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This paper presents an aligned carbon nanotube (CNT)-based strain sensor. Vertical aligned carbon nano-
tubes (VA-CNT), synthesized by chemical vapour deposition (CVD), were knocked down onto polymeric
films, in order to obtain a thin 10 x 10 x 0.05 mm CNT patch. Different polymeric substrates, ADEXepoxy,
polyethylene terephthalate (PET) and polyimide (PI) were used. The samples’ morphology before and
after the knock down process, specifically their alignment, was observed by scanning electron microscopy
(SEM). The good quality of the synthesized VA-CNT was assessed by Raman spectroscopy. Furthermore,

Iéﬁ?lTwordS: transmission electron microscopy (TEM) analysis was carried out to determine the average wall num-
Sensor ber and diameters (inner and outer) of the VA-CNT. A MATLAB software with an adapted Van der Pauw
Strain monitoring method for anisotropic conductors was developed to determine the electric properties of the obtained
Anisotropy samples, which were strained in the transverse (X) and parallel (Y) directions with respect to the CNT

alignment. The electric anisotropy, defined as electric resistance ratio between obtained measurements
along the X (Ryx) and Y (Ryy) -axes, decreases with deformation increment when the sample was strained
in the Y-direction, while it increases when strained in the X-direction. Moreover, the obtained Gauge
factor values showed a much sensitive response to deformation, i.e., approximately 47% increase in GF
values, when the samples are strained transversely to CNT alignment. These results showed that the
piezoresistive CNT/polymeric based sensor produced is suitable for strain sensing applications.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, carbon nanotubes (CNT) have been studied
for several applications, namely aerospace, aeronautic, or micro-
electronics, among others. CNT structural, electric, mechanical and
electromechanical properties made them suitable for strain sensors
[1]. Moreover, the anisotropic electric properties, due to the CNT
alignment, can be an advantage for sensing in different directions
or with different direction sensitivity.

CNT have been used for piezoresistive polymer-based sensors
by adopting three main approaches:

(a) as conductive matrix fillers in polymer nanocomposites as thin
films [2,3];

(b) as thin bucky paper films [4,5]; and

(c) as aligned forests [6,7].

However, the use of CNT as strain sensors rise a few manu-
facturing issues that become drawbacks on their widely adoption.
Main manufacturing steps of CNT-polymer nanocomposite include

* Corresponding author.
E-mail address: b7525@dep.uminho.pt (A. Santos).

https://doi.org/10.1016/j.sna.2019.02.026
0924-4247/© 2019 Elsevier B.V. All rights reserved.

mechanical mixing and deposition methods, such as filtration, coat-
ing and dip casting, among others, which present difficulties in
the uniformity of CNT dispersion, in the avoidance of agglomer-
ates and in the process of CNT alignment [8]. CNT bucky paper
sensors can be produced by dispersion and deposition methods,
such as vacuum filtration (the most common method), drop cast-
ing, or hot-press compression, among others, which can also result
in a non homogeneous CNT distribution [4,5,9]. Vertical-aligned
carbon nanotubes (VA-CNT) forests impregnation also shows full
impregnation deficiency and uncertainty in maintaining the CNT
alignment.

The most common method for VA-CNT growth is via chemi-
cal vapour deposition (CVD), which shows high process variability
and several decisive factors for the CNT electric properties, such as
growth time, temperature, catalytic type and thickness, gas mixture
and additional delamination step (hydrogen flow after the growth).
Some authors studied the effects of CNT length [ 10] that can be con-
trolled by CVD growth time, and of the interplay of CNT structure
and density [11], which can be controlled by the catalytic thick-
ness, on the VA-CNT anisotropic electric properties. Higher growth
time results in longer CNT and lower electric resistance [10]. Sup-
port/catalytic interaction and adequate hydrogen pre-treatment
time (c.a. 2-5 min) affects CNT structure [12], with higher catalytic
thickness resulting in two opposite effects: the electric conductivity
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Fig. 1. Schematic (a) and apparatus (b) and (c) of the knock down process.

increases with CNT wall number; however, the electric conductiv-
ity also decreases due to the increase in diameter (packing density
decreases) with CNT wall number [11]. More recently, knocked
down VA-CNT were used as microheaters [13] with possible appli-
cations in resin curing of composites materials (out-of-oven curing)
and de-icing, and to improve inter-laminar facture toughness on
laminated composites [14].

In this work, it is developed a piezoresistive CNT/polymeric
film sensor for strain measurements. To avoid the manufacturing
issues of typical CNT based sensors, e. g., CNT dispersion and align-
ment, VA-CNT were used and easily transferred to polymeric films
via knock down process to obtain the aligned-CNT based sensor.
For this purpose, the CNT were grown via CVD to directly obtain
VA-CNT, which were after realigned via knock down process on
a polymer substrate. The proposed approach for strain sensing is
to take advantage of the electric anisotropic properties of the CNT
patch. For this, the electric resistivity in two orthogonal directions
were measured during the deformation of different substrate films.

2. Experimental
2.1. CNT synthesis

VA-CNT were synthetized via CVD, which consists on the CNT
chemical growth on a wafer surface inside a horizontal quartz tube
with 25 mm inner diameter, at 750°C, with a flown gas mixture
of ethylene/hydrogen/helium (100/200/55 sccm). The detailed pro-
cessis described elsewhere [15]. A 10 x 10 mm silicon (Si) substrate
wafer with 10 nm thick alumina (Al;03)/1 nmiron (Fe) catalyst was
produced by e-beam vapour deposition, and a photoresistor coat-
ing was applied to avoid iron oxidation with time. Then, the wafer
was washed with acetone (99.5%) and alcohol iso-propil (99.8%) to
remove the photoresistor coating. The VA-CNT were grown on the
wafer’s surface for 24 min, and after a CNT/wafer delamination step
was added to facilitate the subsequent CNT knock down process
onto the polymeric films.

2.2. CNT knock down

For the CNT knock down, an apparatus was developed as shown
in Fig. 1. Specifically, a 10 mm diameter rod was assembled to two
3D printed pieces and applied on top of a micrometric table, which
allowed the manual transference of the VA-CNT onto three different
polymeric films, namely: polyimide, PI (75 wm Kapton MP film),
epoxy (25 pwm ADEX epoxy film), and polyethylene terephthalate,
PET, which was peeled off of the ADEX epoxy film. The polymeric
films were cleaned with acetone and alcohol prior to the CNT knock
down process.

2.3. SEM analysis

In order to evaluate the CNT height and alignment on the
obtained samples before and after the knock down process, scan-
ning electron microscopy (SEM) analysis was carried out in a
NanoSEM-200 apparatus from FEI Nova.

2.4. Raman spectroscopy

Raman spectroscopy was performed to assess the quality of the
synthesized VA-CNT. The spectra was obtained using a HORIBA
LabRAM HR Evolution microscope with 532 nm laser (10x objective,
N.A. 0.25), and the CNT wall defects concentrations were evaluated
using the integrated intensity ratio, Ap/Ag, of the D and G-band
peaks, where Ap and Ag are the areas of D and G-band peaks, respec-
tively [16].

2.5. TEM analysis

In order to experimentally determine the average wall number
and diameters (inner and outer) of the VA-CNT, transmission elec-
tron microscopy (TEM) analysis was carried out in a JEOL JEM-2100
electron microscope, operating a LaB6 electron gun at 80 kV.

2.6. Electrical ressitivity measurements

After the knock down process, a silver conductive epoxy adhe-
sive (8330S from MG Chemicals) was used as electrode between
the CNT/polymeric film samples and the copper wires, as shown in
Fig. 2 (the CNT patch is at the centre of the polymeric film). A MAT-
LAB software was developed to determine the electric properties of
the knocked down samples with an adapted Van der Pauw method
for anisotropic conductors [17,18]. Briefly, the adaptation consists
in the conformal transformation from isotropic to anisotropic con-
ductor that results in Eq. (1) through which the Ryy o /Rxx,o value is
obtained [18]:
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where a and b are the CNT’s patch square dimensions, which ini-
tially is ag=bg = 10 mm. These values vary with the deformation of
the polymeric film: a+Alin strain direction (Al is the elongation of
the film considering the perfect adhesion between the electrodes
and the film), and in the transverse direction b = bg-vely consider-
ing the Poisson ratio, v, (0.34,0.37 and 0.34 for ADEXepoxy, PET and
Polyimide, respectively), where ¢ is the mechanical strain and I
is the initial width of the film. Ryy o and Ry, are the square resis-
tances in Y- and X- direction, respectively, and k is obtained from

Eq. (2).
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Where, as represented in Fig. 3, Ing and I4p are the injected cur-
rents in AB and AD directions, respectively, and Vpc and Vg are the
voltages measured in DC and BC directions. Then, according to [17],
through a simple adaptation of a Van der Pauw equation (Eq. (3))
the value of Ryy oRxx,0 is obtained:

e~ TARap,cp/\/PxPy | o—7dRec.DA/\/PxPy — 1 (3)
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Fig. 2. Appearance of a test sample.
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Fig. 3. Schematics of current (I) injection and voltage (V) measurement in the CNT
square patch.

where d =50 pm is the average thickness of CNT patch, Rap cp and
Rpc.pa result from Vpe/lap and Vpe/Iap values, respectively, px
and py are the resistivity in X- and Y-direction, respectively, and
/PxPy = Rs.d, which implies that Ryy R0 = Rs%.

R is obtained from Van der Pauw relation (Eq. (4)).

e*ﬂRvern’cul/RS + e*”Rhorizontal/RS =1 (4)

where Ryertica and Rporizontqr are the means of the resistance exper-
imental values obtained in the Y- and X-direction, respectively.
Therefore, with Ryy o/Rxx,0 and Ryy Ry, values are obtained the
sheet resistances in the two different directions, Ry, and Ryy o,
respectively.

The electric anisotropy is defined as the electric resistance ratio
(Rxx/Ryy) between obtained resistances in transverse direction (X),
Rxx, and parallel direction (Y), Ryy, with respect to the CNT align-

a)
Strain
Y direction

ment. These measurements were performed in static conditions
and after deformation of the film substrates upon increased strain
levels.

The gauge factor, GF, is defined in terms of the relative electrical
resistance, AR/Rg, to the mechanical strain, &:
AR
Ro
&

GF = (5)

2.7. Electrical ressitivity versus strain measurements

Furthermore, the electric anisotropy, Rxx/Ryy, the relative elec-
tric resistance (R-Ro/Rg) and the GF, were obtained for samples
knocked down onto PI, epoxy and PET films, which were then
strained in directions X and Y (Fig. 4) with respect to CNT alignment
direction. The samples were strained simultaneously in opposite
directions using a manual microtester (Fig. 5), and the elongation
of the samples (Al) were measured by a digital calliper (Mitutoyo).

3. Results
3.1. SEM analysis

The CNT alignment before and after the knock down process was
assessed by SEM analysis. The results showed a good vertical CNT
alignment after growth, however the VA-CNT forests showed a non-
constant height between 0.6-1.2 mm (Fig. 6), due to the variability
of the CVD process [10].

The SEM images after the CNT knock down showed a realign-
ment of the CNT forest in direction of the knock down process and
a clear segmentation of the sample (Fig. 7). In region A, closer to
the wafer, the CNT horizontal realignment is observed, despite the
non-complete reorientation (0° with horizontal direction). In com-
parison, the zone B on Fig. 7, which is in contact with the polymeric
film, is a more compact zone, probably due to the CNT squashing
and/or buckling during the knock down process [10].

b)

Strain
direction

—>

Fig. 4. Schematics of aligned CNT patch and strain directions: strain in CNT alignment (Y*) direction (a) and in transverse direction (X) of CNT alignment (b).
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Fig. 6. SEM images of VA-CNT.
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pact zone.
Fig. 8. Raman spectra of the VA-CNT.

3.2. Raman spectroscopy

As shown in Fig. 8, the Raman spectrum of the VA-CNT shows ciated to the presence of crystalline graphite structures. The Ap/A¢
peaks at 1298 cm~! (D-band), which is normally associated to ratio calculated for the CNT forest is approximately 0.94, which
defects on the CNT walls, and at 1549 cm~! (G-band), whichisasso- ~ shows the good quality of the produced VA-CNT.
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Fig. 9. TEM image of VA-CNT.

3,0

2,54

2,0 1 o

1,54 .

Electric Resistance (Q)

ADEXepoxy

PET* PI

Fig. 10. Electric resistance results of CNT/polymeric films.

3.3. TEM analysis

TEM analysis was carried out to characterize the produced VA-
CNT regarding their morphology. Therefore, their wall number and
diameter were determined through Fiji software analysis of the
TEM images (Fig. 9). A t-test was applied as statistic analysis to
obtain confidence intervals, CI, for the number of walls, inner and
outer diameter, which were (3.8, 4.6), (3.17, 4.17) nm and (4.55,
5.76) nm, respectively, with a 95% confidence level.

3.4. Electrical results in non-deformed state

With no deformation, the obtained values of Ryx and Ryy are in
order of the few Ohms (Fig. 10), being lower than the ones reported
in literature [10,13]. As expected, Ryx values are higher than Ry,.
There is no significant variation of Ryx and Ry, upon the type of
polymer substrate.

The electric anisotropy results in static mode are presented in
Fig. 11. Rw/Ryy values are all higher than one, indicating that the
electrical resistivity in the transverse direction of CNT alignment is
higher. The values of electrical resistivity anisotropy range between
1.5-2.0, confirming the expected electrical anisotropy of aligned
CNT patches. These results seem to be independent upon the type
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Fig. 11. Variability of anisotropy results obtained for CNT/ polymeric films.
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Fig. 12. Electrical resistivity anisotropy, R/Ryy, versus strain, &, obtained from
the three different polymer substrates strained in direction of CNT alignment:
CNT/epoxy, CNT/PET and CNT/PIL.

of polymer substrate over which VA-CNT were knocked down. The
variability of results may rise from the different CNT lengths [10]
and from the manual knock down process (e.g., densification).

3.5. Electrical resistivity results versus strain

Fig. 12 shows the electrical anisotropy results at different strain
levels for samples knocked down onto the three different poly-
mer substrates. These results show that, the electrical resistivity
anisotropy values always decrease with deformation increment,
when the CNT patch is strained in the direction of its alignment
(Y-direction). CNT/PI substrate sensors present the lowest strain
limit (8-9%), and conversely the CNT/epoxy substrate showed the
highest strain values (15-16%).

Fig. 13 shows the relative electrical resistance measurements
at different strain levels for samples knocked down onto the three
different polymer substrates. For these samples strained in direc-
tion of CNT alignment (Y-direction), the relative resistance in the
strain direction increases with deformation increment, while in the
opposite direction (X-direction) it decreases with a lower slope.
This is an expected electric behaviour for samples strained along
the direction of CNT alignment. Fig. 14a) shows a schematic of
CNT conductive mechanism under strain when CNT are aligned
with the strain direction. With the strain increment, the elec-
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Fig. 13. Relative electrical resistance AR/Ry as function of the strain ¢ for the three
different polymer substrates strained in the direction of CNT alignment: CNT/epoxy,
CNT/PET and CNT/PIL

tron paths decrease, as the number of the CNT-CNT junctions that
the electron has to tunnel throughout the CNT aligned network
decreases, thus increasing sheet/tunnelling resistance in the Y-
direction [2,10,19]. In the case of CNT/ADEX epoxy film, the relative
resistance increases almost linearly with deformation increment,
approximately from 31% to 85% for 6% and 14% deformation in
the strain direction, respectively; while in the opposite direction
there is a lower increment of approximately 16% to 36%, for 6%
and 15% deformation, respectively. This linear dependence antic-
ipates a conduction mechanism based on the CNT-CNT junctions
model [10]. The relative electrical resistance of CNT/PET sample
increases almost linearly approximately from 11% to 74% for 1.87%
and 8% deformation, respectively; while in the opposite direction
there is a lower increase, approximately from 10% to 33% for 1.87%
and 8% deformation, respectively. The relative resistance values of
CNT/PI sample increases exponentially from 10% to 136% for 2% and
8% deformation, respectively, probably due to the CNT tunnelling
conductive effect that dominates at higher deformations [3]. It is
worth mentioning that the three polymeric films present different
mechanical response upon an imposed strain, and this shall influ-
ence the deformation of the CNT network, and hence, its electrical
response.
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Fig. 15. Gauge factor (GF) versus strain ¢ obtained from the three different samples
strained in direction of CNT alignment: CNT/epoxy, CNT/PET and CNT/PI.

Fig. 15 shows the variations of the GF with the strain levels
for samples knocked down onto the three different polymer sub-
strates. The CNT/PET and CNT/PI samples show a step increase on
GF over 0.5% of strain, followed by a low slope and than an expo-
nential increase, while the CNT/epoxy sample shows an almost
linear GF increase with strain. The CNT/PI sample shows higher
GF values at higher deformations than the other samples. This is
already anticipated in Fig. 13, where an exponentially increase on
the relative electrical resistance is observed for this sample. In the
transverse direction (X-direction), the GF values varied in a simi-
lar way. Regarding these strain sensitivity differences, it should be
noted that the adhesion of the CNT to the polymeric films could
have an important role on the CNT-CNT junction’s deformation
modes. In fact, a strong adhesion between the CNT patch and the
polymeric film, with their similar thickness, can lead to mechanical
reinforcement of the film affecting the CNT induced deformation
and strain sensitivity. Specifically, the good adhesion of the CNT
to the ADEX epoxy and PET films observed visually during the
knock down process suggested that the CNT patch behaved as a
mechanical film reinforcement, constricting the CNT slippage in
the patch and therefore showing lower sensitivity compared to the
CNT/PI samples at higher deformations. Although the poor adhe-
sion observed between CNT and PI films could mean higher slippage
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ﬂ X
1
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\ P

Fig. 14. Schematic of CNT conductive mechanism under strain in different directions: CNT alignment direction (A) and transverse direction of the alignment (B).



A. Santos et al. / Sensors and Actuators A 289 (2019) 157-164 163

200 T T T T T T T

180 v .
1604 = H]MH@
140

X

O PI2_Y-direction |
B PI2_X-direction -

AR/R (%)
3

€ (%)

Fig. 16. Relative electrical resistance AR/Ry (%) versus strain ¢ (%) obtained from
the CNT/PI sample strained in transverse direction (X-direction) of CNT alignment
(Y-direction).

between CNT in the patch, so higher sensitivity, and probably the
strain was also not uniform along the full patch. It's worthy to men-
tion that the better adhesion of the CNT to ADEXepoxy and PET films
compared with the polyimide is reported elsewhere [20,21].

Furthermore, all samples showed a high strain sensitivity even
below 2% of deformation.

In addition, samples knocked down onto PI film were also
strained transversely to CNT alignment (X-direction). As it can be
seen in Fig. 16, the relative electrical resistance values increased
exponentially until c.a. 130% at approximately 8% deformation in
the strain direction, while in the opposite direction it decreased
38%. This is an expected electric behaviour. As depicted in the
schematic model of Fig. 14b), straining in transverse direction of
CNT alignment affects the electron paths by decreasing the number
of the CNT-CNT junctions that the electron has to tunnel through-
out the CNT aligned network and thus, increasing sheet resistance
in the X-direction [2,10,19]. This decrement of CNT-CNT junctions
in X-direction, is accompanied by an increment on the number of
these junctions on the opposed Y-direction, possible due to Poisson
contraction effect on the CNT alignment direction. Again, there is a
high strain sensitivity of the relative electrical resistance even for
low strain values 2-3%.

In Fig. 17, the electric resistance anisotropy values of the CNT/PI
samples strained in X- and Y- directions are compared. As stated
before, the applied strain affects the electron path in the CNT net-
work, increasing CNT-CNT junction electrical resistance and the
overall electric resistance in the strain direction. Therefore, the
electric anisotropy decreases when the samples are strained in
Y-direction, while it increases when strained in X-direction. The
variations are much higher when samples are stretched in X-
direction, perpendicular to CNT alignment direction.

Moreover, the obtained GF values (Fig. 18) are higher and
showed a slightly more sensitive response to deformation when
the samples are strained transversely to CNT alignment direction
(X-direction). This could suggest that, for the same strain level, the
number of CNT-CNT junctions in X-direction has a higher decre-
ment than on Y-direction.

For the same deformation level, the relative electrical resis-
tance values of the produced A-CNT based sensors are higher than
reported in the literature [3]. Despite having a slightly lower sen-
sitivity at small deformations compared with others CNT based
sensors [2], the production method reported here for CNT based
sensor is much simpler and less time consuming.
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Fig. 17. Electric resistance anisotropy results of CNT/PI samples when strained in

direction of CNT alignment (Y-direction) and transverse direction (X-direction),
respectively.
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Fig. 18. Gauge factor results of CNT/PI samples when strained in the direction of
CNT alignment (Y-direction) and in the transverse direction (X-direction).

4. Conclusions

An aligned CNT-based sensor for strain monitoring and sensing
applications was presented. An apparatus for the CNT knock down
process was manufactured, and also it was developed a MATLAB
software for the resistance measurements in anisotropic materials.

The results of the electrical resistance anisotropy obtained in
static mode (no stretching) from the different CNT/polymeric film
samples suggest no influence of the substrate type, but a variability
resultant from the CNT production process (e.g., CNT length and
densification).

The relative electrical resistance and sensitivity to strain for the
different samples show an increase with the deformation incre-
ment. These results are interpreted in terms of changes upon the
number of CNT-CNT junctions with deformation, increasing the
electrical resistivity. The adhesion between the CNT patch and the
polymeric films is also determinant, i.e., a compromise between
adhesion and slippage between CNT is crucial for the CNT patch
sensitivity. Current aligned CNT-based sensors showed a high strain
sensitivity even for strains lower than 2%. In addition, the results
of electrical resistivity sensitivity and anisotropy shows differences
with the strain direction. The CNT patch strained in the transverse
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direction of CNT alignment showed slightly higher sensitivity com-
pared with the ones strain in direction of CNT alignment. Moreover,
the electric resistivity anisotropy values correspondent to these
two strain directions present an opposite behaviour, which can be
an important indicator of strain direction in a sensor.
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