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Mechanics of Indentation into
Micro- and Nanoscale Forests of
Tubes, Rods, or Pillars

The force-depth behavior of indentation into fibrillar-structured surfaces such as those
consisting of forests of micro- or nanoscale tubes or rods is a depth-dependent behavior
governed by compression, bending, and buckling of the nanotubes. Using a microme-
chanical model of the indentation process, the effective elastic properties of the constitu-
ent tubes or rods as well as the effective properties of the forest can be deduced from
load-depth curves of indentation into forests. These studies provide fundamental under-
standing of the mechanics of indentation of nanotube forests, showing the potential to use
indentation to deduce individual nanotube or nanorod properties as well as the effective
indentation properties of such nanostructured surface coatings. In particular, the inden-
tation behavior can be engineered by tailoring various forest features, where the force-
depth behavior scales linearly with tube areal density (m, number per unit area), tube
moment of inertia (I), tube modulus (E), and indenter radius (R) and scales inversely
with the square of tube length (L?), which provides guidelines for designing forests
whether to meet indentation stiffness or for energy storage applications in microdevice

designs. [DOI: 10.1115/1.4002648]
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1 Introduction

Highly ordered forests of one-dimensional micro- and nano-
structures such as nanotubes, nanowires, nanorods, and micropil-
lars have attracted much scientific interest owing to their outstand-
ing properties and myriad of applications, including biomimetic
interfaces [1-7], optoelectronics and solar cells [8—10], artificial
actuators [11-13], energy absorption materials [14—16], and tissue
engineering [17-20]. The geometric features of the individual
tubes (or rods) and the forest (e.g., tube height and diameter, for-
est packing density, and packing arrangement) provide the ability
to engineer surface mechanical behavior such as indentation
modulus and hardness, resilience and dissipation, friction and ad-
hesion, and other attributes such as wettability. For example,
highly controlled and complex microstructures can be actuated on
arrays of high-aspect-ratio silicon nanocolumns to offer multi-
functional characteristics such as superhydrophobic character and
sensing capabilities [12]. The bending and buckling of fibrils can
change the compliance and thus enhance the adhesion in bioin-
spired fibrillar interfaces [3]. The mechanical traction force ap-
plied by a biological cell to a substrate can be measured by the
deformation of polymer micropillar arrays as extracellular sub-
strates [17]. Because biological cells are sensitive to the elastic
stiffness of their microenvironment [21], it is also possible to fab-
ricate stimuli-responsive substrates [22] to modulate cell morphol-
ogy. Therefore, understanding the mechanical behavior of these
surface structures is essential for the manipulation and modifica-
tion of these materials.

Measuring the mechanical properties of micro- and nanoscale
materials is a challenge. Micro- and nanoscale materials can ex-
hibit mechanical behavior that differs from their counterpart bulk.
Recently, experimental methods have been developed to measure
the mechanical properties of the constituent nanotube/nanorod/
micropillar as well as the effective collective behavior of the for-
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ests, including nanoscale tensile tests [23,24], microcompression
tests [25], bending tests [26], and nanoindentation tests [27]. In
particular, instrumented indentation is a reliable means that mea-
sures mechanical properties such as effective elastic modulus and
hardness. Currently, the process of indentation has been explored
to determine the mechanical properties of carbon nanotubes,
nanowires, and nanobelts successfully [28-31]. Qi et al. [28] used
a sharp atomic force microscopy (AFM) tip to conduct nanoinden-
tation on the vertically aligned carbon nanotube forests to deter-
mine the effective bending stiffness of the tubes as well as the
collective behavior of the forest. Under indentation, each tube was
modeled as a cantilevered beam subjected to bending imparted by
the penetrating indenter. The nanoindentation technique is thus
shown to be applicable to investigate the mechanical behaviors of
heterogeneous materials, specifically nanotube/nanorod forests, in
addition to the more traditional homogeneous bulk and thin-film
materials. However, quantitative study of the underlying mechan-
ics of indentation on nanotube/nanorod forests is needed to ex-
plore the microscopic and macroscopic deformation mechanisms
as well as to understand how the effective indentation behavior
and properties scale with the features of the forest (areal density
of tubes, tube geometry, and mechanical properties).

In this paper, the fundamental mechanics of indentation on
nanotube/rod forests are investigated analytically and numerically.
Here, we restrict our attention to well-aligned nanotubes/rods/
micropillars under contact by a comparatively larger radius in-
denter. Use of a large radius indenter benefits the measurement by
(1) removing measurement dependence on local differences of the
spatial packing density of tubes, (2) covering more tubes to elimi-
nate single tube geometry discrepancy, and (3) reducing the influ-
ence of tube height distribution; furthermore, the larger indenter is
a more common tool and also emulates imposed loading condi-
tions, which may be of interest. A quantitative model considering
nanotube compression, bending, and buckling behavior is devel-
oped to understand the contribution of different deformation
mechanisms during the indentation process. The model also pro-
vides the force-depth scaling relation as well as its dependence on
tube properties and forest features. Finite element analysis (FEA)
is also used to analyze the mechanics of deformation for forests
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Fig. 1 Schematic of nanoindentation tests on nanotube
forests

Substrate

during nanoindentation and is shown to be in good agreement
with the analytical model. The models provide the effective inden-
tation behavior of nanotube/nanorod/micropillar forests and quan-
tify how this behavior can be engineered by tailoring tube modu-
lus, tube cross-sectional geometry, tube height, tube array
arrangement, and tube areal density.

2 Analytical Micromechanical Model

The contact force of indentation exhibits a strongly nonlinear
dependence on indentation depth. For a homogeneous elastic ma-
terial, the Hertzian elastic contact model [32], the most widely
used closed-form solution to calculate Young’s modulus from in-
dentation data, gives the nonlinear relation between the indenta-
tion force F and depth, &, with F ~pl3

F= 4E5 > RO‘Shl‘S (1)

3(1-v)

where E, and v, are the Young modulus and Poisson ratio of the
sample and R is the radius of spherical indenter. Results of inden-
tation into forests of coiled carbon nanotubes show a force-depth
relationship of F~h2, which accounts for the individual elastic
contribution of carbon nanotube and the contact geometry [16].
The underlying deformation mechanisms for a tube forest under
indentation are more complicated than that of a solid. For a sharp
indenter, when the tip indents into the tube forest, individual tubes
experience bending deformation [28]; for a larger indenter, indi-
vidual tubes are more directly compressed and then buckle upon
reaching a critical load since the contact force of each tube is
nearly parallel to the tube axis.

In this paper, we consider a general case of indentation tests on
tube forests with a large spherical indenter as illustrated in Fig. 1.
This analysis will allow determining material properties from the
complicated deformation behavior (compression, bending, and
buckling) of nanotube forests under indentation as well as provid-
ing a model to understand the effect of various forest features
(tube geometry, tube properties, and tube areal density) on the
effective indentation response. Considering an indenter radius R,
which is larger compared with the tube height L when the indent
depth h<h,, (a critical value determined by the tube buckling),
tubes can be treated as experiencing simple compression, neglect-
ing lateral deflection (see Fig. 2). The total indentation force F is
then simply given by

F=2P, )
A

where P;=EAy((h—h;)/L) is the indentation force for an indi-
vidual tube. E is the Young modulus of the tube, A is the cross-
sectional area of the tube, and #; is the indentation depth at which
the indenter encounters tube i (see Fig. 2). For a tube areal density
of m tubes per unit area, by assuming a uniform distribution, the
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Fig. 2 (a) Schematic of indentation on nanotube forests and
(b) diagram of a nanotube touched by the indenter

total indentation force of Eq. (2) is obtained by integration over
the contact area A

h—h,
F= EAO—mdAl (3)
A L

As illustrated in Fig. 2, dA;=2mRdh;—2mh;dh;. Equation (3) is
integrated to give

RI* - 1/3
F= mEAOﬂ'—L (4)

For R> h, the first term is dominant and the force-depth relation-
ship scales as F~h?, which agrees with the previous results for
forests of coiled carbon nanotubes [16] where in the case of coiled
tubes, the effective axial stiffness K is not equal to EA,/L but is
that of a coiled spring.

At a critical compressive load P, a tube will buckle; the criti-
cal depth corresponding to this load will be called . Therefore,
when the indent depth h=h,, buckling of the tube should be
considered when calculating the force. In this case, as shown in
Fig. 3, the tubes in penetration area A; experience h > h., and start
to buckle but tubes in penetration area A,, where h<<h,,, are still
under simple compression. The friction between the indenter and
the tubes affects the critical buckling load of an individual tube.
Two extreme cases are considered: one where the indenter/tube
interface is frictionless and one where it is completely rough (no
slip), giving end conditions, which correspond to clamped-free
beams and clamped-pinned beams, respectively (see Fig. 4).
Based on the classical Euler buckling theory [33], buckling occurs
when the force reaches a critical load given by

Fig. 3 Schematic of penetration (contact) area on nanotube

forests during indentation: A;—nanotubes are buckled;
A,—nanotubes are under compression
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Fig. 4 Schematic of a column under compression force: (a)
different boundary constraint in corresponding to the friction
between indenter and the tubes and (b) typical force displace-
ment relationship for a beam under axial compression

El
= a_

o (5)

cr
where / is the moment of inertia of a tube and « is a factor that
depends on boundary conditions. a=1/4 for clamped-free beams
and a=2 for clamped-pinned beams. Thus, the critical displace-
ment is then

I
hey=a— (6)
LA,
which for the case of solid rods of radius r gives
o= a2 ™)
4(Lir)?
and the corresponding critical strain is
o aLf—/fo (®)
which for a circular cross-sectional rod gives
oca T ©)

o= Lin?

where L/r is the slenderness ratio of the rod. The total indentation
force F is then the sum of the forces in indent area A; and indent
area A,

(10)

F=> P+ > P
Al A2

The first term, which accounts for the buckling of tubes, is ob-
tained by integration

Pl = mEAOﬂ'[zR(h - Lscr)acr - (h - Lscr)zacr (1 1)

The second term, which considers the compression of tubes, is
obtained by integration as

P, =mEAgm|RLe2 — hLe? + 2122 /3] (12)
Thus, Eq. (10) is rewritten as
F=mEAya[(2Rh — h*)e,,— (R—h)Le2, - L*2/3]  (13)

Considering the case that R>h, Eq. (13) shows the total force is
close to a linear function of indent depth F~h

27 amERI
F=~ Th (14)
which for the case of solid rods of radius r gives
a*amERr*
F=~—1—5—h (15)
2L

This shows how the buckling of tubes (when contrasted to direct
compression) enhances the compliance of the bulk forest as pro-
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Fig. 5 Indentation force for a single tube as a function of pen-
etration depth based on nonlinear bending theory of a beam

posed in a previous work [3]. Also the forest indentation stiffness
is seen to scale linearly with m, E, and R, and scale with 7* (or 1)
and L2,

When the deflection is taken to result from bending of the tube
(neglecting the early contribution of compression) (see Fig. 2(b)),
a nonlinear relationship between penetration depth and indenta-
tion force for a single tube is obtained through a classical nonlin-
ear beam theory [28] as

d? [ tan k;L
h—h=—5——=-L

16
R\ & (16)

where kiz\f‘Pi/ El. Note that P; cannot be written down as an
explicit function of (h—h;) from Eq. (16). Identification of key
dependencies on dimensionless geometric ratios provides an ap-
proximate relationship between penetration depth and indentation
force for a single tube undergoing bending as

T El 1
Pi=—5|1- Py (17)
4L ((h=h)R*/Ld;” + 1)"
where the exponent 7 is found to be 1.15 by curve fitting that best
describes Eq. (16). The comparison in Fig. 5 shows perfect agree-
ment and implies use of this approximated Eq. (17) is appropriate.
Then the total indentation force F in this case can be obtained as

[ T W
L A2\ (= mR¥La?+ 1)1 )

Figure 6 (left column) compares the load-depth behavior pre-
dicted by the different models presented in Egs. (4), (13), and
(18), considering (1) compression, (2) compression followed by
elastic buckling, and (3) bending of tubes, respectively. Here, for
illustration purpose, we take the case of E=1 GPa, L=10 um,
r=0.2 um, m=1 tube/um?, and R=500 wum. At small indent
depth prior to tube buckling, the model (Eq. (4)) considering tube
compression shows a lower load than the prediction by the model
considering tube bending (Eq. (18)); the bending case provides an
initially stiffer behavior since the component of the applied inden-
tation force acting to bend the tubes is very small and hence the
applied force will be larger. As indent depth increases, Eq. (4)
shows the nearly quadratic increase (F~ h?) and leads to a force,
which will buckle the tubes as shown by the point where the Eq.
(13) curve departs from the Eq. (4) curve. At a depth where a
significant fraction of the tubes are buckled (h>2h,,), Egs. (18)
and (13) are in good agreement, indicating the validity of both
models considering either bending or buckling of tubes for the
case of R> L, when the indent depth 42> 2h,. The area evolution
as shown in Fig. 6(c) is an indicator of how many tubes are in
contact with the indenter and the numbers of tubes subjected to
compression and bending/buckling, respectively, if we assume a
constant areal density of tube forests. Through this analysis, the
tube forest shows a nearly linear force response with h>2h,
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Fig. 6 (a) Comparison of different model predictions: Eq. (4) considering compres-
sion of tubes, Eq. (13) considering compression followed by elastic buckling of
tubes, and Eq. (18) considering bending of tubes. (b) Magnified image at small indent
depth. (c¢) Corresponding area A; and A, (i.e., number of tubes because m
=1 tube/um? in this case) as a function of indent depth.

which is clearly different than the indentation of homogeneous
materials. The right column of plots in Fig. 6 shows the same
results in a normalized form with the force normalized by the
critical buckling load of a tube (P,,) and the depth normalized by
the height of the tubes (L). The normalized force then basically
tracks the number of tubes in contact as the penetration depth
increases.

Integration of the force with depth provides an expression for
the stored elastic energy as a function of indent depth. For the case
considering tube compression, the energy storage is
RK*/3 - h'/12
U=mEAym———— (19)

For the case considering tube compression followed by elastic
buckling, the energy storage with h>h, is

U=mEAga[(Rh* = h*/3)e., — (Rh— h*2)Le + (R - h)L*e/3

—L’&/12] (20)
For the case considering tube bending, the energy storage is
U h szI( 1 ! ) dAidx (21)
= - m ax
o J, 4L ((c—h)RYLd] + 1)

Figure 7 compares the stored strain energy from different model
predictions for the same forest system of Fig. 6 (with the right

011014-4 / Vol. 133, JANUARY 2011

column again providing normalized results where the energy is
normalized by the energy of a tube at the point of buckling, U,
=P h./2). Equation (19) shows the nearly cubic increase with £,
which is valid at small indentation depths prior to tube buckling.
When the indentation depth 2> 2h,, both Egs. (20) and (21) show
the essentially quadratic increase with £, indicating the nearly
linear spring response of the tube forest under a spherical indenter.

N
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[e]
L

w
1

Energy Absorption U/Uer (10°%)

0 : T T T \
0.000 0.002 0.004 0.006 0.008 0.010
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Fig. 7 Comparison of energy absorption between different
model predictions: Eq. (19) considering tube compression, Eq.
(20) considering tube compression followed by elastic buck-
ling, and Eq. (21) considering bending of tubes
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Fig. 8 (a) A two-dimensional square pattern of tube array and (b) a randomly distrib-

uted pattern of tube array

Considering the case that R> h, the spring constant is estimated as
before

27 amERI
k= 0z (22)
which for the case of solid rods of radius r gives
_ a*amERr* (23)
) o

The spring constant is seen to scale linearly with m, E, I, R, and
inversely with L2.

3 Finite Element Analysis

In order to further verify the deformation mechanisms for tube
forests during indentation and to validate our analytical models,
nonlinear finite element analysis is carried out to simulate the
nanoindentation process. The simulation takes into account the
tube geometry, packing density of the tubes, and the geometry of
the probe tip. Here, nanotubes are modeled as 3D elastic beam
elements (element type B31 in ABAQUS/standard element library,
Providence, RI) with solid circular cross-sectional area. The tube
height and radius are varied for each simulation. The indenter is
modeled as a rigid spherical indenter for various cases of R. The
contact between the indenter and the tube is specified to be fric-
tionless, frictional, or completely rough with no overclosure. The
friction between the indenter tip and tubes is important in deter-
mining the critical buckling load (Eq. (5)) due to different con-
straints applied on the tube boundary. The contact and friction
between neighboring tubes are ignored in this study because of the
relatively large spacing between the tubes; tube-tube interactions
would alter (increase) the critical buckling load since they provide
a mutual constraint (similar to an elastic foundation) effect on the
buckling modes. To simulate buckling and post-buckling behavior
of the tubes, infinitesimal random deflection “defects” are intro-
duced in each tube; the buckling load was found to be insensitive
to the defects chosen. The case of tubes arranged in a two-
dimensional square pattern with an areal density characterized by
center-to-center distance (see Fig. 8(a)) is studied. The effect of
heterogeneous spacing as, for example, shown in Fig. 8(b) is also
examined. The FEA simulation allows us to study the entire in-
dentation process where various features will be parametrically
varied for comparison to/validation of the scaling relationships
derived earlier in the analytical model.

4 Results and Discussion

Parametric studies are conducted to understand the influence of
different forest parameters on the indentation behavior and also to
understand the efficiency of the analytical models. The basic sys-
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tem considers E=1 GPa, L=10 um, r=02 um, m
=1/9 tubes/um?, and R=500 um. These parameters are para-
metrically varied to study their influence on the behavior;
indenter/tube friction is also varied. For most cases, the indenta-
tion response is given in terms of either F versus h or F/P,
versus h/L.

4.1 Effects of Friction. Figure 9 shows the influence of
indenter/tube friction on the load-depth behavior for the system
with E=1 GPa, L=10 um, r=0.2 um, m=1/9 tubes/um?, and
R=500 pm. The critical buckling strain e.=h/L of the tube is
0.025% and 0.2% for the two buckling conditions, respectively;
these values are small compared with the indentation depth of
h/L=0.10 and the initial indent region can be neglected. As ex-
pected, the load for the case of completely rough friction is around
eight times greater than the case of no friction due to the different
buckling mode and critical buckling load of the tubes. When the
coefficient of friction is small (=0.01 in Fig. 9), the force is
slightly greater than the case with no friction. Interestingly, when
the coefficient of friction is 0.05, the force is very close to the case
of rough friction. The plot indicates nearly no sliding occurs be-
tween the indenter and tubes up to 0.06 of h/L. With increasing
depth, partial sliding induces deflection of the tube ends, which
leads to the softening of the force response (as shown in Fig. 9).
These results indicate that the indentation process is very sensitive
to the friction between indenter and tube ends, which is critical in
determining the tube deformation mechanisms and the overall ef-
fective stiffness of the forest. When the coefficient of friction is
greater than 0.05, completely rough friction can be considered in
the indentation process. In later simulations, we focus on the two
limiting cases of no friction and no slip, whose results can be
compared with previous analytical models.

400+

—o— No friction

—o—f=0.01 w
3004 —2—f=0.05

—v— Rough friction

200+

FlPer

100

004 006 0.08

h/L

0.10

Fig. 9 FEA results of load-depth behavior showing the effect
of friction between the indenter and tubes
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Fig. 10 Comparison between analytical models and FEA results for indentation with
indenter radius R=50-500 um: (a) no friction between the indenter and nanotubes and
(b) completely rough (no slipping) friction between the indenter and nanotubes. Top
shows the corresponding displacement of tube forests at indent depth of h/L=0.1 with

an indenter radius of 200 um.

4.2 Effects of Indenter Radius. Figure 10 presents the com-
parison of force-depth curves between analytical models and FEA
results with indenter radius R=500, 200, 100, and 50 um. A
larger R leads to a higher indentation force for the same indenta-
tion depth where F essentially scales linearly with R, in excellent
agreement with the analytical model. Considering the case where
no slip is considered between the indenter and the tubes, buckling
theory gives force-depth predictions in perfect agreement with
FEA simulations for all indenter diameters. For the case where no
friction is considered between the indenter and the tubes, the

350+ o
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e o
2 2001
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Fig. 11 Evolution of number of tubes in contact with the in-
denter as a function of indent depth
a
( A) 100, - Eqn 21
° o FEAresults
80 R=500 /°
R=100 /c
60 ° °

401

20+

Energy Absorption U/Ucr (1 0°

buckling model overestimates the total force compared with the
FEA results. The discrepancy between the buckling theory predic-
tion and the FEA simulation decreases as R increases. However,
the bending model provides a better estimation, which is only
slightly higher than the FEA result. The displacement contours of
tube forests show the deformation mechanisms for the two differ-
ent friction conditions. Tube spreading from tip axis is observed
when no friction is assumed between the indenter and tubes; the
tube deflection due to bending away after lower mode buckling is
the dominant mechanism. Under no slip condition, the tube buck-
ling occurs at a higher mode and results in higher forces compared
with the case where tube ends can slide. Around 140 tubes are in
contact with the indenter in both cases in Fig. 10. The evolution in
numbers of tubes in contact as a function of indent depth is shown
in Fig. 11, which tracks well with the normalized force (F/P,)
plots of Fig. 10

In both friction conditions, the indentation forces are almost
linearly dependent on indent depth, indicating indentation with a
large spherical indenter gives a linear spring form of behavior, in
agreement with the analytical model. The stored strain energy in
the forest can be written as a quadratic function of indent depth,
U~ kgh?/2, where kg is the spring constant determined earlier in
the analytical model. Figure 12 shows excellent agreement be-
tween the analytical model prediction of the energy storage when
compared with the FEA simulation results. k¢ scales linearly with

(b

=y
(o2}
y

Eqgn 20

o FEAresults .

-
N
n

Energy Absorption U/Ucr (103) ~

Fig. 12 Comparison between analytical models and FEA results for energy storage
of indentation in Fig. 10: (a) no friction between the indenter and nanotubes and (b)
completely rough friction between the indenter and nanotubes
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Fig. 13 Comparison of analytical models and FEA results with
tube height L=10, 12.5, and 15 um and indenter radius R
=500 um considering rough friction interface: (a) F versus h,
(b) (FIP,) versus h, and (c) (F/P,,) versus (h/L)

R, implying a linear resistance of tube forests to a spherical con-
tact. This result could be useful in the future design of impact-
resistant heterogeneous materials.

4.3 Effects of Tube Height (Forest Thickness). For nanoin-
dentation on a thin film, the indentation behavior is independent
of film thickness for indentation depths less than 10% of the film;
for greater depths, there is a substrate constraint effect [27]. For

(a) 300, —— Buckling model z%ﬁi
- - - Bending model %Aéﬁ
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nanoindentation on tube forests, the effect of forest height should
be carefully considered. Figure 13 shows the results of analytical
models and FEA simulations of nanoindentation, considering
rough friction interface for tube heights of L=10, 12.5, and
15 wm. Results are shown in terms of: (a) F versus 4, (b) (F/P.)
versus A, and (c) (F/P,) versus (h/L). Again, there is excellent
agreement between the FEA and the analytical model, verifying
the model prediction of strong dependence on length. Figure 13(a)
shows the dramatic reduction in force with an increase in length
(F~L™). Figure 13(b), which normalized the force by P, but
does not normalize the depth, shows a superposition of the three
behaviors, indicating the scaling with P, (which contains the L2
dependence). Figure 13(c), which normalizes the depth by the L
corresponding to each case, which incorrectly suggests that the
greater L provides a “stiffer” behavior simply because there is also
a length dependence within the normalized force (meaning care
needs to be taken when choosing normalization scaling). The
strong dependence on length (F~L72) is a result of the direct
influence of tube height on the buckling force of each tube. There-
fore, it is important to note that the solid thin film indentation
relationships cannot be applied to or used to interpret the inden-
tation behavior of heterogeneous materials such as tube forests.

4.4 Effects of Tube Radius. Figure 14 shows the comparison
of analytical models and FEA results on influence of tube radius
for a range in r=0.15-0.3 wm. The three cases of r (for both
frictionless and rough friction figures) are found to be collinear
when plotted as F/ P, versus h/L since the P, inherently contains
the r dependence (P~ I~ r*) and hence show the strong depen-
dence on r. Again, buckling theory gives near perfect prediction
of force-depth curves if rough friction is considered between the
indenter and the tubes; bending theory provides better estimations
if no friction is considered.

4.5 Effects of Tilt Angle of Tubes. It is well shown that the
setae on gecko feet exhibit frictional and adhesive anisotropy be-
cause of the fiber structure where fibers are not vertically aligned
but oriented at an angle to the base [34]. This mechanism is of
critical importance and inspires the design of geckolike surfaces
with directional and adjustable adhesion properties [35,36].
Nanoindentation can be applied on angled fiber forests to deter-
mine surface properties such as compliance and adhesion [3].
Here, FEA simulations of nanoindentation on angled nanotube
forests with different tilt angle 6 (Fig. 15) are conducted. The
indentation resistance decreases dramatically with an increase in 6
for the cases considering no friction between the indenter and the
tubes (see Fig. 15(a)). For example, when 6=20 deg, the force
response is only 1/3 of that of the case of vertically aligned tubes
(6=0 deg). In this case, the relationship between the contact force
and penetration depth for a single tube can be found from Eq. (16)
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Fig. 14 Comparison of analytical models and FEA results with indenter radius R
=500 um for different tube radius r=0.15-0.3 um: (a) no friction between the in-
denter and nanotubes and (b) completely rough friction between the indenter and

nanotubes
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Fig. 15 Comparison of analytical model and FEA results on the tilted angle of tubes:
(a) no friction between the indenter and tubes and (b) completely rough friction be-

tween the indenter and tubes

tan kL _ L) (24)

h— h; = tan® 0(—
k.

1

Similarly, the force can be approximated as

» ﬂ'zEI(l 1 )
T4 ((h=h)/L tan® 9+ 1)113
Then, the total indentation force F in this case can be obtained by
integration

o

Figure 15(a) shows good agreement of this model considering
tube bending with FEA results. Interestingly, for the case consid-
ering no slip between the indenter and the tubes, all force-depth
curves are consistent for a range of 6 from 0 deg to 20 deg; here
the tube buckling and the buckling force are not very sensitive to
the tilted angle for this case. This advantage provides an easy and
precise solution to measure the resistance response for angled
tube/rod forests.

(25)
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4.6 Effects of Tube Areal Density. In the previous FEA
simulations, nanotubes were taken to be uniformly distributed in a
square pattern. The areal density was characterized by the tube-
to-tube distance. Figure 16 compares both analytical models and
FEA results for different areal density of tube forests (m
=1/9,1/6,1/4 tubes/um?). As expected, the total force is pro-
portional to the areal density at a given density since it consists of
a summation of the forces of tubes that interacts with the indenter.
The force scales linearly with m.

4.7 Effects of Heterogeneous Spatial Arrangement. In
many fabrications, tube forests are not necessarily patterned in a
highly organized way because of the limitation of fabrication
method. To study the dependence of the indentation force on the
distribution of nanotubes, the positions of tubes are randomly var-
ied (see Fig. 8(b)), while the average areal density is retained to be
same as 1/9 tubes/um?. The tube height and radius are taken to
be of the same values as those in the above study. Figure 17
compares the load-depth results between indentations on a square
pattern and a randomly distributed pattern, which agrees well with
each other even when the indenter radius is down to 100 um.
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Fig. 16 Comparison of analytical models and FEA results with different areal density
of tube forests (m=1/9,1/6,1/4 tubes/um?) with indenter radius R=200 um: (a) no
friction between the indenter and tubes and (b) completely rough friction between the

indenter and tubes
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Fig. 17 FEA results of indentation where tubes are randomly distributed as com-
pared with the results for square distributed pattern: (a) no friction between the in-
denter and tubes and (b) completely rough friction between the indenter and tubes
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This suggests the use of a larger indenter in the nanoindentation
tests to reduce the influence of inherent tube distribution.

5 Conclusions

In this paper, the mechanics of indentation into well-ordered
forests of nanotubes/nanorods/micropillars was analyzed and dis-
cussed. Such structures are finding increasing importance in tai-
loring surface properties. Theoretical and numerical studies were
used to explore the deformation of individual tubes and tube ar-
rays subjected to indentation by a relatively large spherical in-
denter (R>L), which allows us to deduce intrinsic tube and ef-
fective forest material properties from the load-depth curves
measured through experiments. The indentation on forests is
shown to be a depth-dependent behavior, strongly dependent on
tube geometry (height 4, moment of inertia /, and radius r), pack-
ing density m, indenter radius R, tilt angle 6 of aligned tubes, and
the friction between the indenter and tubes. The force is seen to
scale linearly with &, m, E, and R, 7 and L72; the stored elastic
energy of the forests under indentation is seen to scale linearly
with m, E, Ao, R, r>, L2, and h2. Also, the indentation and the
effective property of the heterogeneous film are affected by tube
compression, bending, and buckling behavior. When there is
rough friction between the indenter and tubes, a buckling model
captures the load-depth response; when there is no friction, a
bending model provides better predictions of the load-depth re-
sponse. Hence, these results reveal the many opportunities in us-
ing the geometry and properties of the tubes (or rods or pillars),
the height and density of the forests, and the frictional interface of
the tubes with the indenter as a means of tailoring the surface
performance. An additional design element not touched on in this
paper is the ability to utilize tube-tube (or rod-rod) interactions,
whether frictional or van der Waals or other, to further tailor the
collective behavior of the forest. These studies show the tremen-
dous potential for tuning and designing surface properties of novel
complex structured materials in a wide range of promising appli-
cations.

Acknowledgment

This research was supported by the MRSEC Program of the
National Science Foundation under Award No. DMR-0819762
and by the U.S. Army Research Office through the Institute for
Soldier Nanotechnologies under the Contract No. W911NF-07-D-
0004.

References

[1] Geim, A. K., Dubonos, S. V., Grigorieva, I. V., Novoselov, K. S., Zhukov, A.
A., and Shapoval, S. Y., 2003, “Microfabricated Adhesive Mimicking Gecko
Foot-Hair,” Nature Mater., 2(7), pp. 461-463.

[2] Lee, H., Lee, B. P, and Messersmith, P. B., 2007, “A Reversible Wet/Dry
Adhesive Inspired by Mussels and Geckos,” Nature (London), 448(7151), pp.
338-341.

[3] Glassmaker, N. J., Jagota, A., Hui, C. Y., and Kim, J., 2004, “Design of
Biomimetic Fibrillar Interfaces: 1. Making Contact,” J. R. Soc. Interface, 1(1),
pp. 23-33.

[4] Zeng, H. B., Pesika, N., Tian, Y., Zhao, B. X., Chen, Y. F,, Tirrell, M., Turner,
K. L., and Israelachvili, J. N., 2009, “Frictional Adhesion of Patterned Sur-
faces and Implications for Gecko and Biomimetic Systems,” Langmuir,
25(13), pp. 7486-7495.

[5] Feng, L., Li, S. H., Li, Y. S., Li, H. J., Zhang, L. J., Zhai, J., Song, Y. L., Liu,
B. Q. Jiang, L., and Zhu, D. B., 2002, “Super-Hydrophobic Surfaces: From
Natural to Artificial,” Adv. Mater., 14(24), pp. 1857-1860.

[6] Krupenkin, T. N., Taylor, J. A., Schneider, T. M., and Yang, S., 2004, “From
Rolling Ball to Complete Wetting: The Dynamic Tuning of Liquids on Nano-
structured Surfaces,” Langmuir, 20(10), pp. 3824-3827.

[7] Guo, Z. G., Zhou, F.,, Hao, J. C., and Liu, W. M., 2005, “Stable Biomimetic
Super-Hydrophobic Engineering Materials,” J. Am. Chem. Soc., 127(45), pp.
15670-15671.

[8] Xia, Y. N., Yang, P. D, Sun, Y. G., Wu, Y. Y., Mayers, B., Gates, B., Yin, Y.
D., Kim, F,, and Yan, Y. Q., 2003, “One-Dimensional Nanostructures: Synthe-
sis, Characterization, and Applications,” Adv. Mater., 15(5), pp. 353-389.

Journal of Engineering Materials and Technology

[9] Mor, G. K., Shankar, K., Paulose, M., Varghese, O. K., and Grimes, C. A.,
2006, “Use of Highly-Ordered TiO, Nanotube Arrays in Dye-Sensitized Solar
Cells,” Nano Lett., 6(2), pp. 215-218.

[10] Varghese, O. K., Paulose, M., and Grimes, C. A., 2009, “Long Vertically
Aligned Titania Nanotubes on Transparent Conducting Oxide for Highly Effi-
cient Solar Cells,” Nat. Nanotechnol., 4(9), pp. 592-597.

[11] Berdichevsky, Y., and Lo, Y. H., 2006, “Polypyrrole Nanowire Actuators,”
Adv. Mater., 18(1), pp. 122-125.

[12] Sidorenko, A., Krupenkin, T., Taylor, A., Fratzl, P., and Aizenberg, J., 2007,
“Reversible Switching of Hydrogel-Actuated Nanostructures Into Complex
Micropatterns,” Science, 315(5811), pp. 487-490.

[13] Pokroy, B., Epstein, A. K., Persson-Gulda, M. C. M., and Aizenberg, J., 2009,
“Fabrication of Bioinspired Actuated Nanostructures With Arbitrary Geometry
and Stiffness,” Adv. Mater., 21(4), pp. 463-467.

[14] Cao, A. Y., Dickrell, P. L., Sawyer, W. G., Ghasemi-Nejhad, M. N., and
Ajayan, P. M., 2005, “Super-Compressible Foamlike Carbon Nanotube Films,”
Science, 310(5752), pp. 1307-1310.

[15] Daraio, C., Nesterenko, V. F, Jin, S., Wang, W., and Rao, A. M., 2006, “Im-
pact Response by a Foamlike Forest of Coiled Carbon Nanotubes,” J. Appl.
Phys., 100(6), p. 064309.

[16] Coluci, V. R., Fonseca, A. F., Galvao, D. S., and Daraio, C., 2008, “Entangle-
ment and the Nonlinear Elastic Behavior of Forests of Coiled Carbon Nano-
tubes,” Phys. Rev. Lett., 100(8), p. 086807.

[17] Balaban, N. Q., Schwarz, U. S., Riveline, D., Goichberg, P., Tzur, G., Sabanay,
I., Mahalu, D., Safran, S., Bershadsky, A., Addadi, L., and Geiger, B., 2001,
“Force and Focal Adhesion Assembly: A Close Relationship Studied Using
Elastic Micropatterned Substrates,” Nat. Cell Biol., 3(5), pp. 466-472.

[18] Park, S., Kim, Y. S., Kim, W. B., and Jon, S., 2009, “Carbon Nanosyringe
Array as a Platform for Intracellular Delivery,” Nano Lett., 9(4), pp. 1325—
1329.

[19] Nomura, S., Kojima, H., Ohyabu, Y., Kuwabara, K., Miyauchi, A., and Ue-
mura, T., 2005, “Cell Culture on Nanopillar Sheet: Study of HeLa Cells on
Nanopillar Sheet,” Jpn. J. Appl. Phys., Part 2, 44(37-41), pp. L1184-L1186.

[20] Lin, I. K., Ou, K. S., Liao, Y. M., Liu, Y., Chen, K. S., and Zhang, X., 2009,
“Viscoelastic Characterization and Modeling of Polymer Transducers for Bio-
logical Applications,” J. Microelectromech. Syst., 18(5), pp. 1087-1099.

[21] Rehfeldt, F.,, Engler, A. J., Eckhardt, A., Ahmed, F., and Diseher, D. E., 2007,
“Cell Responses to the Mechanochemical Microenvironment—Implications
for Regenerative Medicine and Drug Delivery,” Adv. Drug Delivery Rev.,
59(13), pp. 1329-1339.

[22] Chia, K. K., Rubner, M. F., and Cohen, R. E., 2009, “pH-Responsive Revers-
ibly Swellable Nanotube Arrays,” Langmuir, 25(24), pp. 14044-14052.

[23] Yu, M. F, Lourie, O., Dyer, M. J., Moloni, K., Kelly, T. F,, and Ruoff, R. S.,
2000, “Strength and Breaking Mechanism of Multiwalled Carbon Nanotubes
Under Tensile Load,” Science, 287(5453), pp. 637-640.

[24] Zhu, Y., and Espinosa, H. D., 2005, “An Electromechanical Material Testing
System for In Situ Electron Microscopy and Applications,” Proc. Natl. Acad.
Sci. U.S.A., 102(41), pp. 14503-14508.

[25] Uchic, M. D., Dimiduk, D. M., Florando, J. N., and Nix, W. D., 2004, “Sample
Dimensions Influence Strength and Crystal Plasticity,” Science, 305(5686),
pp- 986-989.

[26] Wong, E. W., Sheehan, P. E., and Lieber, C. M., 1997, “Nanobeam Mechanics:
Elasticity, Strength, and Toughness of Nanorods and Nanotubes,” Science,
277(5334), pp. 1971-1975.

[27] Oliver, W. C., and Pharr, G. M., 1992, “An Improved Technique for Deter-
mining Hardness and Elastic-Modulus Using Load and Displacement Sensing
Indentation Experiments,” J. Mater. Res., 7(6), pp. 1564-1583.

[28] Qi, H. I, Teo, K. B. K., Lau, K. K. S., Boyce, M. C., Milne, W. L., Robertson,
J., and Gleason, K. K., 2003, “Determination of Mechanical Properties of
Carbon Nanotubes and Vertically Aligned Carbon Nanotube Forests Using
Nanoindentation,” J. Mech. Phys. Solids, 51(11-12), pp. 2213-2237.

[29] Waters, J. F., Guduru, P. R., Jouzi, M., Xu, J. M., Hanlon, T., and Suresh, S.,
2005, “Shell Buckling of Individual Multiwalled Carbon Nanotubes Using
Nanoindentation,” Appl. Phys. Lett., 87(10), p. 103109.

[30] Li, X. D., Hao, H. S., Murphy, C. J., and Caswell, K. K., 2003, “Nanoinden-
tation of Silver Nanowires,” Nano Lett., 3(11), pp. 1495-1498.

[31] Mao, S. X., Zhao, M. H., and Wang, Z. L., 2003, “Nanoscale Mechanical
Behavior of Individual Semiconducting Nanobelts,” Appl. Phys. Lett., 83(5),
pp. 993-995.

[32] Johnson, K. L., 1985, Contact Mechanics, Cambridge University Press, Cam-
bridge, UK.

[33] Timoshenko, S. P, and Gere, J. M., 1961, Theory of Elastic Stability,
McGraw-Hill, New York.

[34] Autumn, K., Liang, Y. A., Hsieh, S. T., Zesch, W., Chan, W. P., Kenny, T. W.,
Fearing, R., and Full, R. J., 2000, “Adhesive Force of a Single Gecko Foot-
Hair,” Nature (London), 405(6787), pp. 681-685.

[35] Yao, H., Della Rocca, G., Guduru, P. R., and Gao, H., 2008, “Adhesion and
Sliding Response of a Biologically Inspired Fibrillar Surface: Experimental
Observations,” J. R. Soc. Interface, 5(24), pp. 723-733.

[36] Lee, J. H., Fearing, R. S., and Komvopoulos, K., 2008, “Directional Adhesion
of Gecko-Inspired Angled Microfiber Arrays,” Appl. Phys. Lett., 93(19), p.
191910.

JANUARY 2011, Vol. 133 / 011014-9



