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ABSTRACT: Patterned MWCNT/polydimethylsiloxane (PDMS)

nanocomposite strain sensors were achieved by a microelec-

tromechanical system assisted electrophoretic deposition (EPD)

technique. With the combined effect of superior intrinsic pie-

zoresistivity of the individual MWCNT and the tunneling effect

of the MWCNT network, the stretchable composite demon-

strates high sensitivity to the tensile strain. The gauge factor

shows a strong dependence on both the initial resistance of

the CNT/PDMS composite and the applied strain level. The

mechanism is elucidated by analyzing the structure-property-

function of patterned CNT networks. When the entanglement

of a MWCNT network allows effective load transfer, the sensi-

tivity is primarily dominated by the intrinsic piezoresistivity of

individual MWCNTs. Conversely, when the MWCNTs inter-

penetrate loosely, the tunneling effect prevails. The sensitivity

of the device can be tailored by the proposed technique since

MWCNT film thickness/density can be readily controlled by

means of the patterning parameters of the EPD process. The

work provides useful guidance for design and development of

strain/stress sensors with targeted sensitivity for flexible elec-

tronics applications. VC 2013 Wiley Periodicals, Inc. J. Polym.

Sci., Part B: Polym. Phys. 2013, 51, 1505–1512
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INTRODUCTION The precise local pressure/strain monitoring
is indispensible in the fields such as biomechanical implants,
artificial skins, touch screens and structural health monitor-
ing.1–3 As alternatives to traditional metal foil strain gauges
and silicon piezoresistors, CNT/polymer composites take
advantage of the high elasticity and low Young’s modulus of
the polymer and the superior piezoresistivity of CNTs. The
piezoresistivity of the composite in general results from the
combination of two effects: intrinsic piezoresistivity of
the individual CNTs and the piezoresistivity induced by the
tunneling resistance. Compared with spherical conductive
fillers such as carbon black and silver nanoparticles, CNTs
offer an additional benefit of possessing a very high intrinsic
piezoresistivity, apart from acting only as a pure conductive
path inside the polymer matrix. Under the sufficient amount
of stress or strain, the hybridization of certain carbon atoms
of CNTs can change from sp2 to sp3, resulting in alterations
of the band-gap energy and the electron transport property
of a CNT, which leads to an extremely high gauge factor of
up to 2900.4–6 Small band-gap semiconducting SWCNTs
show a higher piezoresistivity than metallic or large band-
gap semiconducting SWCNTs due to their potential to

achieve a larger alteration in band-gap openings,7 which
indicates that the piezoresistivity can be tailored.

Another benefit CNT/polymer composites offer is the resist-
ance change over a large strain range due to the low Young’s
modulus (few MPa) and the higher elasticity (>50%) of elas-
tomeric polymers, in contrast with silicon and metals which
typically have high Young’s moduli of 20–100 GPa and the
elastic elongation of less than 4%. The composite is capable
of covering surfaces with arbitrary curvatures such as these
in robots and human bodies, and thereby it becomes an
attractive alternative for the next generation of highly sensi-
tive, wide working range and large area flexible strain/stress
sensors.

One key technical challenge of CNT sensors is how to allow
the outstanding intrinsic piezoresistivity of nano-sized CNTs
to take effect in microstructural and macrostructural compo-
nent length scales, while simultaneously controlling the
structure and assembly of the CNTs at the atomistic scale.8

To this end, sufficient load transfer from external strain/
stress sources to an individual CNT is required, which can
be partially fulfilled through a well-designed CNT network.

VC 2013 Wiley Periodicals, Inc.
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Therefore, the high and controlled sensitivity of a strain sen-
sor can be achieved through the manipulation of the CNT
network. Another challenge is how to accomplish micropat-
terning of CNT/polymer composites for microelectronics
applications. In our previous study, a technique based on a
microelectromechanical system (MEMS)-assisted electropho-
retic deposition (EPD) and a transfer micromolding approach
demonstrated to achieve the MWCNT/polymer micropattern-
ing, while minimizing issues associated with the rheology
and the dispersion of CNTs in polymer.9,10 In this work, this
technique was further developed to achieve complex two-
dimensional (2D)/three-dimensional (3D) CNT/polymer
micropatterns and macropatterns with predictable CNT
entanglement and thickness. The CNT/polydimethylsiloxane
(PDMS) composite strain sensors developed in this work
demonstrated high sensitivity. Intensive efforts in this article
were made to elucidate piezoresistivity mechanisms of stain
sensors based on specially patterned CNT network films. The
sensing performance of sensors with a variety of the initial
resistance was characterized and the correlation between
the piezoresistivity and the CNT network properties was
established. The resultant CNT composite sensors exhibited
high sensitivities.

EXPERIMENTAL

Sample Preparation and Characterization
Patterned MWCNT/PDMS composites were fabricated
through a MEMS-assisted EPD and transfer micromolding
technique. MWCNT patterns with desired geometry and
dimensions were first generated by selective assembly of
acidified CNTs using the electric field onto a silicon template
bearing desired electrode microstructures. The resultant
MWCNT patterns were further transferred to a polymer
matrix through transfer micromolding process, in which the
prepolymers of PDMS (Sylgard 184, Dow Corning) were
casted onto CNT patterns and cured. Upon demolding, the
CNT patterns were transferred to the PDMS elastomeric
matrix. Further details of the fabrication process can be
obtained from literature reported previously.10 The specific
design and fabrication of CNTs/PDMS microstructures for

evaluation of sensor performance are discussed in the subse-
quent device testing section.

Scanning electron microscopy (SEM) (Zeiss, Ultra60) was uti-
lized to study the morphology of patterned MWCNT/PDMS
composites and the CNT network. Raman spectroscopy (exci-
tation wavelength: 488 nm) was exploited to probe the mod-
ification of the electronic structure in strained CNTs. The
controlled strain was imparted to the CNT/PDMS composite
through a micrometer attached to a stretching stage and the
Raman spectrum was recorded immediately after each strain
was imposed.

Test of the Sensitivity to the Tensile Strain
The piezoresistivity of the MWCNT/PDMS composite was
characterized with a monotonic tensile testing in a Mini Elec-
troForceVR 3100 Test Instruments (Bose). The MWCNT/PDMS
composite used for the testing was produced from first
depositing acidified CNTs into silicon patterns with the
geometry illustrated in Figure 1(a) through MEMS-assisted
EPD process under an electric field of 20 V cm21 and
MWCNT concentration of 0.1 g L21. At the bottom of silicon
patterns, there was a 500-nm-thick gold layer deposited
through the E-beam evaporation which served as the elec-
trode for the CNT assembly. The CNT patterns generated
inside the silicon trench were further transferred into a
PDMS substrate through the aforementioned transfer micro-
molding process, which completed the fabrication of
MWCNT/PDMS strain sensors. The details of fabrication
parameters of four sensors tested in the work are summar-
ized in Table 1. The two 2 3 2 mm2 CNT pads capping the
200-mm-wide and 1000-mm-long MWCNTs/PDMS microline
were designed to create electrical connection from the
microline to the external circuit. The two CNT pads were
bonded to the gold-coated layer on the two ends of a polyur-
ethane stretch frame with the CNT layer facing down to the
frame. The center 1-mm-long microline was suspended over
the 1-mm-wide gap of the frame [Fig. 1(b)]. Epoxy-based
glue was further applied to encapsulate the entire nanocom-
posite to the stretch frame to ensure effective load transfer.
The resistance readout was acquired through two metal

FIGURE 1 (a) Left: Scheme of the top view of the silicon template, right: scheme of the CNT patterning using MEMS assisted-EPD

technique; (b) the digital image of the MWCNT/PDMS strain sensor in the sensitivity test system. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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wires bonded to the two ends of the frame using conductive
silver epoxy. Monotonic tensile strain testing was then per-
formed through a WinTestVR digital control system and the
resistance was recorded simultaneously using a multimeter
connected to the metal wires.

RESULTS AND DISCUSSION

Morphology of the MWCNT/PDMS Composite
Figure 2 shows a variety of 2D/3D MWCNT patterns includ-
ing microsprings, microcoils, and micropads ranging from
micrometer to macrometer scale achieved on both plastic
(polyolefin) and elastic (PDMS) substrates utilizing the pro-
posed patterning technique. The MWCNT patterns exhibit
both excellent flexibility and elasticity, and can be easily
deformed to cover arbitrary curvatures [Fig. 2(b,c)]. The pat-
terned CNT/PDMS composites can serve as multifunctional
components in microsystems where flexibility is strongly
desired, such as physical strain/stress sensors, artificial
muscles/skins, bio-scaffolds, and foldable energy textiles.

Thickness Control of the Patterned CNT Network
As a strain-sensing element, entanglement of CNTs in the
network is critical. One advantage the patterning technique
in this work carries is the control of the thickness of the
resultant CNT film, as EPD proves to be an effective
approach to modulate the deposition rate and the deposition
time, which directly impact the morphology of the assembled
film. Equation (1) describes an approximate relationship
between the deposited thickness and the parameters of EPD
process according to Hamaker’s law.11

d5
M

qA
5 alcð ÞE � t

q
(1)

where d is deposited thickness, M is the total deposited
mass, q is the mass density of the deposited film, A is the
total area of the energized electrode, a is the mass fraction
of the material deposited on a specific electrode, l is the
particle mobility in a given solution, c is the particle concen-
tration in the dispersion, E is the applied electric field, and t
is the deposition duration. d then can be controlled by vary-
ing E, c, and t. In the initial deposition stage, q increases
with the electric field and time, so d may not increase line-
arly with E or t. When q approaches a constant, d is likely to
increase linearly with E and t.

Though the precise equation has not yet been established for
the deposition mass of CNTs in an EPD process due to the
complexity of the system, the eq (1) was utilized to provide
approximate theoretical predictions of the deposited thickness.
In order to determine the value of a, the experimental value
of the thickness at E5 20 V cm21, t5 5 min, and c5 0.3 g
L21 was used, which was 2.59 lm. The density q 5 1.23 g
cm23 and l 5 4.7 3 1024 cm2 V21 s21 were obtained from
literature,13 given the similarity of the two systems. The a
was calculated to be 0.38. The values of a, q, c, and l were
further utilized to calculate the theoretical values of the
deposited thickness under different electric fields and time
duration. The prediction shows that the deposited CNT layer
thickness exhibits a monotonic increase with the increase of
both the deposition time and electric field, which is in good
agreement with the experimental results as shown in Figure
3. The theoretically calculated values are close to the experi-
mentally measured results. The technique can thereby be uti-
lized to produce CNT sensors with a variety of initial
resistance, which makes the mechanistic study of the device
sensitivity possible in Piezoresistive Effects in MWCNT/PDMS
Composites section.

TABLE 1 Summary of Fabrication of Tested Sensors

Sensor No.

Electric Field of

EPD (V cm21)

Deposition Time

of EPD (min)

CNT Film

Thickness (lm)

R0 of CNTs/PDMS

(MX)

1 20 2 0.6 462

2 20 4.5 0.9 380

3 20 5.5 1.8 161

4 20 7.5 2.8 83

FIGURE 2 (a) The optical image of CNT microspring patterns on PDMS, (b) the digital image of CNT patterns on a polyolefin film,

and (c) the digital image of CNT patterns on a PDMS substrate. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Characterization of MWCNT/PDMS Strain Sensors
To investigate the strain sensitivity of the MWCNT/PDMS
composites, a series of laboratory experiments were designed
and undertaken. Four MWCNT/PDMS strain sensors with dif-
ferent initial resistances (R0) as described in Table 1 were
mechanically loaded under monotonic load patterns and char-
acterized under the same experimental conditions. The R0 can
be conceptualized as a measurable proxy for the degree of
interaction between nanotubes in the composite in its
unstrained state. The sensitivity of a strain senor is character-
ized by quantity known as the gauge factor (G), which is
defined as:

G5

R2R0ð Þ
R0

e
5

DR
R0

e
(2)

where e is the applied strain, R and R0 are the resistance of
the sensor at e 5 0 and e, and DR/R0 is the normalized
resistance change. As shown in Figure 4, the normalized

resistance change of four samples displays similar monotonic
increase with the increase of strain. For two sensors with a
higher R0, they exhibit a linear strain-normalized resistance
change in the small strain range (0< e <2.5%), with calcu-
lated gauge factors of 20 (R05 462 kX) and 32 (R05 380
kX), respectively (Fig. 5). Under a higher strain range (2.6–
14%), nonlinearity appeared. When strain was released, the
resistances of these two sensors were immediately restored
to 420 and 590 kX, and further reduced to 390 and 450 kX
after 4 h, which indicated that microlines were not perma-
nently deformed or damaged during the sensing process.
The delay of the recovery of the resistance is likely due to
the viscoelasticity of the PDMS, as the stress relaxation of
strained PDMS molecular chains is a dynamic process to
reach the equilibrium. Sensors with lower initial resistance
(83 and 161 kX) exhibited much higher piezoresistivity val-
ues than these with the higher R0, as indicated by different
slopes of the curves in Figures 4 and 5. Compared to sensors

FIGURE 3 The CNT layer thickness as a function of: (a) the time under the constant E and c, and (b) the electric field under the

constant c and t. Error bars show the deviation of the thickness. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

FIGURE 4 The strain versus normalized resistance change of

the MWCNT/PDMS sensors with different initial resistances

(R0). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 5 Piezoresistive responses of MWCNT/PDMS sensors

at the small strain range (0–2.5%). [Color figure can be viewed

in the online issue, which is available at wileyonline

library.com.]
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with a higher R0, composites with lower R0 exhibited more
pronounced nonlinearity. Dang et al. has reported very simi-
lar nonlinear piezoresistive behaviors of a silicone rubber/
MWCNTs pressure sensor.12 The degradation of linearity may
be partially attributed to the pullout of concentric graphene
tubes of a MWCNT.14 The high R0 samples have less load
transfer to the individual CNT to allow the pullout to occur
efficiently.

As the sensor sensitivity demonstrated a strong dependence
on both the R0 and the e, a detailed analysis was conducted
in an effort to elucidate the sensing mechanisms of MWCNT/
PDMS composite. To this end, six sensors with a variety of
R0 were fabricated and their sensitivities were evaluated.
The typical curve of the normalized resistance change versus
applied strain exhibited three distinct regions as shown in
Figure 6. In region I where the applied strain ranges from 0
to 1%, DR/R0 increases linearly with the strain, so the gauge
factor is the slope of the linearly fitted curve in this region
according to eq (2), and is referred as G1. In region II and
III, in which the applied strains ranges were 1–2 and 2–
10%, the curve shows different degrees of nonlinearity. To
study the G as a function of the strain, the values of the G at
the strain of 2 and 10% were calculated separately using eq
(2), and were referred as G2 and G3 in Figures 6 and 7. In
some low R0 samples, the material failed at the strain less
than 1%, therefore, G2 or G3 are not available for these sen-
sors. The gauge factor of each sensor under each of the
aforementioned three strain regions was plotted in Figure 7.
It is observed that the gauge factor of all tested devices
increases consistently with the increase of applied strain
level. In the three strain levels, the sensitivity of each sensor
first drops with increased R0 when R0 is below a certain
value and then started to increase when R0 is above a cer-
tain value.

Piezoresistive Effects in MWCNT/PDMS Composites
To elucidate the piezoresistive behavior observed in Figures
6 and 7, it is necessary to investigate the general mecha-

nisms of the piezoresistivity in a MWCNT/PDMS composite.
In contrast to metal, the total resistance of a MWCNT/PDMS
microline is attributed to three factors, as illustrated in Fig-
ure 8. When electrons are injected into the composite, they
first need to overcome the intrinsic resistivity of the individ-
ual tube (Ri). When they reach the end of the CNT, the energy
barrier associated with the tunneling resistance (Rt) between
two adjacent CNTs need to be overcome to allow electrons to
move forward in the CNT network. Meanwhile, the resistance
arising from the geometry of a conductor adds up to the total
resistance (Rd). When a tensile strain is applied to this struc-
ture, Rd, Rt, and Ri change accordingly due to the alternation
of the dimension, the distance between two adjacent CNTs,
and the length/geometry of an individual CNT. Consequently,
three piezoresistive mechanisms can contribute to the overall
sensitivity, which are referred as G induced by the dimen-
sional change (Gd), G induced by the alternation of tunneling
resistance (Gt) and G induced by the modification of CNT
bandgap (Gi). The total piezoresistivity (G) is thereby the
result of all three effects. Each type of the gauge factors can
be mathematically quantified as follows:

1. when a conductor is incompressible, piezoresistivity
caused by the dimensional change of a conductive line, Gd,
is calculated by the following equation:

FIGURE 6 The typical curve of the normalized resistance

change versus the applied strain of the MWCNT/PDMS compo-

sites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 7 The gauge factor (G) as a function of the initial

resistance (R0) of the sensor and the applied strain range (e)
(G1, G2, and G3 are gauge factors at three different strain

regions shown in Fig. 6). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 8 Scheme of electron transportation in a MWCNT/

PDMS composite. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Gd5

R12R0

R0

e
5

ql0
11eð Þ
A

2q
l0
A0

eq
l0
A0

5e12 qAl5qAl 11eð Þ5qA0l0

(3)

where q is the density of the microline, l and l0 are the
strained and unstrained length of the microline, A and A0
are the strained and unstrained crossectional area, e is the
applied tensile strain, and R1 and R0 are the resistances at
e and the zero strain, respectively. Equation (3) indicates
that the Gd increases linearly with the applied strain. As
the working range in most strain sensors is less than
15%, the gauge factor of this type of sensors is limited to
2.15, which is consistent with most of the reported metal
foil strain gauges.4

2. The piezoresistivity induced by the change of the tunnel-
ing resistance and the total number of conductive paths in
a composite, Gt, can be approximated as15–19:

Gt5

R eð Þ2R0

R0

e
5

exp 2ad0eð Þ21

e
(4)

a5
2p
h

2muð Þ1=2 (5)

where R(e) and R0 are the resistance at the strain of e and
0, d0 is the tunneling distance between CNTs, h is the
Planck’s constant, m is the mass of the charge carriers,
and u is the height of the tunneling barrier.
Gt increases nonlinearly and monotonically with applied
strain. In addition, because the resistance changes under
the strain will be more pronounced when the total num-
ber of conductive paths in the composite decreases, Gt has
been reported to increase with increased R0.

20–22 There-
fore, the piezoresistive effect becomes more pronounced
when the concentration of CNTs distributed in a polymer
matrix approaches the percolation threshold.

3. The gauge factor arising from a strained individual CNT,
Gi, obeys the following relationship24:

Gi5
exp Eg eð Þ

kBT

� �
2exp Eg e50ð Þ

kBT

� �

11exp Eg e50ð Þ
kBT

� �h i � 1
e

(6)

where Eg (e) is the strain-dependent band gap of a metal-
lic nanotube (torsion contributions are neglected) and

Eg eð Þ5 dEg
de

� �
� e. kB is the Boltzmann constant, and T is the

temperature. Similarly to Gt, Gi exhibits a nonlinear rela-
tionship with the applied strain, with a high gauge factor
ranging from 200 to 2900.23,24

Thickness Dependence on the Initial Resistance
As plotted in Figure 9, the R0 of the MWCNT/PDMS sensors
decreases nonlinearly with increased CNT layer thickness (d),
which is likely due to the increased number of conductive
paths within a CNT network when the CNT layer becomes

thicker.24 The percolation threshold of the composite is
reached when the CNT layer thickness is approximately 400–
500 nm. When d reduces to the value well below the percola-
tion point (e.g., d< 200 nm), the R0 increases rapidly and
eventually become infinite. The composite therefore becomes
nonconductive due to lack of entanglement/contact of CNTs in
the network evidenced by the SEM images in Figure 9.

Interpretation of the Piezoresistive Behaviors of the
MWCNT/PDMS Strain Sensors
Combining the discussions in Piezoresistive Effects in
MWCNT/PDMS Composites and Thickness Dependence on
the Initial Resistance sections, it is reasonable to speculate
that all three piezoresistive mechanisms were present and
coupled in the strained MWCNT nanocomposite, while the
magnitude of each effect could be different as R0 varied. The
following explanations and conclusions of the piezoresistive
behavior of the sensor were made:

1. When the R0 of the strain sensor was less than 500 kX,
the CNT layer thickness was found to be greater than 1
mm (Fig. 9). Because the diameter of an individual CNT is
approximately 50–80 nm, the layer was composed of
approximately 15 layers of CNTs. These layers formed a
dense and interpenetrating conductive network and the
CNT concentration was well above the percolation point.
As a result, it is reasonable to assume that in this R0 range
where the CNT layer is sufficiently thick, the piezoresistive
mechanism may be primarily attributed to the intrinsic
CNT piezoresistivity (Gi) and the dimensional change
induced piezoresistivity (Gd). The CNT layer in the device
configuration is in direct contact with the stretch frame
and the network is highly entangled, the force can there-
fore be directly transferred within the CNT network and
subsequently deform the tubes. This is opposed to the
case where CNTs are loosely embedded deep inside a

FIGURE 9 The R0 as a function of the CNT layer thickness in

MWCNT/PDMS sensors. Inserted SEM images: morphology of

CNT films with the different R0. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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polymer matrix and the load transfer from the polymer to
the CNTs is insufficient to deform the individual CNTs
because CNT has a much higher Young’s modulus (�1
TPa) than PDMS (�2 MPa). To verify the assumption that
the individual CNT was deformed in this R0 range, a
Raman study was conducted. As shown in Figure 10, both
the 2D band and the G band exhibited increased blue shift
with the higher strain, which indicates the individual CNT
was strained.25–28 The gauge factor in this R0 range varies
from 13 to 120 (Fig. 7), which is close to the theoretically
predicted and experimentally obtained values as discussed
in part (iii) of Piezoresistive Effects in MWCNT/PDMS
Composites section. The higher G observed in composites
with a lower R0 in this range is likely due to the larger
stress that a thicker CNT layer experienced than the thin-
ner one under the same strain due to the higher Young’s
modulus present in a thicker CNT layer,28 which subse-
quently leads to a bigger change of the CNT bandgap (eq
(6)) . The phenomenon is consistent with the piezoresis-
tive behavior induced by intrinsic piezoresistivity.28–30 The
increased gauge factor induced by a higher strain is also
well aligned with the theoretical prediction by eq (6).

2. When R0 is above 1.9 MX, the CNT layer thickness reduces
to below 600 nm (Fig. 9). Morphology studies confirm
that the composite in this R0 range approaches the perco-
lation point. CNTs are observed to be loosely packed,
forming a sparsely entangled interpenetrating network
within the PDMS matrix. In this case, the majority of the
deformation likely takes place in the PDMS phase as the
Young’s modulus of PDMS is six orders of magnitude
lower than that of the CNT. The resistance change due to
the deformation of an individual CNT could therefore be
minimal because of the insufficient load transfer from the
soft PDMS phase to the rigid CNT phase. Thereby, the pie-
zoresistivity induced by the change of the tunneling resist-
ance, Gt, should play the dominant role. The gauge factor
in this R0 range is found to be approximately 40–120,
which is well aligned with the theoretically modeled val-
ues using eq (4). In contrast to the G induced by the
intrinsic piezoresistivity of a CNT as discussed in (1), the

gauge factor in this mechanism increases with R0, which is
the characteristic of the piezoresistivity induce by the tun-
neling resistance discussed in Piezoresistive Effects in
MWCNT/PDMS Composites section. These observations
confirm that the alteration of the tunneling resistance is
likely to be the primary cause for the piezoresistivity of
the sensors in this R0 range.

3. The multiple regions of the gauge factors observed in this
work should be primarily attributed to the different
degree of the effects of the three mechanisms present in
the different strain levels. At the small strain level, the
percolation-based piezoresistivity dominates. While at the
high strain level, individual CNT is also strain in addition
to the tunneling effects, therefore, a higher piezoresistivity
is observed. Similar strain dependence was also reported
by other peers.31,32

HYSTERESIS STUDY OF THE PDMS/CNTs STRAIN SENSOR

The sensor shows a good resistance recovery when strain is
released, as indicated by Figure 11. A certain degree of hys-
teresis was also observed, where slight deviations occurred
in the unloading curve from the loading curves. The issue is
less pronounced in the low strain range (e< 2.5%). Such
phenomenon is common in most carbon nanotube-loaded
elastomer systems,33,34 which may be partially due to the
viscoelasticity of polymer matrix. Studies of the same type of
PDMS (Sylgard 184, Dow Corning) have shown the presence
of hysteresis under cyclic mechanical deformation.35 How-
ever, due to the complex nature of the nanocomposite and
given the fact that hysteresis could have three sources
including PDMS, CNTs, and their composite form, further
investigation is needed for a more accurate explanation.

CONCLUSIONS

Complex 2D/3D MWCNT/PDMS composite patterns with
controllable CNT layer thickness were achieved using the
MEMS-assisted EPD technique. The developed sensors dem-
onstrated high sensitivities to the tensile strain with gauge
factors ranging from 13 to 120. The gauge factor shows a

FIGURE 10 Raman shift of the 2D band (left) and the G band (right) of the unstrained and strained MWCNT/PDMS composites.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strong dependence on both the initial resistance of the sen-
sor and the applied strain. Depending on the morphology
and the thickness of the CNT network, different piezoresis-
tive mechanisms play the dominant role. When the entangle-
ment of CNTs in a network is sufficient to allow effective
load transfer between them, sensitivity of the sensor is likely
dominated by the intrinsic piezoresistivity of the individual
CNT. Conversely, when CNTs are loosely dispersed in the
polymer matrix, piezoresistivity associated with the tunnel-
ing resistance is the most significant contribution to the
device sensitivity. Because the R0 can be modulated by the
patterning technique, the gauge factor of the sensor can be
approximately predicted using the MEMS-assisted EPD
approach. It also enables detailed study of the sensing mech-
anism. The work provides useful guidance for the design and
fabrication of the strain/stress sensors with a specific sensi-
tivity. Compared with traditional metal foil strain sensors
(G5 2.1) and silicon piezoresistors (G<120), the pattern-
able MWCNT/PDMS composite exhibits comparable or much
higher strain sensitivity, with additional advantages of a
larger working range (>10%) and the mechanical flexibility.
The composite developed herein can potentially be utilized
to sense and monitor the local pressure and structural
change in tissues, microfluidic systems, as well as flexible 3D
Microsystems.
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