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a b s t r a c t

The strain sensing behavior of multi-walled carbon nanotubes (MWCNT)/epoxy (EP) conductive com-
posites subjected to tensile strain was studied in detail. With increasing the load to rupture, the
responsivity (DR/R0, R0 is the original resistance, DR is instantaneous change in resistance) increased in a
linear fashion and then began to decrease at a critical strain (εc), which was remarkably different from
the thermoplastic conductive composites only with a monotonic increase of the responsivity. It was
attributed to the decrease of the nanotube contact points, the increase in the gaps before εc, and the
reorientation and violent alignment of nanotubes in the zones of high local deformation (after εc). In
addition, when the extension-retraction cycles were applied, the values of max DR/R0 showed a distinct
tendency with different strains around the εc. These behaviors were attributed to the competition of
network destruction and reconstruction during the cyclic deformation. The mechanism of this unique
sensing behavior was proposed as well.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Conductive polymer composites (CPCs) have attracted a great
deal of scientific and industrial interests due to their popular ap-
plications and easy fabrication in many fields [1e3], such as elec-
tromagnetic interference (EMI) shielding [4e7], self-regulated
heating materials [8,9] and sensors [10e13]. In terms of strain
sensing, a wide range of applications have been demonstrated
including: health monitoring [14,15], wearable electronics [16e19],
movement sensors [20,21], etc. With increasing the commercial
applications of these materials, easier fabrication method with a
lower cost is required. Since the landmark paper by Iijima [22],
carbon nanotubes (CNTs) have attracted a large amount of attention
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due to their extraordinary mechanical, electrical, and thermal
properties [23,24]. CPCs containing CNTs exhibit a variety of
sensing performance when subjected to external strain, indicating
that CNTs are ideal fillers for strain sensors [25e28]. In recent years,
significant advances have been made in the CNTs/thermoplastic
conductive composites as strain sensors. For example, Kuronuma
et al. studied the strain sensing property of the polycarbonate/
multi-walled carbon nanotubes (MWCNT) composites [29]. The
developed analytical model could account for the strain-dependent
electrical resistance behavior of the CNTs-based polymer compos-
ites. Pham et al. [30] studied the strain dependent resistivity of the
poly (methyl methacrylate)/MWCNT composites. They found that a
reversible resistivity response was observed at strains less than 1%
and the strain sensitivity of the conductive composites can be
tailored by controlling the MWCNT loading, degree of MWCNT
dispersion, and composite fabrication process.

Aside from the investigations regarding strain sensing behaviors
of the thermoplastic composites, less work on the thermosetting
matrix based conductive composites has been reported. High-
performance thermosetting strain sensors have aroused wide
concerns due to their high strength and stiffness, excellent
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reversibility and reproducibility. Epoxy (EP) resin is one of the most
important thermosetting resins with low cost, and has beenwidely
utilized for industrial applications, such as coatings, adhesives,
hardware components and semiconductor encapsulation owing to
their desirable properties. The strain sensing behavior of EP based
strain sensors have attracted great interests in recent academic
research fields. For instance, Tung et al. [31] reported the piezor-
esistive mechanical sensing behaviors of graphene/EP nano-
composites. They presented the use of a dimethylbenzamide
(DMBA)-based hardener to improve the dispersion of graphene
nanosheets, the interface between fillers and matrices and the
sensing properties. Wichmann et al. [32] studied the electrome-
chanical responses of carbon black (CB) filled EP CPCs with low
filler contents, and they found that the composites exhibited a
pronounced dependency of the electrical resistivity with the me-
chanical load. With increasing the strain, the resistance change vs.
stress curves passed through a critical point (εc), followed by a
drastic decrease in the responsivity shortly before the final failure,
which is explained by the tunneling model of Simmons [33].

The electrical response of the filler conductive network is
known to be related to the structural evolution of the CPCs [34]. The
comprehensive understanding of the relationship between elec-
trical and mechanical properties of CPCs under cyclic load condi-
tions was very meaningful for the design and practical applications
of strain sensor materials. For example, Zhao et al. [35] studied the
resistivity variation of the CB/polypropylene (PP) and CNTs/PP
conductive composites subjected to tensile. They found that when
10 extension-retraction cycles were applied, for CB/PP, the ratio
values of max and min responsivity increased gradually with
increasing the cycle number; while for CNTs/PP, the values
decreased. The difference mainly depended on the distinction in
the dimension of conductive fillers, the interaction between fillers
andmatrix, and the hysteresis effect. The resistivity response under
cyclic loading of the MWCNT/thermoplastic polyurethane (TPU)
[36] and graphene/TPU [37] composite films have also been stud-
ied, the strain-dependent resistance showed good recoverability
and reproducibility after stabilization by cyclic loading. Although
electromechanical performance of the EP based CPCs have been
investigated, few studies about resistance peak at a critical strain
(εc) are reported [32], and the mechanism is not fully clear. The
strain sensing behaviors at strains around εc under cyclic extension-
retraction conditions, which are important for the origin of novel
sensing behavior, have not been studied either.

In this research, the EP conductive composites with uniform
distribution of MWCNTs were prepared through a solution
dispersion method [38]. The morphology and percolation behavior
of MWCNT/EP composites was investigated firstly. An electrically
responsive peak at a critical strain (εc) was observed during the
electromechanical behavior study. The strain sensing behaviors of
the composites were investigated in detail during 10 extension-
retraction cycles with different applied strains around the critical
strain εc. The influence of the destruction-reconstruction compe-
tition of the conductive MWCNT networks on the strain sensing
behavior was discussed. Furthermore, a model was proposed to
explain the strain sensingmechanismswhen the CPCswere applied
under different strains.

2. Experimental

2.1. Materials

Amino MWCNT with an average diameter of 8e15 nm were
supplied by Chengdu Organic Chemicals Co. Ltd., Chinese Academy
of Sciences. EP resin (model LT-5078A) and hardener (model LT-
5078B) were purchased from RuiGao NewMaterials Co. Ltd., China.
2.2. Preparation of MWCNT/EP composites

DifferentMWCNTconcentrations were dispersed into EP using a
solution dispersion method as described in our earlier research
[38]. Briefly, the MWCNT (0, 0.0013, 0.0065, 0.013, 0.039, 0.065,
0.104, 0.13, 0.169 g for making the CNT loading of 0, 0.005, 0.025,
0.05, 0.15, 0.25, 0.4, 0.5, and 0.65 vol %) were first dispersed in
acetone (40 mL) by sonicating for 30 min to form a homogeneous
suspension. Then the suspension was mixed with quantitative EP
(10 g) by stirring for 30 min and sonicating for another 30 min. The
mixture was maintained in a vacuum oven to remove the acetone.
Subsequently, the hardener (3 g) was added to the mixture at a
stoichiometric ratio. After degassing, the mixture was poured into a
mold and cured at a schedule: 25 �C for 24 h and then 80 �C for 8 h.
The composites fabrication process was shown in Fig. 1. The mold
used in this research was dumbbell-shaped.
2.3. Characterizations of materials

For the conductive properties test, the volume electrical con-
ductivities higher than 106 U cm were measured using a ZC-36
high-resistance meter (Shanghai Cany Precision Instruments Co.
Ltd., China). The dimension of the sample for resistivity measure-
ments was 25 � 5 � 2 mm3. Mechanical tests were carried out on a
displacement controlled Suns UTM2203 universal testing machine
at different crosshead speeds (0.5, 3 and 10 mm/min) (Shenzhen
Suns Co., Ltd. Stock Technology, China). The specimen setup for
strain sensing test was displayed in Fig. 2a. During the mechanical
test, the resistance of MWCNT/EP composites was recorded
continuously with a computer coupled with a high resistivitymeter
(model TH2683, supplied by Changzhou Tonghui Electronics Co.
Ltd., China). The schematic diagram of a sample for strain sensing
test was displayed in Fig. 2b. Some samples were fractured after
frozen in liquid nitrogen for 30 min, the fracture surfaces of the
samples were sputtered with a layer of platinum and observed by
using a field emission scanning electron microscope (FESEM, JSM-
7500F, Japan). The MWCNT in acetone (0.3 wt% loading) was
magnetically and ultrasonically stirred for 30 min at room tem-
perature, respectively. Then epoxy resin was added into the
mixture used the same preparation procedures as shown in Fig. 1.
And finally it was placed in a vacuum oven at 80 �C for 24 h, without
adding the curing agent, small amounts of the prepared samples
were used to do the thermogravimetric analysis. (TGA, TA in-
struments, Q50, USA). The TGA was conducted on the cured pure
epoxy and MWCNT/EP nanocomposites from 25 to 700 �C with a
nitrogen flow rate of 60 mL/min and a heating rate of 10 �C/min.
3. Results and discussions

3.1. Morphology and electrical performance of CPCs

In order to understand the influence of MWCNTon the electrical
properties and the strain sensing behavior of CPCs, it is necessary to
investigate the morphology and percolation behaviors of MWCNT/
EP composites firstly. Fig. 3 shows the FESEM micrograph of the
fracture surfaces of the composite. It can be seen that the MWCNT
are well-dispersed in the EP matrix.

The electrical performance of the composites was studied. The
percolation curve of the composites is plotted in Fig. 4. It can be
seen that the conductivity displays a dramatic increase of 7 orders
of magnitude when the filler content exceeds 0.025 vol %. This
sharp change in conductivity indicates the formation of percolating
network (i.e. the percolation behavior) [39]. According to the
classical percolation theory as stated in Equation (1):



Fig. 1. Schematic illustration of the process for the preparation of MWCNT/EP composites.

Fig. 2. (a) Sample setup for strain sensing test; (b) Schematic diagram of a sample for strain sensing test.

Fig. 3. FESEM micrograph of the morphology of the MWCNT/EP nanocomposites. The
MWCNT concentration is 0.15 vol %.

Fig. 4. Electrical conductivity vs. MWCNT contents of MWCNT/EP. Inset: log-log plot
for s vs. (4�4c) for the same composites.
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s ¼ s0ð4� 4cÞt (1)

where s is the conductivity of the composite, s0 and t are constants,
4 is the filler content and 4c is the percolation threshold. The
percolation threshold of composites is ca. 0.0125 vol %, which is
much lower than most of the reported values [40,41]. As shown in
the inset of Fig. 4, t is estimated to be 2.48, implying the presence of
a complex conductive network in the MWCNT/EP composites.

The lower percolation threshold of the MWCNT/EP is attributed
to the well-dispersed MWCNT and strong bonding between EP and
MWCNT. FESEM micrographs (see Fig. 3) clearly show the good
dispersion state of MWCNT in the EP matrix. The amidogen on the
surface of the MWCNTs was used to tailor the interfacial in-
teractions between MWCNT and EP matrix. The interfacial reaction
took place between amine functional groups (both primary and
secondary amines) of MWCNT and epoxide groups of EP, resulting
in the ring-opening reactions followed by the cross-linking re-
actions (See Fig. 5) [42]. The TGA test was performed to investigate



Fig. 5. Schematic of interfacial reactions between MWCNT and EP molecule.
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theMWCNT/EP formationmechanism [43,44]. Fig. 6 shows the TGA
curves of the MWCNT/EP and pristine EP. Both materials present
similar decomposition profiles and two major degradation stages.
The first stage is due to the degradation of the CeOeC group in the
EP monomer and the second stage is from the degradation of the
benzene ring. It is obvious that the thermal stability of theMWCNT/
EP is better than that of the pristine epoxy, which might be related
to the chemical bonding formed between amine functional groups
of MWCNT and epoxide groups of EP [43e46]. The other possible
reason for this increase is related to the improved thermo-oxidative
stability of the EP especially in the vicinity of the nanotube surfaces,
the origin is that the enhanced thermal conductivity owing to the
incorporation of MWCNT can facilitate the heat transport [47].

It is reported that the responsivity to the tensile strain is more
noticeable when the filler concentration is just beyond the perco-
lation region [48]. Because at this concentration, any trans-
formation of the inter-aggregate distance can generate a change in
potential barrier that more easily makes the transport of charge
carriers impossible, and as a result, a significant change in the re-
sistivity will appear [49]. Therefore, for the strain sensing behaviors
test in the present paper, the MWCNT concentration of 0.15 vol % is
chosen for the tension test.
3.2. Stress-strain behaviors under different tensile speeds

Fig. 7a illustrates the typical stress-strain curves of the MWCNT/
Fig. 6. TGA curves of pure EP and its MWCNT (0.15 vol %) composites.
EP composites with different tensile speeds. The instrumental
software provides the additional values of mechanical properties
such as tensile strength, elongation, and young's modulus (see
Fig. 7bed). Obviously, with increasing the tensile speed, the tensile
strength of the composites increases, while the elongation de-
creases. The Young's modulus gradually increases with increasing
the tensile speed. It is known that the motion of the macromolec-
ular chain segments always cannot match the change rate of the
stress, as a result, the macromolecular chain segments do not have
enough time to relax when the tensile speed is too fast. In order to
obtain a relatively larger deformation, a relatively lower tensile
speed 0.5 mm/min is applied to study the electrical and mechanical
responses of MWCNT/EP CPCs.

3.3. Electrical properties under tension

Fig. 8 displays the responsivity (DR/R0, R0 is the original resis-
tance, DR is instantaneous change in resistance) and the corre-
sponding stress as a function of strain for the MWCNT/EP
composites. The results reveal a pronounced dependency of the
electrical resistivity on the mechanical load. As can be seen, the
stress increases linearly with increasing the strain. More interest-
ingly, the responsivity increases in a linear fashion firstly and then
decreases in exponential until the failure of the sample. As shown
in Fig. 7, the blue line is the corresponding fitting of the respon-
sivity. The linear increase of the responsivity before εc is caused by
the decrease of the nanotube contact points and the increase in the
gaps, i.e. tunneling distance, resulting from the tension of sample.
In this regime, the destruction of the sample and the conductive
network in the EP matrix can be assumed to be synchronous. The
in-situ relative resistance change resulting from elastic deforma-
tion can be described as [32]:

DR
R0

zexp
h
gs0

�
cos2 q� n sin2 q

�
ε

i
� 1 (2)

g ¼ 4p
h

ffiffiffiffiffiffiffiffiffiffi
2mz

p
(3)

where s0 is the average interparticle distance in the unloaded state,
ε is the applied strain, m is the electron mass, h is the Planck's
constant, z is the height of the tunneling potential barrier and q is
the average angle between the particle contact and the direction of
applied load. It should be noted that at the beginning of the tension,
the MWCNTs are very difficult to orientate due to their excellent
molecular coupling with the polymer chains. As clearly suggested
by Equation (2), ε is the only contribution to diminish the



Fig. 7. (a) Stress-strain curves and representative bar diagrams of (b) tensile strength, (c) strain and (d) young's modulus of composites with 0.15 vol % MWCNT under different
tensile speeds.

Fig. 8. In-situ relative resistance change and the corresponding stress as function of
strain for the composites with 0.15 vol % MWCNT. The blue line is the fitting of in-situ
relative resistance change. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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conduction of the whole network. As a consequence, the respon-
sivity increases with increasing the ε.

Beyond the elastic regime, the viscoelastic and inelastic defor-
mation processes occur in the composites, resulting in irreversible
changes in the conductive network of conductive fillers. At the
critical strain, a platform of DR/R0 can be observed (see Fig. 8). This
is due to the large aspect ratio and entanglement structure of
MWCNT, resulting in a balance of the reconstruction and destruc-
tion of the conductive networks in the EPmatrix under tension. It is
known that the inelastic matrix deformation can result in an
intensive rupture of the conducting networks. However, assisted by
Poisson's contraction (the size reduction in transverse direction
and the length increase along the tensile direction), the
reorientation and alignment of MWCNTs in the zones of high local
deformation are generated [50]. Instead of a destruction of the
conductive networks, the MWCNTs are able to come into a closer
contact, giving rise to a platform of DR/R0. With increasing the
applied strain, these rearrangement behaviors play a key factor in
this system due to the nature of EP matrix and the structure of the
network of MWCNT, such as aspect ratio, inter-particle interactions,
etc., giving rise to the exponential decrease of the relative resis-
tance. Important parameters should be the three-dimension
crosslinking structure of EP resins and a good level of dispersion
of MWCNT with high aspect ratio in the matrix, which benefit the
reformation of the conductive networks. Furthermore, the evolu-
tion of the conductive network is influenced by the filler content
obviously due to the change of the average interparticle s0 [32]. As
shown in Fig. S1, it is found the value of the εc ascends with
increasing the MWCNT content. With increasing the MWCNT con-
tent, the average interparticle distance s0 (Eq. (2)) becomes smaller,
the MWCNT conductive network thus becomes steadier and sub-
sequently influences the strain sensing behaviors of the nano-
composite further. The MWCNT/EP needs to suffer a larger strain to
approach the balance of the reconstruction and destruction of the
steadier conductive network, resulting in a higher εc of the com-
posite with a higher MWCNT content of 0.25 vol % (Fig. S1).

We enumerate the in-situ relative resistance change of some
CPCs based on different fillers or matrixes [32,34,35,51,52]. It is
found that the EP based CPCs exhibit a different piezoresistive
behavior when the filler is different [32,34]. It should be attributed
to different structures of the network of conductive particles.
However, for the thermoplastic based CPCs, the in-situ relative
resistance change reveals a monotonic increase with increasing the
strain without any discontinuity [35,51,52]. It can be explained by
the tunneling mechanism, the increase of the distance between the
conductive particles results in an obvious decrease of the



Fig. 10. Normalized change in the max DR/R0 of MWCNT/EP composites with different
tensile strain amplitudes during 10 cycles (MWCNT content 0.15 vol %).
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conductivity. From these results, it can be concluded that the pie-
zoresistive behavior in CPCs mainly depends on both the micro-
structure of the conductive network and the nature of matrix.

In order to gain an insight into the reproducibility of the strain
sensor and get further information about the microstructure
development of MWCNT/EP CPCs in tension, 10 cycles with
different applied strains and DR/R0 vs. time of composites were
investigated. The composites were strained and relaxed to their
unloaded state cyclically for 10 times. The results are shown in
Fig. 9. The increasing strain obviously enhances the irreversible
deformation of the composites. Consequently, the residual strain
increases in the unloaded state with increasing the number of cy-
cles. As shown in Fig. 9aec, the DR/R0 increased with increasing the
applied strain; and decreased with decreasing the strain. For CPCs
during elongation, it is well recognized that two antagonistic
phenomena occur simultaneously in the system: the destruction of
existing conductive networks and the reconstruction of new
conductive networks. When the sample is stretched, the MWCNTs
move with the motion of the macromolecular network and pull
apart, resulting in an increase of the inter-particle distance,
increasing the relative resistance of the composites; when the
sample is reverted, contrary to the stretch, the relative resistance of
the composites decreases. Moreover, as the strain amplitude in-
creases, the responsivity of the composites increases as well. From
the result above, it should be also noticed that the max DR/R0

cannot return to its original values after the first cycle (see
Fig. 9bed) due to the destruction or reconstruction of the
conductive networks. It is attributed to the hysteresis effect of the
composites and some irreversible deformation.

The normalized (i.e., divide the max DR/R0 values by the max
value of the first cycle) change in the max DR/R0 of the MWCNT/EP
Fig. 9. Relationships of different tensile strains and DR/R0 vs. time of composite with 0.15 vo
4%; (c) 6%; (d) 8%.
composites with different tensile strains during 10 cycles is shown
in Fig. 10. For the strain amplitude of 2%, it can be seen that there is
no obvious change of the max DR/R0 values. That is because that
this strain (2%) belongs to the linear elastic regime of the com-
posites (see Fig. 8). In the elastic regime, the deformation of the
sample occurs and thus the destruction of conductive networks in
the matrix can be assumed to be reversible. The conductive net-
works can stay in the original morphology after a cyclic tension. As
a consequence, the max DR/R0 can return to their initial values. For
the strain amplitude of 4%, Fig. 10, the max DR/R0 values have a
slight increase after the first cycle. This phenomenon might be
ascribed to the irreversible destruction of the conductive networks.
l % MWCNT during 10 extension-retraction cycles: with a strain amplitude of (a) 2%; (b)
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This strain (4%) is beyond the scope of the elastic regime about 3%.
As aforementioned, the destruction of conductive networks grad-
ually plays a dominant role in this zone. In the extension process,
the partially damaged conductive network will be a little broken
further, leading to a slight increase of the max DR/R0 during the
following cycles.

For the strain amplitude of 6%, the max DR/R0 values have a
pronounced decrease with increasing the cycle number. The higher
deformation of the composites leads to the rearrangement of
MWCNTs and results in a better conductivity after each cycle along
the tension direction. Given this dominance, it is not surprising to
obtain a negative variation of the max DR/R0 value. For the strain
amplitude of 8%, the variation tendency of max DR/R0 values is
similar to strain 6%. However, the extent of the decrease is sharper
than that obtained under the strain 6%. It is attributed to the
excessive reconstruction of conductive paths because of the larger
strain (8%). More interestingly, a slight deviation of the max Rt/R0
response to strain is observed in Fig. 9d, where DR/R0 begins to
decrease before the applied strain reaches the maximum (8%) (see
the black dotted line). In other words, the relative resistance is not
monotonic with respect to the applied strain because the
maximum strain exceeds the εc, and the relative resistance begins
to decrease after εc even the sample is still dragged. This result is in
reasonable agreement with the analysis of Fig. 8. In addition, before
the second loading, the min DR/R0 value reaches the valley value
and increases in a small range. This generates the formation of a
new min and max DR/R0 (called “shoulder peak”), and it appears
after several cycles. This behavior is not obvious for lower strains,
Fig. 9. This phenomenon was often explained by the competition
between network destruction and reconstruction during the
extension-retraction cycles of the composites [53]. A similar
Fig. 11. Schematic illustration of influence of MWCNT structure on the strain sensing behavio
load state (with a strain amplitude of a′ 2%; b′ 4%; c′ 6%); (a00ec00) final unload state. The
damage of the conductive paths. (For interpretation of the references to colour in this figu
phenomenon had been previously reported for the MWCNT/TPU
composite films [36]. It was explained by the testing conditions
(e.g. the testing strain) and the molecular structure (e.g. hard seg-
ments vs. soft segments, degree of cross-linking, etc.) of matrix.
However, in the case of the MWCNT/TPU composites, the εc does
not appear even at a strain amplitude of 403% [52]. As a result, it can
be speculated that this phenomenon is owing to the nature of EP
matrix and the changing structure of the conductive network
during the dynamic loading.

Based on the results and discussions, a schematic illustration
was proposed to explain the mechanisms of the fantastic strain
sensing behaviors of the MWCNT/EP composites shown in Fig. 11.
The original conductive network (yellow line) before stretching is
shown in Fig. 11aec. It can be seen that MWCNTs (black line) with
large aspect ratios are arranged in EP intricately. In Fig. 11a0ec0, the
number of conductive networks decreases due to the deformation
of composites under tension with different strains. The applied
higher strain can result in a more obvious decrease of the number
of conductive networks, as a result, the DR/R0 increases obviously
with increasing the applied strain (see Fig. 9). For the unloaded
state in a tensile process with 2% strain as shown in Fig. 11a00, there
is no evident reconstruction or destruction of the conductive net-
works. The number of conductive networks has no change due to
that fact that this strain (2%) belongs to the linear elastic regime. As
a result, the max DR/R0 values have no remarkable change. For the
unloaded state in tensile process with 4% strain as shown in
Fig. 11b00, the destruction of conductive networks are more pre-
dominant than the formation of new ones. As a result, the number
of conductive paths decreases at the end of the cycle, giving rise to a
slight increase of the max DR/R0. For the unloaded state in the
tensile process with a higher strain (see Fig. 11c00), the number of
r of MWCNT/EP composites with different tensile strains: (aec) initial state; (a′ec′) the
black lines represent the MWCNT, the dotted yellow lines represent the formation or
re legend, the reader is referred to the web version of this article.)
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conductive paths increases obviously along the tensile direction
due to the orientation of theMWCNT in the EPmatrix. Owing to the
viscoelastic behavior of the polymer composites, some of these new
formative conductive paths are preserved, and a much perfect
conductive network is obtained along the tensile direction at the
end of this cycle, leading to the distinct decrease of the max DR/R0
values.

It is evident that different tensile strains around the εc can result
in different strain sensing behaviors of the MWCNT/EP composites.
The mechanism of the difference as discussed above is meaningful
for the long-term and cyclic applications of different strain sensors
made from the MWCNT/EP CPCs. These results are useful in
designing the EP based CPCs with different strain sensing capabil-
ities to fulfill different requirements.

4. Conclusion

Strain sensing behavior under different tensile strains of a
MWCNT/EP composite with an ultralow percolation threshold
(0.0125 vol %) was studied. It was found that the responsivity in-
creases to its maximum value and then begins to decrease at a εc.
This phenomenon was attributed to the decrease of the nanotube
contact points and the increase in the gaps before εc, and the
reorientation and alignment of nanotube took place dramatically in
the zones of high local deformation (after εc). The strain sensing
behaviors under 10 cyclic loading of the composites were also
investigated. The values of the max DR/R0 showed pronounced
different trend. At a strain amplitude of 2%, the responsivity
showed good recoverability and reproducibility because the
conductive networks could stay the original morphology after the
cyclic tension. Under the strain amplitude of 4%, the max DR/R0
value had a slight increase after the first cycle. It was ascribed to the
irreversible destruction of conductive networks resulting from the
slippage of MWCNT and the residual strain of sample. When larger
strains (6% and 8%) were applied, a negative variation of the max
DR/R0 value was obtained owing to the reconstruction of new
conductive networks, and some of the new conductive paths were
preserved at last due to the viscoelastic behavior of the composites.
A model was proposed to illustrate the mechanism of the different
sensing behaviors of the composites. Different sensing behaviors
can be obtained around the εc due to the distinct evolution of the
conductive network. The fantastic strain sensing behaviors are
meaningful for the design and application of EP based composite in
crack detection, human-machine interactions and aircraft applica-
tions, etc.
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