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ABSTRACT

The compressive modulus of dense vertically aligned multiwalled carbon nanotube (CNT) arrays synthesized by chemical vapor deposition
was investigated using an optically probed precision-loading platform. For CNT arrays with heights ranging from 15 to 500 µm, the moduli
were measured to be about 0.25 MPa and were found to be independent of array height. A continuum mechanics model based on multimode
buckling guided by the wavy features of CNT arrays is derived and explains well the measured compressive properties. The measured compressive
modulus of the CNT arrays also satisfies the “Dahlquist tack criterion” for pressure sensitive adhesives, which was previously observed for
these vertically aligned CNT arrays (Zhao, Y., et al. J. Vac. Sci. Technol., B 2006, 24, 331−335).

While major research interests in the mechanical properties
of carbon nanotubes lie in the characterization of individual
carbon nanotubes (CNTs)1,2 or composite materials with
dispersed CNTs,3-6 mechanical properties of CNTs in the
form of a dense vertically aligned array have been relatively
scarce in the literature.7,8 Cao et al.7 reported a super-
compressible characteristic of vertically aligned CNT arrays
that are∼1 mm long and observed wavelike folding of the
CNT arrays during compression due to multimode buckling.
Deck et al.8 recently studied the tensile and compressive
behavior of CNT mats. However, in both studies the length
dependence of the elastic moduli was not discussed specif-
ically. The goal of this paper is to investigate the compressive
properties of CNT arrays and explore its array height
dependence. We found that the compressive moduli are
almost independent of array height for heights spanning over
1 order of magnitude range, and identify the underlying
reason.

Dense vertically aligned CNT arrays were synthesized on
rigid substrates by chemical vapor deposition (CVD). The
substrates used in this work were silicon (Si) wafers with
thickness of 500µm. Before deposition, the Si substrates

were ion-beam sputtered with a thin layer of iron (Fe) as
catalyst on top of an aluminum (Al) adhesion layer. The
feedstock gas was ethylene, and the substrate was locally
heated to∼750 °C when growth of CNTs was initiated.
Details about carbon nanotube growth can be found else-
where.9,10 The as-grown CNT arrays had tube diameters
20-30 nm with an aerial density∼1010 tubes/cm2. The array
heights (length of CNTs) were controlled by growth time
and ranged from∼10 µm to more than 500µm. Figure 1
shows a typical side view of an as-grown CVD CNT array
with array height∼50 µm. The CNTs are inherently wavy
along their lengths.

A home-built optically probed loading platform using
Michelson interferometry and a reflective cantilever tip was
used to measure the displacement and force (Figure 2a). The
loading stage consists of two parts, namely: (i) a glass
cantilever beam on one side, and (ii) a piezoelectric kicking
stage on the other side providing the actuation. The glass
cantilever acts as a displacement and force sensor. The
cantilever displacement is monitored by a laser beam
reflected from the tip. The spring constant of the cantilever
can be determined from measuring the fundamental mode
resonant frequency. Knowing the displacement and spring
constant allows us to determine the force. On the other side,
the loading stage is actuated by a piezoelectric element (PZT)
through continuous kicking actions of the PZT. The PZT
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kicking stage follows the design of Silveira and Marohn,11

and a detailed description can be found in their paper. In
our experiments, the PZT stage was driven by a sawtooth
voltage signal at a frequency of 666 Hz and maximum
amplitude of 10 V (peak-to-peak). The relative high fre-
quency is needed to achieve a smooth motion. The actual
displacement of the PZT stage is monitored by a Michelson
interferometer mounted on the stage. A typical time trace of
the optical intensity signal (128 Hz sampling rate with a
moving speed∼3 fringes per second or∼1 µm/s) is shown
in the lower-left inset of Figure 2a. We applied a sinusoidal
phase interpolation algorithm to the oscillating intensity
signal. With this interpolation, a resolution of∼10 s of
nanometer can be achieved.12 However, the overall displace-

ment resolution of the current platform is limited by the
cantilever tip at a lower resolution∼0.5 µm. The interfer-
ometer and the optical reflecting cantilever were placed inside
a box to isolate the optical setup from disturbances from the
environment. The loading platform can operate in tensile or
compressive mode by changing the direction of actuation.
Therefore, the same setup was also applied to the measure-
ment of the adhesive (tensile) properties of the CNT arrays.

Figure 2c shows the schematic for compressive tests. A
rigid strut (quartz, end cross-sectional dimension of 0.5 mm
× 2 mm), which is attached to the cantilever tip, is pressed
into the CNT array, whose substrate is glued to the moving
part of the PZT kicking stage in the direction perpendicular
to the array surface. The force-displacement relation is

Figure 1. SEM side view of a vertically aligned multiwalled CNT array. These CNTs are shown to have intrinsic wavy features. The inset
shows the unevenness at the free top surface of the CNT array.

Figure 2. (a) Schematics of the optically probed precision-loading platform for indentation characterization of CNT arrays. (b) Calibration
curves of the loading platform using a rigid interconnect between the cantilever tip and the PZT stage: The upper figure records the
displacements from both the PSD and the Michelson interferometer as the PZT stage moves toward one direction; the lower graph shows
the difference between the two position recordings throughout the loading process, and the error is within( 0.5 µm. (c) Experimental
schematic showing the compression test to characterize the compressive properties of CNT arrays.
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recorded during the compression. With the loading curve,
the compressive modulus of the CNT array can be calculated.
Note that the maximum cantilever tip displacement is on the
order of 100µm. With a cantilever length of 60 mm, the
maximum angular rotation of the tip and the strut is estimated
∼0.1°.

The stress-strain curves under compressive loading of 15,
40, and 500µm tall CNT arrays are shown in Figure 3. The
stress-strain curves are converted from the directly measured
force and displacement relations by

whereA is the apparent contact area. The fluctuation in the
stress-strain curves, especially for short arrays, is because
these curves represent real time traces of the loading
processes and thus reflect possibly uneven contact as well
as the measurement resolution in displacement∼0.5 µm.
From the measurements during CNT array compression, we
calculate theEcomp (shown in the inset of Figure 3) to be
0.22( 0.02 MPa for the 15µm tall CNT array, 0.25( 0.05
MPa for the 40µm tall CNT array, and 0.25( 0.02 MPa
for the 500µm tall CNT array. The error bars represent the
standard deviation for three repeated tests for each sample.
Despite the large difference in array height, the elastic moduli
are found to be surprisingly close.

It was previously shown that the CVD grown multiwalled
carbon nanotube arrays could show dry adhesive properties
due to van der Waals interactions with proper preloading,13

similar to pressure sensitive adhesives.14 As experimentally
studied by Dahlquist15 earlier on various kinds of tacky
adhesives, it was empirically concluded that all the adhesives
need to have modulus less than 0.3 MPa in order to show
tack.14,15 Therefore, the relative softness of the CNT arrays
may have been one of the key reasons to the observed dry
adhesive properties in our previous study.13 A similar

structural feature was also found in gecko setal arrays.16

While the Dahlquist criterion may provide a necessary
condition for tack, the dry adhesion was also shown to
depend on the array height: CNT arrays with height less
than 50µm showed adhesion and typically the shorter the
better.13 It is possible that the elastic energy stored in the
array during preloading may adversely affect the adhesion
interface by releasing the energy into the interface and
thereby peeling it apart. The typical interface work of
adhesion was characterized by a “peel-test”17,18 shown in
Figure 4 and was found to be around 36 mJ/m2, which is in
the typical range of van der Waals interfaces. Considering a
30 µm tall CNT array with an effective modulus of 0.25
MPa, it takes only about 10% of strain to store a similar
amount of elastic energy in the CNT array as the interface
work of adhesion. Therefore, it is likely that as the array
gets taller it is easier to store larger amount of elastic energy
in the array so that the adhesion interface becomes unstable.

Note, however, that our measured values of elastic
modulus are significantly smaller than those reported by Cao
et al.,7 of ∼50 MPa for an 860µm tall CNT array and Deck
et al.8 of 818 MPa for a CNT array taller than 1 mm. The
big difference could be due to multiple reasons involving
growth-dependent structure of CNT arrays as well as the
loading scheme. In their work,7,8 they used vapor-phase
floating ferrocene as the catalyst. Multiwalled CNTs grown
by vapor-phase floating ferrocene catalysts can easily reach
millimeters in length but were also shown to have less
crystallinity, more catalyst residuals, and even multiple
junctions along tubes enhancing coupling among neighboring
tubes comparing with predeposited catalytic growth of
CNTs19-22 and therefore usually stiffer. The CNTs in our
work showed less cross-tube coupling because sharp-edged
dents in the arrays were left after indentation. Yap et al.23

recently characterized the behavior of an individual multi-
walled CNT under compressive loading by an atomic force
microscopy tip. From their force-displacement relation of a

Figure 3. Representative stress-strain curves from the compres-
sion tests of 15, 40, and 500µm tall CNT arrays with an apparent
contact area of the strut 0.5 mm× 2 mm. The inset shows the
effective compressive moduli of the CNT arrays evaluated at a strain
of 10%. The error bars indicate the standard deviations from three
repeated tests for each sample.

Ecomp) (FA) / (∆L
L ) (1)

Figure 4. Interface work of adhesion measured by the “peel-test”.
Multiwalled carbon nanotubes were first grown on a slender strip
of Si substrate. The CNT array was then pressed and adhered onto
a rigid glass substrate and pulled apart by the same loading platform.
As a quasi-static peeling process, the interface work of adhesion is
evaluated by taking the area under the force-displacement curve
divided by the apparent contact area of the strip to the glass surface.
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6.6 µm long CNT (30 nm tube diameter and aspect ratio of
220), the compressive modulus would be∼60 MPa assuming
an array of tube density of 1010 cm-2 in the prebuckling range
and∼6 MPa in the range after buckling (for strain<25%).
It seems that our loading processes did not have the
prebuckling regime of pure compression possibly due to: (i)
uneven length distribution of the CNTs and (ii) the quartz-
strut might not be perfectly parallel to the CNT top surface.
As a result, the CNTs did not buckle at the same time, but
sequentially.

To understand the mechanism that produces the observed
compressive modulus, we first consider a fundamental mode
buckling theory. We neglect the surface entanglement and
the interactions of the neighboring nanotubes. As shown in
Figure 5a, each nanotube is modeled as an elastic beam of
lengthL with Young’s modulusE and area moment of inertia
I. The beam is subject to a compressive load,F, which is
applied downward on the tip. WhenF exceeds the critical
load Fcr ) π2EI/(4L2), the nanotube buckles (fundamental
mode considering the clamp-hinge boundary condition)
causing the tip to deflect by an angleR. Following from the
equations of motion for an elastic beam, the normalized
vertical displacement or strain of the tip can be expressed
as24

wherep ≡ sin(R/2) and the solution is

Here, the functionsK(•) andE(•) are the complete elliptic
integrals of the first and second kind, respectively. For small
R, E(p) ≈ (π/2)(1 - p2/4) andK(p) ≈ (π/2)(1 + p2/4).25

Substituting these expressions into the above equations and
solving for the normalized load, one obtains the force-

displacement relation approximated for small displacement

Taking the derivative of force (F) with respect to displace-
ment (∆), one obtains the compressive modulus approxi-
mated for small strain (∆/L)

whereACNT is the average area one tube occupies. An exact
calculation without the small strain approximation gives
about 20% largerEcomp than that from eq 5 at a strain of
10%.

Using a typical valueE ) 1 TPa for multiwalled CNT,26

I ) π(D4 - d4)/64, where the outer diameterD ) 25 nm
and inner diameterd ) 10 nm, a tube density of 1010 cm-2,
and apparent contact areaA of 0.5 mm× 2 mm, Ecomp is
calculated to be 10 kPa for the 15µm tall array, which is
about 22 times smaller than the measured 0.22 MPa, 1.4 kPa
compared with the measured 0.25 MPa for the 40µm tall
array, and 9.2 Pa compared with the measured 0.25 MPa
for the 500 µm tall array. Clearly, the model based on
fundamental mode buckling does not explain our experi-
mental results. Furthermore, theEcomp ∝ 1/L2 expressed in
eq 5 is contradictory to the observed length-independent
elastic moduli.

It is observed under scanning electron microscopy (SEM)
that the CNTs are inherently wavy along the tube axis (see
Figure 1). Under compressive loading, the buckling of the
nanotube may be guided by the wavy nature of CNTs at a
highernth mode (Figure 5b) containingn waves from end
to tip (the fundamental mode contains 1/4 wave with the
assumed clamp-hinge boundary conditions). The wavy nature
of CNTs under compressive loading was beautifully shown
by Cao et al.7 through cyclic loading.

Assume the nanotubes take an evenly distributed sinusoidal
shape with a wavelengthλ ) L/n. Because a full wavelength
can be regarded as four sections of the structure shown in
Figure 5a being connected in series, it follows from eq 5
that the compressive modulus of the CNT in thenth mode
buckling can be expressed as

It follows that Ecomp is independent of the array height,L,
which agrees with our observations. To fit with our experi-
mental measurements ofEcomp, one can deriveλ ∼ 12.9µm
for the 15µm tall array,λ ∼ 12.1 µm for the 40µm tall
array, andλ ∼ 12.1 µm for the 500µm tall array. These
values are close to those experimentally observed by us (see
Figure 1) and those of Cao et al.7 with λ ∼ 12 µm for the
860µm tall array. This matches the intuition that the buckling

Figure 5. Structural model of the buckling of a carbon nanotube
with independent tube assumption: (a) fundamental mode buckling;
(b) higher-mode buckling; (c) higher-mode buckling with bending.
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waves are guided by the natural wrinkles of the CNTs and
should be a structural characteristic of the CNT array
regardless of the total length, as long as the overall
morphology is the same.

Although strains larger than 20% were not explored
experimentally in our current study due to the force constraint
of the loading stage, the force-displacement curve of the 500
µm sample already showed softenedEcomp at strain>10%,
which indicates possibly mixed buckling and bending of the
CNTs (Figure 5c).

In summary, we have used an optically probed precision-
loading platform to study the compressive properties of the
chemical vapor deposited dense vertically aligned multi-
walled carbon nanotube arrays. From compressive tests to
CNT arrays with tube lengths of 15, 40, and 500µm,
compressive moduli of the CNT arrays were found to be
∼0.25 MPa due to sequential buckling and were almost
independent of CNT array heights for strains up to 20%. A
continuum mechanics model assuming noninteracting CNTs
is derived indicating higher-mode buckling as the mechanism
responsible for the compression of CNT arrays. The mea-
sured effective compressive moduli of the CNT arrays match
the empirical Dahlquist criterion for tack and allow for the
CNT arrays to show dry adhesive properties.
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