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Abstract

Here, the piezoresistive behavior and the underlying sensing mechanism of carbon nanotubes
(CNTs) and cellulose nanocrystals (CNCs) composite strain sensors were studied. Aqueous
CNT/CNC inks were developed, characterized, and applied on the surface of glass fiber reinforced
polymer (GFRP) composites to function as strain sensors. The sensor's behavior and sensitivities
at small and large strains depended on the initial composition of CNCs. The sensor with a
CNT/CNC composite with composition of 0.8:0.4 (wt.%:wt.%) had gauge factors of 0.9 and 6.4
at 0.60 and 1.35 % strains, respectively. At higher composition of 0.8:4.0 (wt.%:wt.%), gauge
factors of 0.5 and 22.2 were calculated for the same strain regions. Through analytical model and
morphology analyses, we discussed the influence of CNCs on CNT contact types and on the
average tunneling distance between CNTs and the their piezoresistive performance. It was also
discussed that CNC particles control the types of contacts between adjacent CNTs. As a result,
tailoring piezoresistive behavior was demonstrated. In conclusion, applying a binder-free and
environmentally friendly sustainable aqueous ink on a surface of a composite was revealed to be

an effective and practical approach for tailored strain sensing.
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1. Introduction

Monitoring strain sensors currently in use for composites face obstacles that require the need for a
better alternative. Optical fiber sensors, e.g., fiber Bragg grating (FBG), one of the widely used
technology [1], incorporated with composites, are only sensitive to localized damages and require
noise-canceling analysis to enhance their performance [2]. The presence of the fiber in the matrix
composite facilitates the rise of stress raisers that lead to complications [3—5]. Advanced sensors
polymeric sensors have also been proposed for various application [6]. In the last decade,

piezoresistive carbon-based nanomaterial strain sensors emerged as a potential alternative [7].

Two approaches are adopted to utilize conductive nanomaterials for piezoresistive strain sensor
applications for composites. The first one is to integrate electrically conductive nanofillers into the
matrix of composites in which the sensing mechanism and sensitivity rely on the nanofillers'
dispersion quality, dimensions, and geometries. To demonstrate the effect of filler geometry,
Paleari et al. studied glass fiber reinforced polymers (GFRPs) reinforced with carbon black (CBs)
and carbon nanotubes (CNTs) [8]. CBs reinforced GFRP resulted in a gauge factor of 6 at 6.0 wt.%
of CBs, whereas 1.0 wt.% CNTs reinforced GFRP resulted in a gauge factor of 1. Spherical fillers
like CBs have higher sensitivity than 1D fillers and CNTs; however, they have a higher percolation
threshold. Yazdani et al. demonstrated that the difference in the sensor sensitivity was attributed
to the faster deconstruction of the conductive network in CB compared with CNTs which require
higher strain for separation [9]. Other works focused on coating glass fibers with 2D nanomaterials
such graphene and compared their piezoresistive response with that of CNT-coated fiber
composite [5,10]. Due to fabrication complication and dispersion issues, the previous attempts,

however, could jeopardize mechanical property [5].



To avoid the challenge arising from dispersing particulates into polymer matric, several studies
have embedded carbon nanotube films, referred to as CNT buckypapers (CNT BPs), into
composites. Different types of CNTs, such as single-walled nanotubes (SWCNTs) and multi-
walled nanotubes (MWCNTs), have been used to investigate their performance [11,12]. It was
concluded that sensing performance relied upon strain levels in CNT BPs sensors [2]. Initially, at
low strains in the elastic region, the deconstruction and reconstruction of the conductive paths and
electron tunneling are the dominant changes in the CNT BP. At high strains, however,
deconstruction is the dominant intrinsic change. Under a three-point bending test and at a small
strain, sensitivity as high as 46 was calculated [2]. CNT BPs as interlayers in composites have also

been used to quantify damages and improve fatigue resistance in GFRP laminates [11].

The Piezoresistivity of strain sensors incorporated in composites depends not only on the fillers'
properties but also on the composite matrix properties and processing conditions [13]. De Vivo et
al. showed that tunneling conductivity decreased as the barrier height of the polymer matrix
increased [14]. Hu et al. demonstrated that regardless of the CNT ratio, the sensitivity of CNT
nanocomposite sensors was inversely proportional to curing temperature and directly proportional
to mixing rate [15,16]. That was attributed to the complex relation between effective network

formulation among nanofillers and processing conditions.

In the past few years, the emerging hybrid composite of cellulose nanocrystals (CNC) with CNTs
has gained the attention of some researchers due to its great potential in various applications, such
as flexible sensors, patch antennas, and structural applications [17-21]. CNT/CNC dispersion is
highly stable in water for over six months [19] because of high charges on the surface of the CNCs
[22,23] and covalent bond formation between CNTs and CNCs [24]. Wang et al. demonstrated

that CNT/CNC hybrid reinforcement nanocomposites decreased the electrical percolation



threshold by four folds compared to pristine CNT polymer nanocomposites [17]. The strain
sensitivity of the CNT/CNC nanocomposite sensor was 43.5 at a strain of 100%. These results
were attributed to CNCs' ability to homogenously disperse CNTs in the matrix and prevent CNTs
from excessive slippage. To our knowledge, detailed studies on the strain sensing mechanism and

performance of CNT/CNC composite prepared from inks are still lacking.

In this study, the piezoresistive behavior and the underlying sensing mechanism of highly sensitive
CNT/CNC composite strain sensors were studied. First, aqueous CNT/CNC inks were developed,
characterized, and applied onto composites to function as strain sensors. The rheological behavior
of the developed ink was investigated. Next, the piezoresistive behaviors of different CNT/CNC
composites were investigated in tensile and cyclic tensile modes. A modification of an analytical
model was also provided to correlate the theory with the experimental findings. The sensor's
behavior at small and large strains and sensitivities depended on the initial composition of CNCs.
Gauge factor as high as 1.0 was calculated for the elastic region for CNT/CNC composition of
0.5:0.5 (wt.%:wt.%), and a gauge factor of 22.2 was calculated for the plastic region for CNT/CNC
composition of 0.8:4.0 (wt.%:wt.%). It was demonstrated that CNC particles could control the type
of contacts between CNTs and their average tunneling distance. The reliable performance of
CNT/CNC strain sensors of different compositions was tested under cyclic test mode, which
showed a negative piezoresistive behavior and was stable after a few cycles. It is concluded that
the piezoresistive behavior of the CNT/CNC composite sensor and average tunneling distance is
controllable by manipulating the initial composition of the CNT/CNC inks, and a proposed
mechanism was provided. Also, applying a binder-free and environmentally friendly sustainable
aqueous ink on a surface of a composite was demonstrated to be an effective and practical approach

to be functionalized as a strain sensor. The process eliminates the need for processing conditions,



e.g. mixing rate, curing temperature, and matrix properties, which render the method to be,

perhaps, more favorable than already studied piezoresistive sensors.

2. Experimental
2.1.Materials
Distilled water was generated through NUVE model NS 103. CNTs with a diameter of 6-9 nm, a

length of 5 um, and a purity of 95% were purchased from Sigma-Aldrich (USA). Cellulose
nanocrystals, NCV-100, were purchased from CelluForce (Canada). Epoxy resin LR160 and
hardener LH160 (weight ratio of resin/hardener is 100:25) were purchased from Dost Kimya,
Hexion (Turkey). Plane woven E-Glass fabric (GF) with a density of 200 g/m? was purchased from
Hexcel (USA). The silver paste was purchased from Nanografi (Turkey). All materials were used

without further purification.

2.2.Preparation of CNT/CNC inks and Fabrication of CNT/CNC sensors
The prepared inks were made of CNTs, CNCs, and distilled water. First, based on the final desired

concentration, the required weight of CNCs was added to a predetermined amount of water and
then ultrasonicated for at least 15 minutes using microtip sonication (Sonics VCX750). Next, the
corresponding weight of CNTs was added to the mixture and ultrasonicated for at least 60 minutes,
depending on the ink concentration. Details on sample coding and the concentration of tested inks

can be found in Table 1.

The as-prepared inks were applied on the rough surface of the composite using a coating roller.
The ink was applied in the center of the coupons with a total area of 25x40 mm? and was dried at
40°C for 2 hours. Electrodes, copper foils with a thickness of 0.1 mm, with a total area of 5x25
mm? were attached to the far edges of the dried surface of the ink using electrically conductive

silver paste. The prepared system was placed in a furnace at 40°C for 10 hours to ensure maximum



performance of the silver paste. Depending on the CNT/CNC composition, the developed sensors

were designated with the following abbreviations. For example, the strain sensor that was prepared

from 0.5 wt.% CNT and 0.5 wt.% is referred to as CNT/CNC@0.5:0.5 sensors.

Table 1: Sample identification for developed CNT/CNC inks and abbreviations.

Total weight percentage (wt.%) CNT/CNC weight ratio  Applicability of the ink Abbreviated strain
of CNT and CNC (Wt.%:wt.%) sensor

4.0 0.0:4.0 N/A* -
0.2 0.1:0.1 N/A* -
1.0 0.5:0.5 Applicable** CNT/CNC@0.5:0.5
1.2 0.8:0.4 Applicable** CNT/CNC@0.8:0.4
1.6 0.8:0.8 Applicable** CNT/CNC@0.8:0.8
4.8 0.8:4.0 Applicable** CNT/CNC@0.8:4.0

* N/A: not applicable, ** Applicable: The ink’s concentration was suitable for coating on the surface of the composite

2.3.Preparation of GFRP composite

A total of five bidirectional GF plies were used to fabricate all the composites in this study. The

GF-reinforced polymer (GFRP) laminates were prepared using vacuum infusion. 4:1 weight ratio

of resin to hardener was thoroughly mixed and degassed for ten minutes before infusing into the

vacuum bag. All the GFRP composites were cured at room temperature for 24 hours. Before

subsequent use, the as-prepared GFRP composites were cut into 25x250 mm? as coupons.

2.4.Characterization methods
2.4.1. Rheology behavior

The rheology behavior of the developed inks was studied using a parallel plate rheometer

instrument (Discovery Hybrid Rheometer 2, TA Instruments). 0.5 mL of the freshly prepared ink



was placed on the stationary plate, and a gap of 1 mm between the fixed and rotary plates was set.
First, a strain sweep test was conducted, from which the linear viscoelastic region was determined.
Next, a frequency sweep test in the range of 0.1 to 628 rad/sec was performed to measure the

complex viscosity. All tests were carried out at room temperature.

2.4.2. Morphology

The surface morphology of the developed CNT/CNC strain sensors was investigated using
Scanning Electron Microscopy (SEM) (FEI, model Quanta FEG 450, Austria), operating at 10 k'V.

To avoid charging effects, the specimens were sputtered with a thin layer of Au.

2.4.3. Tensile test of GFRP composite
A tensile test was conducted on neat GFRPs using a Universal Testing Machine (UTM) (AGS-X,

Shimadzu) equipped with a 50 kN load cell. The test was performed following the ASTM D3039
standard. Briefly, a fabricated coupon (25%250 mm?) was mounted between the grips at a distance
of 150 mm, and crosshead speed was set at 2 mm/min. During testing, first, using a contact
extensometer (Epsilon, Model 3542, USA), the tensile test was carried out up to 0.7 mm. Next, the
extensometer was removed to prevent potential damage to the contact extensometer, and tensile

tests continued until failure.

2.4.4. Electromechanical testing

Electromechanical testing is demonstrated in Schematic 1. The setup consisted of a UTM and a
source meter unit (200V, 1A, 20W, Keithley 2400). After the CNT/CNC-coated composite was
mounted in the UTM, a constant voltage of 2.1 V was applied, and a two-wire configuration was
adopted. The data of resistance were collected by LabTracer software. The maximum allowed
extension measured by the contact extensometer was 0.7 mm. In tensile testing, the crosshead

speed was 2 mm/min; in cyclic tensile testing, the crosshead speed was 6 mm/min.



It is worth reporting that some of the developed strain sensors required a stabilization period (See
Electromechanical analysis section) while under a voltage difference. Therefore, for the sake of
consistency, after the voltage difference was applied and before mechanical testing, all strain
sensors were allowed to be under constant voltage for a brief time (five minutes) to reach

stabilization. The electrical resistance sampling frequency was 1 Hz.

It is worth reporting that a preliminary study was carried out to determine whether or not an
electrical resistance sampling frequency of 1 Hz was enough to capture the intrinsic changes
occurring on the strain during mechanical testing. Using CNT/CNC@0.5:0.5 sensors as a
reference, cyclic tests were performed by varying electrical resistance sampling frequencies at 1
and 20 Hz. Figure S1 shows that by increasing the sampling frequency from 1 to 20 Hz for cyclic
tests, the accuracy of the test did not change, emphasizing that 1 Hz was enough to capture the

intrinsic changes occurring on the strain during mechanical tests.
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Schematic 1: Preparation of CNT/CNC applied onto GFRP as paint and schematics of the testing
setup.

2.5. Analytical modeling

The contact resistance between CNTs is usually much higher than the intrinsic resistance of a CNT

[25], thus, the resistance of CNT composites can be approximated by the following equation [25]

nt
exp [4— Zm)(] Equation (1)

R_M h?t
N h

d?e?,/2my
where M, N, h, t,d, e, m, and y denote number of CNTs in a conductive path, the number of
conductive paths, Planck's constant, average tunneling distance, the diameter of CNT, electron
charge, the mass of electron, and work function of a CNT, respectively. The attachment of CNCs
to a CNT was shown not to increase the intrinsic resistance of a CNT (See section 3.3
Electromechanical analysis), which further justifies ignoring intrinsic resistance in Equation 1.
However, Equation 1 does not consider the effect of hybridization on the available tunneling
junctions. So, by considering the effective length of a CNC and a constant related to the initial

content of CNC, the following modification was suggested

M d?
N Z(d + 2157F)?
where lg;VfC is the effective length of a CNC, and Z is a constant which depends on the number of

CNCs, i.e., concentration and/or agglomeration. lg;VfC is the projection of actual CNC length on the

axis, perpendicular to MWCNT, best illustrated in Schematic 2. lg}VfC was calculated as lg}VfC =

[NCsin () where [NC is the average length of a CNC rod, and R is the average angle between a
CNC rod and a CNT, which depends on the surface charge of the CNC and defect sites on the CNT

[23]. In this work, as was recently demonstrated that CNCs attach with their tips on MWCNT



rather than a perfect alignment [24], therefore, the average 3 was accepted to be 45° without

considering any other parametric studies.

4+ effective length of CNC rod =~ 106 nm ——
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Schematic 2: Illustration of the effective length of a CNC rod.
Equation 1 can be rewritten as
. M h2t
N 7(d + 21°NCsin(R))2e2,/2my

exp [4— Zm)(] Equation (2)

To emphasize the effect of CNC on initial tunneling distance, Equation 2 was arranged as the

following

h N Z(d + 21°NC sin(RR))? .
Po Equation (3)
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where W (x) and p, are the Lambert function [25] and resistivity, respectively. Equation 3 shows
that the initial tunneling resistance is proportional to the length of the CNC rod, the angle between
a CNC and a CNT, and the content of the CNCs. These three parameters affect the tunneling

junctions between CNTs.

In literature, change in average tunneling distance, t, has a linear relation with strain [26,27].
However, in the case of CNT/CNC, it was suggested that change in average tunneling distance has

nonlinear relation with strain as the following
t= to(1+ EeB) Equation (4)

where ¢ is strain, and B is constant and is related to the initial CNC content. E is a constant and

can be calculated as the following



E = cos?a — v sin’a Equation (5)

where v is Poisson's ratio which was taken to be 0.31 [28,29] and a is the angle between the

direction of strain and tunneling distance [30]. For random orientation of CNTs, the value of a is
assumed to be constant during the tensile test and evaluated to be a = sin‘lg [30,31]. The final

value of E was calculated to be 0.345.

Change of resistance can be calculated as the following [14]

(t—tp) Equation (6)

R, R,
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It should be emphasized that the terms Z, [°N¢, and sin(R) do not appear in Equation 6 because
they are constants and do not depend on the change in strain. Rearranging Equation 4 and

combining it with Equation 6, we have

— =(1+E&B)exp

AR 4m\/2my
RO

tOEsBl -1 Equation (7)
Plugging the value of the constants in Equation 7 (See Table 2), we have
= (1+ 0.345¢8) exp[1.58ty,ef] — 1 Equation (8)

Table 2: Constants and parameters used in this study for modeling.

Constants h e m x* d JCNT — [CNC
Value 6.62 x107*  1.602 x10~  9.109 x10°' 0.2 7.5 5000 150

19

Unit Joule-second  Coulombs Kg eV  nm nm nm

*in absence of polymer matrix, the barrier height was assumed to be 0.2 eV [32-34] and to be constant with increase
or decrease of CNC.

3. Results and Discussion



Depending on crystallinity degree of CNC and humidity level, CNC retains water in its crystalline
structure, albeit at lower rate compared with amorphous cellulose [35]. In this study the water
content in the prepared sensors was assumed to be between 0 — 5% [35,36], thus, since all test tests
were done in the same environment under humidity of approximately 50% or less, hence, minor
effect on the evaluation of the sensors was assumed. The effect of humidity on sensors’

performance was not investigated in this work, but it is the subject of future research.

The surface chemistry of CNCs has two different chemical affinities; hydrophilic and hydrophobic,
which result from a hydroxyl group, and C-H moieties, which can stabilize water-oil interfaces
[37]. CNC is derived from naturally occurring substances such as wood and cotton, which renders
it a sustainable substance [38,39]. Conversely, CNT has a high aspect ratio, is highly conductive,
and is hydrophobic. In addition to Van der Waals strong interaction, the hydrophobicity of CNTs
results in their agglomeration in a water-based solution. However, it has been demonstrated
successfully that to disperse CNTs in an aqueous solution, CNCs are excellent nanoparticles to
overcome the challenge because of their surface chemistry [40]. CNCs disperse MWCNT in water
due to hydrophobic interactions and covalent bond formation among the two particles [22-24].
Because of the defects associated with the side walls of MWCNT, which may lead to hydrophilic
sites [23], only the CNC tip interacts with the sp? carbon lattice as opposed to the nearly perfect
alignment between CNC and SWCNT [19]. That was because the side walls of SWCNT are of
higher hydrophobicity compared with MWCNT. Also, it was shown recently that the tips of CNCs
are more likely to attach to the side walls of MWCNT compared with perfect alignment due to a
covalent bond formed between the defects of MWCNT and the hydroxyl groups on the CNCs
[24]. The effect of CNT and CNC interaction in an aqueous medium on rheological properties

were investigated.



3.1.Rheology behavior of CNT/CNC inks

To understand the rheological relation between CNT and CNC in aqueous ink, it is essential to
understand the rheological behavior of plain CNC aqueous solutions. Therefore, a CNC-based
aqueous solution with 4.0 wt.% concertation was tested initially since it is the highest ratio of CNC
used in the developing CNT/CNC inks. The result is summarized in Table 3. Three distinct regions
were identified. First, at low shear rates (smaller than one 1/s), it was shown that as the shear rate
increased noticeable decrease in viscosity was noted, indicating shear thinning behavior as shown
in Figure 1a. At a slightly higher shear rate, a plateau was observed. At a higher shear rate decrease
in viscosity was observed again. This behavior is typical for liquid crystal solutions [41], and, more

importantly, similar behavior of CNC aqueous solution was reported [39—42].

Table 3: Rheological properties of CNT/CNC inks at varying weight ratios.

CNT/CNC weight ratio (wt.%:wt.%)  Shear viscosity™* (Pa.s)

0.0:4.0 0.35
0.1:0.1 2.29
0.5:0.5 8.83
0.8:0.4 86.54
0.8:0.8 110.33
0.8:4.0 222.06

* shear viscosity at a constant shear rate of 0.1 rad/sec

During the hybridization process, when CNC was added to the CNT mixture and ensured a proper
mixing, shear viscosity increased at a high rate, as depicted in Figure 1a. This increase in viscosity
was also attributed to the rise in solid network formation [46]. Furthermore, an increase in viscosity

was apparent by varying the CNC weight ratio between 0.4 up to 4.0 wt.% and at a constant CNT



weight ratio of 0.8 wt.%. This behavior was anticipated [45] because it was shown that the dense

CNC rods promoted solid-like behavior as CNC concertation increased.

To gain further insight into the hybrid nature of the ink, the CNT to CNC ratio was fixed at 1:1,
and three different concentrations (0.1:0.1, 0.5:0.5, and 0.8:0.8) were tested for their shear
viscosities at a fixed angular viscosity of 0.1 rad/s as shown in Figure 1b. There was a sharp rise
in the shear viscosity of CNT/CNC ink with the weight ratio of 0.8:0.8 wt.%:wt.% (total
concertation of 1.6 wt.%). From an experimental point of view, inks with viscosities lower than
that of CNT/CNC ink with a weight ratio of 0.5:0.5 wt.%:wt.% were not applicable on the surface

of composites, probably due to inadequate network formation.

Storage (G") and loss (G"") moduli of CNT/CNC inks with weight ratios of 0.5:0.5 and 0.8:0.8
were evaluated at an angular frequency between 0.1 and 100 rad/sec. As shown in Figure Ic, for
both inks, G" and G"* behaved similarly under the same frequency range. This reflects the solid-
like nature of the inks [47]. G™ of both inks increased as angular frequency increased, which is a
characteristic property of CNT and CNC dispersions [43,44,47-49]. Furthermore, at low
frequency, it is clear that the solid-like nature of the CNT/CNC ink increased as the concentration
increased; G” of 0.8:0.8 ink, 44 Pa, was higher than that of 0.5:0.5 ink, as 20 Pa. Similar behavior
has been reported for CNT-based polymeric dispersions [47,48]. G'” behaved differently than that
of G” under the same frequency range. For small angular frequencies, 0-1 rad/sec, G"’, for both
inks, decreased. As frequency increased beyond 1 rad/sec, G'” started to increase. This behavior
may suggest that at a low angular frequency range (0.1-1 rad/s) the inks showed a decent rise in

elastic behavior compared with a higher frequency range (1-100 rad/s).

Shear viscosity was compared with complex viscosity for CNT/CNC ink with a weight ratio of

0.5:0.5 (Wt.%:wt.%). Complex viscosity was measured as the following. Briefly, an amplitude



sweep test was carried out first to determine the linear region of the solution and then followed by
a frequency sweep test at an angular frequency between 0.1 and 100 rad/sec. As shown in Figure
1d, complex viscosity results in a higher value, suggesting that CNT/CNC inks did not follow the
Cox-Merz rule. Cox-Merz empirical rule is only expected to apply for CNC and CNT-based

solutions of a very low concentration [43,50].
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Figure 1: a) Shear viscosity as a function of shear rate for different CNT/CNC ink compositions,
b) shear viscosity as a function of total CNT and CNC concentration by fixing CNT-to-CNC
ratio at 1:1 (angular frequency of 0.1 rad/s), c) storage (G") and loss (G"") moduli as a function of
angular frequency for 0.5:0.5 and 0.8:0.8 inks, and d) comparison between shear and complex
viscosities for 0.5:0.5 ink.

3.2.Morphology of CNT/CNC composite sensor

Figure 2 demonstrates the micrographs of CNT/CNC strain sensors at different compositions
where various CNT and CNC were mixed. Since bright spots in CNT buckypapers were attributed

to the presence of a surfactant or foreign particles [51,52], here, the observed bright spots were



attributed to an excess of CNCs. CNT/CNC@0.5:0.5 concentrations presented the least of these
spots, suggesting that CNCs were just adequately dispersed along the individual CNT, as shown
in Figure 2a. When the weight ratio of CNTs was fixed at 0.8 wt.%, and the CNC content
systemically increased from 0.4 to 4.0 (the concentrations of CNCs increased from 0.4 up to 4.0
wt.% as ten times higher), these spots' frequency was higher compared to lower compositions. The
shape of these spots transitioned depending on the CNC composition, as depicted in Figure 2b
where CNT/CNC@0.8:0.4 showed mostly bright single spots. As the CNC content increased these
spots became linear because they were associated with the length of the curvy CNTs, as shown in
Figure 2c-d. It is worth mentioning that since an earlier study [43] reported aqueous suspensions
of CNC of high concentrations (as high as 20 wt.%), the increase trend in the bright spots was

correlated with increase of CNC content which separated CNTs.

The surface of the sensors is of porous structure which depends on the CNC composition. The
increase in CNC composition decreased the pores' frequency and apparent sizes. Plain CNT
buckypapers were reported to have a porous structure too [53,54]. Also, with the increase of CNC
content, it is clear that CNT entanglement and bundles tend to decrease, as shown in Figure 2b-d.
This finding suggests that CNCs are highly effective in separating CNTs even after being applied

and dried from an aqueous medium on the composite surface.



Figure 2: Surface morphology of developed strain sensors at different CNT/CNC compositions:
a) 0.5:0.5,b) 0.8:0.4, ¢) 0.8:0.8, and d) 0.8:4.0. (yellow arrows show bright regions which were
attributed to CNCs)

3.3.Electromechanical analysis

Conductive paths formed by CNTs can be categorized into two types: i) overlapping contacts and
i1) in-plane contacts [55]. Overlapping contacts encompass all possible tunneling junctions
between two CNTs; however, expect tip-to-tip contacts, which belong to the in-plane contacts.
Previously, it was demonstrated that CNCs attach to the sidewall of an MWCNT [19,22]. By
considering the large aspect ratio of CNT (length to diameter ratio, which is more significant than
650 in this study), it can be assumed that CNCs are less likely to attach to the tips of a CNT. As a
result, it was concluded that the presence of CNCs alters the number of overlapping contacts
without disturbing in-plane contacts, and CNCs affect the resistance of the CNT/CNC hybrid

network (notice not the intrinsic resistance of individual CNT) by altering the tunneling distance.

The potential of the developed CNT/CNC piezoresistive strain sensors was first studied for their

electrical properties and stabilities in the unloading state where no strain or force was applied.



First, after subjecting the sensors to different voltages ranging from -10 to 10 V, current-voltage
curves were plotted. As shown in Figure 3a, all the developed sensors showed linear behavior;
ohmic behavior. This desired behavior reflects the sensors' ability to resist constantly when under
a wide range of voltages, which is a crucial property for a strain sensor. The initial resistance of
CNT/CNC@0.8:4.0, 310 ohms, the sensor was almost threefold larger than CNT/CNC@0.8:0.4
and CNT/CNC@0.8:0.8 with initial resistances of 112 and 108 ohms, respectively. This was
attributed to the ability of CNCs to physically decrease the number of available tunneling junctions
and increase tunneling distance. This claim is also supported by the morphology analysis carried
out in the previous section in a qualitative fashion, and it will be further validated when the results

of modeling analyses are explained.

The stability of sensors was evaluated by applying a constant voltage, 2.1 V as demonstrated in
Figure S2. Change in resistance as a function of time was plotted for the developed sensors.
CNT/CNC@0.5:0.5 sensors showed negligible change in resistance, while CNT/CNC@0.8:4.0
showed the most significant change in resistance over the same period. At room temperature,
CNT/CNC@0.5:0.5 reached almost immediate stability. However, CNT/CNC@0.8:4.0 reached

near stability only after 200 seconds had passed.

It is noted that the recorded change in resistance was negative, demonstrating that the sensors'
conductivity increased after the voltage difference application. Such an increase in conductivity
after applying voltage difference has been reported for CNT-based nanocomposite sensors [56].
The rise in temperature in an individual CNT, as a result of Joule heating, when a voltage is
applied, supplies sufficient energy for electrons to tunnel between adjacent CNT particles [57].
Also, previous studies showed that CNC can retain moisture in its crystallinity [35] and CNC has

lower thermal conductivity compared with CNT [58,59]. Therefore, it was concluded that, as a



result of Joule heating, the electrical stability of CNT/CNC sensors is heavily dependent on the
content of CNC:s. It was, thus, thought that due to the high content of CNCs in CNT/CNC@0.8:4.0
sensor electrical stability took longer time to stabilize because of (i) relatively low number of CNT
contacts, (ii) relatively high retained moisture content within crestline structure of CNC, and (iii)
low thermal conductivity. All combined, may resulted in delaying the transportation of electrons

during Joule heating.

To gain more insights on the effect of moisture content on stability of the sensors, the stability of
CNT/CNC@0.5:0.5 and CNT/CNC@0.8:4.0 was tested at elevated temperatures. Figure 3b shows
that changes in resistances at room temperature and 40 “C for CNT/CNC@0.5:0.5 sensor were
almost identical. Although the initial resistance dropped when the temperature was elevated (see
Figure S3), the rate of change in resistance was the same. The stability of CNT/CNC@0.8:4.0 was
faster than when the change in resistance was measured at room temperature. This shows that
CNT/CNC sensors’ stability might be dependent on moisture content which is dependent on CNC
content. More studies are needed, however, to unravel the effect of moisture retention and thermal

conductivity on CNT/CNC sensors.

The following comparison with plain CNT-based samples was carried out. Adopting a 4-point
measuring configuration using Keithley, change in resistance for pure CNT buckypaper, CNT
epoxy nanocomposite (0.5 wt.%), and CNT/CNC@0.5:0.5 were measured over a period of time
under the exact conditions. Results are demonstrated in Figure S4. It was evident that CNT/CNC-
based sample showed better electrical stability compared with the other two CNT-based samples.
Overall, all CNT/CNC-based sensors showed minor changes in resistance, less than 0.6%, for up

to 300 seconds.



Since a CNC is attached to a CNT at its defect points, mainly sidewalls, not the tip of the CNT
(e.g., oxygen presence), and not by creating a new defect nor by altering the nature of the outermost
layer of the CNT, it is proposed that CNC does not add additional elastic scattering to electrons
when a voltage difference is applied to an individual CNT. Therefore, under applied voltage
difference, electrons are only elastically scattered due to the existing defects [60] despite the
attraction between CNCs and the CNT. It was concluded that CNC provides electrical stability
when a CNT is subjected to voltage differences. Also, the CNT to CNC ratio plays a role in

determining the degree of stability.
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Figure 3: a) Current-voltage curves for the developed sensors and b) change in sheet resistance in
unloading state as a function of CNC under different temperatures.

Mechanical properties of GFRP were determined by conducting a tensile test following the ASTM
D3039 standard. Extensometer was used to measure strains accurately up to around 1.35%. After
the extensometer's removal, the test continued until fracture. The tensile strain graph is shown in
Figure 4a, and other properties are summarized in Table S1. It was determined that the elastic

region of the vacuum-infused GFRP composite ends at a strain of 0.6%.
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Figure 4: a) Stress-strain graph, and experimental and theoretical tensile piezoresistive behavior
of b) CNT/CNC@0.5:0.5, ¢) CNT/CNC@0.8:0.4, d) CNT/CNC@0.8:0.8, and ¢)
CNT/CNC@0.8:4.0.

Change in resistance was measured by subjecting CNT/CNC-coated samples to a tensile test
following the same ASTM standard, D3039, used earlier to determine the mechanical properties.
Similarly, the extensometer was removed after the strain reached around 1.35%. That said, to show
all changes in the strain sensor, changes in resistance as a function of time for the
CNT/CNC@0.5:0.5 sensors were recorded until fracture, as shown in Figure S5. To determine the
piezoresistive behavior of the sensors, the resistance was measured using a silver-pasted two-probe

configuration using the Keithley source meter, and the change in resistance was calculated using

Equation 9

AR R, — R,
==X 100 = ———x 100

Equation (9)
0 0

where R; and R, are instantaneous and initial resistances, respectively. Initial resistance is the

resistance measured before the application of a force.



The gauge factor and sensitivity of the sensors were calculated based on Equation 10
AR :
Gauge Factor = — Equation (10)
0

Four sensors, CNT/CNC@0.5:0.5, CNT/CNC@0.8:0.4, CNT/CNC@0.8:0.8, and
CNT/CNC@0.8:4.0, at different CNT/CNC compositions were selected to be tested for their
tensile piezoresistive properties. The piezoresistive behavior was studied under both elastic and
plastic deformations. Depending on the CNT/CNC composition, different responses were
observed in Figure 4b-e. CNT/CNC@0.5:0.5 and CNT/CNC@0.8:0.8 sensors captured and
matched the elastic region of the composite, demonstrating the feasibility of coating application.
The linearity of the sensors, r?, under the elastic region was high, as tabulated in Table 4.
CNT/CNC@0.5:0.5 showed a higher gauge factor than CNT/CNC@0.8:0.8; 1.0 and 0.7,
respectively. The difference between the sensitivity of these two sensors was attributed to the
composition of CNT/CNC in CNT/CNC@0.5:0.5, which is close to the rheological percolation
threshold (see Figure 1b). Similar results were identified in the literature, and it was shown that
sensitivity was higher at percolation load, and as the CNT loading increased sensitivity dropped

[32,61,62].

When the CNT ratio was fixed at 0.8 wt.%, and the CNC ratio was increased from 0.4 to 4.0 wt.%,
CNT/CNC@0.8:0.4, CNT/CNC@0.8:0.8, and CNT/CNC@0.8:4.0 showed distinct piezoresistive
behaviors. Initially, CNT/CNC@0.8:0.4 and CNT/CNC@0.8:4.0 could not capture the entire
elastic region of the composite, as shown in Figure 4c and Figure 4e. Only to around 0.30% strain
high linearity was maintained. Also, as the CNC composition increased, gauge factors for the
elastic region decreased from 0.9 to 0.5. However, an inverse pattern was seen for the calculated

maximum gauge factor in the plastic region (1.20-1.35% strain). CNT/CNC@0.8:4.0 had the



highest gauge factor of 22.2. In literature, at least for the elastic region of CNT nanocomposites, it
has been established that the sensitivity increases as CNT load decreases [63] which is the opposite
trend we observed as the CNT amount decreased by increasing the CNC loading. This was

reconciled as follows.

The conductive network paths in the presence of a high load of CNC subjected to an external strain
was thought to mimic that of aligned CNT conductive network paths. To demonstrate, when a
plain aligned CNT conductive network is subjected to a strain in the direction of the alignment,
the increase in tunneling distance is lower than when the aligned CNT network is subjected to a
strain in the transverse direction [64], which leads to lower gauge factors in the alignment
direction. Although, in our case, the CNTs were randomly aligned, the dominant contribution in a
change in tunneling distance in the network of CNT in the presence of high loads of CNC (e.g.
CNT/CNC@0.8:4.0) was mainly limited to in-plane tunneling. In other words, in-plane contacts
that are in the direction of strain (relative tunneling distance of in-plane contacts that are in
transverse direction with the applied strain would decrease in instead) shall exhibit the same
change in tunneling distance as those of aligned CNT contacts. Hence, in-plane tunneling becomes
dominant at high loads of CNCs (e.g. CNT/CNC@0.8:4.0). This understanding could be quantified
by Equation 11 [65]. The equation describes the influence on the gauge factor as a result of
geometrical changes and changes in resistance due to changes in tunneling resistance.

AR
Gauge Factor = (1 + 2v) + Re Equation (11)
0

The geometrical gauge factor was calculated to be 1.62 (for Poisson's ratio of 0.31), which suggests
that the piezoresistive change of CNT/CNC sensors seen in the elastic region (0-0.6%) could be

attributed to mainly geometrical changes. In plastic region the piezoresistive change could be



attributed to a pronounced change in tunneling distance amongst CNT particles [32]. As can be
observed in Table 4, as CNC content increased gauge factors in plastic region increased. Since a
changes in piezoresistive in plastic region was thought to be due to a change in tunneling distance,
the increase in gauge factors with increase of CNC content could be attributed to the imbalances
in CNT network [32,66]. But since in our case CNTs are not dispersed into a typical polymer
matrix, these imbalances were thought to be due to difference between CNT contact types formed
as a result of different CNC content; overlapping contacts which may be dominant at low load of

CNCs and in-plane contacts which may be dominant at high load of CNCs.

The fitting procedure after applying Equation 8 was performed and resulted in a good match
between theoretical and experimental comparison. Using Equation 8, the average initial tunneling
distance, to, for the developed sensors was determined, and the results are summarized in Table 4.
It is important to note that the modeling effort herein emphasizes the relation between the
approximated average initial tunneling distance and CNC content rather than the actual or absolute
values of tunneling distance. Table 4 shows that when the CNT content was constant (0.8 wt.%),
approximated tunneling distance for 7 for CNT/CNC@0.8:0.4 and CNT/CNC@0.8:4.0 increased
from 0.4 up to 0.7, respectively. Since the CNCs tend to attach to sidewalls of CNTs rather than
to their tips, the increase in average tunneling distance was regarded as an increase in overlapping
contacts, while in-plane tunneling distance remained unchanged. We concluded that the tunneling

distance is a function of CNC content.

Table 4: Properties and characteristics of the CNT/CNC strain sensors.

Given name Gauge factor* Max. gauge factor* B**




0-0.30% 0-0.60% 1.20-1.35% strain Average
strain [r?] strain [r?] [1?] tunneling

distance, to,

(nm)**
CNT/CNC@0.5:0.5 1.0[0.997]  1.0[0.997] 7.710.975] 0.4 1.3
CNT/CNC@0.8:0.4 0.9 [0.991] - 6.3 [0.998] 0.4 1.4
CNT/CNC@0.8:0.8  0.7[0.996] 0.7 [0.996] 6.4 [0.993] 0.3 1.8
CNT/CNC@0.8:4.0 0.5 [0.998] - 22.2[0.999] 0.7 1.9

* gauge factors were calculated for linear regions,

** tunneling distance and B were best fitting results based on Equation 8.

The value of B also increased as the CNC content increased, which suggests that the nonlinear
relation between average tunneling distance and strain increases at a raise of the CNC content. To
gain further insights, change in tunneling distance and tunneling distance as function of strain was
plotted using Equation 4. Figure 5a shows that at any strain value (below 1%), at the lower CNC
content, the change in tunneling is achieved higher. This relation suggests that the movements of
CNTs are impaired by the CNCs. This impairment could be attributed to CNCs occupying the
available tunneling junctions on a CNT. With the assumption that CNCs tend to attach to the side
of walls of a CNT rather than to its ends, B can be interpreted as an indirect indication of CNT-
CNT interaction under strain in the presence of CNCs. Hence, higher B values for elastic regions
yield a low sensitivity under strain; for example, CNT/CNC@0.8:4.0 has the lowest gauge factor
(between 0-0.30% strain). In plastic regions, when permanent deformation occurs, B and the initial
average tunneling distance determine the sensor's sensitivity. For example, although tunneling

distance in CNT/CNC@0.8:4.0 has a lower change in compared with other sensors’ tunneling



distances, the approximated initial average tunneling distance, 0.7 nm, was closer to the cutoff
distance (1.40-1.80 nm) [14,67] in comparison with the tunneling distances of the other sensors as

shown in Figure 5b.
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Figure 5: a) Change in tunneling distance and b) tunneling distance as a function of strains at
various CNC compositions.

Based on the previous findings and premises developed in this work and the accumulated
knowledge from the literature, it is concluded that the effect of highly loaded CNCs on the CNTs
conductive paths diminishes the required routes for electron transfer, as demonstrated in Figure 6.
Hence, it is shown that at low loads of CNCs, both in-plane and overlapping contacts are
responsible for electron tunneling. At high loads of CNCs, however, mainly in-plane contacts are
responsible for electron tunneling. Therefore, an applied strain invokes higher changes in average
tunneling distance in a medium where CNC loads are lower than in a medium where CNC loads
are high. It is worth reporting that the good reproducibility of the results was emphasized through
the average values of gauge factors, B values, and the initial tunneling distances of three identical

sensors for each of the developed sensors (See Table S2).
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Figure 6: Effect of CNCs, at low and high loads, on the type of CNT contacts and conductive
paths.

To demonstrate the feasibility and durability of the CNT/CNC sensors as an application for
structural health monitoring systems, a reliable performance test was carried out in elastic region
(at 0.60% strain). CNT/CNC@0.8:0.8 was subjected to 250 tensile cycles with a crosshead speed
of 6 mm/min. As demonstrated in Figure 7, the negative piezoresistive behavior of the sensor,
which was previously seen in [68,69], was attributed to three main reasons: i) permanent changes
in the CNT conductive network [69], i1) Poisson effect [12,70], and iii) mechanical hysteresis [70].
Our attribution to the decrease in resistance during cyclic loading, however, could be related
mainly to the continuous reconstruction of CNT conductive pathways. As discussed in supporting
information, although mechanical hysteresis has an effect on cyclic loading, its effect was not
continuously dominant after the first few cycles (see Figure S6 for more information). To better
exploit this phenomenon in strain sensing for practical applications, the mechanism of this
behavior is yet to be fully understood which requires further investigation. Nonetheless, after 250
cycles the CNT/CNC composite on the surface of GFRP composite remained intact demonstrating
the feasibility of coating CNT/CNC on surface of composites and the durability of the coated layer.
Further in-depth discussion and comparison between sensors’ performance are provided in

supporting information.
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Figure 7: Piezoresistive behavior as a function of time for a total of 250 cycles for
CNT/CNC@0.8:0.8 at a strain of 0.60%. Inset figure shows enlarged portion of change in
resistance at time interval between 3500 and 4120 second.

4. Conclusion

This work demonstrated a practical approach to functionalize CNT/CNC composite as strain
sensors prepared from aqueous inks. First, the rheological behavior of CNT/CNC inks was studied,
and then the morphological and electrical properties were reported for the CNT/CNC sensors.
Morphological analysis showed that CNCs effectively separate CNTs bundles in a non-aqueous
medium. CNT/CNC sensors showed ohmic behavior and electrical stability. Electromechanical
results showed that the behavior and sensitivities of the sensors, at small and large strains, were
depended on the initial composition of CNCs. Gauge factor as high as 1.0 was calculated for the
elastic region for CNT/CNC composite with composition of 0.5:0.5 (wt.%:wt.%), and a gauge
factor of 22.2 was calculated for the plastic region for CNT/CNC composite with composition of
0.8:4.0 (wWt.%:wt.%). It was demonstrated that CNC particles could control the type of contacts
between CNTs and their average tunneling distance. The modified analytical model further

supported the previous finding; by increasing the CNC content the average tunneling distance



between CNTs increased. It is concluded that the piezoresistive behavior of the CNT/CNC
composite sensor and average tunneling distance is controllable by manipulating the initial
composition of the CNT/CNC inks, and a proposed mechanism was provided. Also, applying a
binder-free and environmentally friendly sustainable aqueous ink on a surface of a composite was

demonstrated to be an effective and practical approach for strain sensing.
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Schematic 1: Preparation of CNT/CNC applied onto GFRP as paint and schematics of the testing
setup.

Schematic 2: Illustration of the effective length of a CNC rod.

Figure 1: a) shear viscosity as a function of shear rate for different CNT/CNC ink compositions,
b) shear viscosity as a function of total CNT and CNC concentration by fixing CNT-to-CNC
ratio at 1:1 (angular frequency of 0.1 rad/s), c) storage (G") and loss (G"") moduli as a function of
angular frequency for 0.5:0.5 and 0.8:0.8 inks, and d) comparison between shear and complex
viscosities for 0.5:0.5 ink.

Figure 2: Surface morphology of developed strain sensors at different CNT/CNC compositions:
a) 0.5:0.5,b) 0.8:0.4, ¢) 0.8:0.8, and d) 0.8:4.0. (yellow arrows show bright regions which were
attributed to CNCs)

Figure 3: a) current-voltage curves for the developed sensors and b) change in sheet resistance in
unloading state as a function of CNC under different temperatures.

Figure 4: a) stress-strain graph, and experimental and theoretical tensile piezoresistive behavior
of b) CNT/CNC@0.5:0.5, ¢) CNT/CNC@0.8:0.4, d) CNT/CNC@0.8:0.8, and ¢)
CNT/CNC@0.8:4.0.

Figure 5: a) change in tunneling distance and b) tunneling distance as a function of strains at
various CNC compositions.

Figure 6: Effect of CNCs, at low and high loads, on the type of conductive CNT conductive
paths.

Figure 7: Piezoresistive behavior as a function of time for a total of 250 cycles for
CNT/CNC@0.8:0.8 at a strain of 0.60%. Inset figure shows enlarged portion of change in
resistance at time interval between 3500 and 4120 second.

Table 1: Sample identification for developed CNT/CNC inks and abbreviations.

Table 2: Constants and parameters used in this study for modeling.

Table 3: Rheological properties of CNT/CNC inks at varying weight ratios.

Table 4: Properties and characteristics of the CNT/CNC strain sensors.



