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Abstract. Nanocomposite strain sensors have shown application prospect in a wide range of
applications. However, the sensitivities of the existing nanocomposite strain sensors to high-
frequency dynamic strains are rather unsatisfactory. Herein, we fabricate a highly sensitive
nanocomposite sensor for acquiring microscopic vibrations generated by ultrasonic waves,
from polydopamine(PDA)-coated hybrid carbon nanofillers. First, multi-walled carbon
nanotubes (MWCNTSs) are coated by 10s nm thick viscous PDA to improve their compatibility
with polyvinylidene fluoride substrates. Compared to uncoated MWCNTS, the use of 15 wt.%
PDA-coated MWCNTs leads to a 40% increase in sensitivity. Then, one-dimensional
PDA@MWCNTs are mixed with two-dimensional single-layer graphene to enhance the
geometric contact between nanofillers. The sensitivity of sensors with hybrid nanofillers far
exceeds that of PDA@MWCNTSs sensors. Also, as the mass fraction of graphene within hybrid
nanofillers expands from 33% to 66%, the sensitivity of the proposed sensor improves by
approximately 120%, surpassing that of pure graphene sensors. The high sensitivity of the
proposed sensor, which actually utilizes a lower graphene content, was shown to be derived
from the synergy between the two types of nanofillers which are of different dimensionalities.
This study presents a novel approach for optimizing the sensitivity of nanocomposite strain

sensors to high-frequency micro-vibrations.
1. Introduction

Sensors with significant sensitivities to small deformations have become considerably crucial
to a number of high-value-added applications such as wearable electronics® 2, human machine
interface® 4, and condition monitoring of high-stake engineering structures®®. The development
of advanced materials such as low-dimensional nanomaterials has given rise to sensors that are
more powerful, multifunctional and intelligent’°. By exploiting the advantages of
nanomaterials'!4, nanocomposite strain sensors that are light, physically flexible, and more

sensitive than conventional strain sensors, capable of detecting even smaller deformations,
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have been introduced. In particular, by optimizing synthesis processes, it is possible to fabricate
nanocomposite strain sensors that can be used to probe high-frequency microscopic vibrations,
e.g. those that are generated by ultrasonic waves'®*® which constitute one of the most widely

used categories of diagnostic means for in situ assessments of structural integrity*’-8,

The tunneling effect!® 2 and the piezoresistive effect?™ 22 are the main physical
principles that enable nanocomposite strain sensors to capture ultrasound waves. When a
nanocomposite strain sensor is impinged by the dynamic strains generated by ultrasonic waves,
the conductive nanofillers inside the material will be vibrated at the microscopic level. Such
micro-vibrations will induce two microscopic phenomena: (i) the dimensions of the nanofillers
will change, causing the intrinsic electrical resistances of the nanofillers to vary due to the
piezoresistive effect, and (ii) the distances between adjacent nanofillers will fluctuate,
triggering the tunneling resistances across the nanofillers to oscillate due to the tunneling effect.
As a result, a microscopic change in the overall electrical resistance of the sensor will be
induced. Therefore, the key to designing nanocomposite strain sensors for acquiring ultrasonic
waves essentially lies on how to effectively convert high-frequency micro-vibrations into

changes in electrical resistance.

Carbon nanofillers such as carbon black (CB) and carbon nanotubes (CNTSs) have
shown application prospects in capturing ultrasonic waves'® 2324 Compared with traditional
strain sensors, nanocomposite strain sensors possess higher sensitivities, especially when the
nanofiller content of a sensor is close to the percolation threshold of the material used?: %6, At
the percolation threshold, the nonlinear change in the electrical resistance of a nanocomposite
strain sensor has been shown numerically and experimentally to be related to the tunneling
effect. Under micro-vibrations, the change in the electrical resistance of the sensor would be
mainly determined by the tunneling effect between adjacent nanofillers, as opposed to the

splitting of the conductive network?’.



In fact, the sensitivities of the existing nanocomposite strain sensors to ultrasonic waves
are far from satisfactory?®-3°, This in turn has been preventing these sensors from realizing real-
world applications in the ultrasonic regime. There may be two main reasons!-3 behind the
limited sensitivities of the existing sensors. One is that the agglomeration of nanofillers®* 3 or
the unfavorable capacitive compatibility between nanofillers and polymer matrices®® 3" would
result in adversely dispersed nanofillers inside nanocomposite structures. The other is the lack
of effective tunneling nodes® 3 inside nanocomposite structures which would render the
micro-vibrations that are generated by ultrasonic waves less evident through changes in the

electrical resistances of sensors.

The tunneling resistance* plays the pivotal role in determining changes in the electrical
resistances of nanocomposite strain sensors that are subjected to micro-vibrations. For instance,

the tunneling resistance (R;) between two carbon nanofillers can be approximated by Simmons'

2
theory! as R, = Alj = \/thiez exp (%x/ZmA), where V is the potential difference, A is the

cross-sectional area of the tunneling junction, J is the tunneling current density, h is the
Planck’s constant, d is the distance between the two nanofillers, m is the mass of electron, e is
the quantum of electron, and A is the barrier height of the substrate. The formula essentially
describes that the tunneling resistance of a sensor is positively related to the cut-off tunneling
distance (d) of the sensor. Normally, the cut-off tunneling distance of a sensor depends on
several factors, such as the type of the nanofillers, the type of the insulating substrate, and the
processing method. Moreover, the cut-off tunneling distance is in the range of a few to 10s of
nanometers. For example, the cut-off tunneling distance between two parallel graphene sheets
in a polymer substrate was found to be a few to a dozen of nanometers®3, The cut-off
distances of the AgNW-PDMS-AgNW and the CNT-polymer-CNT channels have been
reported?® 445 to be approximately 0.58 nm and 1-1.8 nm, respectively. Therefore, a method

to effectively control the dispersion distances between nanofillers, such as coating a nanolayer



like PDA, would have a positive impact on the sensitivity of nhanocomposite strain sensors to

micro-vibrations.

It has been reported that the electrical and the mechanical properties of a nanocomposite
strain sensor are directly influenced by the dimensionalities of the carbon nanofillers that are
used*®. Zheng et al. fabricated a CNT/CB nanocomposite sensor which exhibits a high
stretchability, a strain-dependent sensitivity over a wide range of strain (ca. 300% strain), and
an excellent linear current-voltage behavior*’. Mixing of nanofillers of different
dimensionalities enhances the boundary geometric contact between nanofillers at the
microscale, leading to more significant changes in the tunneling resistances of nanocomposite
strain sensors under micro-vibrations. A hybrid CNT/graphene based nanocomposite material
contains many CNTs and graphene flakes that are tangled and folded in a complex network
inside the polymer matrix*®. When an external tensile strain is applied, the deployment of the
tangled elastic nanofillers is more likely to slide in the axial direction, thereby changing the
electrical resistance of the material. The geometric effect that is induced by the stacking of the
hybrid nanofillers increases the number of tunneling nodes at the nanoscale*. This shows that
hybrid carbon nanofillers*® 552 would have also improve the sensitivity of nanocomposite

strain sensors to the micro-vibrations that are generated by ultrasound waves.

Based on the above analysis, we propose a new nanostructure to increase the sensitivity
of nanocomposite strain sensors to ultrasonic waves. First, the surfaces of multi-walled carbon
nanotubes (MWCNTS) are deposited by in situ polymerization of dopamine (DA). The
polydopamine(PDA)-coated MWCNTSs are then mixed with single-layer graphene to form a
precursor. The precursor is further mixed with polyvinylidene fluoride (PVDF). Finally, hybrid
PDA@MWCNT/graphene nanocomposite strain sensors are fabricated by blade coating. The
PDA coating on the MWCNTS, which has a large viscosity, does not only act as a dispersed

phase that reduces the entanglement of MWCNTS, but also serves as the buffer layers between



the MWCNTSs and the PVDF matrices, helping to improve the responsiveness of the sensors to
high-frequency micro-vibrations. On the other hand, the mixing of one- and two-dimensional
nanofillers can effectively increase the number of tunneling nodes within a unit volume in the
nanostructure, compared with the use of nanofillers of a single dimensionality. By examining
the amplitudes of the ultrasonic signals that were received by the sensors, it was found that the
new nanostructure brings forward a significant improvement in the sensitivity to the micro-

vibrations that are generated by ultrasonic waves.
2. Experimental
2.1.Materials

MWOCNTSs (inner diameter: 5-10 nm, outer diameter: 10-20 nm, length: 10-30 um), graphene
(thickness: 4-7 nm, diameter: 6 um, purity: 99.7%) and dopamine were supplied by Shanghai
Aladdin Bio-Chem Co., Ltd., China. Tris-HCI buffer (pH: 8.5) and PVDF were purchased from
Nantong Xingchen Synthetic Materials Co., Ltd., China. 1H,1H,2H,2H perfluorodecyl
trichlorosilane (volume fraction: 0.025%) and N, N-Dimethylformamide (DMF) were provided

by Tianjin Damao Chemical Reagent Factory, China.
2.2.Preparation of nanocomposite sensors
2.2.1. Synthesis of PDA@MWCNTSs

0.06-0.15 g of dopamine was dispersed in 30 mL of Tri-HCI buffer (pH: 8.5), and 0.1 g of
MWCNTSs were then added. The reaction was performed at 25 °C for 12 hours. The product of
the reaction was washed with distilled water 3 to 5 times, dried, immersed in 20 mL of n-
hexane solution containing 1H,1H,2H,2H perfluorodecyl trichlorosilane (volume fraction:
0.025%), washed with absolute ethanol 3 times, and dried at 60 °C for 2 hours. The solid
PDA@MWCNTSs that were obtained were placed in a dry box overnight to remove excess

water.



2.2.2. Fabrication of nanocomposite sensors

Carbon nanofillers and PVDF were put into 10 mL of DMF solution. The nanocomposite
solution was mechanically stirrer at 30 °C for 4 hours to ensure thorough mixing. A polyimide
(PI) film was fixed on a table and flattened by a vacuum pump. A 20 mm x 10 mm mold was
placed on the PI film. The nanocomposite solution was dropped on the PI film within the mold
and scraped back and forth by a blade which was positioned at a constant height of 50 pum.
During this process, the temperature of the table was maintained at 25 °C. Once the volatile
solvent in the nanocomposite solution had evaporated, a nanocomposite sensor film with a
thickness of 50 um was obtained as shown in Fig. 1(a). The film was then cut into individual
sensors of desired dimensions. The manufacturing process is simple and efficient and leads to

sensors with uniform thicknesses.
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Figure 1. (a) The fabrication procedure of the proposed nanocomposite sensor with hybrid

nanofillers. (b) In situ polymerization of DA on the surfaces of MWCNTSs. (c) Measurement



of the responses of nanocomposite sensors to ultrasonic waves. (d) A typical flexible

nanocomposite Sensor.

In this work, three sets of nanocomposite sensors were fabricated at the same nanofiller
content of 15 wt.%. The first set consists of a sensor that was made from uncoated MWCNTSs
only, and a couple of other sensors that were made by coating MWCNTSs with PDA at mass
fractions of 10% and 15% (labelled as PDA10%@MWCNT and PDA15%@MWCNT). For
the second set of sensors, graphene was mixed with uncoated MWCNTSs, PDA10%@MWCNT
or PDA15%@MWCNT at a mass ratio of 1:1 to form hybrid nanofillers (labelled as
Gra/MWCNT, Gra/PDA10%@MWCNT and Gra/PDA15%@MWCNT). The third set
consists of a pure graphene sensor, and three other sensors that were made by mixing graphene

and PDA15%@MWCNT at mass ratios of 1:2, 1:1 and 2:1 (labelled as

Mara/Mppatss@MwenT=1:2, Mara/Mppatss@mwenTt=1:1 and Mera/Mppatss@mwent =2:1).
2.3.Material characterization

Scanning electron microscopy (SEM). The microscopic morphologies of nanocomposite

sensors were observed using a Hitachi S3400N Scanning Electron Microscope (Japan).

Transmission electron microscopy (TEM). TEM was performed using a JOEL JEM-1230

Transmission Electron Microscope (USA).

X-ray photoelectron spectroscopy (XPS). XPS was conducted using a Thermo Scientific K-
Alpha Spectrometer System (USA) that is equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) operating at 100 W. Samples were analyzed under vacuum (P < 108 mbar) with
a pass energy of 150 eV (survey scans) or 25eV (high-resolution scans). All peaks were
calibrated against the C1s peak for adventitious carbon which has a binding energy of 284.8

eV. The experimental peaks were fitted by the Thermo Scientific Avantage Software.



X-ray diffraction analysis (XRD). XRD was performed using a Rigaku D/MAX-3C X-ray
Diffractometer (Japan) with Cu Ka radiation. Samples were scanned at a speed of 10°/min

under the diffraction angle 20 in the range of 5-90°.

Raman spectroscopy. Laser Raman spectroscopy was performed using a Renishaw inVia
Confocal Raman Microscope (UK) excited at 632.8 nm with a NeHe laser (17 mW). Samples

were scanned in the range of 100-4000 cm™ for 5-20 times.
2.4.Measurement of responses of nanocomposite sensors to ultrasonic waves

The experimental setup that was used to examine the sensitivities of nanocomposite sensors to
the micro-vibrations that are generated by ultrasonic waves is shown in Fig. 1(c). For each
experiment, a nanocomposite sensor and a piezoelectric wafer were glued on a 1 mm thick
glass fiber reinforced polymer (GFRP) panel, separated by a distance of 150 mm. On the
nanocomposite sensor, a pair of electrodes were establishing using silver paste, and wires were
attached to the electrodes. A waveform generator (PXI-5412, National Instruments, USA) was
used to generate a 5-cycle Hanning-windowed sinusoidal toneburst, and the signal was
amplified by a linear amplifier (US-TXP-3, Ciprian, France) before it was used to excite the
piezoelectric wafer. The ultrasonic waves that were generated by the piezoelectric wafer
propagated along the GFRP panel and impinged the nanocomposite sensor, causing it to
undergo micro-vibrations that are not visible to the naked eyes. The micro-vibrations would
have caused the dimensions of the nanofillers in the sensor to change and the distances between
adjacent nanofillers to fluctuate. While the former phenomenon would have varied the intrinsic
electric resistances of the nanofillers, the latter would have oscillated the tunnelling resistances
across adjacent nanofillers. The end result was a microscopic change in the overall electrical
resistance of the sensor. The change in electrical resistance was then converted by an inhouse
bridge circuit / amplifier unit®® into an electrical voltage signal which can be visualized on an

oscilloscope (DSO 9064A, Agilent Technologies, Inc., USA). Due to the embedded noise of



the instruments used and the ambient noise that came from the surrounding environment, a

Fourier transform based bandpass filter was used to eliminate the noise in the signals received.

The inhouse bridge circuit / amplifier unit consists of a voltage divider, a capacitor and
an amplifier. The unit was supplied with a 10 VDC. During an ultrasonic experiment, the
electrical resistance of the voltage divider would need be adjusted to be balanced with the base
electrical resistance of the nanocomposite sensor used. When the sensor was impinged by the
dynamic strain induced by ultrasonic waves, the electrical resistance of the sensor would
change. The capacitor would cancel out the static voltage in the circuit so that the output

electrical voltage signal would only reflect the electrical resistance change of the sensor.
3. Results and discussion
3.1.Characterization of PDA@MWCNT nanocomposite sensors

Since Phillip B. Messersmith® and others®>*® carried out the first synthesis of multifunctional
PDA adhesive coating that was inspired by the mussel foot silk protein, PDA has attracted
widespread research interest. Related research has found that PDA can deposit on inorganic
substrates, including various types of nanomaterials, as uniform coating layers, and can be
further functionalized. The polymerization and cross-linking reactions of PDA can be carried
out slowly and spontaneously under weakly alkaline conditions (pH: 8.5). This phenomenon
can be well explained by the equilibrium movement mechanism proposed by the predecessors,
which embodies a series of reactions, including a step for forming an indole structure through

a 3,4-dihydroxyphenylalanine cyclization reaction.

Fig. 2(a)-(c) shows the SEM images of uncoated MWCNTS. It can be seen that pure
MWCNTSs exhibit a long rod-like shape with a smooth surface and a rigid crystal structure. The
length of a MWCNT is generally 10s um while its radius is between 300 nm and 500 nm.

Normally MWCNTS are prone to aggregation because there are not many functional groups on



their surfaces which can prevent aggregation from happening. Due to their rigid rod-like
structures, MWCNTSs can only give rise to weak piezoresistive effect when subjected to
external strains. In this study, our goal is to increase the rates of change of the tunneling
resistances of nanocomposite materials in response to micro-vibrations, as opposed to simply
improving the conductive properties of the materials. However, disorganized and entangled
MWCNTs are not conducive to the occurrence of the tunneling effect. Therefore,
nanocomposite sensors that are made of MWCNTSs generally possess weak sensitivities to

ultrasonic signals (the result is presented in Fig. 4).

Figure 2. The SEM images of (a)-(c) uncoated MWCNTSs and (d)-(f) PDA15%@MWCNTS at
different magnifications; (g)-(i) The TEM images of PDA15%@MWCNTSs at different

magnifications.

Due to the insolubility of MWCNTS, the compatibility between MWCNTSs and polymer

matrices is poor. Also, the content of functional groups on the surfaces of MWCNTS is low.



These, together, would result in weak interfacial bonds between MWCNTSs and substrates in
nanocomposite strain sensors, hindering the effective transmission of external strains to
nanofillers. In this work, PDA was coated on MWCNTS in order to improve the compatibility
and the interfacial adhesion between MWCNTSs and substrates. Since the polymer chains of
PDA are highly similar to polymer substrates, they would allow MWCNTS to covalently graft
to substrates, in turn improving the compatibility of MWCNTS in substrates and enhancing the
adhesion of MWCNTS to substrates. Since synthesized PDA is insoluble in solvents, it would
precipitate on the surfaces of MWCNTSs through physical binding. As seen from the Fig. 2 (d)-
(F), after PDA coating had been done, the MWCNTSs became rough with their surfaces
exhibiting a layered structure, and the diameters of the MWCNTS increased by 10s nm. The
amount of increase depended on the temperature of the reaction, the stirring speed, and the
concentration of PDA. From Fig. 2 (g)-(i), it is observed that PDA formed a layered crystalline
structure covering the surfaces of the MWCNTSs, and the thicknesses of the PDA layers are
stably between 10 nm and 20 nm. Because of the strong viscosity of PDA, the MWCNTSs and
the PDA crystals were well integrated. The PDA coating would function as buffer layers
between the conductive nanofillers and the PVDF substrates, allowing high-frequency micro-
vibrations that are induced by ultrasonic waves to appear as elastic vibrations as opposed to

rigid vibrations.

In order to determine the crystal structures of PDA@MWCNTSs, XRD pattern were
obtained. As observed from Fig. 3(a), the addition of PDA did not give rise to new crystalline
peaks, and this confirms that no residual PDA in PDA@MWCNTSs existed as a single phase.
It further illustrates that strong physical bonds were formed between PDA and MWCNTSs, due
to the strong viscosity of PDA. In the XRD patterns, the strongest crystalline diffraction peaks
appear at 26.6°, which corresponds to the faces (002), echoing with the rod-shaped graphitized

MWCNT crystals. The spurious peaks, which arose from the entanglement between MWCNTS,



did not change with PDA content, indicating that the dispersion of MWCNTSs remained the
same with the addition of PDA. It is inferable from the small number of impurity peaks and the

stronger graphite peak that the purities and the degrees of perfection of the nanocomposite

materials are high.
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Figure 3. (a) The XRD patterns and (b) the XPS patterns of uncoated MWCNTSs and

PDA@MWCNTSs.

Moreover, by using the JADE software, the crystallization information of the
nanocomposite materials at 26.6° was obtained as shown in Table 1. As the amount of PDA
used in the reaction was increased, the average grain size of PDA@MWCNTSs also increased
from 32.6 nm to 44.4 nm, in line with the increase in the amplitude of the graphite peak in the
XRD patterns. This means that PDA formed a perfect crystalline phase which existed on the
surfaces of crystallized MWCNTS. The increase in the grain size of PDA was attributed to the
thickening of PDA coating. Together with the SEM images, we can conclude that relatively
pure PDA@MWCNTSs were obtained and PDA coating was very well done. The effect of PDA
coating was evident through the difference between the ultrasonic signals that were acquired
by nanocomposite sensors with uncoated MWCNTSs and with PDA@MWCNTSs (the result is

presented in Fig. 4).

Table 1. The crystallization information of uncoated MWCNTs and PDA@MWCNTS.



20(°) Crystal plane distance(nm) Average grain size(nm)

Uncoated MWCNT  26.668 3.3399 32.6
PDA10%@MWCNT 26.607 3.3474 43.2
PDA15%@MWCNT 26.645 3.3551 44.4

In order to obtain further information of the pad surface, surface analysis of the
nanocomposite sensors was carried out using XPS. As shown in Fig. 2(b), the additional peaks
at 697.5 eV and 846.3 eV for the PDA@MWCNTSs samples confirm the existence of PDA.
These peaks did not change with PDA content, meaning that the chemical environments of
PDA10%@MWCNT and PDA15%@MWCNT were the same. The XPS spectra of the C1s,
Ols, C (KLL), O (KLL) and Ns peaks are shown in Fig. S1. The fact that the addition of PDA
did not give rise to new carbon peaks, as seen in the XPS survey spectra in Fig. 2(b), and did
not shift the C1s peak, as seen in the XPS spectra of C1s in Fig. S1 (c), (f) and (i), demonstrates
that the surfaces of MWCNTS retained the same chemical environment and that the binding
between PDA layers and MWCNTSs was physical. The O1s and N1s peaks did not shift with
PDA content, illustrating that the energy levels of these elements remained stable. On the other
hand, the O1s peak became higher and broader with an increase in PDA content. This does not
only mean that PDA was perfectly coated, but also shows that the PDA was evenly dispersed

on the surfaces of MWCNTSs.

3.2.Performances of PDA@MWCNTSs nanocomposite sensors in acquiring ultrasonic

waves

The first diagram in Fig. 4(a) shows the excitation signal that was used, which is a 5-cycle
Hanning-windowed sinusoidal toneburst with a central frequency of 100 kHz. It can be seen

from the subsequent diagrams that the nanocomposite sensors are able to capture the two modes



of ultrasonic waves that propagate in plate-like structures, i.e. the fundamental symmetric
Lamb wave mode (denoted by Sp) and the fundamental anti-symmetric Lamb wave mode
(denoted by Ao). It was discussed earlier that the thickness of the cladding layer on the surfaces
of MWCNTSs increased with the amount of PDA that was added during the reaction. Here, it is
observed that the amplitudes of ultrasonic signals also increased with PDA content. Compared
to the sensor with uncoated MWCNTS, an increase of 40% was obtained by the sensor with
PDA15%@MWCNT. This implies that PDA coating has a positive effect on the changes in
electrical resistance of the nanocomposite sensors under high-frequency micro-vibrations.
With the addition of nanofillers, the conductive network inside the material would be more
filled by the contact points between nanofillers. Although the PDA coating on the surfaces of
MWCNTSs would negatively affect electron transport, this elastic coating layer would enable
MWCNTSs to move closer to each other at the nanoscale but without making contact, leading
to a stronger tunneling effect that is conducive to electron transport under micro-vibrations. At
the same time, the highly viscous PDA would help the nanofillers to keep up with the
movement of the PVDF substrates under high-frequency micro-vibrations, hence increasing of

the amplitudes of the ultrasonic signals that were output.
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Figure 4. (a) The ultrasonic signals that were captured by nanocomposite sensors with
uncoated MWCNTs and PDA@MWCNTSs under an excitation frequency of 100 kHz (the
shaded parts refer to either the excitation signal or cross-talks). (b) The peak amplitudes of the
ultrasonic signals that were captured by nanocomposite sensors with uncoated MWCNTSs and

PDA@MWCNTSs under various excitation frequencies.

Further, we observed the peak amplitudes of the ultrasonic signals that were acquired,
at different excitation frequencies, by PDA@MWCNT nanocomposite sensors with different
PDA loadings, as shown in Fig. 4(b). Since the resonance frequency of the piezoelectric wafer
that was used to excite ultrasonic waves is at 250 kHz, the peak amplitudes of the ultrasonic
signals that were acquired by each of the nanocomposite sensors reach the maximum at 250
kHz. It is seen from the result that the nanocomposite sensor with a higher PDA coating level
always demonstrates a higher sensitivity regardless of excitation frequency. This shows that
the viscous PDA buffer layer is able to effectively transmit micro-vibrations from PVDF

substrates to nanofillers over a very wide frequency range.



3.3.Characterization of nanocomposite sensors with hybrid nanofillers

Generally speaking, due to their long aspect ratio and high electrical conductivity, CNTs
exhibit satisfactory rates of change in electrical resistance under relatively large strains.
However, when receiving the microscopic strains (between 10s and 100s of nanometers) that
are generated by ultrasonic waves, although the sensitivity of MWCNTSs had been improved
by PDA coating in this work, it still would not meet the requirement of real-world applications.
This could be due to the high electron transport capacity of MWCNTS, and the lack of effective
tunneling nodes which could be led to by the entanglement and the poor dispersion of the
nanofillers®”*8, Under micro-vibrations, the change in electrical resistance of a sensor would
be small, leading to a weak electrical voltage signal. Based on previous research work and
theoretical analysis®®, it was found that single-layer graphene has a better capability in
receiving ultrasonic wave signals. In this work, a nanocomposite material with hybrid
nanofillers is proposed. By stacking one-dimensional MWCNTSs and two-dimensional planar
graphene, it would be possible to give rise to a larger number of effective tunneling nodes

within a unit volume.

The dispersion of hybrid nanofillers in polymer substrates is useful to understanding
the behavior of nanocomposite strain sensors under micro-vibrations. Fig. 5(a) and (b) show
the SEM images of PDA@MWCNT/graphene hybrid nanofillers. It can be seen that the two
different types of nanofillers were stacked together in the form of tablets and sticks, tightly
combined with the PVDF substrate, and exhibited a good dispersion. MWCNTs were
interspersed with graphene and the PVDF substrate, giving rise to a conductive network that
would be more responsive to micro-vibrations. Since the SEM images could only reveal the
cross sections of sensor films, TEM images were obtained to further uncover the stacking
patterns of the hybrid nanofillers. The size and the morphology of the graphene used can be

inferred from Fig. 5(c) and (d). Single-layer graphene with a thickness of 4-7 nm presented a



zigzag border and had a large number of defects on the surface. At a larger magnification as
shown in Fig. 5(e), disordered stacking between the two types of nanofillers, which are of
different dimensionalities, can be observed. In general, there are three ways in which the hybrid
nanofillers could be stacked inside the proposed sensor: the contact between stick-shaped
MWCNTSs (as shown in Fig. S2(a) and (d)), the contact between graphene sheets (as shown in
Fig. S2(c) and (e)), and the stacking of stick-shaped MWCNTSs and planar graphene (as shown
in Fig. S2(g)). It naturally follows that this cooperative stacking pattern can result in a larger
number of effective tunneling nodes within a unit volume. The ratio between the occurrences
of the three stacking modes would vary with the mass ratio between the two types of nanofillers.
By changing the mass ratio between the hybrid nanofillers, it would be possible to explore the
importance of each of the stacking modes to the performance of the proposed nanocomposite

Sensor.



Figure 5. (a)-(b) The SEM images and (c)-(e) the TEM images of a nanocomposite sensor with

hybrid nanofillers.

Fig. 6(a) shows the Raman spectra of nanocomposite strain sensors with hybrid
nanofillers mixed at different mass ratios. Three peaks were observed, namely a D peak at ~
1355 cm?, a G peak at ~ 1586 cm™ and a 2D peak at ~ 2670 cm™. The first peak indicates a
structural defect due to structural edge effects, while the second peak indicates the tangential
vibrational mode of carbon atoms in the graphite structure. For a nanocomposite sensor, a high
intensity ratio between the D and the G peaks (Ip / Ig) calculated from the Raman spectrum
would correspond to a large number of inherent microstructural defects in the sensor, indicating

a low local conductivity that is not conducive to electron movement. On the one hand, an



extremely low Ip / Ic would represent a high-density and saturated conductive network, in
which case the tunneling effect between nanofillers would not be triggered when the sensor is
subjected to external strains. It can be seen from the figure that with an increase in the mass
fraction of graphene, the G peak rapidly increased, while the D peak remained at the original
order of magnitude, meaning that the number of defects inside the material decreased and the
remaining defects were largely attributed to the intrinsic defects of MWCNTSs. Due to the
geometric structure and the steric hindrance effect, the hybrid nanofillers can be effectively
stacked on each other in a limited space to form a dense conductive network. However, it would

be difficult for pure rod-shaped MWCNTS or flake graphene to form a perfect stacking.
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Figure 6. (a) The Raman spectra, (b) the XRD patterns and (c) the electrical conductivities of

nanocomposite sensors with hybrid nanofillers mixed at different mass ratios.

The crystal morphologies of the sensors were further observed by XRD analysis. The
XRD patterns, given in Fig. 6(b), show that the diffraction peaks of the PVDF substrate at 20
are17.6 °,18.5°,20.0 °, and 26.6 °, which correspond to the faces (100), (020), (100) and (021)

of the a-phase crystal, respectively. This is related to the absence of heating during the synthesis



of the nanocomposite materials since the evaporation of the solvent at room temperature is
conducive to the formation of a phase crystals of PVDF. From Fig. 6(c), it can be seen that
sensors with higher graphene contents possess slightly higher electrical conductivities, but the
difference is within the same order of magnitude. Also, the conductivities of the sensors, which
contain hybrid nanofiller mixed at different ratios, followed the same trend, meaning that the
nanocomposite structures of the sensors had similar conductive paths and the slight differences
in conductivity mainly originated from the variations in the geometrical contact between the
hybrid nanofillers. Moreover, it is worth mentioning that the sensors with a hybrid nanofiller
content of 15 wt.%, which were used for the subsequent assessment of the performance of the
proposed nanocomposite sensor in acquiring ultrasonic waves, have a conductivity close to 1
S/m. Based on previous experimental research® and the characteristics of the inhouse bridge
circuit / amplifier unit, it was found that sensor with a conductivity of 1 S/m would lead to the

best performance in signal acquisition.

3.4.Performance of nanocomposite sensors with hybrid nanofillers in acquiring

ultrasonic waves

Fig. 7(a) compares the ultrasonic signals that were acquired by nanocomposite sensors with
hybrid nanofillers at different PDA coating levels. The excitation signal that was used is a 5-
cycle Hanning-windowed sinusoidal toneburst with a central frequency of 200 kHz. It can be
seen from the signals that the So and the Ag Lamb wave modes that propagated along the GFRP
panel were faithfully captured. The positive effect of increasing the amount of PDA on the
sensitivity of sensors, which was demonstrated and discussed in the previous section, remained
qualitatively the same. However, quantitatively the effect of increasing the amount of PDA was
much more significant for sensors with hybrid nanofillers, since the improvement that was
brought about by using PDA15%@MWCNTs in the hybrid nanofillers over uncoated

MWCNTSs is as high as 180%. Owing to the fact that the graphene contents of the three sensors



are the same, it can be concluded that among the three types of contact modes of hybrid
nanofillers, the stacking of graphene and MWCNTSs has the most significant impact on the

number of effective tunneling nodes.
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Figure 7. (a) The ultrasonic signals that were captured under an excitation frequency of 200
kHz by nanocomposite sensors with hybrid nanofillers with different PDA coating levels (the
shaded parts refer to either the excitation signal or cross-talks). (b) The peak amplitudes of the
ultrasonic signals that were acquired under various excitation voltages by nanocomposite

sensors with hybrid nanofillers with different PDA coating levels.

In order to further evaluate the sensitivity of the nanocomposite sensors with hybrid
nanofillers to ultrasonic waves, 5-cycle Hanning-windowed sinusoidal tonebursts with a
central frequency of 200 kHz but different peak voltages were used to excite ultrasonic waves.
As the peak excitation voltage was increased from 0.2 V to 1 V, the ultrasonic signals that were
acquired became stronger, as shown in Fig. S3. Fig. 7(b) depicts the linear trends between the
peak excitation voltages and the peak amplitudes of the ultrasonic signals that were acquired,

proving that the proposed nanocomposite sensor is highly sensitive to ultrasonic waves, capable



of responding quantitatively to ultra-weak micro-vibrations. In addition, the slopes for sensors
with higher levels of PDA coating are larger, meaning that the addition of PDA increases the
sensitivities of sensors to ultrasonic waves. It further illustrates that the high sensitivity of the
nanocomposite sensors with hybrid nanofillers was not just derived from graphene, which is
known to be more sensitive than MWCNTSs, but also the morphology and the structure of

PDA@MWCNTSs.

In order to illustrate the effect of graphene on the sensitivity of nanocomposite sensors
with hybrid nanofillers, the ultrasonic waves that were acquired by nanocomposite sensors with
hybrid nanofillers mixed at different ratios were examined, as shown in Fig. 8(a). It can be
seen that even the pure graphene nanocomposite sensor exhibits a far more superior sensitivity
than the sensor that was made from uncoated MWCNTSs. On the other hand, the sensitivity of
the nanocomposite sensors with is on par with that of the pure graphene sensor. As the mass
fraction of graphene in hybrid nanofillers was increased from 33% to 66%, the peak amplitude
of the ultrasonic signals that were acquired by the sensors rose from 0.7 V to 1.5 V, exceeding
the peak amplitude of the ultrasonic signal that was acquired by the pure graphene sensor. This
shows that graphene plays an important role in determining the sensitivity the nanocomposite

sensors with hybrid nanofillers.
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Figure 8. (a) The ultrasonic signals that were captured under an excitation frequency of
200kHz by a nanocomposite sensor that was made from uncoated MWCNTS, a pure graphene
nanocomposite sensor, and nanocomposite sensors with hybrid filler mixed at different mass
ratios (the shaded parts refer to either the excitation signal or cross-talks). (b) The schematic
model of the stacking of the nanofillers in different types of nanocomposite sensors. The red
circles highlight the possible contact modes of the nanofillers. In the nanocomposite sensors
with hybrid nanofillers, the three type of contact modes are CNTs-CNTs, CNTs-Gra and Gra-

Gra.

Based on the experimental results and the analysis that have been presented, it is shown
that a nanocomposite strain sensor with hybrid nanofillers, which achieves a higher sensitivity
than pure graphene sensors to the micro-vibrations that are generated by ultrasonic waves, has
been successfully developed. The proposed sensor, which utilizes a lower graphene content,
benefits from the synergy between the two different types of nanofillers which are of different
dimensionalities, as shown in Fig. 8(b). It would be difficult for pure MWCNT sensors or pure

graphene sensors to gain sufficient tight and effective tunneling nodes due to poor stacking and



the steric hindrance effect which would be crucial to the acquisition of ultrasonic waves.
Mixing nanofillers of two different dimensionalities can provide more ways for nanofillers to
make contact with each other and increase the probability of forming tunneling nodes.

Therefore, a higher sensitivity to ultrasonic waves was observed.
4. Conclusion

PDA coating was adopted and hybrid carbon nanofillers were used in this research to improve
the sensitivity of nanocomposite strain sensors to ultrasonic waves. PDA@MWCNTSs were
analysed by XRD and XPS, and it was shown that PDA precipitated on the surfaces of the
MWCNTs as single-crystal layers with a thickness of 10s nm. Through ultrasonic
measurements over a wide range of frequencies, it was found that the thickness of PDA layers
has a positive effect on the sensitivities of sensors. An improvement of approximately 40%
was achieved over uncoated MWCNTSs when the amount of PDA added was 15 wt.%. This
indicates that PDA buffer layers positively influence tunneling processes because the tunneling
effect is more likely to work only when the distances between conductive nanofillers are at the
nanometer level. Nanocomposite sensors that were made from hybrid carbon nanofillers
acquired ultrasonic signals at even more pronounced levels, demonstrating a sensitivity that is
at least one order of magnitude higher than that of MWCNT based sensors. It was deduced that
both types of nanofillers play an important role in improving the sensitivity of the proposed
sensor, giving rise to enhanced geometrical contact between the nanofillers which intensified
the tunneling effect. Also, as the mass fraction of graphene was increased from 33% to 66%,
the sensitivity of the proposed sensor increased by approximately 120%. It surpasses that of

pure graphene sensors, while a lower graphene content is used.

In summary, we put forward a new approach for optimizing the sensitivity of

nanocomposite strain sensors to the micro-vibrations that are generated by ultrasonic waves.



The feasibility of the idea has been validated by a series of experiments that encompass both

material characterizations and measurements of ultrasonic signals.
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