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A Flexible Multifunctional Sensor Based on
Carbon Nanotube/Polyurethane Composite

P. Slobodian, P. Riha, R. Benlikaya, P. Svoboda and D. Petras

Abstract—A sensor was made of a polymer composite
composed of electrically-conductive carbon nanotubes embedded
in elastic polyurethane. The composite was prepared by using a
polyurethane filter membrane, enmeshing it and melding together
with carbon nanotubes. Testing has shown that the composite can
be elongated as much as 400 % during which the electrical
resistance is increased 270 times. The composite is also sensitive
to compression and to organic solvent vapors. These properties
indicate the composite could have applications as a highly-
deformable strain and chemical vapors sensing element and also
as flexible electromagnetic shielding or protection against
lightning. As an example of the use of the composite as a strain
sensor, the pressure variation between a shoe and floor during
walking and knee flexion during cycling have been monitored.

Index Terms—Carbon Nanotubes, Chemical Vapor Sensing,
Deformation Sensing, Polymer Composite.

I. INTRODUCTION

HE sensitivity of a strain gauge is usually measured by a
gauge factor (GF) which is defined as the relative
electrical resistance change divided by the applied strain,
GF =(AR/R,)/¢. To have a high sensitivity, that is, a high

change in resistance for the same strain, a higher value of
gauge factor is desirable. The copper has a GF of about 2.5,
the metal sheet strain gauges have values of GF 2-5, GF of the
pure MWCNT network (buckypaper) was experimentally
determined as 0.34 [1], or 7 [2] at small strain about 0.1 % due
to the weak van der Waals attraction between nanotubes. GF
of stretchable composite consisting of multi-walled carbon
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nanotubes network/polyurethane (MWCNT/PU) stretched up
to 400 % and GF was found to be nearly 69 at this strain [3].

The purpose of this paper is to introduce sensing properties
of novel MWCNT/PU composite when subjected not only to
elongation but also to bending and compression and also to the
exposure to organic solvents of different polarities at the same
vapor pressure. Similar concepts for such composite structures
are used as novel types of sensors [4] or as an active part of
sensing composites [5,6].

Il. EXPERIMENTAL

Two different types of MWCNT were used for the
composite preparation. The purified MWCNTSs produced by
chemical vapor deposition of acetylene, were supplied by Sun
Nanotech Co. Ltd., China. According to the supplier, the
nanotube diameter is 10-30 nm, length 1-10 um, ~90% purity
and a resistivity of 0.12 Qcm [7]. The other MWCNTSs were
Baytubes C70 denoted here MWCNTs (BT), produced by
chemical vapor deposition and supplied by BayerMaterial
Science AG, Germany (diameter 5-20 nm, length 1-10 pum, C-
purity > 99% and bulk density 140-230 kg/m® declared by
supplier). The oxidized MWCNTSs were prepared in a glass
reactor filled with 300 cm® of 0.5M H,SO,, 1.5g of KMnO,
and 0.5g of MWCNTSs. The dispersion was sonicated at 40°C
for an hour using UP-400S Dr. Hielsher GmbH apparatus
(horn H7, amplitude 88 pm, power density 300 W/cm?,
frequency 24 kHz) at 50% power of the apparatus and in 50%
pulse mode. The product was filtered and washed with
concentrated HCI to remove MnO, [8].

The polyurethane membrane for MWCNT dispersion
filtration was prepared by electrospinning from polyurethane
dimethyl formamide/methyl isobutyl ketone (1:3) solution in
cooperation with the SPUR a.s. company of the Czech
Republic (detailed schematic of experimental set-up is
illustrated in [9]).

To make an entangled MWCNT network, a porous
polyurethane membrane (Fig. 1a) and a vacuum filtration
method was used. The homogenized dispersion of MWCNTSs
was vacuum filtered through the membrane. The filtered
MWCNT network (thickness about 35 pm) was washed
several times with deionized water and methanol in situ and
dried between two glass micro fibers filter papers at 40°C for
24 hours. The partial infiltration of MWCNTS into the filter
pores creates interlocking MWCNTs with the membrane
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which strengthens when the porous filter is transformed into
the polymeric film during the compression molding at 175 °C.
The initial state of infiltration is shown in Fig. 1b. The cross-
section of the composite, after compression molding, is shown
in Fig. 1c. The interaction between MWCNTS and the porous
filter is mechanical before compression molding. However, the
molten polymer apparently encloses MWCNTs from the
surface during the molding at 175 °C, making firm connection
between them. We assume that this firm connection between
layers sustains composite conductance even at extreme
elongation and the reversibility of deformation and electrical
conductance as well.

I1l. RESULTS

A. Compression Detection

The interconnected CNT structures are capable of detection
of macroscopic electrical resistance change induced by their
deformation. The published data show that the electrical
response to strain or stress is sufficient and the sensing can be
performed in real time [2,3,10-13].

To show the compression sensing abilities of the composite
in practice, we measured the pressure between a shoe sole and
the ground while a volunteer marched in place. A strip of
MWCNT/PU composite was glued to a shoe sole. The
electrical contacts were fixed to the strip by a silver-colloid
electro-conductive paint Dotite D-550 (SPI Supplies) and the
resistance was measured lengthwise by the two-point technique
using a Sefram 7338 multimeter. The time-dependent
resistance change was monitored through the Vernier
LabQuest Interface System connected to a differential voltage
probe and the Wheatstone bridge with sampling frequency 100
Hz.

The recorded waveform in terms of normalized
resistance AR/R, =(R—R,)/R, , where R, is the electrical

resistance of the measured sample before the first compression
and R is the resistance while compressed, is shown in Fig. 2. It
is apparent that the resistance of the sensor is reversible not
only in the five cycles displayed above, but also over a long
period, as illustrated by Fig. 3. The stepping frequency was
about 1 Hz, which resulted in 90 cycles during which, as can
be seen in Fig. 3, the sensor resistance is oscillating between
two almost constant values.

B. Deformation by Bending

The change of electrical resistance of the composite during the
static and dynamic bending combines the response to
compression and stretching. The smaller the bend radius, the
higher composite strip deformation and consequently, the
higher resistance change, Fig. 4.

i3 5 um ] 100 um

Fig. 1. A) SEM micrograph of polyurethane non-woven filter membrane, B)
the filtering membrane at the initial stage of filtration process with entrapped
nanotubes, C) the composite cross-section after the compression molding.
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Fig. 2. Waveform of the normalized resistance during stepping detected by
MWCNT/PU sensor adhered to the sole of a shoe (solid symbols).
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Fig. 3. The normalized resistance cycles in the course of plantar pressure
measurement, showing the sensor’s repetitive properties.
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Fig. 4. The relative resistance change vs. bending radius of the mesured
specimen with pristine Baytubes C70 MWCNTSs (open circles) and KMnO4
MWCNTSs (solid circles).
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The resistance change of the composite with pristine
MWCNTSs (BT) and oxidized MWCNTSs (BT) was compared
at the radius 40 mm. The change for pristine MWCNTS is
about 6.76 % and for the oxidised MWCNTSs about 267 %.
The corresponding gauge factor for pristine MWCNTS is
GF=450, and for oxidized MWCNTs GF=178.
The deformation ¢ of the composite strip was approximately
15.5 %.

The waveform in Fig. 5 shows how fast the time dependent
response of the strip of the cantilevered composite is to a
sudden initial deflection of the unattached end. The
measurement demonstrates the composite measuring properties
during high frequency deformation.

C. Sensing of Tensile Deformation

The data presented in Fig. 6 show that MWCNT/PU is
electrically conductive even at the highest strain of about 400
% when the resistance is more than 47000 Q (AR/R, =277).
The resistance increase under strain is continuous without any
discontinuity, which is not usual in the case of conductive
particulate composites, when an electrical percolation
threshold is reached at greater strain. Moreover, the resistance
of the maximally elongated composite returns in the unloaded

state to the residual value 1750 Q (AR/RO =10.29) which

differs from the initial resistance value of 170 Q. The residual
strain of the composite in the unloaded state is 24.7 % due to
the composite irreversible deformation in the first highly
deforming cycle [3]. The gauge factor for the elongating
composite can be calculated using data from Fig. 6. The gauge
factor increases with strain values around 4 at the beginning of
deformation to nearly 69 at a strain 400 %. This is a
substantial increase, which puts MWCNT/PU composite in the
range of composite materials and strain gauges with the
highest sensitivity to tensile deformation.

Fig. 7 shows waveforms of the test performed with the
measuring strip of MWCNT/PU composite on a knee bandage
pedaling more than 16 min on an exercise bicycle to
demonstrate the composite measuring properties under long-
term cyclic stretching. A pedaling frequency about 1 Hz
resulted more than 1000 cycles during which the composite
resistance changes were repetitive and no material property
variation is observed. Though a commercial sensor made from
MWCNT network/PU composite should withstand multiples
of test cycles, we believe that the composite has reasonable
durability and reversibility of the base characteristics for
practical application [3].

D. Sensing of Organic Vapors

CNT network structure is suitable for its use as a
membrane [14], adsorbent [15] or gas sensor [16,17]. Gas and
vapor adsorption as well as desorption usually proceeds at
high rates and amounts [18]. The data in Fig. 8 represents the
change of resistance MWCNT(BT)/PU composite cyclically
exposed to saturated vapors of ethanol and heptane in
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Fig. 5. Time-dependent relative resistance change response of the cantilevered
composite strip to a rapid deflection of the loose end.
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Fig. 6. Strain dependence of relative resistance change of MWCNT/PU
composite. The cross denotes the resistance change value in a relaxed state
after 400 % extension [3].
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Fig. 7. a) Position of measured strip of MWCNT/PU composite on the knee
bandage. b) Exercise bicycle setup for the measurement of cyclical
deformation. ¢) The waveform of the normalized resistance during cycling

[31.
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Fig. 8. Five adsorption/desorption cycles for MWCNT(BT)/PU composite
exposed to vapors of ethanol (open circles) and heptane (solid circles).

adsorption/desorption cycles. The solvents were chosen to
have similar values of saturated vapor pressure, p;, which
defined corresponding volume fractions of vapors in air, x;,
with considerably different polarities defined by Hildebrand
solubility parameter, &. Calculated values of x; are 7.8 vol. %
for ethanol and 6.0 vol. % for heptane at 25°C with & = 26
MPa? and & = 15 MPa'® for ethanol and heptane,
respectively.

The adsorption of vapor molecules causes increase in the
resistance and desorption of vapor molecules causes decrease
of macroscopic resistance when non-conductive layers
between the tubes is desorbed [19,20]. The curves in Fig. 8
have specific shapes of adsorption/desorption, with a clear
on/off effect. An initial sharp increase in resistance is followed
by a slower phase. Experimental data demonstrates also good
reversibility of adsorption/desorption processes. The increase
in resistance in the present of polar ethanol compared to the
non-polar heptane is higher. This is probably caused by a
greater affinity of ethanol to the MWCNTSs.

IVV. CONCLUSIONS

We have introduced a highly deformable composite
composed of a network of electrically-conductive entangled
carbon nanotubes embedded in elastic polyurethane. The
composite was prepared by taking a polyurethane filter
membrane, enmeshing it with carbon nanotubes and melting
them into one piece. This procedure eliminates the laborious
process of peeling the nanotube network from the common
micro-porous (polycarbonate, nylon) filter, followed by
impregnation that increases its compactness. Testing has
shown the composite can be compressed, bent, extended and
exposed to chemical vapors to cause corresponding change of
its resistance. This straightforward relationship indicates the
possible use of this composite as a multifunction sensor.
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http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=X1@Pb9CHMeLBKM2GeCM&name=Park%20YB&ut=000251483400024&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=X1@Pb9CHMeLBKM2GeCM&name=Liang%20Z&ut=000251483400024&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=X1@Pb9CHMeLBKM2GeCM&name=Zhang%20C&ut=000251483400024&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=X1@Pb9CHMeLBKM2GeCM&name=Wang%20B&ut=000251483400024&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=T1hEi3@b14igJH43IA7&name=Smajda%20R&ut=000246835200006&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=T1hEi3@b14igJH43IA7&name=Smajda%20R&ut=000246835200006&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=T1hEi3@b14igJH43IA7&name=Konya%20Z&ut=000246835200006&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=T1hEi3@b14igJH43IA7&name=Kiricsi%20I&ut=000246835200006&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Agnihotri%20S&ut=000236992100008&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Agnihotri%20S&ut=000236992100008&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Rostam-Abadi%20M&ut=000236992100008&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Rood%20MJ&ut=000236992100008&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Qureshi%20A&ut=000272786800001&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Kang%20WP&ut=000272786800001&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Davidson%20JL&ut=000272786800001&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Gurbuz%20Y&ut=000272786800001&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Hussain%20CM&ut=000254494900002&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Hussain%20CM&ut=000254494900002&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Mitra%20S&ut=000254494900002&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Tournus%20F&ut=000231564500184&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Latil%20S&ut=000231564500184&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Heggie%20MI&ut=000231564500184&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Heggie%20MI&ut=000231564500184&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Mowbray%20DJ&ut=000266501300130&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Mowbray%20DJ&ut=000266501300130&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=N1O3NH4K5F1pph6ihil&name=Thygesen%20KS&ut=000266501300130&pos=3

