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The effect of different chemical oxidation of multiwalled carbon nanotubes with H,0,, HNO;, and KMnO, on the change of
electrical resistance of polyurethane composites with embedded oxidized nanotube networks subjected to elongation and bending
has been studied. The testing has shown about twenty-fold increase in the electrical resistance for the composite prepared from
KMnO, oxidized nanotubes in comparison to the composites prepared from the pristine and other oxidized nanotubes. The
evaluated sensitivity of KMnO, treated composite in terms of the gauge factor increases with strain to nearly 175 at the strain
11%. This is a substantial increase, which ranks the composite prepared from KMnO, oxidized nanotubes among materials as strain
gauges with the highest electromechanical sensitivity. The observed differences in electromechanical properties of the composites
are discussed on basis of their structure which is examined by the measurements of Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, and scanning electron microscope. The possible practical use of the composites is demonstrated by

monitoring of elbow joint flexion during two different physical exercises.

1. Introduction

In recent years there has been an increase in the studies
on the composites composed of thermoplastic polyurethane
(TPU) with carbon nanomaterials such as multiwalled
carbon nanotubes (MWCNTSs) [1], carbon nanofibers [2],
and single- or multi-walled carbon nanotube networks
(SWCNT-N, MWCNT-N), or buckypaper [3-5]. Thermo-
plastic polyurethane elastomers exhibit useful properties as
abrasion resistance. However, since these polymers are not
chemically cross-linked, they exhibit lower recoverability
following elongation than cross-linked elastomers [6].

The carbon nanotube networks (CNT-Ns) can propor-
tionally transfer their unique properties into composites and

bring about substantial improvements in their properties
such as the strength, the electrical and thermal conductivity,
the electromagnetic interference shielding compared to the
polymer composites with CNT particulate filler [7]. Using
CNT-Ns as a strain sensor has also potential advantage since
the networks have high sensitivity to local distributions of
stress and strain as well as the ability to sense stresses and
strains in different directions in the host materials [8]. In
this respect the strain sensitivities of epoxy [8], poly (methyl-
methacrylate) [9], and thermoplastic polyurethane compos-
ites [5] with MWCNT-Ns or SWCNT-Ns have already been
studied. Moreover, there are also some studies on the effect
of the functionalization of CNT-Ns with plasma [10, 11]
as well as the carboxylic acid and amine groups [5] on



the electrical properties [5, 11], thermal properties [5], and
mechanical properties [10, 11] of polyurethane [5], polyimide
[10] and polycarbonate [11] composites with CNT-Ns. Lima
and coworkers stated that the range of property design
possibilities of the elastomeric polyurethane composite is
possible by tailoring the functional group content and the
carbon nanotube load [5]. Nevertheless, according to our
knowledge, no study related to examination of the effect
of functionalized MWCNT-Ns with various oxidants on
the strain sensitivity of TPU/MWCNT-N composites has
been published yet. There are some studies showing various
properties of CNT-polymer bulk composites to be affected
by various oxidation conditions of nanotubes [12]. Rein and
coworkers investigated the coupling between the electrical
and mechanical properties of the CNT-N films made of
SWCNTs and MWCNTs when embedded in several types of
epoxies and observed different electromechanical responses
[8]. However, this coupling is not affected only by the
nanotube type but also by the interaction of the polymer
matrix and CNT-N films [13].

In this study, the thermoplastic polyester-based polyure-
thane composite with various MWCNT-Ns, oxidized by three
agents as H,0,, HNO;, and KMnOQ,, is investigated in
terms of their electrical resistance change during elongation
and bending. The observed differences in electromechanical
properties of TPU composites are discussed on basis of
their structure which is examined by the Fourier trans-
form infrared spectroscopy (FTIR), the X-ray photoelectron
spectroscopy (XPS), and the scanning electron microscope
(SEM).

2. Experimental

2.1. Materials. Purified MWCNTSs produced by the chemical
vapor deposition of acetylene were supplied by Sun Nanotech
Co. Ltd., China, and characterized in our previous studies [4,
7, 14]. The thermoplastic polyurethane elastomer Desmopan
DP 2590A was supplied by Bayer Material Science.

KMnO, oxidation: the oxidized MWCNTs were prepared
in a glass reactor with a reflux condenser filled with 250 mL
of 0.5M H,SO,, into which 5g of KMnO, as oxidizing
agent and 2 g of MWCNTs were added. The dispersion was
sonicated at 85°C for 15 hours using thermostatic ultrasonic
bath (Bandelin Electronic DT 103H). The dispersion was
filtered, and then MWCNTs were washed with concentrated
HCl to remove MnO, and then washed with water until pH =
7.

HNO; oxidation: 2 gof MWCNTs was added to 250 mL of
HNO; (concentrated) and heated at 140°C for 2 hours. After
that the dispersion was cooled and filtered. The sediment was
washed by deionized water and dried at 40°C for 24 hours.

H,0, oxidation: 1.5 g of MWCNTs was added to 30 mL of
H,0, and simultaneously stirred at 50 rpm (Heidolph, type
MR HEI-standard) and heated for 72 hours at 65°C. Each
day 5mL of fresh hydrogen peroxide was added to original
dispersion to refresh the activity of H,O,. In the end the
dispersion was filtered and rinsed by water. The resulting
product was dried at 40°C for 24 hours.
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For making an entangled MWCNT network, a porous
polyurethane membrane and a vacuum filtration method
were used. The homogenized dispersion of MWCNTs was
vacuum filtered through the membrane. The formed net-
worked layer had thickness about 35 ym. The partial infil-
tration of MWCNTs into the filter pores creates an effective
interlocking of MWCNT network layer with TPU filter which
even strengthens when the porous filter is transformed into
the polymeric film in the course of compression molding at
175°C. The detailed preparation of TPU membrane, MWCNT
networks, and the composite was described in our previous
paper [4].

The network of pristine MWCNTs is denoted below as
MWCNT-N, and the ones of oxidized MWCNTs are denoted
as MWCNT-N (KMnO,), MWCNT-N (HNO;), MWCNT-
N (H,0,). The composites of the size 10 x 30 mm were
melt welded onto the surface of TPU tensile test specimen
(dog-bone shaped) for extension and bending tests [4]. The
shape and dimension are chosen according to standard EN
ISO 3167. The resulting structure of prepared samples sensi-
tive to deformation consists of three-layers structure. There
is TPU specimen, TPU/MWCNT composite layer created
from melted TPU filtering membrane with interfiltrated
nanotubes, and pure MWCNT network originated on filter
during filtration.

2.2. Characterization of MWCNT-N and TPU/MWCNT-N
Composite. TEM of CNT material was performed using
microscope JEOL JEM 2010 at the accelerating voltage of
160kV. The sample for TEM was fabricated on 300 mesh
copper grid with a carbon film (SPI, USA) from MWCNT
dispersion in acetone prepared by ultrasonication, which was
deposited on the grid and dried.

The structure of MWCNT-Ns on the composites was
analyzed by scanning electron microscope (SEM) Vega LMU,
produced by Tescan Ltd. The samples were deposited on
carbon targets and covered with a thin Au/Pd layer. For the
observations the regime of secondary electron was chosen.

XPS signals measured from MWCNT-Ns were recorded
using a Thermo Scientific K-Alpha XPS system (Thermo
Fisher Scientific, UK) equipped with a microfocused,
monochromatic Al Ka X-ray source (1486.6 eV). An X-ray
beam of 400 ym size was used at 6 mA x 12kV. The spectra
were acquired in the constant analyzer energy mode with
pass energy of 200 eV for the survey. Narrow regions were
collected using the snapshot acquisition mode (150 eV pass
energy) enabling rapid collection of data (5s per region).
The narrow region data was postprocessed using Jansson’s
algorithm to remove the analyser point spread function
which resulted in improved resolution of the spectra for peak
deconvolution [15].

The resistance change of the composites was monitored
by a two-point technique under different tensile loading. The
time-dependent resistance change was measured by means
of the Vernier LabQuest Interface System connected to the
Differential Voltage Probe and the Wheatstone bridge with
sampling frequency 200 Hz.

Fourier transform infrared (FTIR) analyses of the
MWCNT-Ns and the composite samples were performed



Journal of Nanomaterials

TABLE 1: Summary of FTIR measurements for the pristine and oxidized MWCNT-Ns.

Possible assignments

Wavenumber (cm™)

MWCNT-N MWCNT-N MWCNT-N

MWENTN (H,0,) (HNO,) (KMnO,)
OH stretch 3435 3459 3428 3427
C-H stretch (CH,, CH,) 2908, 2840 2977, 2888 2980, 2880 2978, 2888
C=0 stretch (carboxyl or ketone) 1705 1718 1726 1710
;‘;g";ﬁijﬁ:’u‘i’ﬁ;‘ﬁ:"g‘;ups 1652 1637 1661, 1635 1641
C=C stretch 1559 1565 1580 1569
CH,/CH, bending 1460 1443 1437 1440
ikélfglsﬁgg }:angennal motions 1222 1219, 1167 1184 1190
C-O stretch 1082 1083, 1052 1084, 1049 1087,1046

T.G.

5 10 15 20 25 30
T.G.: total groups involving oxygen

(=}

Oxygen content (at %)

#= MWCNT-N (H,0,)

N MWCNT-N (KMnOy)
= Il MWCNT-N

MWCNT-N (HNO;)

FIGURE 1: Oxygen content (at %) on MWCNT-Ns oxidized by
different reagents.

on FT-IR spektrometr Nicolet 6700. Transmission accessory
was used for the MWCNT-Ns samples in powder form
prepared by KBr. FTIR-attenuated total reflectance (ATR)
spectra of the interface of TPU/MWCNT composite layer
where upper network made of pure CNT was washed out
were obtained using Ge plate for ATR and repeated three
times. The MWCNT-Ns were used for FTIR-ATR spectra of
TPU/MWCNT composites as a background.

3. Results

3.1 FTIR Measurements. Table 1 summarizes the frequencies
of some functional groups in FTIR spectra of MWCNT-
Ns. The OH stretch is shifted to lower wavelength for
only MWCNT-N (H,0,) which could show the increase in
the amount of hydrogen bonded hydroxyl groups. On the
other hand, C-H stretching of MWCNTs is shifted to lower
wavelength for all oxidation treatments.

A weak C=0 peak at 1705 cm™" was observed in pristine
MWCNT-N, which shows that there is carbonyl or carboxylic

group in its surface. The reason why pristine MWCNT-
N has carbonyl and OH groups could be partial oxidation
of the surfaces of MWCNTs during purification by the
manufacturer [16]. The higher shift in the carbonyl stretching
mode is seen for MWCNT-N (HNO,) than for other oxidized
MWCNT-Ns. The reason may be a kind of C=O group or
other groups that interacts with the C=0O group. Zhang and
coworkers found that even if the acid mixture and dilute nitric
acid produce carboxylic group on the surface of SWCNTs,
the strength vibration peaks are not at the same location
due to possible different hydrogen bonding interactions [17].
The results summarized in Table 1 also show that there are
probably no anhydride/lactone groups on the surfaces of
MWCNTs since these groups are usually observed at around
1750 cm™! or more high wavenumber [18-20].

The peak assigned to quinone group at 1652cm™ in
pristine MWCNT-N is usually shifted to higher wavelength
in oxidized MWCNT-Ns. Coupling effects (i.e., both of
intermolecular and inner molecular hydrogen bonding with
hydroxyl groups) also might be responsible for the downshift
in the C=0 stretching mode, besides the production of
surface-bound quinone groups with extended conjugation
[21].

The up-shift in the C=C stretching mode of MWCNT-Ns
was observed for all oxidized MWCNT-Ns. The highest shift
was observed for MWCNT-N (HNO,;) compared to other
MWCNT-N. This treatment may suggest a change in the
structure of the MWCNT-N [17].

The C-H (CH,/CHj,) bending at 1460 cm™" and the peak
at1222 cm™" for MWCNT-N are shifted to higher wavelength
for all oxidized MWCNT-Ns. The peak at around 1170 cm ™
assigned to C-OH group was also observed on MWCNT
after H,O, oxidation in another study [22]. A new band
around 1050 cm™" in FTIR spectra of oxidized MWCNT-Ns
was also observed, which could be assigned to alcoholic C-
O stretching vibration [22]. Overall, the observed changes in
FTIR spectra of oxidized MWCNT-Ns confirm the efficiency
of the oxidizing process and formation of the new oxygen-
containing functional groups on the surface of carbon nan-
otubes.
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FIGURE 2: (a) TEM micrograph of nanotube structure; (b) SEM micrograph of the surface of entangled MWCNT network; (c) the composite
cross-section after the compression molding; (d) photograph of TPU dog-bone shaped specimen; (e) and (a) position of measuring strip of

TPU/MWCNT network composite on the elastic elbow bandage.

3.2. XPS Data. The X-ray photoelectron spectroscopy was
performed on the MWCNT-N specimens to get information
on the functional groups attached onto the nanotube surface.
The surface composition (in atomic %) was determined by
considering the integrated peak areas of Cl and the respective
sensitivity factors. The fractional concentration of a particular
element A was computed using

I
% 4= a5 00e )

Z(L/s,)

where I, denotes the signal intensity of element A, I,
integrated peak areas, and s, and s, the Scofield sensitivity
factors corrected for the analyzer transmission.

The main binding energy peak (284.5¢V) in XPS spectra
of MWCNT-Ns was assigned to the Cls-sp2, while the other
ones were assigned to C-O (286.2¢eV), C=0 (287.1eV), O-
C=0 (288.6-289¢V), and Cls-7-* (291.1-291.5eV). XPS
data in Figure 1 show that all MWCNT-Ns have C-OH, C=0,
and O-C=0 groups on their surface and that MWCNT-N
(KMnO,), MWCNT-N (HNO,), and MWCNT-N (H,0,)
have maximum percentage of O-C=0, C=0, and C-OH,
respectively. FTIR data of these MWCNT-Ns also confirm
the presence of these functional groups on the surface. It
was also stated in an other study that MWCNTs treated with
(NH,),S,05, H,0,, and O; have higher concentrations of

carbonyl and hydroxyl functional groups, while more aggres-
sive oxidants (e.g., HNO;, KMnO,) form higher fractional
concentrations of carboxyl groups [23]. The acidic potassium
permanganate (KMnO,) is a strong oxidizing agent and
produces more surface acidic groups than nitric acid [24].

The study of Fang and coworkers shows that XPS analysis
is a useful and simple method for evaluating the content vari-
ation of amorphous carbon in SWNT samples by analyzing
the sp>/sp” carbon ratio [25]. According to our XPS results
of MWCNT-Ns the carbon ratios are 2.50, 2.71, 3.50, and 1.69
for MWCNT-N, MWCNT-N (H,0,), MWCNT-N (HNO;),
and MWCNT-N (KMnO,), respectively. The reason why the
total oxygen amount for MWCNT-N (KMnO,) is less than
that in case of other oxidants could be due to removing
away more amount of the oxygen species originated from
amorphous carbon structures during the acidified KMnO,
oxidation process.

3.3. From Tubes to Strain Sensing Element. Figures 2(a)-2(e)
summarize pathway of CNT application for strain sensing
element. Part (a) represents TEM analyses of one individual
MWCNT tube which typically consists of about 15-35 rolled
layers of graphene. The SEM micrograph of the upper sur-
faces of MWCNT-N network created from entangled tubes
is presented in part (b). Comparing results for each principal
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composites anchored tightly on one side to the initial deflection of
free ending.

have smoother surface than others with more densely packed
nanotubes and smaller diameters of pores. On the other hand,
material it was found that the structures of networks slightly ~ the most porous structure belongs to MWCNT-N (HNO;).
differ from each to other. MWCNT-N (KMnO,) seems to ~ The composite cross-section after the compression molding is
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FIGURE 6: The possible interactions between TPU and MWCNT-Ns. The distances among the functional groups are drawn randomly. They
give no information about the strength of hydrogen bonding. Two headed arrows and dashed lines show repulsion forces and intermolecular

hydrogen bonding, respectively.
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FIGURE 7: FTIR spectra of TPU and the composites between 2400
and 3600 cm ™.
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FIGURE 8: Comparison of FTIR spectra of TPU/MWCNT-N
(KMnO,) and TPU/MWCNT-N (HNO,) for various elongations.

shown in Figure 2(c) (upper black layer represents both pure
MWCNT network and TPU/MWCNT composite interlayer
while lower part is body of TPU specimen). Moreover,
the melted polymer apparently encloses MWCNTs from
MWCNT network surface in the course of molding at 175°C,
making firm connection between the polymer and layer of

TPU/MWCNT-N-2nd (~100% elongation)

1578

TPU/MWCNT-N-3rd (~150% elongation)

1578

TPU/MWCNT-N-4th (~200% elongation)
1594

1750 1700 1650 1600 1550 1500 1450

T (%)

(cm™)

FIGURE 9: FTIR spectra of TPU/MWCNT-N for various elongation.

entangled nanotubes. MWCNT network and TPU filtering
membrane can be easily melt welded onto the surface of TPU
tensile test specimen (dog-bone shaped) for extension and
resistance tests, Figure 2(d). As an example of practical use
of TPU/MWCNT composite as a strain sensing element, a
strip of TPU/MWCNT-N composite was fixed on the elastic
bandage to monitor human elbow flexion.

3.4. Tensile Deformation and Gauge Factor of MWCNT-
N/PU Composites. The relative electrical resistance change,
defined as AR/R, = (R — Ry)/R,, where R, is the electrical
resistance of the measured sample before the first elonga-
tion and R is the resistance while elongating, versus the
percentage of mechanical strain is presented in Figure 3.
The composite specimens are deformed by the tensile stress
with increasing value in each cycle 0.43, 0.73, 1.07, 1.37, 1.71,
2.09, and 2.47 MPa. The increasing stress obviously enhances
composite plastic deformation. Consequently, the residual
strain increases in the off-load state with increasing number
of cycles. The similar residual increase of the resistance
is also observed except the resistance of TPU/MWCNT-N
(KMnO,) composite which is reversible. Thus the nanotube
oxidation by KMnO, has a stabilizing effect on the cyclic
resistance change. The testing has shown also the sixteen-fold
increase in the resistance for the composite prepared from
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FIGURE 10: Measurement of elbow joint flexion during (a) the bodyweight dips and (b) the cable-based arm curls.
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FIGURE 11: Time-dependent resistance change of TPU/MWNCT-N (KMnO,) composite strain sensor during (a) the bodyweight dips and

(b) the cable-based arm curls.

KMnO, oxidized nanotubes in comparison to the composites
prepared from the pristine and other oxidized nanotubes.

Figure 4 shows fast resistance change of the strips of com-
posites anchored tightly on one side to bending deformation
induced by the tip deflection of free ending. The oxidation
treatment evidently causes the increase in the resistance
change which is highest for TPU/MWCNT-N (KMnO,)
composite.

The sensitivity of electrically conductive materials is
usually evaluated by a gauge factor GF which is defined as
the relative resistance change divided by the applied strain ¢,
GF = (AR/Ry)/e [26]. The gauge factors of the composites
given in Figure 5 were calculated by using maximum values
of resistance change and strain for each cycle in Figure 3.
The gauge factor of CNT thin film was found to be 65 under
room temperature for very low strain up to 0.05% [27]. Wang
and coworkers found the Gauge factors of iodine-doped and
iodine-undoped carbon nanotubes as 125 and 65, respectively
[28].

The calculated gauge factors of our composites increase
with the strain up of the maximum measured gauge factor
which is for TPU/ MWCNT-N, TPU/MWCNT-N (H,0,),

TPU/MWCNT-N (HNO,), and TPU/MWCNT-N (KMnO,)
about 8, 10, 12, and 175 for the strains 11, 9.1, 8.6 and 10.9%,
respectively.

3.5. FTIR Spectra of the Composite Interfaces. As shown
above, the type of MWCNTS significantly affects the resulting
sensitivity of composites to strain. Rein and coworkers sug-
gested in their study [8] that the source of the large difference
in sensitivity between carbon nanotube network types in
epoxy resins is the interaction between the polymer and
MWCNTs [13]. The difference in the maximum strain values
of the investigated composites could arise from the interac-
tions in MWCNT-Ns and/or between TPU and MWCNT-Ns.
At first FTIR spectra for the interface of the composites were
measured using the MWCNT-Ns as a background.

In the polyester-based polyurethane, the NH groups as
proton donor and the oxygens in carbonyl groups of urethane
and ester groups as proton acceptors behave in formation
of hydrogen bonding. When MWCNT-Ns have hydroxyl,
carboxyl, ketone, and ether groups on their surface, these
groups can also play a part in forming hydrogen bonding
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TABLE 2: Some peaks in FTIR spectra of TPU and TPU/MWCNT-Ns composites.

Possible assignments

Wavenumber (cm™)

TPU/MWCNT-N TPU/MWCNT-N TPU/MWCNT-N

TPU TPU/MWCNT-N

(H,0,) (HNO,) (KMnO,)
C=0 stretch — 1759, 1744 1748 1759, 1743 1759
Free C=0 stretch 1728 1726 1715 1723 1725
C=0 stretch for hydrogen 1706 1710, 1690 1700, 1683 1708, 1689 1707, 1688
bonded urethane group
C=0 stretch for hydrogen 1662 1665 1652 1664 1662
bonded ester group
NH bending + C=C stretch 1597 1574 1573 1574 1577
C-N stretch + N-H 1531 1535 1538 1539 1539

bending

between the polymer and MWCNT-Ns. Possible interactions
between TPU and MWCNT-Ns are shown in Figure 6 by
considering FTIR and XPS data of MWCNT-Ns.

Some changes observed in FTIR spectra of
TPU/MWCNT composites compared with that of pure
TPU are given in Figure 7 and Table 2. The broad -NH
absorption between 3230 and 3430 cm™' has been removed
in TPU/MWCNT-N composites which could show that
all NH groups are hydrogen bonded with some groups on
the MWNTs. The CH bands (CH,/CHj;) seen at 2957 and
2873cm™! in TPU are divided in the composites into three
parts such as around 2960, 2917, and 2850 cm™" due to the
interaction with MWCNT-Ns.

The observed changes in three different carbonyl peaks
of TPU can be seen in Table 2. When the ones at 1728 and
1706 cm ™" split into two or three parts in the composites due
to some interactions shown in Figure 6, some of three car-
bonyl peaks remained unchanged or shifted to higher/lower
wavelengths for different composites. The more shifting to
higher wavelength for all carbonyl peaks was observed for
TPU/MWCNT-N (H,0,) due to probable hydrogen bonding
between the C=0 groups on TPU and -OH groups on the
MWCNT-N.

3.6. FTIR Spectra of the Composite Interfaces Subjected to
Strain. FTIR spectra related to the composite interfaces
reveal some differences among the amounts of functional
groups on the MWCNT-Ns. Hence FTIR spectra of TPU
and the interfaces of TPU composites subjected to 7 various
strains were examined. The values of strain could not be
calculated properly due to the pressure of the ATR tip on
the samples. Important differences among them are given in
Figures 8 and 9.

Some peaks in the C=0 stretch region of TPU/MWCNT-
N (HNO;) which could interact with the -OH/-COOH
groups on the MWCNT-N disappeared or shifted to lower
wavenumber in the 2nd and 3rd elongations as follows from
Figure 8, owing to new interactions of carbonyl groups on
TPU with the functional groups on MWCNT-N (HNO,).
On the other hand, the peaks in the C=0 stretch region of
TPU/MWCNT-N (KMnO,) remained unchanged. Figure 9
shows that hydrogen bond between NH group in TPU

and C=0/-OH/-COOH group in the pristine MWCNT-
N, schematically illustrated in Figure 6, was damaged in
the 4th elongation. Such a situation was not observed for
other TPU composites. The reason seems to be that there
are less oxygenated groups on the pristine MWCNT-N in
comparison with oxidized nanotube networks (Figure 1). The
disappeared/changed interactions at interfaces of the com-
posites with strain may influence the stress transfer between
TPU and MWCNT networks. Hence, the observation may
also give information about why TPU/MWCNT-N (HNO,)
and TPU/MWCNT-N have lower resistance change with
strain than TPU/MWCNT-N (KMnO,) when the interac-
tions between MWCNTs may be affected due to the difference
in the amount of functional groups on their surfaces.

3.7 Practical Use of TPU/MWCNT-N (KMnO,) Composite.
The possible practical use of TPU/MWCNT-N (KMnO,)
composite is demonstrated by monitoring of elbow joint
flexion during two different physical exercises, namely, body-
weight dips and cable-based arm curls (Figure 10). The strip
of the composite was adhered to an elastic bandage (83%
of polyamide and 17% of elastolan) by means of dimethyl
formamide/methyl isobutyl ketone (1:3) solution. The elec-
trical contacts were fixed to the strip by a silver-colloid
electroconductive paint Dotite D-550 (SPI Supplies), and
the resistance was measured lengthwise by the two-point
technique using multimeter Sefram 7338.

Figures 11(a) and 11(b) show waveforms of the test
performed by the volunteer with the bandage. The data are
reversible and sensitive so that the composite can be used,
for example, for the similar measurements in orthopedics and
rehabilitation.

4. Conclusions

Multi-walled carbon nanotubes were used in their pure and
oxidized forms to prepare entangled networks as a part of
TPU/MWCNT-N composites. The response of composites
to deformation was measured by their electrical resistance
change in the course of extension/relaxation cycles and bend-
ing. The results show that the composite with KMnO, oxi-
dized nanotube network has an enhanced electrical resistance
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with loading in comparison with the network prepared from
the pristine and other oxidized nanotubes. The evaluated
sensitivity of TPU/MWCNT-N (KMnO,) composite in terms
of the gauge factor increases with strain from values around
5 at the start of deformation to 175 at the strain 11%. This is
a substantial increase, which ranks the composite among the
materials with the highest electromechanical sensitivity.

The distinct resistance and sensitivity increase with elon-
gation and bending may come probably from the different
porous structure of MWCNT (KMnO,) network, the inter-
action between TPU and MWCNT-N (KMnO,) and the
increased number of carboxyl groups detached on MWCNT-
N (KMnO,) surface. The short oxidized nanotubes, forming
densely packed network with small pores, probably lose
mechanical contacts with other ones more easily in the course
of composite elongation than the longer pristine nanotubes.
The unchanged interactions between TPU and MWCNT-N
(KMnO,) at the composite interface during the elongation,
discussed in details in Section 3.6, may ensure stress transfer
from the elastic TPU to the network and its extensive
rearrangement and loss of nanotube contacts. Similarly, the
increased presence of carboxyl groups on the surface of
MWCNT-N (KMnO,) in comparison with other investigated
networks (Figure 1) enhances interaction of nanotubes via
two interaction points (carbonyl and hydroxyl groups). Thus
during elongation more chemical links between nanotubes
fade which results also in loss of conductive points, and
consequently, the resistance rise.
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