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Abstract—This paper presents a proof of concept of an
aligned carbon nanotube (CNT) based strain sensor tested on
the surface of a conventional aeronautic laminate. Two type of
strain sensors were produced, type S and type T, in which the
CNT alignment was parallel (Y) and transversal (X) to strain
direction, respectively. Their electrical resistance response
was thoroughly evaluated during cyclic tensile tests. Despite
some disparities of the relative electrical resistance behavior
in specific strain cycles, probably due to one-off interferences
in the CNT conductive mechanism, the obtained gauge fac-
tor (GF) values were quite stable. Also, the electrical resis-
tance anisotropy was evaluated and its opposite behavior
when the samples were strained in Y- and X-directions may

Aligned CNT as quantifier and indicator of strain direction
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be used as strain direction indicator. Being able to quantify and indicate strain direction with just one 10 x 10 mm CNT
patch, this sensor has proven to be suitable for strain sensing applications, namely for structure health monitoring of

advanced composites.

Index Terms— Aligned carbon nanotubes, electrical anisotropy, strain sensor, structure health monitoring.

I. INTRODUCTION

OT long after their discovery, carbon nanotubes (CNT)

have been used in all kind of fields, industry, energy,
aerospace and electronics, among others, mainly due to their
unique mechanical, electrical and chemical properties. Their
enormous potential for sensing applications made researchers
turn to CNT as structural health monitoring solutions. More-
over, their incorporation into thin films for structural com-
posite monitoring is already a common approach among
researchers [1], [2].
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Within this context, the CNT can be used in the form of
Buckypapers [3]-[6], nanocomposites [7]-[11] or vertically
aligned forests (VA-CNT) [12], [13], despite the numerous
drawbacks regarding dispersion, agglomeration and bundling,
which strongly affect their electrical and mechanical proper-
ties. Particularly, the Buckypapers present weaker mechanical
properties, having a small deformation at break; nanocompos-
ites can have many problems during the production process
due to the needed balance between the CNT percentage,
which can be high, easy handling or/and manufacturing and
required electrical conductivity; whereas VA-CNT proved to
have a heterogeneous resin impregnation with some structure
damage. Some of these difficulties can be mitigated by CNT
functionalization, e.g., increase the affinity between the CNT
and the matrix, improving dispersion or helping to maintain
a structure, resulting in an increased electrical conductivity.
However, this process itself has its own challenges and may
add unnecessary complexity to the production process.

Not only the CNT alignment or realignment can diminish
the problems above mentioned, but also can yield interest-
ing and advantageous electrical and mechanical properties.
A CNT-based solution can be effectively aligned by an electric
field, however with a particular restraint, i.e., at some current
levels the CNT agglomeration increases [14], [15]. Other
alignment techniques are mechanical stretching [16], [17] or
directly drawn the CNT from a vertically aligned forest to a
Buckypaper form [18], [19], which can definitely damage the
nanotube structure. More recently, the mechanical knock down
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of VA-CNT forests to obtain a reoriented CNT patch showed to
be a simple and efficient process [20], [21], with application in
strain monitoring [22]. Despite all these progresses regarding
CNT incorporation into thin films for structural composite
monitoring, most of the reports published in literature do not
test the CNT based sensors in conventional laminates with real
applicability.

In our previous work [22], the electrical behavior of knocked
down VA-CNT/polyimide (PI) strain sensors were study,
showing good sensitivity to strain. Also, regarding the CNT
patch conduction mechanism, it was proposed that the elec-
trical resistance of the patch mainly depends on the number
of CNT-CNT junctions (conduction through contact) at small
deformations or/and CNT-CNT distances (conduction through
tunneling effect) at higher deformations. These mechanisms
(nano-scale) share the same basic principles explored by other
authors [10], [11] (micro-scale at high deformation) regarding
CNT conduction pathway.

In this work, in order to test the real applicability in compos-
ite monitoring, the aligned CNT patch is directly transferred to
the surface of a carbon fiber reinforced polymer (CFRP) with
a conventional aeronautic layout laminate, and then subjected
to low cyclic tensile test. During these tests, the relative
electrical resistance and electrical resistance anisotropy of the
CNT sensing patch were evaluated. The sensors tested on the
CFRP surface proved to be sensitive to strain and suitable
for composite monitoring applications. Also, the electrical
resistance anisotropy behavior proved to be a good indicator
of the strain direction.

Il. MATERIALS AND METHODS

A. Aligned CNT Samples Production

Vertically aligned CNT (VA-CNT) forests of 10 mm x
10 mm size, were grown by chemical vapor deposition with
a gas mixture of hydrogen/helium/ethylene and temperature
of 750 °C. The detailed process is described elsewhere [23].

The VA-CNT were mechanically knocked down onto poly-
imide films, PI (75 um Kapton MP film). An apparatus,
composed by a metallic rod and two 3D printed supports, was
developed for this purpose. Detailed description can be found
elsewhere [22].

B. Aligned CNT/CFRP Production

The knocked down CNT were transferred onto the surface
of a CFRP plate with dimensions 250 mm x 25 mm x 4 mm.
The CFRP, composed by twenty-eight layers of unidirectional
carbon fiber fabrics (Dynanotex HS 24/150 DLN2, from
G. ANGELONI s.r.l., Italy), with standard layup [0/45/90/-
45/45/-45/0],5, were impregnated with Biresin® CR83 epoxy
resin (from Sika®) by vacuum bag infusion. For the electrical
resistance measurements, a silver conductive epoxy adhesive
(8330S from MG Chemicals) was used as electrode of the
CNT patch (Fig. 1).

C. Electrical Resistance Measurements

For the electrical resistance measurements, an adaptation of
the Van der Pauw method for anisotropic conductors [24], [25]

Fig. 1. Knocked down CNT/CFRP sample.

was developed using MATLAB software (R2018a, Mathworks,
Natick, Massachusetts, USA). The adaptation consists in the
conformal transformation from isotropic to anisotropic con-
ductor resulting in (1), from which the Ry, /R, 0 value is
obtained.

a fﬂ/z do
/> _ 0 /1-2(sing)? )
b«/ﬁyy’D/Rxij 07[/2 dy

&/ 1—(sin p)?-+k2 (sin p)?

where a and b ar the CNT’s patch square dimensions, which
initially are a9 = bgp = 10 mm. These dimensions vary
with the applied deformation. In the case of the tensile test:
a =ap+ Al in the strain direction (Al is the elongation
recorded by an optical extensometer), and, in the trans-
verse direction, b = by — velyg, considering the Poisson effect,
where v is the Poisson ratio, ¢ is the mechanical strain and
Lo is the initial width of the CFRP. R, m andR,, 7 are the
resistances in the parallel direction (Y) and the transverse
direction (X) with respect to the CNT alignment and kis an
experimental value which depends on the injected currents
(I4p andl4p) and measured voltages (Vpc andVp(c).

From an adaptation of the Van der Pauw equation [24] (2),
the sheet resistance value, Ry, is obtained:

e_7f Ryertical [ Rs + e_” Ruorizontal [ Rs =1 (2)

where, Ryertical and Rporizontal are the means of the experi-
mental values of electrical resistance in the Y- and X-direction,
respectively.

Using the known Van der Pauw relation R, OR,, 0 = Rs2
and the Ryij/Rxx’D value from (1), the resistances in the
two different directions, Ry, 0 = Ryx and R, 0 = Ry, are
obtained. These values were used to calculate the variations of
the relative electrical resistance, AR/Ry = (R; — Roi)/ Roi
(1 = xx;yy), and the electrical anisotropy, defined as the
electrical resistance ratio (Ryx/Ryy), with the applied
deformation during the tensile tests.

D. Electrical Resistance Results Veersus Strain

The knocked down CNT/CFRP samples were strained in
parallel (Y), (samples S1 and S2), and transverse (X), (samples
T1, T2, and T3), directions with respect to CNT alignment
direction, as illustrated in Fig. 2. Note that in the case of the
sample S, the strain and opposite directions correspond to
Y- and X- directions, respectively, whereas in sample T,
the strain and opposite directions correspond to X- and
Y- direction, respectively. The samples were subjected to
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TABLE |
S1 and S2
SLOPE VALUES OF THE LINEAR REGRESSION OF THE R,g IN Y- AND
X4 b X-DIRECTION REGARDING CNT ALIGNMENT (VARIATIONS OF FIG. 1),
i AND THE AVERAGE ABSOLUTE VALUES OF Rg, — Rgi=1/Roi=1
« oPe .Ia » (1 = CYCLE NUMBER) FOR EACH SAMPLE
strain - v CFRP

@

strain CFRP

Fig. 2. Schematics of the CNT alignment and patch positions regarding
strain direction of samples type S (S1 and S2) and T (T1, T2, and T3).
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Fig. 3. Variations of the initial electrical resistance values, Rg;, with the
number of cycles (i) for all samples, S1, S2, T1, T2 and T3, in parallel
(Y) and opposite (X) direction regarding CNT alignment.

several deformation cycles by an INSTRON 5969 equipped
with an optical extensometer to record the longitudinal dis-
placements of the CNT-based sensor during the tensile test.
At the end of each cycle, the deformation was reset in a
controlled manner/mode lowering the load to zero, with the
specimen fixed on the grid.

The relative electrical resistance (AR/Rp) and electrical
anisotropy (Ryx/Ryy) were obtained for each sample and
deformation cycle.

For the tensile tests, tabs were applied to hold the sample
on the grips to avoid damages.

I1l. RESULTS

A. Initial Electrical Resistance Results

In the beginning of each deformation cycle, the initial
electrical resistance values, Ro; (i = cycle number), in parallel
(Y) and opposite (X) directions regarding CNT alignment,
Ryy and Ryx, respectively, were assessed for each sample.
Fig. 3 shows that the variation of Rg; values was practically
null for all samples in X- and Y-directions, which can be
confirmed by the correspondent slopes values presented in
Table I. In addition, it is also presented the variations of
the average absolute values of the relative initial resistance

Slope of linear regression
Rxx Ryy
T1 0.0013 -0.0010
T2 -0.0059 -0.0037
T3 -0.0037 -0.0003
S1 0.0005 0.0009
s2 -0.0007 0.0004

((Ro, = Roi=1)/Roy=1) (%)
Rxx Ryy
0.85 0.84
1.46 1.62
2.58 2.50
1.74 1.65
1.27 1.21

Sample

4,0E+02
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3,0E+02
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Fig. 4. Stress (MPa) versus Strain (mm/mm) curve for sample tested for
ten cycles (i = number of cycles).

TABLE Il
ELASTICITY MODULUS VALUES (E), THEIR AVERAGE (E) AND
STANDARD DEVIATION (o) VALUES OBTAINED FROM THE
STRESS (MPA) VERSUS STRAIN (mm/mm) CURVES SLOPE

Cyclei) 11 12 13 14 15 16 17 18 19 20

E(GPa) 36.1 362 41.5 41 425 42.4 399 41.7 40.6 419
E (GPa) 40.4
o (GPa) 22

(Roi-Roi=1/Rpi=1) (i = cycle number) for each sample with
respect to X- and Y-directions. Overall, all the samples kept
their electrical properties, even after 20 deformation cycles.

B. Mechanical Response

The samples were sequentially strained, and the respective
stress-strain curves collected during the several strain cycles
(i) are presented in Fig. 4. As shown, the almost linear
behavior of the stress-strain curves is reproducible in several
cycles (i). The elasticity modulus values, E, obtained from the
curves slope are presented in Table II, as well as their average,
E. and standard deviation, o. Also, it appears that there is no
significant slip of the samples at the holding grips.

C. Electrical Resistance Results Versus Strain

1) Strain Direction Parallel to CNT Alignment: Two samples,
S1 and S2, were cyclically strained in parallel direction of

Authorized licensed use limited to: b-on: UNIVERSIDADE DO MINHO. Downloaded on February 25,2024 at 18:25:09 UTC from |IEEE Xplore. Restrictions apply.



SANTOS et al.: ALIGNED CNT-BASED SENSORS FOR STRAIN MONITORING OF COMPOSITES 14721
9 AS1_Ystrain (i=1:2:5- A) B)
LSliXopp_(i:_l; -7:11- 9 9
7 K S1_Ystrain (i=3)
KS1_Xopp (i=3) 7 7
4 S1_Ystrain (i=4:10)
5 A ©81_Xopp (i=4:10) 5 alstrain 5
‘ S1_Ystrain (i=8)
3 @ £ S1_Xopp (i=8) 3 3
S1_Ystrain (i=9) @ = :
§ 1 o * S1_Xopp (i=9) é 1 § 1 blstrain
= It“‘ ¢ +S1 Ystrain (i=17) 5 -
g 10 T o4 oF 08 1 12 14 16 18 2 22 :zi:ﬁﬁ;(ﬂlzg)&zo) g'l e s B 5-1 12 14
. Sk 0S1 Xopp (i=18-20) 3 <3
- -3 . & 5 5
8 o ) - alopp - blopp
-5 ® e & 7 -7 =
s @ N 5 € (%) ° & (%)
9 € (%) C) D)
9 9
Fig. 5.  Variations of the relative electrical resistance (AR/Rg) in - :
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of sample S1 (i = number of cycles). ; strain g dlstrain
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g-l 0 02..04 06 08 1 1,2 14 g-l 1,2 1.4
=
the CNT alignment (Y-direction), and their relative electrical = -3 3 e
. . . . .. di
resistance (AR/Rg) in strain and opposite directions upon 2 clopp 5 P
strain increments were studied. In Fig. 5, the AR/R( values 4 7
. . % %
of S1 sample are displayed and grouped by deformation 9 P 9 53
cycles. In general, the AR/R values decrease and increase in Fig. 6. Relative electrical resistance (AR/Rq) behaviour of sample

opposite and strain directions, respectively, however a shifted
is observed in some cycles. Thus, to give a clearer vision
of the electrical behavior upon strain increments, the curves
are presented separately in Fig. 6, highlighting the different
obtained behaviors. As shown in Fig. 6-A), the AR/Ry shows
a linear behavior for the 1%, 2™ 5-7% and 11-16™ cycles.
In 4, 9™ and 10™ cycles (Fig. 6-B)), the AR/Ry slope suffers
an offset decay while still maintaining its value. Regarding the
8 and 17™ cycles (Fig. 6-C)), the AR/Rq has almost a linear
behavior, if it was not for the only deviated value at a specific
deformation. Finally, the 3™ and 18-20™ cycles (Fig. 6-D))
showed a AR/Ry step-like curve, specifically, the slope suffers
a shift down, maintained after its previous slope value. Those
slightly different electrical behaviors can be attributed to
phenomena that occur during cyclical deformation and can
interfere with the CNT conductive mechanism by affecting
the number of CNT-CNT junctions or CNT-CNT distances.
However, these seem to be reversible occurrences since are
followed by AR/Rg slope re-establishments, probably due to
CNT structural readjustments. Despite all these variations,
it is important to clarify that they happen between parallel
slopes (represented by the grey lines in Fig. 6) with quite
similar values and, given the curve slope is equal to the Gauge
Factor (GF), it can be established a steady sensitivity to strain.

As shown in Fig. 7, the S2 sample had quite similar
electrical behavior upon cycle deformation, comparing with
S1 sample, despite the different values of deformation at break.

In Table III, the detailed analysis of the electrical resistance
behavior of S1 and S2 is presented, with the specific AR/Rg
slope values (GF) in strain and opposite directions of the
curves grouped by deformation cycles (i). These results con-
firm what visually seemed to be an almost constant GF, despite
the observed jumps, indicating a good and steady sensitivity
to strain. The GF on the opposite (opp) direction are slightly
lower than on the strain direction.

S1 in strain and opposite (opp) directions upon deformation, grouped
by cycles: A% 18t ond 5.7t ang 11-16t cycles; B) 4th, oth and 1ot

cycles; C) 8t and 17t cycles; D) 3" and 18-20th cycles.
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7 )& O
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Fig. 7. Relative electrical resistance (AR/Rg) in strain (Ygirain)
and opposite (Xopp) direction upon cycling deformation of sample S2
(i = number of cycles).

The anisotropic electrical behavior of the samples upon
strain increments was also analyzed and is presented in Fig. 8.
As expected, the anisotropy (Rxx/Ryy) values decrease when
the samples, S1 and S2, are strained in parallel direction
(Y-direction) regarding CNT alignment (which corroborates
with previous work [22]). The results are grouped by cycles
due to the slope shifts observed within each sample. The slopes
have a constant value, despite the different initial anisotropy
values. Moreover, the initial anisotropy values reduce after
some cycles. This can be due to network rearrangements
that culminate in CNT-CNT accommodation and anisotropy
value stabilization. In Table IV, initial Rxx/Ryy values (zero
deformation) for the two samples and respective slopes are
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TABLE IlI
AR/Rg SLOPE VALUES (GF) IN STRAIN AND OPPOSITE DIRECTION OF
ALL CURVES GROUPED BY DEFORMATION CYCLES (1) OF SAMPLES S
(S1 AND S2) AND T (T1, T2, AND T3)

TABLE IV
INITIAL ANISOTROPY VALUES AND RESPECTIVE CURVES SLOPE OF S
(S1 AND S2) AND T (T1, T2, AND T3) SAMPLES

Origin
- — Sample Cycle (i) Rxx/Ryy Slope
Sample Cycle (i) Direction AR/Ry Slope (GF) P ¥ Initial anisotropy vy Slop
Strain 4.0 1 1.8 0.14
1:2:5-7: 11-16
o1 Opp -3.9 s1 2-11 1.8 -0.14
Strain 39 12-20 1.8 -0.13
3:4;8-10; 17-20
Opp -3.9 1 2.1 -0.16
Strain 42 S2 2-11 2.0 -0.15
1-5; 11-14 Opp 39 12-20 2.0 -0.14
52
10 1520 Strain 39 - 1-3 1.4 0.13
3 1o-d Orp 33 >4 1.4 0.16
r— s - 1; 14 1.6 0.15
1-3;5-10 2-13; 15-20 1.6 0.15
Opp -4.3
T1 _ 1-11 2.9 0.17
Strain 51 T3
4;>11 12-15 2.8 0.16
Opp -5.0
Strain 4.6
1-10
- Opp -4.3 12 ATI Xstrain (i=1)
Strain 42 10 A ATL Yopp (i=1)
=11 mA B T1_ Xstrain (i=2;3)
Opp 4.1 8 LA OT1_Yopp (i=2:3)
. K T1_Xstrain (i=4)
s Strain 29 %T1_Yopp (i=4)
1;2;3; =8 0 28 = T1_Xstrain (i=5)
T3 PP “- é, T1_Yopp (i=5)
Strain 26 +T1_Xstrain (i=6-10)
427 g +T1_Yopp (i=6-10)
Opp -2.4 L6 18 ®T1_Xstrain (i>11)
< T1_Yopp (i>11)
A
22 mS1 (i=1) 8
Sen
2.1 =l o
A82(i=1) -2 & (%)
A 82 (i=2-11)
20 § . es2(-12200 Fig. 9.  Relative electrical resistance (AR/Rg) in strain (Xstrain)
B ‘&. ..x N and opposite (Yopp) direction upon cycling deformation of sample T1
g 19 ® .}g A (i = number of cycles).
¢ s% A
~ s W™K
' A
s‘ A direction (X-direction) of the CNT alignment, are presented.
1.7 QB . . . .
- a <& Generally, the relative electrical resistance (AR/Rp) increases
L5 " in strain direction and decreases in the opposite one, and
00 02 04 06 08 10 12 L4 16 18 20 22 it can be observed some variability between samples. The
£ (%) samples T1 (Fig. 9) and T2 (Fig. 10) showed a similar behav-

Fig. 8. Electrical anisotropy (Rxx/Ryy) values upon deformation of S1and
S2 samples (i = number of cycles).

presented. The initial values showed a slight variability regard-
ing S1 and S2, probably due to the distinct height and density
of the CNT forests used [26]. The linear and constant behavior
of the slope values indicates that the electrical anisotropy can
be a suitable strain quantifier.

2) Strain Direction Transverse to CNT Alignment: In the
following Figures, the electrical resistance behavior of the
samples T1, T2, and T3, which were strained in opposite

ior, the linearity of AR/Rg values were affected by small
steps at specific deformations. However, after 11 deformation
cycles, their electrical behavior was quite constant without
slope variations. This may be due to the CNT-CNT structural
accommodation, which in these samples have already occurred
in the 10" cycle.

Regarding the T3 sample (Fig. 11), similarly to the samples
S1 (Fig. 5 and Fig. 6) and S2 (Fig. 7) behavior, the AR/Rq
slope shifts down maintaining after that its previous slope
value in specific deformation cycles (i). As stated above,
this can be attributed to some reversible phenomenon that
occurs during deformation, interfering with the CNT conduc-
tive mechanism. After that, a CNT structural accommodation
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Fig. 10.  Relative electrical resistance (AR/Rg) in strain (Xstrain)

and opposite (Yopp) direction upon cycling deformation of sample T2
(i = number of cycles).
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Fig. 11.  Relative electrical resistance (AR/Rg) in strain (Xstrain)
and opposite (Yopp) direction upon cycling deformation of sample T3
(i = number of cycles).

seems to happen since the AR/Ry slope is re-established for
the following cycles.

In Table III, the AR/Rgslope values (GF) of T1, T2, and
T3 samples in strain and opposite directions, grouped by
deformation cycles, are presented. These results confirm the
close similarity between T1 and T2 slope values. Moreover,
the Gauge Factor are quite similar for the S1, S2, T1, and T2.
However, the values correspondent to T3 are slightly smaller,
probably due to the variability of the CNT electrical and
structural initial properties. Despite those small disparities,
the samples mostly show a high sensitivity to strain and a
steady behavior within each sample scope.

In Fig. 12, the anisotropy electrical behavior of the
T1, T2, and T3 samples upon strain increments is pre-
sented. As expected [22], the anisotropy (Rxx/Ryy) values
increase when the samples are strained in opposite direction
(X-direction) regarding CNT alignment, presenting a slight
variability in the initial values (zero deformation). The results
are grouped by cycles due to the slope shifts observed within
each sample, specifically, the slope has a constant value but
the initial anisotropy value in the beginning of each cycle
varies, presenting a constant higher value after some cycles.

Fig. 12. Electrical anisotropy (Rxx/Ryy) values upon deformation of T1,
T2 and T3 samples (i = number of cycles).

As stated earlier, this can be due to network rearrangements
that culminate in CNT-CNT accommodation and anisotropy
value stabilization. Also, some variability is observed between
T1, T2, and T3 initial values, i.e., T3 has significant higher
anisotropy values, which can be attributed to CNT intrinsic
electrical properties and forests structure [26].

To complement the Fig. 12 analysis, initial Rxx/Ryy values
and respective curves slope are presented for the three samples
in Table IV. The similarity of the slope values and the curves
linear behavior attest the adequacy of anisotropy as a strain
quantifier.

Both types of samples, strained in Y- and X-direction
regarding CNT alignment, type S (S1 and S2) and type T
(T1, T2, and T3), presented a similar AR/Rgslope (Table III),
GF=3.9 &£ 0.2; 3.9 £ 0.9, respectively, despite the jumping
effects with the strain and number of cycles. The number of
cycles needed to reach a steady state, and the linear slope
can depend on the electrical and structural initial properties
of the CNT forest used in the samples’ preparation, thus the
dissimilar electrical behavior in some cycles. The absolute
electrical resistance anisotropy (Rxx/Ryy) values variation were
quite close for all samples and showed high linearity, which
can be represented by:

RXX = Rxx
IRy, © = (Re/g,,), % 5 3

where, (RXX/ Ryy) is the initial electrical resistance
anisotropy, S is a s%rain-sensitivity factor and ¢ the strain.
The =+ sign depends upon the direction of strain with
respect to the alignment of the CNT: positive if the strain
direction is transverse to CNT alignment; and negative in
the opposite case. This opposite behavior of the electric
resistance anisotropy when the samples are strain in different
directions regarding CNT alignment can be used as, not only
a strain quantifier, but also as a strain direction indicator [22].

IV. CONCLUSION

In this work, a proof of concept of an aligned CNT based
strain sensor for structural health monitoring is presented.

Authorized licensed use limited to: b-on: UNIVERSIDADE DO MINHO. Downloaded on February 25,2024 at 18:25:09 UTC from |IEEE Xplore. Restrictions apply.



14724

IEEE SENSORS JOURNAL, VOL. 21, NO. 13, JULY 1, 2021

The CNT sensing patch was placed on the surface of a
conventional aeronautic laminate considering two different
alignment directions, i.e., CNT alignment parallel (Y) and
transversal (X) to strain direction. The electrical response of
these two type of sensors, type S and type T, respectively,
was thoroughly evaluated during cyclic deformation. The
initial electrical values presented some variability owing to the
electrical and structural initial properties of the CNT forest.

In general, their AR/R¢ increased and decreased in strain
and opposite directions, respectively, and showed steady and
similar gauge factor values. Despite, some electrical resistance
behavior disparities were observed in specific cycles that are
probably caused by phenomena that interfere with the CNT
conductive mechanisms during deformation (e.g., changes
on the number of CNT-CNT junctions or distances). These
occurrences seem to be quite reversible since a AR/Ry slope
re-establishment is observed, most likely due to CNT structural
readjustment.

The electric resistance anisotropy showed linear and steady
slopes during cyclic deformation. Moreover, its opposite
behavior when the samples are strain in different directions
regarding CNT alignment can be used as strain direction
indicator.

Not only it has been proved that this aligned CNT-based
sensor is suitable for strain quantification, but also as a strain
direction indicator, being a substantial asset for structural
health monitoring.
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