigation (which is also reusable).
2. Description of NEC mechanism

The liquid–solid interfacial interaction is prominent at the nanoscale (Falk et al., 2010; Joseph and Aluru, 2008;
Sparreboom et al., 2009; Xu and Chen, 2013), which enables many unique nanofluidic behaviors (e.g., enhanced transport
(Holt et al., 2006; Hummer et al., 2001), strong size-dependence (Pascal et al., 2011)) and underpins novel devices such as
the nanofluidic thermal machine (Xu et al., 2011b), pump (Liu and Li, 2010), and energy harvester (Heyden et al., 2007),
among others. However, the intriguing nanofluidic intercalation behavior upon strong dynamic loading remains less
explored.
Fig.1. Schematic of the nanofluidic energy capture (NEC) mechanism. Upon a blast or impact stress wave, the solvent molecules and solvated ions become
highly compacted as they intercalate into the nanopores. The invaded molecules/ions rearrange themselves in a relatively ordered configuration while
retaining high wave/potential energy. Within a short time frame, a large amount of impact/blast energy can be transferred into the potential energy of the
confined liquid and temporarily trapped inside the nanopores, leading to a substantial mitigation of the impact/blast stress wave.
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With reference to the schematic Fig. 1, a nanoporous material is immersed in a non-wetting liquid and the pores are
initially empty. As an external wave pressure is applied on the system, when the pressure exceeds a threshold (Pi), the liquid
molecules/ions can overcome the capillary resistance and rapidly infiltrate into the nanopores. The intercalated liquid phase
carries the wave energy, and unlike in large pores, the confined energy may not transmit out through the nanopore walls
and is effectively “captured” inside in the form of potential energy of the invaded molecules. This “nanofluidic energy
capture” (NEC) effect should be attributed to the nearly incompressible nanopore walls and the large impedance mismatch
across the solid–liquid interface. The characteristic time of the pressure induced infiltration is around nanosecond, which
also ensures a fast response of the system with respect to intense stress wave loading. Upon unloading, the confined liquid
diffuses out of nanopores (at a much slower rate as compared to the infiltration rate) so that the captured energy is released
slowly. Thus, the process not only significantly reduces the peak load, but also elongates the impulse duration, and the
system is fully reusable. This mechanism is therefore distinct from the impulse confinement phenomenon observed in
granular materials (Daraio et al., 2006; Hong, 2005).

The “captured” energy in the NEC process can be estimated as E¼PwVp, where Pw is the wave pressure and Vp is the
nanopore volume (typically 40–80% in nanoporous materials). Thus, the more intense the wave is (i.e., the higher the Pw is),
the higher the wave mitigation efficiency would be. Meanwhile, the NEC activation/working pressure (Pi), i.e., the pressure
at which the liquid intercalation takes place, is determined by the capillary effect (effective surface and interface energies)
and is independent of Pw. That is, such a NEC system can capture high-pressure (Pw) wave energy at a low threshold pressure
(Pi), attractive to mitigating intense stress waves while ensuring safety and comfort of protected devices/personnel. In what
follows, atomistic simulations and experiments are carried out to quantitatively understand the NEC mechanism.
3. Atomistic simulation of NEC and molecular mechanism

3.1. Model and the computational method

Fig. 2 shows the computational cell which is developed on the basis of Fig. 1. A carbon nanotube (CNT) is employed to
model a smooth nanopore structure with length of L0 and diameter of D. Its left end is open and immersed in a water
reservoir; its right end is closed by a rigid carbon plane to quantify the length of CNT. The initial density of water inside the
reservoir is close to that of bulk water, ρ0¼998.0 kg/m3 at one atmosphere pressure (1 atm) and 300 K. The reservoir is
bounded by two rigid carbon planes: the right one is attached to the CNT to avoid colliding with the reservoir, and the left
one is movable to mimic a piston for being impacted by a foreign object. The impactor is also modeled by a rigid mass and it
collides the reservoir with a given initial velocity (energy), generating a pressure wave traveling from left to right – if Pw
exceeds Pi, water infiltration would occur. The receiver is a rigid carbon plane and fixed in space throughout simulations. Its
physical separation with the CNT will help extracting the transmitted force with high resolution and sensitivity through
their fore interaction. Afterwards, the system may bounce back (and the impactor may detach from the reservoir). The force
history transmitted to the receiver is recorded throughout the process, from which the transmitted impulse characteristics
are obtained. Periodical boundary condition is imposed on the four lateral planes of the computational cell, mimicking an
array of nanopores like that in a nanoporous material (Fig. 1). For comparison, a reference system is also setup with almost
identical characteristics, except that the left end of CNT is closed and water infiltration cannot occur.

The 12–6 Lennard–Jones (L–J) empirical force field and a Coulomb potential is used to describe the intermolecular
potential between atoms: UðrijÞ ¼ 4ε½ðs=rijÞ12�ðs=rijÞ6�þqiqj=4πε0rij, where rij denotes the distance between atom i and j, s
and εare the energy and length parameters, respectively. qi and qj are the partial charge assigned to atom i and j,
respectively, and ε0 is the dielectric constant. The PPPM (Particle–Particle Particle–mesh) technique with a root mean square
accuracy of 10�4 is employed to handle the long range Coulomb interactions among water molecules. The L–J interactions
are truncated at a cutoff distance of 10 Å suggested by Andrea et al. (Andrea et al., 1984). The water model is the rigid
Receiver
Nanopore

v

Impactor

Reservoir

“welded”

Fig. 2. The MD computational cell. This cell consists of an impactor, piston, water reservoir, boundary plane of reservoir, nanopore, and receiver (from left
to right). The impactor is rigid to mimic a foreign impact loading or shocks parallel with the axial direction of the nanopore with a velocity of v; the
movable piston is modeled by a rigid plane; the left open-end of the nanopore is inserted into the reservoir and is tied with the right rigid boundary plane
of the reservoir; its right is closed by a rigid carbon plane. The receiver is fixed throughout MD simulation and is used to extract the transmitted force
through the nanopore/water system. Periodical boundary condition is imposed to the four lateral planes of the cell.
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extended simple point charge model (SPC/E) (Berendsen et al., 1987). The CNT is assumed to be rigid since its flexibility has a
minor influence on the water infiltration process (Xu et al., 2011b; Zhao et al., 2009a), and that could also simulate a real
“stiff” nanoporous material whose nanopore wall can effectively block lateral energy transmission. The carbon–water
interaction is described by the L–J potential between carbon and oxygen atoms, with relevant parameters (sc�o ¼ 0:319 nm
and rc�o ¼ 0:3135 kcal=mol) obtained from the experimental low-coverage isotherm data of oxygen adsorption on graphite
which ensures the hydrophobicity of CNT (Werder et al., 2001, 2003).

Molecular dynamics (MD) program LAMMPS (large-scale atomic/molecular massively parallel simulator) is employed to
carry out the numerical simulations (Plimpton, 1995). After initialization, the system is equilibrated for 100 ps to minimize
system energy with NVT ensemble at ambient condition and the Nose/Hoover thermostat is used to maintain temperature
with a time constant of 0.5 ps. At this moment, the water molecules are outside the CNT due to hydrophobicity. During the
subsequent impact process, the NVE ensemble is employed and the history of the transmitted force, F , as well as the number
of intercalated water molecules, are obtained every 2.5 ps (the simulation time step is 0.5 fs).

3.2. Fundamental behavior of CNT/water system under impact loading

Taking a representative system, which consists of a (16,16) CNT and its opening is immersed in a reservoir with 1568
water molecules, we first investigate the system response under an impacting velocity of 50 m/s (impacting energy of 9.3 fJ).
The snap shots fromMD simulations are given in Fig. 3. Right after the impact, the system (CNT and reservoir) starts to move
toward the receiver, and the pressure in the reservoir builds up simultaneously. When the pressure wave arrives at the
entrance of nanopore, the capillary resistance (its variation with impacting rate is very small (Chen et al., 2008; Zhao et al.,
2009a) and not considered here) is overcome, and the highly compressed water molecules begin to invade the CNT and
move toward the end of the CNT, weakening the impacting energy, as well as the magnitude and rate of transmitted force on
the receiver. During this process, part of the incoming kinetic energy is converted to the potential energy of the intercalated
water molecules. Owing to the confinement of the wall and pushing of the pressure wave, the infiltrated water molecules
retain the highly compressed form until the pore is filled up. After the impactor bounces back, the pressure inside the water
reservoir is reduced, and the transmitted force, F , begins to decrease; meanwhile, the confined water molecules recede due
to the non-wetting surface of CNT, making the system fully reusable for repeated impact/blast loading. We should note that
the choice of force field between the receiver and CNT will affect the magnitude of transmitted force and since our focus is
on its comparison with that through the reference system so that the mechanism of energy dissipation can be elucidated
easily, rather than on a single transmitted force through the nanopore/liquid system, the most popular L–J potential is thus
employed to characterize their interaction (i.e., Van der Waals force).

Fig. 4 (a) gives the history of the transmitted force, which increases with infiltration, and it peaks at almost the same time
when the CNT is filled with compacted water molecules, and then it decreases at a slower rate upon unloading. Comparing
with the reference system, in the NEC system the peak load arrives later and the overall impulse time is longer, and the force
reduction is prominent. In what follows, we explore the fundamental mechanism of energy capture through the
characteristics of intercalated water molecules.

3.3. Characteristics of NEC: effect of impact velocity (v)

3.3.1. Reduction of transmitted force and impulse energy
For the same the CNT/water system employed above, Fig. 4(a) and (b) present the transmitted force under v¼50 m/s

with impacting energy of 9.3 fJ and 30 m/s with impacting energy of 3.35 fJ, respectively. We define the dimensionless
reduction of the peak transmitted force as ΔF ¼ ðFmax�Fmax

0Þ=Fmax
0 � 100%, where Fmax and Fmax

0 are the maximum
transmitted force in the NEC system and reference system, respectively. The calculated ΔF is 67.8% and 67.6% for v¼30 m/s
and 50 m/s, respectively. Fig. 5(a) further plots ΔF as a function of v and their associated impacting energy, Einput, where for
the present CNT geometry, ΔF varies nonlinearly and arrives maximum at the velocity of about 40 m/s.

The total transmitted impulse energy (on the receiver) can be estimated as W ¼ ξ
R t
0 F

2dt (Lu and Yu, 2003), which is
integrated over the entire impulse duration (see below), where ξ is material parameters and can be deemed the same for
NEC and reference systems. Similarly, a dimensionless reduction of the transmitted impulse energy is defined as
ΔW ¼ ðW�W 0Þ=W 0 � 100% with respect to the reference system. Fig. 5(a) shows that ΔW has a similar nonlinear trend
like that of ΔF, and reaches the maximum at about v¼30 m/s for the current CNT geometry. Both the maximum ΔF and ΔW
depend on the nanopore size, whose details are given below.

3.3.2. Elongation of impulse duration
Another parameter of interest is the total time of the transmitted impulse. With respect to Fig. 4, we define the

dimensionless ratio between the total transmitted impulse duration of the NEC system (τNEC) and reference system (τRef ) as τ.
The dash curve in Fig. 6(a) shows that τ reaches maximum at about v¼30 m/s for the current CNT geometry, consistent
with the maximum impulse energy reduction (dash curve in Fig. 5(a)), and implies the best performance of energy
mitigation.

The increased duration of transmitted impulse is directly related to the infiltration and defiltration processes of water
molecules. The number of water molecules inside the CNT is examined and plotted in Fig. 6(b). It can be seen that the



Fig. 3. Snapshots of water molecules invading and receding from the (16,16) CNT. All water molecules are included in side views; while only water
molecules inside the CNT are given in top views, and indicate the layered-structure of intercalated molecules. The diameter (D) and length (L0) of the CNT
are 2.17 nm and 9.84 nm, respectively; the impacting velocity (v) is 50 m/s(impacting energy of 9.3 fJ). The right blue line represents the receiver position
and the color “blue” is just consistent with “blue atoms” of the receiver in MD model. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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infiltration process is rather quick, whereas the defiltration is much slower. The rates of infiltration and defiltration are also
consistent with the impact velocity (despite that more water molecules invade the CNT at higher speed). The faster
defiltration rate occurring at higher v is likely caused by the larger potential energy captured inside the hydrophobic
CNT. According to Fig. 6(b), another dimensionless parameter, τde=τin, can be defined as the ratio between the defiltration
and infiltration times of water molecules. Fig. 6(a) shows that τde=τin increases with v, that is, for higher speed/energy
impact, defiltration is relatively more difficult due to the resistance of potential energy of water molecules left in the
reservoir.
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3.3.3. Captured energy
To estimate the captured energy, we calculate the ratio between the variation of potential energy of the intercalated

molecules with respect to that of bulk configuration, and calculated at the instant of the peak transmitted force and the
incoming kinetic energy, Ecapture=Einput . Fig. 5(b) shows that Ecapture=Einput increases with v when v is relatively low, and it
reaches a peak value (as much as 60% for the present CNT geometry) at about 40 m/s and then slowly reduces with further
increase of v. Indeed, when the impact speed is low the intercalation process is less prominent and the CNT may not even be
filled, and thus less energy is mitigated. With the increases of v, more water molecules and their associated potential energy
are captured; moreover, the reordering of confined water molecules in nanopores may further increase the capacity of NEC,
discussed later. Nevertheless, the maximum potential energy of water molecules that may get captured in the nanopore
depends on both pore geometry and impact speed. If v is very high, although the confined molecules can be more
compacted (and Ecapture is higher), however the incoming kinetic energy is even higher; thus, Ecapture=Einput becomes smaller.
When the curve in Fig. 5(b) is extrapolated to v¼0 m/s, there is no infiltration and no energy capture.

Note that from an energy point of view, when non-wetting liquids are forced to infiltrate a nanopore, part of the external
work converts to the excessive solid–liquid interfacial tension, and there is also energy dissipation through the friction
resistance exacted to the liquid by solid atoms when the infiltrated liquid segment transports in the nanopore, especially for
rough tubes like silica nanotube (Surani et al., 2005). For the CNT employed in the present paper, due to the weak
hydrophobicity and nearly frictionless surface of CNT (Supple and Quirke, 2003; Whitby and Quirke, 2007), the
contributions of both terms are much smaller than Ecapture, which is a distinctive characteristic of the NEC mechanism.
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3.4. Characteristics of NEC: effect of nanopore length (L0)

The nanopore volume is an important parameter determining the capacity of captured wave energy. The longer CNT is,
the more water molecules may intercalate, the larger reduction of the transmitted force and impulse energy, and the longer
invasion time leads to longer duration of the transmitted impulse. Once the CNT is filled, unless the ordering of confined
water molecules is adjusted, it becomes somewhat difficult to accommodate more water molecules; even if reconfiguration
is possible, the room for intercalating more liquid phase is limited within the nanoconfinement.

Consider a representative (16,16) CNT/water system under an impact velocity of 50 m/s, and L0 varies from 4.92 nm to
11.7 nm. Fig. 7 shows the transmitted force history for nanopore length L0¼4.92, and compared with a larger L0¼9.84 (Fig. 4
(a)), apparently both the transmitted force reduction and impulse elongation are more prominent with the longer
nanochannel. In Fig. 8(a), both the reduction of the transmitted peak force, ΔF , and reduction of the transmitted impulse
energy, ΔW , increase with CNT length. For the same impacting energy, the pressure wave generated in the reservoir is the
same, and thus the intercalated water molecules carry approximately the potential energy per molecule. This explains the
essentially linear variation of Ecapture=Einput with L0 in Fig. 8(b), as well as the trend of ΔW and ΔFin the dash curve Fig. 8(a),
within the current space of parameters under study. Fig. 9(a) indicates that the dimensionless impulse time, τ, also increases
monotonically with CNT length, which is associated with the time required to enter and exit the tube.

From the histories of confined water molecules in Fig. 9(b), the infiltration rate is the same owing to the same impact
velocity/energy. Likewise, the defiltration rates are close due to the similar level of compression of confined water
molecules; however, when the nanopore gets very long there are fewer water molecules remaining in the reservoir when
the pore is filled and when defiltration gets started, which imposes less resistance to defiltration, leading to a relatively
faster outflow. These observations are consistent with the plot of τde=τin in Fig. 9(a). Note that in this section, the initial
reservoir volume is fixed. On the other hand, if the initial reservoir volume increases proportionally with pore volume as the
pore length is increased, then the infiltration and defiltration rates will be essentially independent of pore length.
3.5. Characteristics of NEC: effect of nanopore diameter (D)

In this section, as we vary the diameter of CNT (with its length fixed at 9.84 nm), the length of reservoir is regulated so as
to keep the same volume ratio between CNT and reservoir. This approach may help to reveal the pore size effect more
clearly. The number of initial water molecules in reservoir is adjusted accordingly so as to keep the density of water inside
the reservoir close to that of bulk water, ρ0¼998.0 kg/m3 at 1 atm and 300 K after equilibrium. The impact velocity is fixed
at 50 m/s with impacting energy of 9.3 fJ.

Fig. 10 shows the history of the transmitted force for D¼1.35 nm ((10,10) CNT). Compared with a larger nanopore
diameter, D¼2.17 nm ((16,16) CNT) shown in Fig. 4(a), with the increase of CNT diameter, more kinetic energy will be
captured, leading to the reduction of the transmitted force and impulse energy, and the elongation of impulse duration.
Fig. 11 (a) gives the quantitative results of ΔF and ΔW as a function of D, where a nonlinear increasing trend is observed, and
also similar for Ecapture=Einput in Fig. 11 (b). The nonlinear variation is related to the lateral diffusion effect that is more
prominent in larger CNT. Note that with the increment of D, although more energy gets captured, the energy capture per
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unit volume does not necessary increase, which will be discussed later. The dash curve in Fig. 12(a) confirms that the
dimensionless transmitted impulse time increases with CNT diameter.

Fig. 12(b) presents the variation of the number of intercalated water molecules. Since the infiltration pressure (capillary
resistance) is smaller at larger D (Falk et al., 2010; Pascal et al., 2011; Xu et al., 2011b), a higher infiltration rate is obtained.
In a larger CNT, the initial defiltration rate is higher owing to the more prominent release of the captured energy, but later
the defiltration becomes slower since more molecules need to be evacuated. Overall, τde=τin increases with the increase of D.

3.6. Underlying molecular mechanism

As illustrated in Fig. 1, once the potential energy-carrying water molecules invade into the nanopore, they may rearrange
their configurations (in particular under higher speed impact) owing to the carbon–water interfacial interaction, which may
potentially affect the capacity of energy capture and impact duration. The study of the axial and radial density profiles of
water molecules may reveal some insights of the molecular mechanisms.

Taking the (16,16) CNT/water system as a representative example, Fig. 13(a) gives the density profile of water molecules
along the axial direction of CNT under the impact velocity of 30 m/s. During the infiltration stage, the water density is fairly
high near the entrance of the CNT, owing to the pressure wave that overcomes the capillary resistance and that keeps
feeding water into the CNT. On the other hand, for water molecules that have invaded the CNT, the axial density is
approximately a constant (along the axial direction) and much higher than that of bulk water – this suggests that the
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excessive potential energy carried by every intercalated water molecule is about the same. Structural transition of water
molecules may occur in a nanoenvironment under a high pressure, like phase transformation (Bai et al., 2006; Koga et al.,
2001; Srivastava et al., 2011; Takaiwa et al., 2008). However, since the most of popular water model including SPC/E model
employed in the present simulation cannot give a stable and real crystal structures like ice phase using the general MD
technique (Alexiadis and Kassinos, 2008), the structural evolution of highly compacted water molecules in CNTs is not
focused here. The axial density is also almost the same at different instants of infiltration (as well as when the pore is filled
up and during defiltration), indicating the cluster movement of compacted water molecules (Vaitheeswaran et al., 2004).

At a higher impact velocity (50 m/s), shown in Fig. 13(b), the axial density increases as the infiltration proceeds, which
indicates that under stronger pressure wave and confinement of nanopores, the intercalated molecules becomes more
compacted (which requires the reordering of the molecules); on the other hand due to the volumetric constraint, there is an
upper limit of the maximum captured energy (and the axial density is the highest when the pore is filled up) for a given
pore geometry. Likewise, the axial density decreases with defiltration (and at any instant, the density remains fairly uniform
in the axial direction). In other words, the energy is captured and released through continuous “clusters” of compressed
molecules, and the capture and release rates are different. In addition, the density profiles in Fig. 13 indicate that the
compaction level is approximately constant along the axial direction, and thus the captured energy varies almost linearly
with L0, consistent with the findings in Fig. 8(b).

Fig. 14 gives the radial density profile of water molecules inside the CNT. A fluctuation is observed due to competition
between water–water and water–carbon interactions, showing a layered model structure of water molecules at the radial
direction, similar to that at equilibrium (Hummer et al., 2001; Thomas and McGaughey, 2008; Werder et al., 2001). Such a
layered structure can also be seen from Fig. 3 (top view). The magnitude of the first solvation shell (FSS) becomes smaller
with the increase of velocity (Joseph and Aluru, 2008; Thomas and McGaughey, 2008), implying the water molecules are
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more closely-packed with stronger pressure waves, leading to higher captured potential energy. The decreased FSS also
echoes with that under high nanofluidic transport rate (Xu et al., 2012). The radial density profile upon defiltration is more
uniform than that during infiltration (which is consistent with the less ordering of confined molecules during defiltration in
Fig. 3), indicating a more “uniform” releasing of the captured energy.

The reduction of transmitted force and impulse energy with the increase of CNT diameter can also be understood by the
ordering of intercalated water molecules. Fig. 15 gives the axial and radial density profiles of water molecules at different D.
In the smaller CNT, despite fewer captured molecules, the axial density is higher, with more captured energy per volume.
The result implies that higher porosity (with smaller pore size) will in general benefit the overall performance of energy
mitigation.

3.7. Extend to silica nanopores

In order to study effect of solid–liquid interaction on NEC, the CNT is replaced with a silica nanotube (SNT) in this section.
The SNT is neutral overall with the partial charge in each silicon and oxygen atom of 0.89e and �0.445e, respectively.
The L–J parameters for interaction between the SNT and water molecules are so0 �o ¼ 0:333 nm, ro0 �o ¼ 0:153 kcal=mol and
ssi�o ¼ 0:3731nm, rsi�o ¼ 0:216 kcal=mol, where Si, O', and O represent the silicon and oxygen atoms in the SNT model, and
oxygen atom in the SPC/E water model. With these parameters, the SNT also behaves a hydrophobic interaction with water
molecules (Xu et al., 2011b). A larger SNT with D¼2.05 nm and a smaller SNT with D¼0.84 nm are investigated – their
diameter are analogous to that of a (16,16) CNT and a (6,6) CNT, respectively. When the diameter of SNT is varied, the
reservoir volume is regulated accordingly, like that in the study of CNT diameter effect described above. The length of all
tubes is fixed at 9.8 nm in this section.

For the larger tube diameter, Fig. 16(a) shows the transmitted force history, with ΔF¼69.09% and ΔW¼72.44%, and for
the smaller tube in Fig. 16(b), ΔF¼41.6% and ΔW¼45.69%. The trends are similar to the size effect of CNTs (see Fig. 11),
where ΔF and ΔW are 67.6% and 75.1% respectively for the larger (16,16) CNT, and 42.90% and 52.75% respectively for the
smaller (6,6) CNT. Thus, in the silica system the reduction of transmitted force is larger than the CNT counterpart, whereas
the reduction of transmitted impulse energy is smaller. The partially charged surface of SNT results a stronger interfacial
interaction with water molecules (Xu et al., 2011a), leading to fewer intercalated water molecules and thus less reduction of
transmitted impulse energy. Meanwhile the stronger interfacial interaction of SNT results in a higher effective shear stress,
and that could reduce the transmitted force. The differences between SNT and CNT, however, are relatively small since the
NEC mechanism is more dominant.

4. Experimental verification

In order to verify the nanofluidic energy capture mechanism, an impact test on nanoporous zeolite–water liquid system
was performed. The as-received material zeolite from Zeolyst was in particle formwith the size of 10–30 μm. The processing
and post-processing treatment procedures have been employed to obtain a slightly hydrophobic inner surface of nanopores,
and discussed elsewhere (Kim et al., 2008). The after-treated nanoporous particles were compressed at 1 MPa for 1 min to
form a disk-like geometry. Through a Tristar-3000 gas absorption analyzer (Gemini, The Netherlands) (Gregg and Sing,
1982), the nanoporosity was about 0.24 ml/g, the nanopore surface area was 700 m2/g, and the average nanopore size was
7.0 nm. Besides, the nanopores were open. The nanoporous zeolite disk was put into polypropylene pad. After deionized
water was added on this polypropylene pad, with its mass ratio to nanoporous particles of 1:2.5, the pad was thermally
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Fig. 17. The blast chamber setup. A high intensive pressure is generated in the pressure chamber, and propagates along the guide tube after breaking
through the diaphragm, and then arrives at the testing sample. The testing sample is tightly attached on the green supporting platform. The transmitted
force of input pulse through the sample can be collected through the red pressure sensor.
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sealed for a testing sample. The overall thickness of one testing sample was 2.3 mm. By using adhesives, the sample was
strongly glued to the surface of an aluminum supporting platform, and immediately behind the sample, a pressure
transducer was tightly mounted inside the stage and pressed firmly against the back of the pad, as illustrated in Fig. 17.

In order to generate a high impacting wave, a blast chamber setup was designed, shown in Fig. 17. This high-pressure
chamber was made of 2.54 mm thick solid aluminum alloy with cross-sectional diameter in 203 mm and depth in 254 mm.
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A high pressure up to 1.2 MPa could be generated in the chamber by using a 1.6 hp Craftsman A13277 compressor. A vinyl
diaphragm with thickness of 0.4 mm was placed at the front of the chamber to trigger a blast wave. When the generated
pressure inside the chamber reached the limit of the diaphragm, the diaphragm would break up, generating a Friedlander
wave. The wave would propagate through the guide tube, and impact on the testing sample which was placed about 10 cm
away. The transmitted force when the impacting wave transported through the testing sample could be measured by a
pressure transducer which connected with the testing sample behind. The input pulse was directly measured by a similar
pressure transducer that was mounted 25.4 mm away in the mounting stage, open to the air. In addition, a testing sample of
standard 6-lb expanded polystyrene (EPS) was employed for comparisons as a representative of conventional energy
absorption materials (EAM).

Fig. 18 shows typical measurement results of the input and transmitted waves. When the wave propagates through the
EPS sample, at the beginning stage, the profile of the wave is nearly identical with the input pulse, implying that buckling
deformation of cells does not occur at such a short time (with respect to the fast input impacting wave energy), since cell
buckling usually takes a few milliseconds (Bureau and Genron, 2003; Han et al., 2008). After the first 1.5 μs, the pressure
reduction takes place evidently compared with generated pressure (input pulse), indicating that energy absorption happens.
During the following overpressure plateau, the maximum pressure is reduced by about 20–30%.

When the wave transmits through the mixture of nanopore/liquid testing sample, the pressure reduction takes place
almost immediately at onset of pressure rising, thanks to the NEC mechanism. At the overpressure stage, a much pressure
reduction is observed compared with both the input and EPS curve and the peak pressure is only 0.035 MPa. The maximum
reduction of transmitted pressure is about 85% and 80% of that input pulse and EPS sample, respectively, showing that the
developed nanopore–liquid system can mitigate energy more efficiently and much faster. After this apparent energy and
force reduction, most of the input wave energy does not reach the pressure transducer, and a small oscillation of transmitted
force is observed till to completely be dissipated at 10 ms around. More importantly, the transmitted pressure curve is quite
smooth including the major low-pressure valleys. As a result, the transmitted wave profile consists of only a single phase,
with a slowly-rising, non-shock front, followed by a slowly-decreasing plateau, implying that part of input energy is
captured by the liquids, which qualitatively verifies above MD simulations.

We note that the present comparison between simulation and experiment is rather qualitative due to the several
limitations and practical challenges. For example, the pore network in zeolite is quite complicated in the experimental
systems and the diameter of pores is also not quite uniform. Besides, the surface of zeolite is modified for obtaining slight
hydrophobicity in experiment, making it difficult to incorporate the exact surface structure in simulation. In addition, the
scale difference between simulation cell and experiment system is another factor for challenging a quantitative match
between simulation and experiment. Nevertheless, the qualitative matching trends shown in simulation and experiment
have demonstrated the feasibility of the current MD model, and more quantitative coordination will be carried out in future.
5. Concluding Remarks

When an intensive stress wave is acted on a non-wetting liquid–nanoporous solid composite material system, we report
a new protection mechanism of nanofluidic energy capture (NEC). A significant part of the incident impact or blast wave
energy can be quickly converted to the potential energy of infiltrated water molecules and is temporarily captured (until the
nanopores are filled up), leading to a prominent reduction in both the transmitted force and energy (as well as elongation of
the transmitted impulse duration), and the captured energy is then gradually released. The NEC system has the unique
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advantage of high energy mitigation density and low working pressure (ensuring safety and comfort), fast response time (on
the order of ns) and it can be used repeatly; all these features making it ideal for mitigating highly intense stress waves.

MD simulations show that limited by the capacity of CNT, the maximum captured energy is a function of nanopore size,
pore composition, and impacting velocity; for given pore properties, there is an optimum velocity at which the NEC
mechanism is the most prominent. At a given impact velocity, the reduction of transmitted force and impulse energy
increase with the increase of nanopore length and diameter, however the energy captured per volume decreases with
increasing nanopore diameter. Molecular simulations show that the energy is captured and released through cluster
movement of compacted water molecules. A blast experiment on a nanoporous zeolite/water system is carried out and the
results qualitatively verify the MD findings.
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