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ABSTRACT

We have characterized the mechanical behavior of aligned carbon nanotube (CNT) arrays
that serve as foam-like energy absorbing materials, by using atomic force microscope
indentation. It is shown that the mechanical properties (e.g. elastic modulus, adhesion
force, and energy dissipation) of aligned CNT arrays are dependent on the length of CNTs
as well as chemical environment that surrounds CNT arrays. More remarkably, it is found
that CNT array made of CNTs with their length of 10 pm exhibits the excellent damping
property (i.e. energy dissipation) higher than that of a conventional composite such as Kev-
lar. It is also shown that the energy dissipation of CNT arrays during loading-unloading
process can be reduced by the solution surrounding CNT array, and that the decrease of
energy dissipation for CNT array due to solution depends on the solution type, which medi-
ates the interaction between individual nanotubes. Our study sheds light on the design

principles for CNT array-based foam-like materials.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotube (CNT) has recently been considered as an
excellent candidate for building blocks [1] for the develop-
ment of large-scale hierarchical structures, which can serve
as a multifunctional devices (e.g. antenna [2], resonator [3],
etc.), due to the remarkable optical, electrical, and mechani-
cal properties of CNT. For instance, it has been reported that
CNT can possess the elastic modulus in the order of 1 TPa
much higher than that of conventional materials [4,5], sug-
gesting that CNT is a useful building block for the develop-
ment of a structure performing the mechanical functions.
This remarkable elastic property of CNT has led researchers
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[6-9] to develop the vertically aligned CNT array that can serve
as a foam-like material due to the viscoelastic behavior of
CNT array. Specifically, when the aligned CNT array is
mechanically compressed, the frictional interaction between
individual CNTs driven by buckling of CNTs leads to the visco-
elastic behavior of CNT array rather than the elastic deforma-
tion. When CNT array is compressed by mechanical force,
CNT array absorbs the thermal energy during the deforma-
tion. On the other hand, when the mechanically compressed
CNT array is released by unloading, CNT array dissipates the
absorbed thermal energy. This observation suggests that
CNT array can serve as a material that is capable of energy
absorption and mechanical damping [9,10], which implies
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that CNT array can serve as an energy absorbing material that
can be employed for engineering applications such as bullet-
proof material in military. Until recently, a polymeric material
such as Kevlar has been widely utilized as a damping mate-
rial, due to its viscoelastic properties, that has been used for
bullet-proof material in military. It is conjectured that CNT ar-
ray may supersede the polymeric material due to the control-
lable viscoelastic properties of the CNT array as described in
this work.

To characterize the mechanical behavior of CNT array in
response to compression, we have employed atomic force
microscope (AFM) indentation [11,12], which is useful in
studying the mechanical behavior of nanoscale materials
ranging from biological materials (e.g. virus [13], cell [14],
etc.) to nanomaterial (e.g. CNT [15,16], nanowire [17-19],
CNT membrane [20,21], etc.). For instance, the mechanical
properties of nanomaterials can be extracted from AFM
indentation experiments along with theoretical models. In
particular, if the nanomaterial exhibits the elastic properties,
the force-displacement curve obtained from AFM indentation
can be fitted to Hertz theory [22] for extracting the elastic
modulus of such nanomaterial. When the nanomaterial pos-
sesses the viscoelastic properties (as in the case of aligned
CNT array [7]), Oliver-Pharr model [23] is suitable to extract
the mechanical properties from the force-displacement curve
obtained from AFM indentation.

Even though the mechanical behavior of aligned CNT array
in response to mechanical compression has recently been
extensively studied [6-8,10], it has been still not well studied
how to optimize the mechanical (damping) properties of
CNT array. In order for CNT array to act as an energy absorbing
material and/or a mechanical damper [10], it is of high impor-
tance to know how to maximize the damping properties (i.e.
energy dissipation) of CNT array, which has been rarely taken
into account. Since the damping properties of CNT array orig-
inates from buckling-driven frictional interactions between
CNTs during compression, it may be possible to optimize
the damping properties of aligned CNT array through control-
ling the frictional interaction between individual CNTs. In
this study, we have demonstrated how to achieve the opti-
mized damping properties of aligned CNT array, which can
serve as a foam-like material, based on controlling frictional
interaction that depends on both the structural parameter
of CNT array and the medium that surrounds CNT array.

2. Experimental
2.1.  Preparation of aligned CNT array

For fabrication of aligned CNT array, we have utilized a con-
ventional thermal-chemical-vapor-deposition (TCVD) system
(SciEn Tech Co., Ltd.) that enables the chemical synthesis of
aligned CNT array. The mechanisms of TCVD-based synthesis
of CNT array are well described in a literature [24]. The TCVD
system includes (i) hydrocarbon feedstock gas (ethylene,
CoHy, 99.9%) as a carbon source, (ii) both hydrogen (Ho,
99.999%) and argon (Ar, 99.999%) gases as dilution and cata-
lytic gases, and (iii) substrate on which iron (Fe) as a catalyst
was deposited. In particular, the substrate consists of a p-type

silicon (100) wafer with a 3.5 um layer of thermal SiO,, where
Fe catalyst with its thickness of 1 nm is deposited on a Al,03
film with its thickness of 10 nm using an electron-beam evap-
oration method in a vacuum. The flow rate ratio of H, to C,H,
was maintained as approximately 2.5 during the growth
stage, while the flow rate of Ar is given as 100 sccm. The
growth time was varied in order to obtain CNT array whose
length ranges between 1 and 10 um. The chemical growth of
CNTs was performed at 750 °C and atmospheric pressure.
After the growth of CNT array, Ar gas was injected to TCVD
system in order to cool the TCVD system to a room tempera-
ture. The synthesized CNT array was imaged using scanning
electron microscopy (SEM, Hitachi S-4700) and transmission
electron microscopy (TEM, TECNAI G2 F30 S-TWIN) as shown
in Fig. 1a and b.

2.2. Nanomechanical indentation of CNT array

Fig. 1c illustrates the AFM-based indentation experiment that
probes the mechanical behavior of CNT array in response to
mechanical compression. Our conjecture is that the mechan-
ical behavior of CNT array is well reflected into a force-dis-
placement curve obtained from AFM indentation. In
particular, if CNT array exhibits the elastic properties for the
case in which friction between individual CNTs due to their
buckling is unlikely to occur, then the force-displacement
curve has a feature that the loading and unloading curves be-
come identical to each other (Fig. 1d). On the other hand, if
individual CNTs are buckled so as to induce the friction be-
tween CNTs during the compression of CNT array, then the
force-displacement curve possesses a hysteresis loop, which
is an indicative of the viscoelastic behavior. During the load-
ing path, the mechanical compression leads CNT array to ab-
sorb thermal energy; on the other hand, during the unloading
path, the mechanical relaxation of CNT array results in dissi-
pating the absorbed energy. As previously reported in a liter-
ature [7], CNT array can exhibit the stress-relaxation
behavior in response to static compressive strain, which is a
signature of viscoelastic property.

3. Results

3.1.  Role of CNT length on the mechanical behavior of CNT
array

We have studied the effect of CNT length on the mechanical
properties of CNT array, since the buckling of individual CNTs
during the compression of CNT array is determined by the
length of individual CNT. As shown in Fig. 2a, the force-dis-
placement curve of CNT array consisting of short CNT (i.e.
with its length of 1 pm) does not exhibit any hysteresis loop
in the force-displacement curve, indicating that a mechanical
compression leads to the elastic deformation of CNT array. In
other words, when a force even up to 25 uN is applied to com-
press the CNT array, the individual CNTs are unlikely to be
buckled so that the compression cannot lead to the mechan-
ical friction between individual CNTs (for details, see below).
However, the mechanical behavior of CNT arrays consisting
of longer CNTs (i.e. with their length of 5 or 10 um) in re-
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Fig. 1 - Schematic of nanomechanical indentation of aligned CNT array. Scanning electron microscope (SEM) images of CNT
array with CNT length of (a) 1 pm or (b) 10 pm. (c) Nanomechanical indentation of CNT array surrounded by air [left panel],
water [middle panel], or decane [right panel]. An enlarged inset of the schematic shows the mechanical frictions between two
individual CNTs (that comprise CNT array) during indentation. (d) Mechanical behavior of CNT array: left panel shows the
elastic behavior of CNT array, when individual CNTs do not undergo the mechanical frictions between them during the
mechanical indentation. Right panel depicts the viscoelastic behavior of CNT array, when mechanical indentation induces the
frictions between individual CNTs. (A colour version of this figure can be viewed online.)

sponse to a compressive force is quite different from that of
CNT array composed of short CNTs. Specifically, the force-dis-
placement curve of CNT array consisting of long CNTs in re-
sponse to compression exhibits the hysteresis loop in the
force-displacement curve, which is an indicative of viscoelas-
tic properties. That is, the force of 25 uN is sufficient to induce
the mechanical friction between CNTs during the compres-
sion of CNT array; such friction plays a critical role in the tran-
sition from elastic to viscoelastic behavior for CNT array.

For quantitative understanding the mechanical behavior
of CNT array, we have considered the elastic beam theory,
i.e. Euler-Bernoulli beam theory [25], that enables us to depict
the buckling behavior of individual CNT. A critical stress that
induces the buckling of CNT (responsible for the friction
between individual CNTs) is represented in the form of
Or = ECNT(m’/Lm;V)2 (Ref. [6]), where Ecnr is the elastic modulus
of CNT, r is the radius of CNT, and Lyw indicates the

half-wavelength of buckle along CNT. Accordingly, the critical
force that results in the buckling of CNTs can be obtained as
Fer = oAcnt, Where Acyt is the cross-sectional area of CNT.
The critical force leading to the friction between CNTs with
their length of 1 pym is computed as F., = ~190 uN, which is
much larger than applied force (i.e. Fgpp=25uN). This
suggests that an applied force of 25 uN is unable to induce
the buckling of short CNTs so that the mechanical friction be-
tween CNTs is unlikely to occur. This implies that a mechan-
ical compression due to force of 25pN induces the elastic
deformation of CNT array made of CNTs with their length of
1 um. However, the critical forces inducing the friction in
CNT arrays composed of CNTs with their lengths of 5 and
10 pm are estimated as F.,=~7 and ~0.2 uN, respectively,
which are smaller than the applied force (i.e. Fgpp =25 pN).
This indicates that the compression of CNT arrays consisting
of CNTs with their lengths of 5 or 10 um in response to an
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Fig. 2 - Nanomechanical properties of aligned CNT array measured in air. (a) Left panel shows the force-displacement curve of
CNT array with CNT length of 1 pym, while middle panel indicates the force-displacement curve of CNT array with CNT length
of 5 pm, while right panel provides the force-displacement curve of CNT array with CNT length of 10 pm. Nanomechanical
properties for CNT array as a function of the length. (b) Adhesion forces, (c) stiffness, contact modulus, elastic modulus and (d)
dissipated energies. (A colour version of this figure can be viewed online.)

applied force of 25 uN results in the viscoelastic behavior of
CNT array due to the buckling-driven friction between CNTs
during the compression.

For quantitative understanding of the mechanical behav-
ior of CNT array, we have computed the elastic modulus of
CNT array as a function of CNT length. In particular, the con-
tact stiffness (S.) is defined as the slope of an unloading curve
at an applied force, ie. S. = Fy/ul,_,,, where Fy indicates a
force measured along the unloading curve, u is the displace-
ment, and up is the indented displacement of CNT array that
is compressed by an applied force F,,,. The contact modulus
(Ec) of CNT array can be obtained as [11]

(1—v2S,)
e

T

E. =
c A,

(1)
where v is the Poisson’s ratio of CNT array, and A. is the con-
tact area given by

A, = nh’tan?0 2)

here, 0 is the angle of an indenter (i.e. AFM tip), and h, is the
contact depth defined as

3

where y is a tip-dependent geometry parameter; in the AFM
tip (i.e. conical tip), we have y=0.72. Based on the contact
stiffness given by Eq. (1), we can calculate the elastic modulus
of CNT array from a relation of [22]
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1-— 2
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E
Here, Eyp and vy, represent the elastic modulus and Pois-
son’s ratio of AFM tip, respectively, and E is the elastic modu-
lus of CNT array. It is clearly shown in Fig. 2c that the elastic

e = U — PFappS;*

2
1- Viip

Etip

(4)

modulus of CNT array depends on the structural parameter of
CNT array (i.e. CNT length) such that as CNT length decreases,
the contact modulus of CNT array increases. Moreover, in or-
der to gain a quantitative insight into the viscoelastic behav-
ior of CNT array, we have measured the dissipated energy
during loading-unloading process for CNT array. The dissi-
pated energy (Wp) is defined as:
o
Wy = [ i) ~ Folu)du (s)
Here, F; and Fy indicate the forces measured during load-
ing and unloading processes, respectively. It is shown that the
dissipated energy of CNT array composed of CNTs with their
length of 1pm is measured as <1pJ, which indicates that
the CNT array with CNT length of 1 pm exhibits the elastic
properties. However, the dissipated energy of CNT array con-
sisting of CNTs with their length of 5um (or 10 um) is esti-
mated as ~50p] (or ~65 pJ), which suggests that such CNT
array possesses the viscoelastic properties due to friction be-
tween CNTs. Our observations provide that the structural
parameter of CNT array (e.g. CNT length) determines whether
CNT array exhibits the elastic or viscoelastic properties. This
suggests that the ability of CNT array to serve as an energy
absorbing material is determined from the structural param-
eters of CNT array.

3.2.  Effect of solution surrounding CNT array on its
mechanical properties

We have studied the effect of water on the mechanical prop-
erties of CNT array, which is attributed to our conjecture that
water may mediate the indentation-driven frictional interac-
tions between individual CNTs constituting the CNT array.
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Here, it should be noted that since CNT possesses the super-
hydrophobic surface, it is usually difficult to fully wet the CNT
array by dropping the water onto CNT array. In order to induce
the wetting of CNT array, we have fully immersed the CNT ar-
ray into the water for a sufficiently long time. When the CNT
array is barely wetted, the effect of water on the mechanical
behavior of CNT array may not be predominant, so that the
mechanical deformation of barely wetted CNT array would
be close to that of CNT array in normal air. This implies that
the wetting behavior of CNT array may affect the mechanical
(i-e. viscoelastic) properties of CNT array. In this work, in order
to minimize the effect of wetting behavior of CNT array, we
attempt to fairly wet the CNT array by immersing it to the
water for a long time.

Fig. 3 depicts that the adhesion force, contact stiffness (or
equivalently, contact modulus), and energy dissipation of
CNT array, which consists of CNTs with their length of 1 um,
are not significantly affected by hydration. This independence
of the mechanical properties of CNT array composed of short
CNTs on hydration (i.e. water) can be easily understood from

Indentation Force
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our previous finding (e.g. Fig. 2a) that the mechanical behavior
of such CNT array is determined from only elastic deforma-
tion of individual short CNTs without any frictional interac-
tions between short CNTs. However, as anticipated, the
mechanical properties of CNT array consisting of long CNTs
(with their length of 5 or 10 ym) are critically dependent on
hydration. In particular, water decreases the adhesion force
of CNT array composed of long CNTs (Fig. 3a), while hydration
increases the contact stiffness of such CNT array (Fig. 3b). It is
found that hydration reduces the dissipated energy of CNT ar-
ray consisting of long CNTs during loading-unloading process
(Fig. 3c). This clearly suggests that water can mediate the
indentation-driven frictional interactions between long CNTs
that constitute the CNT array. That is, water can play a role in
transition from the viscoelastic properties of CNT array (com-
posed of long CNTSs) to its elastic properties. Moreover, the
dependence of the mechanical properties of CNT array on
hydration is significantly governed by the length of CNTs
comprising the CNT array. The longer CNTs constituting the
CNT array, the larger change in mechanical properties (i.e.
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Fig. 3 - The changes of nanomechanical properties of aligned CNT array due to water. (a) Adhesion force, (b) contact stiffness,
contact modulus, elastic modulus, and (c) dissipated energy, respectively, for CNT array, which was hydrated by water, as a
function of dehydration time. (A colour version of this figure can be viewed online.)
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adhesion force, contact modulus, and energy dissipation) for
the CNT array (Fig. 3) due to water. This can be elucidated
from our finding that longer CNTs constituting CNT array
are more likely to induce the viscoelastic properties of the
CNT array, and that hydration results in the transformation
of the viscoelastic behavior of CNT array to its elastic behav-
ior; the change of the mechanical properties of CNT array
due to hydration (i.e. water molecules) is ascribed to the
water-mediated transition from the viscoelastic behavior of
CNT array into its elastic behavior. Since the length of CNTs
constituting CNT array governs the viscoelastic behavior of
the CNT array, the CNT length plays a role in the water-med-
iated transition from the viscoelastic behavior of CNT array to
its elastic behavior. Furthermore, a change in the mechanical
properties of CNT array is also dependent on the dehydration
time (Fig. 3). This suggests that removal of water molecules
allow the CNT array to recover its viscoelastic behavior from
water-driven elastic behavior for CNT array. Our finding im-
plies that not only the hydration level but also the structural
parameter of CNT array determines the viscoelastic proper-
ties (i.e. contact modulus and energy dissipation) of CNT
array.

We have also investigated the effect of hydrophobic solu-
tion such as decane solution on the mechanical properties
of CNT array, which is ascribed to our conjecture that the dif-
ferent types of solution may induce the different frictional
interactions between CNTs resulting in the different mechan-
ical deformation behavior of CNT array. It is shown that the
immersion of CNT array into decane solution significantly de-
creases the adhesion force of CNT array (Fig. 4a), whereas dec-
ane solution increases the contact stiffness of CNT array
composed of long CNTs in comparison with that of CNT array
in air (Fig. 4b). More remarkably, it is found that decane solu-
tion reduces the dissipated energy of CNT array during load-
ing-unloading process. Moreover, the exposure of decane
solution-immersed CNT array to air for 24 h does not allow
the CNT array to recover the viscoelastic properties (i.e. en-
ergy dissipation) of CNT array (Fig. 4c). This elucidates that
decane solution induces the different frictional interactions
between CNTs (constituting CNT array) from the case of
water-mediated frictional interaction between CNTs. In par-
ticular, the amount of reduction in the energy dissipation of
CNT array (consisting of long CNTs) due to decane solution
is larger than that due to water solution; this indicates that
decane solution is more able to significantly induce the tran-
sition from the viscoelastic behavior of CNT array into its elas-
tic behavior than water molecules is.

3.3.  Microstructure analysis: solution-driven assembly of
CNTs

In order to further gain insight into the solution-mediated
frictional interaction between CNTs, which plays a role in
the mechanical properties of CNT array, we consider the
microstructure analysis using electron microscope images.
Fig. 5a—-c shows that CNT array consisting of short CNTs (i.e.
with their length of 1 um) remains nearly intact due to solu-
tion such as water and decane. However, both water and dec-
ane solutions induce a great change in the overall
morphology of CNT array composed of long CNTs (i.e. with

their length of 10 um) such that individual long CNTs are
assembled by such solutions. We conjecture that there is a
critical CNT length scale, at which a significant morphology
change of CNT array due to solution-driven assembly process
initiates. This assembly process dependent on the CNT length
is probably due to the CNT length-dependent flexibility of
CNT array [26]. This capillary-driven assembly due to water
is found to play a major role on the mechanical properties
of CNT array [8,27]. For example, when CNT array composed
of long CNTs was hydrated by water, it induces the repulsion
between CNTs, resulting in the decrease of mechanical fric-
tion between individual CNTs leading to a decrease in the en-
ergy dissipation of CNT array. On the other hand, the
dehydration of CNT array beyond certain duration (e.g. 25h)
reduces the water-driven repulsion between CNTs (Fig. 5e).
This process would restore and even further increase in the
energy dissipation of CNT array. Similarly, for the decane-
treated CNT array, the capillary-driven assembly was found
for the CNT array composed of long CNTs (Fig. 5f). In particu-
lar, a recent study [28] reports that, based on molecular
dynamics simulation, when decane molecules are adsorbed
onto the surface of CNTs, the stability of CNT array increases.
It is attributed to the fact that the decane molecule onto the
CNT surface still remains and serves as a “glue” between
CNTs in the array even after a sufficient dehydration. This re-
sult seems to be different from the case of water, where the
water molecules would be completely evaporated during the
dehydration process. It is presumed that the effective energy
dissipation for the decane-treated CNT array is difficult to
happen because the assembled array would behave as a large
body during dehydration, which prevents an efficient recov-
ery of viscoelastic properties of CNT array. The effect of
hydration and subsequent dehydration is further examined
by TEM analysis (Fig. 5g-i). A part of CNT array made of long
CNTs without any treatment before AFM indentation experi-
ment is shown in Fig. 5g. The CNTs are aggregated in the array
and the average inner- and outer-diameters of such CNTs are
found to be 9 and 14 nm, respectively. Upon water treatment
the degree of aggregation of individual CNTs is found to in-
crease (Fig. Sh), which is a good agreement with SEM result
(Fig. 5e). The individual CNTs after decane treatment are
found to stick together (Fig. 5i), which is possibly due to the
adhesive interaction between the decane molecules and
CNTs. The microstructure of CNT array is damaged during re-
peated AFM indentation experiment (inset of Fig. Sh).

4, Discussion:
properties

optimizing the damping

To gain a fundamental insight into the design principles pro-
viding how to optimize the energy dissipation of CNT array,
we have introduced the dimensionless energy dissipation,
which is useful in comparison between energy dissipations
obtained from nanoscale experiment (e.g. nano-indentation)
and macroscopic experiment (e.g. conventional tension/com-
pression test). The dimensionless energy dissipation is de-
fined as

= Wp _ Jo" [Fi(u) — Fy(w)]du

Wo CWe Jo? Fr(u)du ©)
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where Wy, is the dissipated energy during loading-unloading
process, which can be computed from Eq. (5), and Wg is the
stored elastic energy during the loading process. Fig. 6 pro-
vides the dimensionless energy dissipation of CNT array as
a function of CNT length and the type of medium surround-
ing CNTs constituting a CNT array (see also Table 1). It is
shown that the dissipated energy of CNT array consisting of
short CNTs during loading-unloading process is in the order
of 1% (with respect to the stored strain energy), which indi-
cates that such a CNT array behaves as an elastic material,
whereas the mechanical process leads CNT array composed
of long CNTs to dissipate the energy in a range of 60%, which
suggests that such a CNT array can serve as a mechanical
damper (or shock absorbing material). This clearly elucidates
the role of CNT length on the ability of CNT array to dissipate
the energy during loading-unloading process. Specifically, the
CNT length scale determines the deformation mechanism of
CNT array (Table 1); when the array made of short CNTs is de-
formed by a force, the CNT array undergoes the elastic defor-
mation. On the other hand, for CNT array made of long CNTs,

the CNT array experiences the viscoelastic deformation
mechanism due to force-driven buckling of nanotubes (that
induces the friction between nanotubes). It is remarkably
found that the dimensionless dissipated energy of CNT array
consisting of CNTs with their length of 10 um is higher than
that of Kevlar (Ref. [29]), which is one of polymers that per-
form excellent mechanical function (e.g. mechanical damp-
ing), and other polymers, e.g. polypropylene and acrylic (Ref.
[30]). This indicates that the CNT array is able to perform
the remarkable mechanical damping better than polymeric
materials. Moreover, as shown in Fig. 6, a chemical environ-
ment surrounding CNTs constituting the CNT array plays a
role in the mechanical behavior of CNT array. Specifically, it
is found that decane solution is more useful in decreasing
the energy dissipation of CNT array than water molecule. In
other words, decane solution is suitable to induce the transi-
tion of the viscoelastic property of CNT array into its elastic
property. Moreover, upon evaporation of decane solution
(>24 h), the viscoelastic property of CNT array is not recov-
ered, which is attributed to the fact that decane molecules
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1 um
SEM

Water

Decane

SEM TEM

Fig. 5 - Electron microscope images of CNT array. SEM images for CNT array with CNT length of 1 pm (a) without any
treatment, and treated (b) with water or (c) decane solution. SEM images for CNT array with CNT length of 10 pm (d) without
any treatment, and treated with (e) water or (f) decane solution. TEM images for CNT array with CNT length of 10 pm (g)
without any treatment, and treated with (h) water or (i) decane solution. AFM indentation experiments were not carried out
for only (a), (d), and (g). Each inset shows the enlarged images of CNTs comprising the CNT array. Inset figures in (e), (h), (f),
and (i) depict the assembled CNTs due to solution (e.g. water and decane).

are still adsorbed onto the surface of CNTs even when decane
solution is evaporated. On the other hand, when the CNT ar-
ray immersed into water is dehydrated (>24 h), the viscoelas-
tic behavior of CNT array is recovered, which suggests that
water molecules attached to the surface of CNTs are com-
pletely removed upon dehydration. This may suggest that
the immersion of CNT array into medium (or evaporation of
medium) affects the adhesive and frictional interactions be-
tween CNTs, which eventually makes an effect on the visco-
elastic behavior of CNT array. In summary, as described in
Fig. 6, the key design parameters that determines the defor-
mation mechanism of CNT array, are the CNT length and
chemical environment surrounding CNTs.To improve the vis-
coelastic behavior of CNT array, we need to understand the
mechanistic origin of the viscoelastic behavior of CNT array.
If one is able to change the mechanistic deformation mecha-
nism of CNT array, then the mechanical (viscoelastic) proper-
ties of CNT array would be manipulated. As described in
Section 3.1, the viscoelastic behavior of CNT array is attrib-
uted to the buckling-driven friction between CNTs constitut-
ing CNT array. The viscoelastic behavior of CNT array may
be tunable by changing the CNT alignment that affects the

interaction between CNTs as described in a literature [31].
Moreover, the viscoelastic behavior of CNT array is also re-
lated to the adhesive interactions between CNTs. Specifically,
Zhou et al. [32] showed that the adhesive interaction affects
the topology of both CNT and CNT array. More interestingly,
a recent study [33] reports that, by using molecular dynamics
simulation, the adhesive interactions between CNTs make an
impact on the mechanical deformation of CNT array. This
may be consistent with our finding (e.g. Fig. 5) that the visco-
elastic behavior of CNT array critically depends on the type of
medium, which makes an effect on adhesive interactions be-
tween CNTs. In addition, as described in a literature [34], the
viscoelastic behavior of CNT array may be also affected by
buckling that leads to separation of bundled CNTs.

One of possible routes to improve the viscoelastic behavior
of CNT array by changing its deformation mechanism, is to
chemically functionalize CNTs (e.g. using DNA molecules
[35]), which will affect both frictional and adhesive interac-
tions between CNTs; this chemical functionalization of CNTs
will result in the tunable viscoelastic behavior of CNT array
depending on the level of chemical functionalization. More-
over, the chemical functionalization is also able to induce
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Fig. 6 - Dimensionless energy dissipations of aligned CNT
array and polymers. Dimensionless energy dissipations of
Kevlar (Ref. [29], navy symbol), Polypropylene (Ref. [30],
yellow symbol), and Acrylic (Ref. [30], pink symbol) are
calculated by digitized method based on the force-distance
curve. Green symbols indicate the energy dissipation of
aligned CNT array in air. Purple symbols represent the
energy dissipation of aligned CNT array due to water.
Orange symbols provide the energy dissipation of aligned
CNT array in decane solution. Here, CNT array is composed
of short CNT (with their length of 1 pm) or long CNTs (with
their length of 5 pm, or 10 pm). (A colour version of this
figure can be viewed online.)

the bundling of CNTs, which leads to the different deforma-
tion mechanism of CNT array. A recent molecular dynamics
simulation found that the high mechanical strength of carbon
fiber is attributed to the fact that friction between chiral CNTs
in a hexagonally closed packed bundle is sufficient to exert
huge interaction forces between CNTs constituting the car-
bon fiber [36]. Another route to enhance the viscoelastic
behavior of CNT array is to change the inter-spacing distance
between CNTs constituting the CNT array, which eventually
affects the porosity of CNT array. A recent study by Cranford
and Buehler [33] reports that the porosity of the film made
of CNTs is a key design parameter that determines the
mechanical deformation mechanism of CNT-based films
and membranes. This suggests that it is possible to improve
the energy dissipation of CNT array by controlling the porosity
of CNT array.

Moreover, since the deformation mechanism of CNT array
depends on the loading mode (i.e. how a mechanical force is
applied), the viscoelastic behavior of CNT array may be af-
fected by the loading mode. In this work, the deformation
mechanism of CNT array is due to a force that is applied in
a direction parallel to the longitudinal direction of CNT (i.e.
along the CNT length). If a mechanical force is applied per-
pendicular to the longitudinal direction of CNT as in a case
of CNT buckypaper [33], the deformation mechanism of
CNT array may be mostly attributed to the bending of individ-
ual CNTs as well as adhesive interactions between CNTs. This
implies that the mechanical deformation mechanism of CNT
array is significantly affected by the loading direction, sug-
gesting that the viscoelastic properties (i.e. energy dissipa-
tion) of CNT array are critically dependent on the loading
mode.

Table 1 - Energy dissipation mechanism of CNT array at
multiple length scale.

Solution CNT length Energy Deformation
type scale (um)  dissipation mechanism
((2))
Air 1 <0.1 Elastic behavior
5 ~50 Viscoelastic behavior
10 ~70 Viscoelastic behavior
Water 1 <0.1 Elastic behavior
5 ~3 Viscoelastic behavior
10 ~6 Viscoelastic behavior
Decane 1 <0.1 Elastic behavior
5 20-60 Viscoelastic behavior
10 20-70 Viscoelastic behavior
5. Conclusions

In this work, we have demonstrated the design principles
showing how to modulate the mechanical properties of CNT
array that can serve as an energy-absorbing material as can
do a cellular material. The mechanical properties of CNT ar-
ray can be controllable by tailoring the indentation-driven
frictional interaction between CNTs, which depends on both
the structural parameter of CNT array and the solution that
mediates the interaction between CNTs. This shows how to
effectively design the CNT array that can perform the energy
adsorption. In the broader context, this approach is based on
the hypothesis that interaction between CNTs constituting
CNT array can be manipulated through appropriately chang-
ing a chemical environment around them. Similarity can be
found in a previous study [35] reporting that enzyme medi-
ates a degree of aggregation of DNA functionalized CNTs.
The fundamental principles for our work regarding the solu-
tion-mediated mechanical properties of CNT array is not fully
understood at this present stage. However, it is noteworthy
enough that the result demonstrated here would provide a
further insight into the design principles for CNT-based struc-
ture, as a foam-like material, which can perform the function
of energy absorption for future applications in engineering,
military, nanoscience and nanotechnology. Further efforts
should afford proof that interfaces the controllable mechani-
cal properties of CNT-based mechanical devices such as
biomimetic muscle units and mechanical energy storage
system.
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Figure S1. Force-distance curves of aligned CNT arrays measured in air. Left panel shows the force-
displacement curve of aligned CNT array consisting of short CNTs with their length of 1 pm, while middle
panel indicates the force-distance curve of aligned CNT array composed of CNTs with their length of 5 pm,
while right panel provides the force-displacement curve of aligned CNT array made of CNTs with their length
of 10 pm.
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Force-distance curves of aligned CNT arrays immersed in water and subsequently dehydrated. (a) Force-distance curve of aligned CNT array consisting of
short CNTs with their length of1 pm. (b) Force-distance curves of aligned CNT array composed of CNTs with their length of 5 um. (c) Force-distance curve of aligned
CNT array made of CNTs with their length of 10 um. Here, force-displacement curves were measured at dehydration time of 30 min (left), 2 hours (center left), 4 hours

S2



z z z z
2 = = 2
[0} o} [0 [0}
5} O 5] 5}
= = P =
e ha L e
10+ Decane— 1 pum -10 Decane — 1 um -10 Decane — 1 pum 10+ Decane — 1 ym
Dehydration Time — 30 min Dehydration Time — 2 hours Dehydration Time — 4 hours Dehydration Time — 24 hours
20 ! ! ! ! ! -20 ! ! ! ! ! 20 ! ! ! ! ! 20 ! ! ! ! !
0.0 0.5 1.0 15 20 0.0 05 1.0 1.5 20 0.0 05 1.0 15 20 0.0 0.5 1.0 15 20
Distance (um) Distance (um) Distance (um) Distance (um)
b
z z z z
2 2 = 2
o) o} o o)
2 2 2 2
2 e i 2
-107 Decane — 5 um -10 Decane — 5 um -10 Decane — 5 um -107 Decane — 5 um
Dehydration Time — 30 min Dehydration Time — 2 hours Dehydration Time — 4 hours Dehydration Time — 24 hours
200 2 4 6 8 20 2 4 6 8 205 2 4 6 8 200 2 4 6 8
Distance (um) Distance (pm) Distance (um) Distance (um)
c 30
Trace
20+
z z z Zz 10;
= = = =
<} <] L] @ of
e = = e
h h h h
-10¢ Decane — 10 pm -10 Decane — 10 pm -10 Decane — 10 ym -10¢ Decane — 10 ym
Dehydration Time — 30 min Dehydration Time — 2 hours Dehydration Time — 4 hours Dehydration Time — 24 hours
720 1 L L 1 1 720 1 1 1 L 1 720 L 1 1 1 L 720 1 1 L 1 1
0 2 4 6 8 0 2 4 ] 8 a 2 4 ] 3 0 2 4 6 8
Distance (um) Distance (pm) Distance (um) Distance (um)
Figure S3.

Force-distance curves of aligned CNT arrays immersed in decane solution and subsequently dehydrated. (a) Force-distance curve of aligned CNT array
consisting of short CNTs with their length of 1 um. (b) Force-distance curves of aligned CNT array composed of CNTs with their length of 5 um. (c) Force-distance curve

of aligned CNT array made of CNTs with their length of 10 um. Here, force-displacement curves were measured at dehydration time of 30 min (left), 2 hours (center left),
4 hours (center right), and 24 hours (right), respectively.
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