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In this work a new carbon nanotubes (CNT) based multi-directional strain sensor capable of quantifying and
indicate strain direction is foreseen. This work investigates the electromechanical behavior of an aligned CNT
sensing patch strained at 45° in order to validate its multi-directional sensing capability. Vertically aligned CNT
forests are produced by chemical vapor deposition (CVD) and then mechanically knocked down onto polyimide

(PI) films. Two configurations, diamond (D sample) and square (Sq sample), are considered. The relative elec-
trical resistance (AR/Rp) and the electrical anisotropy (Rg/Rs) upon strain increments are analyzed and
compared to previous work results (0° and 90° strain direction). Both 45° samples, D and Sq, are sensitive to
strain. A correlation between electrical anisotropy behavior and strain direction (0°, 45° and 90°) is established.
The results show that with only an aligned CNT small patch it is possible to quantify and indicate strain in three

directions.

1. Introduction

Nowadays, the use of carbon nanotubes (CNT) thin films for strain
monitoring is quite common among researchers, due to CNT well-known
electromechanical properties suitable for sensing applications, and its
alignment has proven to facilitate some production processes of CNT
based sensors (e.g., CNT forest embedded into polymeric matrices), and
increased its sensitivity to strain [1]. Several methods are used for this
alignment, such as electrical fields, assisted flow, mechanical stretching,
direct draw from vertical forests and mechanical knock down, and all
present its limitations and challenges. But, more importantly, the liter-
ature is quite limited regarding the actual strain monitoring itself. Most
of the research [2-4] is focused on: strain quantification; sensitivity
improvement; cyclic behavior; production process optimization, e.g.,
thin films with better CNT dispersion and without agglomeration; and
only comprise one dimension (uniaxial) measurements. Even re-
searchers that study the electrical behavior of CNT buckypaper based
sensor at different strain angles [5], did not presented any distinctive
direction indicator. Others [6] that studied the anisotropic electrical
behavior of aligned CNT networks in two different directions, only
explored the sensor electrical resistance individually without any strain
direction indicator correlation. Recently, it has been reported [7] an
anisotropic wearable sensor, however it had to incorporate two aligned
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patches to be able to indicate strain direction. Furthermore, commer-
cially available strain gauges only measure strain in one direction.

To address this gap and as reported in our previous work [8], an
aligned CNT based sensor for strain monitoring with a specific electrical
characteristic, i.e., opposite electrical anisotropy behavior when
strained at 0° and 90° regarding CNT alignment, which allows the sensor
to indicate in which those directions the aligned sample is being loaded
(bi-directional) and, simultaneously, quantify the strain value through
the analysis of the electrical resistance. The applied deformation affects
the CNT conductive network by affecting the electrons path and there-
fore the overall electrical resistance of the aligned sensor. Moreover, the
electrical behavior depends on the CNT conduction mechanism that is
dominant at each strain level: electron transfer by direct contact or
tunneling effect [9,10]. When the sensor is strained at 0° regarding CNT
alignment, a slippage between CNT happens and its electrical resistance
varies linearly with the number of CNT-CNT junctions (N) being the
direct contact the dominant conduction mechanism at small de-
formations. They are also inversely proportional, when the N increases
the electrical resistance decreases and vice-versa. At higher strains, the
distance between CNT overcome acritical value and the tunneling effect
becomes dominant, therefore an electrical resistance exponential in-
crease occurs. When the sensor is strained at 90° regarding its alignment,
the CNT conduction is mainly done by tunneling effect and, thus, the
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Fig. 1. Schematics of the two sensor configurations, type D and Sq, aligned at a = 45° regarding CNT alignment direction (Y), and its position regarding strain and

opposite direction.

Fig. 2. Illustration of an aligned CNT strain sensor sample (diamond shape)
with the positions of the four electrodes (1-4).

sensor presents an almost exponential increase in the electrical resis-
tance upon strain increment. The quantification of the relative electrical
resistance is used to infer strain sensitivity, Gauge factor (GF). Other
important electrical property of the reported sensor is the opposite
behavior of the electrical anisotropy, allowing the sensor to act as strain
direction indicator.

In this work is reported an aligned CNT based strain sensor that is
capable not only to quantify strain, but also to indicate three different
strain directions (0°, 45° and 90°) with only a 10 mm x 10 mm sensing
patch. Vertically aligned carbon nanotube (VA- CNT) forests were pro-
duced by chemical vapor deposition (CVD) and mechanically knocked
down onto a polyimide film, using a metallic rod based apparatus. Two
different aligned sensing patches configurations, diamond (D) and
square (Sq), are considered. The D and Sq samples, were strained at 45°
regarding CNT alignment and their relative electrical resistance and
electrical anisotropy behavior upon strain increments are analyzed.
Important to note that in a real monitoring application, it was thought
that it would be quite interesting to study how the CNT conductive
network would respond to 45° strain in different configurations. The
results are promising and give a good contribute for the development of
a multi-directional strain sensor that can quantify and indicate any
strain direction with only a tiny square aligned CNT patch.

2. Materials and methods
2.1. Aligned CNT sensors production

VA-CNT forests were produced in a chemical vapour deposition
(CVD) furnace at 750 °C with a gas mixture of helium/hydrogen/
ethylene. These forests were mechanically knocked down and used in
the strain sensors production. For this mechanical knock down, an
apparatus composed by a metallic rod and two 3D printed supports were
developed for this purpose. Detailed description can be found elsewhere
[8].

In order to evaluate how an aligned CNT sensor would behave if
strained at 45° regarding CNT alignment, two different geometric con-
figurations were considered, diamond (D) and square (Sq) (Fig. 1),
leading to two different production processes.

In type D configuration (Fig. 1), 10 mm x 10 mm VA-CNT forests
were mechanically knocked down onto polyimide films, PI (75 pm
Kapton MP film), with the diagonals of the aligned patch perpendicular
to the faces of the film ensuring that the CNT patch is aligned at 45° in a
diamond shape configuration. In type Sq configuration, 14 mm x 14 mm
forests were mechanically knocked down, and a smaller square (10 mm
x 10 mm) with CNT aligned at 45° were cut out. Both square patches
were then transferred to PI films.

For the electrical resistance measurements, a silver conductive epoxy
adhesive (8330S from MG Chemicals) was used as electrode of the CNT
patches (Fig. 2).

2.2. SEM analysis

In order to evaluate the CNT alignment in the obtained forests and
after the knock down process, a scanning electron microscopy (SEM)
analysis was carried out in aNanoSEM-200 apparatus from FEI Nova.

2.3. Electrical resistance measurements

The produced aligned sensors, type D and Sq, were placed between
two grips of the universal testing machine to perform the strain tests.
The four electrodes (Fig. 2) were connected to an Arduino UNO and a
laptop with the MATLAB control software in order to register the elec-
trical resistance values simultaneously in two different directions, CNT
alignment (Y-direction) and transversal directions (X) for the diamond
shape sensor, whereas strain and opposite (opp) directions for the square
shape sensor (Fig. 3, i) and ii), respectively).

The MATLAB software was developed from an adaptation of the Van
der Pauw method, a four-point resistivity measurement method, for
anisotropic conductors (different resistances in different directions)
[8,11,12]. Briefly, adapt the calculations to anisotropic conductors, a
conformal transformation was made resulting in Eq. (1), from which the
Ra/Rp o value is obtained.
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Fig. 3. Schematics of the two sensor configurations, i) type D with indication of longitudinal (Y) and transverse (X) direction regarding CNT alignment; ii) type Sq,
both with strain and opposite (opp) direction, and dimensions patch (a and b) indication; iii) electrodes (1-4) position and A- and B-direction indication used in the
experimental procedure; iv) electrodes (1-4) position and electrical resistance (R and Rg) direction indication for type D and Sq configurations.

Fig. 4. SEM analysis of the VA-CNT, a), and the realigned sensor samples after the knock down process, b).

where a and b are the CNT’s patch square dimensions, which initially are
ag = bp = 10 mm. These dimensions will vary with the applied defor-
mation during the tensile test. Specifically, in the case of the sensor type
D (Fig. 3-iii)), a = ag + Alcos45 ,and b =by + Alcos45’, where Al is the
film elongation directly measured. In the case of the sensor type Sq
(Fig. 3-ii)), a = ap +Al in the strain direction and b = by —velyy in the
transverse direction, where v is the Poisson ratio, € is the mechanical
strain and [y is the initial width of the PI film.Ra and Rp are the
resistances in the two opposite directions (Fig. 3-iv)), and k is an
experimental value which depends on the injected currents (I3 and I14)
and measured voltages (V43 and V53). From an adaptation of the Van der
Pauw equation [11], the sheet resistance value, R, is obtained:

e~ MRverticat /Rs + e MRiorizomal /Rs — | 2

where, Ryerica and Rporizoniat are the means of the experimental values of
the electrical resistance in the A- and B-directions (Fig. 3-iii)),
respectively.

Using the known Van der Pauw relation R4 Rp, = R,? and the Ra./Rg,
value from Eq. (1), the resistances in the two different directions, Ry, =
R4 and Rp, = Rg are obtained. In case of sensor type D (Fig. 3-i), iv)),

R4 = Ryy and Rg = Ryx, where Ryy and Ryx are the electrical resistances
in direction of CNT alignment (Y-direction) and in the transverse one (X-
direction), respectively. In case of sensor type Sq (Fig. 3-ii), iv)), Ra =
Rstrain and Rp = Rypp, Where Rirain and Ry are the electrical resistances
in strain direction and in the opposite one, respectively. These electrical
resistance values were used to calculate the variations of the relative
electrical resistance R-Rg/Rp, AR/Rg, and the electrical anisotropy
defined as the electrical resistance ratio (Rp/Ry), with the applied
deformation during the tensile tests. Three and four samples of diamond
and square shapes, respectively, were tested.

3. Results and discussion
3.1. SEM analysis

The CNT forests alignment and their realignment after the knock
down process were assessed by SEM analysis. In Fig. 4 is shown the
produced vertical aligned forests (a)) and the efficient realignment of
the CNT in the direction of the knock down process (b)). More detailed
characterization, Raman spectroscopy and transmission electron mi-
croscopy (TEM) analysis, of these forests can be found elsewhere [8].
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Fig. 5. Relative electrical resistance, AR/Ry, of sensor type D (D1-D3) in longitudinal (Y) and transverse (X) direction
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Fig. 6. Network deformation of the aligned CNT patch in two configurations: i) diamond (Type D) and ii) square (Type Sq) shape, grip (1) and electrodes (2) position.

3.2. Electrical resistance measurements

The CNT patches were strained in 45° regarding CNT alignment in
two different configurations, type D and Sq (Fig. 1), and the relative
electrical resistance (AR/Ry) and anisotropy (Rp/Rs) behavior were
analyzed.

3.2.1. Sensor type D — Diamond shape

Regarding sensor type D, all the samples (D1-D3) show an almost
linear increase in the AR/Ry values with strain increments (Fig. 5),
however one sample (D3) presents higher slope associated to a lower

deformation at break meaning a higher decrease of the number of CNT-
CNT junctions (N) with lower strain. Some results variability is observed
due to samples production process. In Fig. 6-i), a CNT network defor-
mation behavior is proposed for the diamond shape patch. When the two
opposite diamond vertices are strained, the CNT are pulled apart and the
number of CNT-CNT junctions (N) decreases, increasing the electrical
resistance values in transverse (X) and longitudinal (Y) directions
regarding CNT alignment (Fig. 5, blank (X) and full (Y) symbols). A
mechanical restraint in the transverse direction (opp) was observed,
meaning that the transverse deformation was not noticeable during the
elongation of the sample, probably due to the aligned patch
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Fig. 7. Relative electrical resistance, AR/Ry, of sensor type Sq (Sq1-Sq4) in strain and transverse (opp) direction upon strain increments.
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Fig. 8. Relative electrical resistance, AR/Ry, of PI X (90° strain direction), PLY (0° strain direction), D and Sq (45° strain direction) samples upon strain increments.

configuration (diamond), electrodes and grip position.

3.2.2. Sensor type Sq — Square shape

Regarding sensor type Sq, all the samples (Fig. 7), Sq1-Sq4, show a
linear electrical resistance behavior upon strain increments. In the strain
direction, the CNT are pulled apart and the number of CNT-CNT junc-
tions (N) decreases leading to an increase of the AR/R value, whereas in
the opposite direction, the CNT are slightly compressed and their
number of junctions (N) increases leading to a decrease of the AR/Ry
value. In Fig. 6-ii), a CNT network deformation mechanism is proposed
for the square shape. When the square is strained at 45°, it suffers
simultaneously a noticeable elongation and a small transversal
compression (Poison ratio effect).

In Fig. 8, a comparison between the AR/R( behavior of the samples
PLY and PI X (0° and 90° strain direction, respectively [8]), D and Sq
(45° strain direction) is presented. All samples show a AR/Ry increase in
the strain direction, due to the decrease of conductive paths in the
aligned CNT network.

The D and Sq samples show a linear behavior due to the dominant
conduction mechanism present: direct contact between CNT (CNT
overlapping) promoted by a high CNT density [10]. When the sensor
patch is strained at 45°, CNT slippage and overlapping occur and
therefore their relative electrical resistance mainly depends on the CNT-
CNT junctions, and varies linearly with the number of junctions (N)
(equation (3)):

AR _ . 3
Ry
where m is a constant directly dependent on N.

The PI X and PLY samples show both a similar mix conductive
behavior, linear and non-linear, with AR/R, increase upon strain in-
crements in 90° and 0°, respectively, regarding CNT alignment. The
conductive mechanism by CNT direct contact is dominant at small de-
formations, the AR/Ry increases linearly with N decrement during CNT-
CNT slippage. However, after a critical strain value (¢.) a non-linear AR/
Ry increase is observed, as the CNT-CNT junction direct contact is lost,
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Table 1
Relative electrical resistance (AR/R) behavior, AR/Ry slope (GF) values and the respective numerical fitting of PI (PI1.X and P1.Y), D and Sq samples.
Sample PI D Sq
PI X PLY
Strain direction [°] 90 0 45 45
AR/R, behavior Linear Non-Linear Linear Non-Linear Linear Linear

(e <2.16%) (e > 2.16%)

(e < 3.63%)

(e > 3.63%)

Fitting equation y = 5.58¢R*> = 0.98 y = 6.69¢°3%R% = 0,98 y =5.81¢R> = 0,99 y = 5.14e%4%R2 = 0,99 y = 1.69¢R?> = 0,94 y = 9.82¢R? = 0,98
Gauge Factor (GF) 5.58 21.3 5.81 16.4 1.7 9.8
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Fig. 9. Electrical anisotropy (Rg/Ra) Vs strain (¢) for PLY (0° strain direction), PI.X (90° strain direction), D and Sq (45° strain direction) samples.

and the electrons transport within the aligned network is now mainly
done by tunneling. As the strain increases, the CNT tunneling distance
(dwr) increases and the AR/Ry exponentially increases according to the
tunneling effect model [5] described by ﬁ—f = ¢2k(dan—do) _1 where d is
the initial tunneling distance, k is a barrier junction constant and dg,xe.
Therefore, a mix conductive model should be considered:

AR _
Ry

me, € <e&
eZk(dmrdn) —l,e>e¢

The critical deformation point (e.), from which the tunneling effect
becomes dominant, of the PI_Y sample (g, = 3.63) is higher than the PI X
sample (e, = 2.16) due to the differences in the CNT alignment. When
the sensor is strained at 0° regarding CNT alignment (PLY), slippage
between CNT occurs and CNT overlapping is maintained at higher
strains compared to PI_X (90° strain direction). In Table 1, the AR/Ry
behavior upon strain increment and numerical fitting of the results ac-
cording to the mix conductive model (equation (4)) is presented. The
results show a good accordance with the numerical fitting model with R2
values between 0.94 and 0.99.

4

-k

To assess the sensitivity to strain, the Gauge factor (GF), GF =

5

values were determined and their specific values presented in Table 1.
For the linear region, the GF was calculated directly from the AR/Ry
slopes, whereas for the non-linear region the GF was calculated using the
AR/Rp maximum values. All the samples reached different GF values at
different deformations at break. Considering the linear region, the GF
values of PI_X (90° strain direction) and PLY (0° strain direction) sam-
ples are quite similar, lower than the ones of Sq samples but higher than
the D samples GF values. However, the PI_X reaches the highest GF value
in the non-linear region. When considering the specific deformation
level, PLY, PI X and Sq samples had similar and quite higher slope
values compared to D samples, indicating a higher variation of the CNT
conductive paths. The lower slope of D samples is due to the two
converse effects that need to be considered in this sensor configuration:
during straining the CNT are pulled apart decreasing N and increasing
the electrical resistance value (dominant effect), however the CNT are
simultaneously being pulled and realigned in the strain direction [13],
increasing N and decreasing the electrical resistance. Therefore, AR/Ry
slope of D samples is lower due to these compensating effects that result
in lower variation of the number of junctions (N) in overall. Thus, the
aligned CNT patch is suitable for strain quantification in the three
different directions (0°, 90° and 45°), through relative electrical

Table 2
Electrical anisotropy (Rg/Ra) behavior and respective numerical fitting of the PI (PI.X and PLY), D and Sq samples.
Sample PI D Sq
PLX PLY
Strain direction [°] 90 0 45 45
Rp/R, behavior Linear (e < 2.16%) Exponential (¢ > 2.16%) Linear Linear Linear

Fitting equation y =0.15¢ + 1.4 y = 1.09¢%20

y=—-014e+17 y =0.005¢ + 1.6 y = —0.09 + 1
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Fig. 10. Electrical anisotropy slope vs strain direction angle (°).

resistance measurements.

In Fig. 9, the electrical anisotropies (Rg/R4) of PLY, PI X, D and Sq
samples are compared. Their electrical behavior, specific slope values
and respective numerical fitting are presented in Table 2. Initially, the
PI_X sample exhibits a linear positive slope and after a specific strain an
almost exponential Rg/R, increase can be observed. The PLY and Sq
samples present a linear Rg/Ry decrease (negative slope) upon strain
increments, whereas the D sample presents a lower slope of almost zero
value. The D and Sq samples (45° strain direction) present a slope value
between PLY (0° strain direction) and PI_X (90° strain direction) slope
values. However, the Sq samples slope was close to the PLY value, not
showing an electrical behavior as distinct as the D samples. These
electrical behavior of PI X, P1Y and D samples prove that with just one
aligned sensor can be used to infer different strain directions simulta-
neously. Moreover, the electrical anisotropy values do not show the
variability observed for the AR/Ry values. Therefore, this unique
behavior of the Rg/R, at different strain directions (0°, 45° and 90°) is
the fundamental point to infer strain direction with this aligned sensor:

linear and negative slope—0" strain direction
linear and = zero slope—45 strain direction
exponential and positive slope—90  strain direction

Rp/Ra

In Fig. 10, it is shown the almost linear correlation (R2 = 1) between
the slope of the electrical anisotropy (Rg/R4) with the strain direction
angle (0°, 45° and 90°). With this relationship established between strain
direction and anisotropy behavior, it has been shown that the developed
aligned CNT patch based sensor is able to infer strain direction.

4. Conclusion

In this work, it was investigated how an aligned CNT strain sensor
would behave if strained at 45° regarding its alignment, and how its
behavior compares with 0 and 90° stretching. Two different sensor
configurations, diamond (D) and square (Sq), are considered to study
their influence on the CNT network deformation and conduction
mechanisms. Their electrical behavior is compared with previously
stablished relationships between the electrical anisotropy behavior and
strain direction (0° and 90° regarding CNT alignment). Both 45°

configurations show a linear increase in the AR/Ry values with strain
increments, however D sample presents a lower slope, being less sensi-
tivity to strain. This was attributed to two opposed effects: (i) the
decrease of the number of CNT-CNT junctions (N) with deformation
leading to an increment upon the electrical resistance; (ii) the realign-
ment of CNT within the strain direction, increasing the number of CNT-
CNT junctions (N) and decreasing the electrical resistance. The Sq
configuration shows similar electrical behavior when compared to
0° and 90° deformed patches, although with a slight lower slope (i.e.,
GF).

The relationships between the electrical anisotropy and the strain
direction (0°, 45° and 90° regarding CNT alignment) were also analyzed.
Different slopes are evidenced from the different samples: 90° sample
presents a positive slope, the 0° and 45° Sq samples show Rp/Rp
decrement (negative slope) upon strain increments, whereas the 45° D
sample evidence an almost zero slope value. A linear relationship was
found between the Rg/Ra behavior and strain direction (0°, 45° D and
90°), that can be used as a strain direction indicator. While a commercial
strain sensor has to be positioned in the direction that needs to be
monitored, the aligned CNT based sensor reported in this paper can
simultaneously give information regarding strain value and its direction
from the electrical resistance values obtained from its four electrodes,
regardless its positioning in the component. Therefore, it was shown that
a small, aligned CNT sensing patch is suitable not only as a strain sensor,
but also as strain direction indicator. The results presented are very
promising and give a valid contribute to achieve a multi-directional
sensor that simultaneously quantifies strain and indicates its direction
with only a tiny sensing patch. However, further studies are needed to
validate this sensor response in more strain directions.
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