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A macroscopic block ��9 mm3� of aligned carbon nanotubes �CNTs� was grown by chemical vapor
deposition and its simultaneous electrical conductivity and compressive strain responses were
measured parallel and perpendicular to the CNT alignment. The block exhibits elastic moduli of 0.9
and 1.6 MPa for compressive strain of �20% in parallel and perpendicular configurations,
respectively. The electrical conductivity increases with increasing compressive strain in both
configurations. The reversible electrical conductivity and compressive strain responses of block is
attributed to elastic bending of CNTs. These excellent properties of CNT block can be used in
compressive strain sensing applications. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2798599�

Carbon nanotubes �CNTs� are of great interest due to
their unique electrical, thermal, and mechanical properties.1

There is a considerable interest in exploiting these properties
to realize practical applications. One such possibility is in the
area of electromechanical sensors,2 motivated by the
supercompressibility,3 resilience, and large elastic
modulus4–6 of CNTs. The average bending strength and com-
pressive strength of multiwalled nanotubes �MWNTs� is 14
and 100 GPa, respectively.7 There are extensive reports
available on the mechanical and electrical properties of CNT
reinforced polymers.8–10 CNT reinforced polymers improve
mechanical stiffness with addition of 0.1%–2% of CNTs to
the parent polymer.11 For example, dispersed CNTs suppress
crack propagation in the host material12 or foster electrostati-
cal discharge of aircraft parts for protection from electromag-
netic interference.13 However, little reported work focuses on
pristine CNTs.

In this letter we report on the simultaneous electrical
conductivity and compressive strain responses of block con-
sisting of ultralong ��3.0 mm� aligned pristine CNTs. Such
blocks offer a great potential application as strain and pres-
sure sensors, and would be advantageous over short CNT-
polymer composite. The large size of the CNTs provides nu-
merous advantages, including easy handling, replacement,
and superior compressibility.3,14

Multiwalled carbon nanotubes �CNTs� were grown on
SiO2/Si substrates by chemical vapor deposition technique
using thermal decomposition of a ferrocene and xylene mix-
ture. Ferrocene and xylene were used as a catalyst and car-
bon sources, respectively. The temperature was maintained at
775 °C during the growth of the CNTs. The Ar/H2 gas mix-
ture was used as a carrier gas and the preheated xylene and
ferrocene is carried into the reactor. After the growth of
CNTs on the substrate the reactor is cooled and the sample is
taken out. The CNTs were well aligned along the thickness
of the block with an average diameter of 53 nm and length of
3.4 mm. The average dimension of the CNT block was

2.9�2.9�3.4 mm3. The CNTs were peeled off the sub-
strate, yielding a freestanding CNT block. The metal elec-
trodes, consisting of successive 15-nm-thick Ti and
200-nm-thick Au layers, were thermally evaporated on the
surfaces of two opposite sides of the CNT block. Simulta-
neous electrical conductivities and compressive strain re-
sponses were then carried out using an Instrom 8543 testing
station combined with a Keithley 6430 current meter at a
constant voltage of 100 mV.

Figure 1�a� is a schematic of the measurement setup,
where the compressive strain was applied either parallel
�termed “parallel”� or normal �termed “perpendicular”� to the
tube axis of CNTs. Figure 1�b� shows the optical image of a
typical free standing CNT block consisting of aligned
3.4-mm-long CNTs. Under mechanical compression, the
CNTs buckle reversibly as previously reported.3,14,15 For
moderate compressive strain levels, the CNTs buckle prefer-
entially at the bottom, i.e., at the side of the block that was
near the substrate, while the top portion remains straight.
This is illustrated with the two scanning electron microscopy
�SEM� images in Fig. 1�b� from the bottom and top portions
of a CNT block that is under 25% compressive strain, show-
ing buckled and straight CNTs, respectively. The density of
the CNT block is not uniform throughout the block; hence,
the CNTs can easily buckle in our case.3,14

The measured stress ���-strain ��� curves for the parallel
and perpendicular geometries are plotted in Fig. 2. The per-
pendicular configuration shows a nearly linear response, cor-
responding to an elastic modulus �E� of 1.6 MPa. In contrast,
the parallel configuration exhibits a smaller stiffness with E
=0.9 MPa at compressive strain levels ���25% �, but a dra-
matic increase in the slope �d� /d�� to reach an instantaneous
elastic modulus of 2.2 MPa �25% ���45% � is observed.
The anisotropy in the mechanical response �i.e., difference
for the parallel and perpendicular geometries� is attributed to
CNT buckling. Buckling occurs only for the parallel configu-
ration and leads to a relatively low stiffness at low � levels,
as CNTs deform and bend to form zigzag spiral springs, as
shown in Fig. 1�b�. The block has a CNT volume fraction of
10%–13%, while the remaining volume is occupied by air.16
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Therefore, initially there is plenty of space within the block
for CNT deformation. However, at higher compressive strain
levels, the bent CNTs touch their neighbors which inhibit
further easy bending, leading to a dramatic increase in the
modulus at higher � for the parallel geometry. In contrast, the
perpendicular arrangement results in a simple elastic densi-
fication of CNTs �i.e., no buckling in this case�. The elastic
recovery is expected to be driven by CNTs that are initially
slightly tilted with respect to the growth direction; therefore
it bends during parallel compressive strain.

Figures 3�a� and 3�b� shows the plot of electrical con-
ductivity versus time on varying the applied compressive
strain for parallel and perpendicular configurations, respec-
tively. In this measurement, a compressive strain was applied
to the block and was held for some time and then released.
During this process, the current was measured on applying a
constant voltage of 100 mV. The electrical conductivity was
found to increase on the application of compressive strain
and the conductivity value retains to its original value on
removal of the applied compressive strain. The electrical
conductivity for parallel configuration on no load was
3.3 S/cm at constant voltage of 100 mV �Fig. 3�a��. On ap-
plying different compressive strain levels and holding over a
specified time, there is a significant change in the conductiv-
ity �e.g., for 45% compressive strain, the value is 5 S/cm�
and on removal of the compressive strain, electrical conduc-
tivity regains its original value �3.3 S/cm� immediately. This
clearly shows that these ultralong CNTs block exhibit high
sensitiveness both electrically and mechanically. The CNTs
are bound to buckle and debuckle based on the mechanical
compressive strain and their corresponding electrical con-
ductivity was found to be in phase with the applied compres-
sive strain. Similar in-phase behavior was observed in the
perpendicular configuration, as shown in Fig. 3�b�. The
CNTs do not buckle in the perpendicular configuration, in-
stead compaction between the adjacent CNT walls take place
leading to the increase in electrical conductivity.

Figure 3�c� shows the corresponding conductivity values
plotted as a function of compressive strain for the CNT
block. The measured conductivity at compressive strain
�45%� for the parallel configuration �5 S/cm� was approxi-
mately an order higher than the perpendicular configuration
�0.6 S/cm�. This strong anisotropy is expected, since current
flows much easier along the CNTs than perpendicular to
them within the block structure. For both configurations, the
electrical conductivity increases monotonously with increas-
ing compressive strain. The increase in conductivity is attrib-
uted to the bending of the CNTs, which results in an overlap
of the electron states in adjacent CNT walls, leading to an

FIG. 1. �Color online� �a� Schematic diagram of the electrical conductivities
and compressive strain response measurements carried out on CNTs block
either perpendicular or parallel to the CNTs tube axis. �b� Optical image of
ultralong, large area CNT block. The CNT block is subjected to mechanical
compressive strain �25%�, which results in the buckling �SEM image, bot-
tom� at the lower portion while the remaining portion of the CNT is straight
�SEM image, top�.

FIG. 2. �Color online� Compressive stress-strain plot of CNT block sub-
jected to mechanical strain either parallel or perpendicular to the CNT tube
axis.

FIG. 3. �Color online� The plot of electrical conductivity vs time on varying
the applied compressive strain for �a� parallel and �b� perpendicular configu-
rations. �c� Conductivity as a function of compressive strain in both parallel
and perpendicular configurations.
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increase in the accessible number of conduction channels.17

There is a possibility that on compressive loading, the CNTs
bend and the block structure becomes denser, eventually
more of the CNTs touch each other leading to higher con-
ductivities. Removing the compressive strain from the CNT
block results in a complete recovery of its original shape.
Likewise, the electrical conductivity regained its original no-
load value. This indicates that the electrical conductivities
and compressive strain responses of the CNT block are fully
reversible.

In conclusion, the ultralong CNTs block can find poten-
tial use in pressure or strain sensors, due to their unique
reversible electrical conductivity and compressive strain re-
sponses. The parallel configuration demonstrated to be more
sensitive than the perpendicular configuration. The CNTs
block demonstrates supercompressibility even at larger com-
pressive strain �dynamic� cycles with minimal damage oc-
curring on the CNT block.
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