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Carbon nanotube networks are an emerging conductive nanomaterial with applications including
thin film transistors, interconnects, and sensors. In this letter, we demonstrate the fabrication of
single-walled carbon nanotube �SWNT� networks on a flexible polymer substrate and then provide
encapsulation utilizing a thin parylene-C layer. The encapsulated SWNT network was subjected to
tensile tests while its electrical resistance was monitored. Tests showed a linear-elastic response up
to a strain value of 2.8% and nearly linear change in electrical resistance in the 0%–2% strain range.
The networks’ electrical resistance was monitored during load-unload tests of up to 100 cycles and
was hysteresis-free. © 2008 American Institute of Physics. �DOI: 10.1063/1.2976633�

Carbon nanotube �CNT� networks are excellent candi-
dates for flexible electronic devices and sensors due to their
strength, flexibility, and the attractive properties provided by
the nanotubes. Nanotube networks are fabricated utilizing
either high temperature chemical vapor deposition or room
temperature solution based deposition methods �preferred for
applications on polymeric substrates� that include spray coat-
ing, dip coating, drop casting, and transfer printing. The de-
velopment of cost-effective, simple, and large scale fabrica-
tion approaches coupled with the emerging nanotube
applications greatly enhanced the popularity of CNT net-
works. Zhao et al.1 and Grüner2 demonstrated CNT-network
based chemical and biological sensors, whereas Hur et al.3

and Gui et al.4 demonstrated applications of networks in
transistors and biological sensors. Furthermore, Snow et
al.5–7 demonstrated gas and chemical sensors utilizing nano-
tube networks. A recent review paper of Grüner details the
fabrication and applications of these nanomaterials.8 Further-
more, the fabrication of nanotube networks on polymeric
substrates9,10 is expected to have applications in the emerg-
ing field of flexible electronics as electrical interconnects and
devices and as strain sensors in wearable/smart textiles. De-
spite the advances in nanotube network based devices, the
mechanical properties of nanotube networks on flexible me-
dia are not investigated. Furthermore, prior to translation of
this nanomaterial into a product of technological importance,
another crucial requirement is the need for proper encapsu-
lation technology for protecting the nanomaterial from the
environmental factors such as humidity, corrosion, and dust
particles.

The commonly used substrate materials for flexible elec-
tronics include polymers such as poly�ethylene
naphthalate�,11 poly�ethylene terephthalate�,12 and
polydimethylsiloxane.13 These polymers are commercially
available at low cost, yet most are only available in a sheet
form, and being flexible, they are not readily compatible with
microfabrication technologies. In addition, they are hundreds

of microns in thickness and hence are bulky. The bending
rigidity of thin films is proportional to Et3, where E is the
elastic modulus and t is the thickness of the film.14 There-
fore, thinner substrates may be preferable since they can be
readily rolled into cylinders with a smaller diameter without
causing any damage to the materials. Here, we introduce a
flexible polymeric substrate material, namely, poly�para-
xylylene� �parylene-C�, which is deposited at room tempera-
ture, compatible with microfabrication processes, and, while
attached onto a substrate during the fabrication process, can
be readily peeled off after the completion of the device. In
addition, parylene-C is transparent, does not react with most
chemicals, and is sufficiently flexible and durable, which en-
ables its use as a substrate with thicknesses down to 10 �m.
In this letter, we present a technology for the fabrication and
encapsulation of nanotube networks on a flexible polymeric
substrate, and then we evaluate the electrical behavior of the
fabricated structure under various mechanical loading condi-
tions.

Highly purified HIPCo-grown single-walled CNTs
�SWNTs� �diameter of �1–2 nm and 2–5 �m in length�
suspended in an aqueous solution �Nantero, Woburn, MA�
were utilized to fabricate the nanotube networks on the flex-
ible parylene-C substrate, as shown in Fig. 1�a�. The fabri-
cation process is described in Fig. 1�b� and starts by depos-
iting a thin �10 �m� parylene-C �PDS 2010 Parylene-C
Deposition System, SCS, Indianapolis, IN, USA� layer on a
3� silicon wafer. Then, Au contact pads �1500 Å� are selec-
tively deposited utilizing a shadow mask. An aqueous solu-
tion of SWNTs was next drop cast onto the parylene-C sub-
strate and the sample was left to dry in air. For encapsulation,
a 10 �m thick conformal, transparent, and pinhole-free
parylene-C layer was deposited at room temperature to pro-
tect the SWNT network from the environment. Contact areas
for electrical measurements were next etched on the top
parylene-C layer utilizing an inductively coupled plasma
etcher �Plasmatherm 790� with oxygen plasma. A 2000 Å
thick aluminum hard mask was utilized during the dry etch
step, which was removed right after the etch. After fabrica-
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tion, the flexible SWNT network was peeled off from the
silicon wafer and is ready for testing.

Parylene-C as-deposited has a hydrophobic surface �wa-
ter contact angle of 98°�,15and the drop casting process re-
sults in SWNTs to dry on the surface in a random orientation
�Fig. 2�a�� forming a SWNT network. The van der Waals
interactions between the closely packed nanotubes hold the
network together, and connections between nanotubes allow
electrical conductivity.16 The CNT network is attached to the
polymer substrate �parylene-C� through van der Waals forces
and possibly through chemical bonds.17

The bulk deformation behavior of the encapsulated
SWNT network on a parylene-C substrate was next charac-
terized in a tensile test. A schematic of the 20 �m thick
specimen is shown in Fig. 2�b�, where the test area was 2
�10 mm2. The specimen was then suspended horizontally
and reinforced by gluing 250 �m thick cardboards on both
sides of the sample �Fig. 2�c��. This particular “dog bone”
design ensured that the normal strain was confined to the test
area. The strain distribution was computed by finite element
analysis �FEA� using ANSYS �Canonsburg, PA�. More than
30 000 “Solid 185” elements were used to model the system.
The results in Fig. 2�c� show that the horizontal sections of
the specimen experience approximately 1 /1000th of the
strain experienced in the vertical section. Through this de-
sign, the impact of film deformation near the gold pads was
kept at a minimum during the tensile testing of the SWNT
network.

The tensile testing was carried out by using a universal
testing machine UMT-2 �CETR, Campbell, CA� with a strain

rate of 0.2 mm/min. Parylene-C is a crystalline polymer with
a glass transition temperature of 90 °C. The tests conducted
at room temperature and with the slow strain rate ensured
that the transient effects of this viscoelastic material did not
influence the deformation behavior. The normal stress, �
=F /A0, was calculated based on the applied force, F, and the
cross sectional area �A0=40�10−9 m2� of the specimen. The
normal strain, �= �L−L0� /L0, was calculated based on the
initial length of L0=10 mm and the final length, L. The mea-
sured stress-strain curve for the encapsulated SWNT network
is displayed in Fig. 3�a�. As seen in Fig. 3�a�, a linear-elastic
response ��=E�� was observed from the SWNT network
until the proportional strain limit ��PL� of 2.8%. The modulus
of elasticity �E� of the encapsulated SWNT network was
measured as 1.93 GPa �based on three samples� with a stan-
dard deviation of 0.08 GPa.

The initial two-terminal electrical resistance �R0� of the
encapsulated SWNT network �2 mm�10 mm�20 �m�
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FIG. 1. �Color online� �a� Optical photograph of the flexible SWNT net-
work. �b� Fabrication sequence starts by �1� depositing a parylene-C
�10 �m� layer onto silicon substrate, �2� sputtering a thin �1500 Å� layer of
metal �Au� onto the parylene-C layer, �3� drop casting an aqueous solution
of SWNTs onto the parylene layer, �4� depositing the top parylene-C layer to
encapsulate the network, �5� opening contact areas over the Au electrodes,
and �6� peeling off the flexible network from the silicon substrate.
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FIG. 2. �Color online� �a� Scanning electron microscopy micrograph of the
SWNTs deposited on the parylene-C substrate. �b� The dimensions of the
tested sample with a test area of 2�10 mm2�20 �m. �c� Strain distribu-
tion in the test specimen by FEA. This particular dog bone design ensured
that the normal strain was confined to the test area.
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was 66 �. The change in resistance was normalized with
respect to the initial resistance ��R /R0� and is plotted as a
function of the imposed normal strain ��� in Fig. 3�b�. The
details of the 0%–3% strain range are magnified in the inset
of Fig. 3�b�. This figure indicates that the rate of change in
resistance with respect to strain, �d�R /d��, is nearly linear
until reaching a strain value of 2%, where �R /R0=1.5%.
The rate of resistance change increases precipitously there-
after, and at 3% strain the �R /R0 became 4%. Beyond the
linear-elastic range ���2.8%�, the resistance corresponding
to larger values of strain changed even more rapidly, and the
resistance of the SWNT network increased to about 800% at
failure ��fail�7.5%�.

We believe that parylene dominates the deformation of
the system, and the CNT network conforms to the deforma-
tion of the parylene substrate. The loosely bound nanotubes
in the network, in response to the elongation, tend to separate
from each other, hence the resistance of the network in-
creases. Beyond the elastic region, this movement acceler-
ates, hence causing the resistance to increase precipitously.

We next examined the loading behavior of the SWNT
network by performing cyclic testing for 100 times in the
0%–0.9% strain range. Figure 3�c� shows the normal stress
��� and the change in resistance ��R /R0� in the specimen as
a function of normal strain ��� for the first, 50th, and the 99th
cycles. While the �−� curve displayed a very small amount
of hysteresis for the first loading cycle, the 99th loading
cycle was nearly hysteresis-free. This figure shows very
similar results for the ��R /R0�−� behavior during the cyclic
loading test, where a small amount of hysteresis is observed
for the first cycle and nearly none is observed for the last
99th loading cycle. The fact that the resistance of the SWNT
network remained nearly hysteresis-free during the mechani-
cal loading cycles implies that the nanotube network has
potential applications in flexible electronics. The SWNT net-
work remained conductive until the end of 100 cycles when
the testing was concluded. The load-unload testing was re-
peated with a higher maximum strain ��=0 to 2%� and the
measured resistance was also nearly hysteresis-free.

The encapsulated SWNT network is a mechanically ro-
bust, flexible, and conductive nanomaterial that may find po-
tential applications as lateral interconnects in flexible media,
wearable/smart textiles, and, after taking advantage of
parylene micromachining, can be readily turned into flexible
strain sensors.
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FIG. 3. �Color online� �a� The normal stress vs strain from the tensile testing
of the encapsulated SWNT network on the parylene-C substrate with a strain
rate of 0.2 mm/min. The proportional strain limit ��PL� was measured to be
2.8%. �b� Measured change in resistance �normalized to initial resistance� vs
strain. The details of 0%–3% strain range are magnified in the inset. �c�
Normal stress vs normal strain and the measured change in resistance �nor-
malized to initial resistance� vs normal strain after the first, 50th, and 99th
loading cycles.
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