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Abstract

Targeting for flexible, broadband ultrasound sensors, a new breed of nanographene platelet
(NGP)/polyimide (PI) film is inkjet printed with morphologically optimized NGP/poly (amic
acid) hybrid-based nanocomposite ink. The ink is produced with high-shear liquid phase
exfoliation from inexpensive bulk graphite, manifesting good printability and high graphene
concentration as high as 13.1 mg mL"'. Featuring an ultra-thin thickness (~ 1 pm only), the
inkjet-printed NGP/PI film sensor is demonstrated to possess excellent thermal stability and
high adhesive strength reaching the American Society for Testing and Materials 5B level.
The highly uniform and consolidated NGP/PI nanostructure in the sensor enables the
formation of m-m interaction between NGPs and PI polymer matrix, and the quantum
tunneling effect is triggered among NGPs when ultrasound traverses the sensor. This sensing
mechanism endows the NGP/PI sensor with good sensitivity, fidelity and accuracy, showing
comparable performance as prevailing commercial ultrasound sensors such as piezoelectric
sensors. The film sensor has a proven gauge factor as high as 739, when sensing ultrasound

at 175 kHz, and a ultrabroad responsive spectrum up to 1.6 MHz.

Keywords: inkjet-printed sensor, liquid exfoliation, graphene, polyimide, high frequency

ultrasound

1. Introduction

High frequency ultrasound plays an irreplaceable role in a broad spectrum of applications,
from super-resolution ultrasound imaging for cardiovascular pathology [1], through acoustic
tweezers for manipulating microparticles [2] and ultrasound-guided drug delivery [3], to
high-precision contactless nondestructive evaluation for jet turbine blade surfaces [4].
Prevailing sensors for perceiving high frequency ultrasound are produced with piezoelectric
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materials owing to the high transduction efficiency, broadband responsivity and high
sensitivity that the materials have, as typified by inorganic piezoelectric materials (typically
lead zirconate titanate (PZT) ceramics) [5], piezoelectric polymer polyvinylidene fluoride
(PVDF) and its copolymer with fluoride-trifluoroethylene (PVDF-TrFE) [6]. Nevertheless,
PZT ceramics are known rigid and unwieldy, presenting difficulty conforming to a curved
surface, and the lead-rich components make the biocompatibility questionable [7]. Flexible
lead-free PVDF renders good sensing coverage over an extended area, and can adapt to
curved surfaces, but its sensitivity to ultrasound signals of high frequency is inferior, as a
result of its lower piezoelectric coefficient compared with PZT ceramics [8]. Driven by
demanding applications today, such as flexible healthcare wearables that are functionable in
an ultrasound regime, the concurrent amelioration of ultrasound sensors on sensing accuracy,

broadband, sensitivity, as well as conformability has been a core of recent research foci.

Graphene — the two-dimensional (2D) allotrope of carbon, shows alluring intrinsic properties
in terms of charge carrier concentration and mobility [9], thermal conductivity [10],
mechanical strength [11], chemical stability [12], and flexibility [13]. With these appealing
merits, graphene-based nanocomposites have opened up a new way for developing
innovative electronic devices and sensors in particular [14]. To name but a few, the piezo-
response of single-layer graphene (SLG) grown via chemical vapor deposition (CVD) on
Si/Si02 calibration grating substrates was investigated, which demonstrates a high
piezoelectric effect (d33 = 1.4nm V') of SLG on Si/SiO> substrates [15]. Graphene-based
cellular elastomers with reduced graphene oxide (rGO) were fabricated, and thus-produced
elastomers could provide instantaneous and high-fidelity electrical response to dynamic
pressures up to 2 kHz [16]. Graphene oxide (GO)/graphene resistive pressure sensors were

produced, with proven capability of responding to transient signals up to 10 kHz [17]. These



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

studies are among pioneering exploration in recent years, which has affirmed the capability
of graphene-based nanocomposites in sensing dynamic strains, and paved a solid path

leading to flexible, functional devices for acquiring high frequency ultrasound signals.

Central to development of graphene-based ultrasound sensors, using direct-write approaches
such as inkjet printing, is the formulation and preparation of graphene-based ink. Amidst
diverse techniques for producing graphene, the liquid phase exfoliation (LPE), allowing
graphene flakes to be isolated directly from inexpensive natural bulk graphite, outperforms
many others by virtue of its operational simplicity, effectiveness but low cost. Solution
processability of LPE makes it possible to develop compatible, chemically stable inks for
direct writing — a cost-effective additive manufacturing technique that can be used for
fabricating large-scale, flexible devices directly on various substrates [18]. However, when
used to prepare inks for inkjet printing a sensing device, the conventional LPE by sonication
may be inadequate to render satisfactory dispersion stability, concentration, production
quality and efficiency. These deficiencies of conventional LPE are among some key barriers
to preclude the rapid and scalable production of inkjet-printable, graphene-based inks with

good quality and functionality [19].

In this study, we present a new breed of nanographene platelet (NGP)/polyimide (PI) film
for producing flexible, ultrasensitive ultrasound sensors via drop-on-demand inkjet printing.
The graphene-based ink is made with NGP/poly (amic acid) (PAA) hybrid nanocomposites
that are prepared using novel high-shear LPE, in which few-layer NGPs are exfoliated from
inexpensive bulk graphite. The ink features remarkable concentration of NGP as high as 13.1
mg mL!, and presents good printability, storage stability, and functionality, with which the

inkjet-printed flexible NGP/PI film sensor has an ultra-thin thickness of ~ 1 pm only, along
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with excellent thermal stability and adhesive strength reaching the American Society for
Testing and Materials (ASTM) 5B level (i.e., the highest level of adhesion grade). With a
highly uniform and consolidated NGP/PI nanostructure in the sensor, quantum tunneling
effect is triggered among NGPs and n-x interaction is formed between NGPs and PI polymer
matrix, endowing the sensor with a gauge factor as high as 739 when responding to

ultrasound at 175 kHz, and a broad sensing band from zero to 1.6 MHz.

2. Experimental Section
2.1. Nanocomposite Sensing Ink Fabrication and Characterization

Ethyl cellulose (EC, viscosity 4 cP, 5 % in toluene/ethanol, Aldrich Chemistry; 0.2 g) and
polyvinylpyrrolidone (PVP, PVP K-30, Sigma-Aldrich; 0.3 g) are dissolved in N-methyl-2-
pyrrolidone (NMP, anhydrous, Aladdin; 100 mL) at a room temperature (25 °C). Then, bulk
graphite powder (Aladdin®; 2.0 g) is mixed with the solvent using high shear laboratory
mixer (L5M, Silverson®) at 6,000 rpm for 1 h, followed with centrifugation (H1850, Cence®)
at 5,000 rpm (2,655 x g) for 20 min to remove unexfoliated graphite particles, and the
supernatant containing exfoliated few-layer NGPs is collected as NGP ink. To produce the
ink, PAA solution (12.8 wt% (80% NMP/20% aromatic hydrocarbon), Sigma-Aldrich; 1.6
g) is added into the as-prepared NGP ink (20 mL). The mixture is magnetically stirred at 800
rpm for 30 min, and then filtered through a 0.22 um-diameter PVDF micropore sieve to
screen larger agglomerates. The density of the NGP/PAA ink is estimated by weighing a
certain volume of the filtered ink using a pipette, and its viscosity is measured by a
viscosimeter (NDJ-5S, Lichen Technology). The surface tension measurement of the solvent

and ink is conducted using a force tensiometer (K100, KRUSS®). The NMP solvent surface

energy ( Essf,') is calculated via E;j’r' =y +TSSSL‘,)rI [20], where | refers to the measured surface
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tension of NMP solvent, T the temperature, and s§u°r' the solvent surface entropy (universal

value of ~ 0.1 mJ m? K1), respectively. The morphology of exfoliated few-layer NGPs is
characterized by field emission scanning electron microscopy (FESEM, MAIA 3,
TESCAN®) and atomic force microscopy (AFM, AC mode, scan rate 0.8 Hz, MFP-3D
Infinity, Asylum, OXFORD INSTRUMENTS®). For FESEM and AFM sample preparation,
0.02 vol% NGP ink (10 pL) is drop-casted onto pre-heated Si/SiO; substrates (250 °C),
followed by annealing at 200 °C for 30 min. For UV-vis sample preparation, the ink is diluted
to 0.1 vol% to avoid scattering loss [21], and the UV-vis spectra are obtained using a UV-

vis double beam spectrophotometer (DB-20, Halo).

2.2. Sensor Printing, Imidization, and Characterization

NGP/PAA ink is directly printed on a Kapton (PI) film (25 pwm thick) using a PiXDRO LP50
inkjet printer (OTB Solar-Roth & Rau) equipped with a DMC-11610 cartridge (Dimatix-
Fujifilm Inc.). Before the printing process, the Kapton film is pre-treated with Oz plasma
using a plasma cleaner (PDC-002, Harrick Plasma, Inc.) for 2 min at 450 mTorr. The sensors
are printed at a room temperature, under a driving voltage of 28 V with driving frequency of
4 kHz, and the printing resolution is set as 500 dpi in both in-scan and cross-scan directions.
During the printing process, the printer substrate temperature is set as 40 °C to reduce
“coffee-stain” effect. After printing, sensors are transferred onto a hot plate and annealed at
380 °C for 30 min, for complete solvent evaporation, stabilizer decomposition, and PAA
imidization. The fabrication process of the inkjet-printed, film-type NGP/PI ultrasound
sensor is recapped in Figure 1. The morphology of the printed sensors is characterized using
FESEM (MAIA 3, TESCAN®). The thickness and surface roughness of the sensors are
measured with a surface profiler (DektakXT surface optical profiler, Bruker®). The electrical

resistance (R) of the sensors is measured using a four-probe method on a dynamic digital
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156  multimeter (4-wire resistance mode, DMM 7510, Keithley®), with a correction factor of
157  2.4575 [22]. The electrical conductivity (o) of the sensors is calculated via o = I/(R-A), where
158  land A are the length and effective cross-section area of the sensor, respectively. For Fourier-
159  transform infrared spectroscopy (FTIR), Raman and X-ray photoelectron spectroscopy
160  (XPS) characterization, the sensors are printed onto silicon wafer substrates with the same
161  printing condition. FTIR spectra are obtained with a Bruker® VERTEX 70 FTIR
162  spectrometer, and Raman spectra are recorded with a Raman spectrometer (488 nm
163  excitation laser wavelength, LabRAM HR 800, HORIBA®). XPS spectra are obtained with
164  an XPS system (Thermo Fisher® Nexsa). Thermogravimetric analysis (TGA) is performed
165  using a TGA/DSC3+ (Mettler Toledo®) system from room temperature to 800 °C under an
166  argon or air flow at 80 mL min, with a heating rate of 10 °C min*t. ASTM D3359 adhesion

167  test (cross-cut tape test) is conducted with Elcometer® ASTM D3359 adhesive tape [23].

168
PAA NGP/PAA ink
i NGP ink ; -
" ‘ ¢ ﬁ o #
~— High-shear mixing, Mixing,
NMP Centrifugation Filter
e
PAA & {‘-}
4 &oo' ’
ey - 3
s =<
Annealing of Sensor brintin 0, plasma exposed
169 printed sensors P g Kapton film
170
171 Figure 1. Schematic of the fabrication process of inkjet printing the film-type NGP/PI
172 ultrasound sensor with optimized NGP/PAA nanocomposite ink.
173
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2.3. Calibration of Ultrasound Sensing Capability

The excitation ultrasound signal is generated with a waveform generator based on NI® PXle-
1071 platform and amplified by a Ciprian® US-TXP-3 linear power amplifier, taking a
waveform of five-cycle Hanning-function-modulated sinusoidal tone-bursts with the central
frequency ranging from 100 to 1,600 kHz (with a stepping of 25 kHz). A glass fiber/epoxy
composite laminate plate (600 mm long and wide, and 1 mm thick) is prepared, and a lead
stibium niobium (PSN)-33 piezoelectric wafer as an ultrasound actuator is surface-bonded
at the center of the plate. The excitation signal is applied on the PSN-33 wafer to introduce
an ultrasound signal into the plate. To examine the ultrasound sensing capability of the
inkjet-printed NGP/PI nanocomposite sensors, eight printed sensors are silver-pasted with
electrodes and surface-mounted on the plate, 50 and 150 mm away from the PSN-33 actuator
(four sensors for each sensing distance), respectively. For each printed sensor, a PSN-33
wafer is collocated alongside the sensor for signal comparison and strain calibration. The
printed sensor is instrumented to a self-developed signal amplification module which
comprises a resistance-voltage (R-V) transformation system [24]. Such a module converts
piezoresistive variations to electrical signals, and the converted ultrasound signals and their
counterpart signals captured by the PSN-33 piezoelectric wafers (amplified by a Ciprian®
low noise pre-amplifier) are recorded simultaneously with an oscilloscope (DSO 9064A,
Agilent®). The electrical resistances of electrical cables and connections in the measurement

system are negligible.

3. Results and Discussion

The nanocomposite ink is formulated with NGP/PA A, in which NMP is chosen as the solvent,
due to the similarity in surface energy between NMP (74.5 mJ m™?) and graphite (~ 70-80 mJ

8
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m™), leading to a near-to-zero enthalpy for exfoliation of graphite. As a result of the low
enthalpy, a very small net energetic cost is required, making it possible to achieve effective
exfoliation of graphite and stable dispersion of graphene through an LPE process [20].
Graphite is exfoliated and dispersed in the solvent via a high-shear LPE process. EC and
PVP are selected as polymeric stabilizer and rheology modifier, to prevent re-aggregation
and precipitation of exfoliated NGPs. Compared with conventional sonication-based LPE,
this fabrication here shows additional merits including higher production quality and
efficiency. The operation of high-shear LPE is precisely controlled, followed with a
centrifugation process to minimize the possibility of printer nozzle clogging by unexfoliated
particles of larger dimensions during the inkjet printing. Figures 2(a) and 2(b) depict the
morphology of typical NGPs exfoliated from bulk graphite via FESEM and AFM. Figure
2(c) shows the statistic result of NGP dimensions via AFM measurement, to observe that
73.3% of the NGPs are of an ultra-thin thickness smaller than 3 nm, and most of the NGPs
present a platelet length of 50-200 nm — that is significantly smaller than 1/50 of the diameter

of DMC-11610 printing nozzle (i.e., 430 nm), adequate to avoid printing nozzle blockage.
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Figure 2. (a) FESEM and (b) AFM images of NGPs exfoliated by high-shear LPE (insert
in (b): height profile of a typical NGP). (c) Statistic result of NGP dimensions via AFM
measurement. (d) UV-vis spectra of the NGP/PAA nanocomposite ink (0.1 vol%), NGP ink
(0.1 vol%) and PAA solution (inserts: undiluted and 0.1 vol% NGP/PAA inks in quartz
cuvettes). () An illustrative pattern printed with the NGP/PAA ink on a piece of ordinary

paper, showing fine printing details.

Targeting for an inkjet-printed sensor that is able to respond to ultrasound in a broad regime,
PI is selected as the polymeric matrix of the sensor with twofold consideration: (i) PI, a
versatile polymer with aromatic structure connected with imide linkage in its backbone, is
of good flexibility and heat resistance. Compared with conventional polymeric matrices used
for developing ultrasound sensors (e.g., PVDF and PVP), PI possesses lower dielectric
constant, yet higher glass transition temperature and extraordinary thermal stability. The

aromatic moieties of PI are of a high degree of similarity to that of the carbon structure in

10
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graphene, despite that PI is intrinsically insulative. The interaction between PI and graphene
facilitates responsivity and sensitivity of the fabricated sensor to high frequency ultrasound
(to be discussed later in this section); and (ii) PAA — the precursor of PI, is miscible with
NMP solvent — a trait that is vitally important to warrant uniform, homogeneous and stable

dispersion of NGPs in the ink.

With selected nanoparticles and polymetric matrix, the concentration of NGPs in NGP/PAA
ink is estimated according to the UV-vis spectrum of the ink (Figure 2(d)) with the Beer-

Lambert law [25]

A =acl, (1)
where A, signifies the absorption of ink at wavelength 4, a; the absorption coefficient at 4, ¢
the concentration of NGPs, and / the path length of the spectroscopy. With assonm = 2,460 L
gl m! [20], the NGP concentration of the prepared NGP/PAA ink is estimated, using
Equation (1), to be 13.1 mg mL"!, which remarkably exceeds the minimum threshold of the

graphene concentration (i.e, 1 mg mL™) to ensure adequate printing efficiency — as

suggested elsewhere [26].

Notably, after 3-month of storage at a room temperature, the ink is observed to remain its
original morphology with no obvious precipitation of NGP. Such excellent storage stability
of the ink is verified by UV-vis spectroscopy (Figure S1), in which 4ssonm of the NGP/PAA

ink still remains 98% after three months of storage.

To evaluate the printability of the prepared nanocomposite ink, a figure of merit — Z which
is the inverse of Ohnesorge number (On) [27], is introduced to calculate the capability of the

ink of generating stable droplets during the inkjet printing process. Z reads

11
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where y denotes the surface tension of the ink, p the ink density, # the ink viscosity, and d
the nozzle diameter (21.5 pum for DMC-11610 nozzle used in this study). To ensure good
printability of the ink, and in the meantime avoid viscosity dissipation and satellite drops, Z
shall preferably fall into the optimal range between 1 and 10 [27]. Key physical properties
of the NGP/PAA ink are listed in Table S1, and Z of the prepared ink is calculated to be 6.5
— a value that implies excellent compatibility and appropriateness of the NGP/PAA ink for
inkjet printing. Thus-produced ink exhibits satisfactory concentration of NGPs, excellent

storage stability yet good printability.

Thus-formulated and prepared NGP/PAA ink is directly printed on substrates using a
PiXDRO LP50 inkjet printer. The good printability of the ink can further be confirmed via
the droplet which is captured with a stroboscopic camera equipped on the printer (Figure
S2). Representative NGP/PAA ink droplets generated from a printing nozzle of the DMC-
11610 cartridge are shown in Figure S2, and the droplets are observed stable during jet-
printing without any satellite droplet. To demonstrate the printing performance of the ink
with a better contrast, an illustrative paradigm printed with the ink on a piece of ordinary
paper is shown in Figure 2(e), in which fine printing details are depicted clearly,
demonstrating that excellent printing quality and fine resolution can be achieved with the

optimized ink.

Prior to sensor printing, a Kapton film substrate is pre-treated with O, plasma to create
hydrophilic functional groups on the surface, increasing substrate surface energy and
improving the wettability and printing quality of the ink when it is deposited on the substrate.

As shown in Figure 3(a), the inkjet-printed NGP/PI nanocomposite sensors deposited on the

12
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Kapton film substrate manifest good flexibility. After fully folding the sensor, the electrical
resistance of the sensor slightly varies by 2.51% only, and no obvious defect or crack can be
observed on the sensor. As can be seen from the FESEM images, Figures 3(b)-(d) and S3,
NGPs are evenly distributed in PI matrix, in close proximity with others. Such a homogenous
nanostructure serves as a building block for creating a stable and uniform electrical-
conductive network in the sensor, conducive to triggering the tunneling effect when

ultrasound traverses the sensor.

(@)

@
3

Bengéling" -

Inkjet-printed
NGP/PI sensors

After fully folding

Figure 3. (a) Inkjet-printed NGP/P1 sensors on Kapton film substrates. (b)-(d) FESEM

images of the inkjet-printed NGP/PI sensor.

FTIR analysis is conducted for the printed NGP/PI sensor, and spectra obtained before and
after annealing are compared in Figure 4(a). The FTIR spectrum before annealing shows
typical characteristic infrared absorption bands of C=0 (COOH) stretching vibration at 1713
cm’!, C=0 (CONH) stretching vibration at 1637 cm™ (amide I band), C-NH vibration at

1540 cm™ (amide II band), and symmetric C=C stretching vibration of aromatic ring at 1490

13
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cm’!; in the spectrum of annealed NGP/PI sensor, the characteristic bands at 1776 and 1712
cm’! are assigned to symmetric and asymmetric C=O stretching vibration, respectively.
Absorption band at 1492 cm™ is attributed to the symmetric C=C stretching vibration of
aromatic ring, and the band at 1361 cm! is due to the C—N stretching of imide ring [28]. The
appearance of imide C-N band (1361 cm™) and absence of amide I and II bands articulate
the complete in-situ imidization of PAA in the annealed NGP/PI sensor. Raman spectra of
the printed NGP/PI sensor before and after annealing are displayed in Figure 4(b), to
observe two broad and intense peaks. Peak I of the NGP/PAA hybrid (1343 cm™)
corresponds to the D peak of graphitic carbon atoms in NGP, and it shifts to 1365 cm! after
the annealing process, as peak I of the imidized NGP/PI sensor is the overlap of the D peak
and the peak of C—N stretching vibration of the imide ring [29]. Peak II in the spectra is
produced by the overlapping among G peak of graphitic carbon atoms in NGP, and the peaks
of original and imidized aromatic ring vibration of PI [30]. The intensity ratio of the peak II
and peak I (/w/l) increases after annealing, indicating reduced intrinsic microstructural

defect in the printed sensor.

Aromatic moieties in PI chains are of a high degree of similarity to the hexagonal carbon
structure of graphene, and when there is an overlap exist between aromatic groups, m-n
stacking interaction occurs [31]. During ink preparation, after the high-shear LPE, the free
surface of NGP becomes much larger and n-w interaction is consequently formed between
the greatly extended NGP aromatic system and aromatic moieties of PAA. This can be
verified from UV-vis spectroscopy, as shown in Figure 2(d). In Figure 2(d), both NGP/PAA
ink and PAA solution exhibit an absorption peak, while there is no meaningful peak in the
spectrum of NGP ink, as the peak is attributed to the electronic transitions of benzene. The

maximum absorption wavelength (Amax) of the NGP/PAA ink (264 nm) is larger than that of
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the pristine PAA solution (261 nm), and the red shift in the figure suggests the formation of

n-n interaction between the high-shear exfoliated NGPs and PAA polymer [32]. The

existence of n-m interaction also renders the ink with good storage stability. After sensor

printing and annealing, by virtue of the nondestructive and reversible nature of m-m

interaction, m-7 interaction exists between the m-n* electron cloud of NGPs and the =

electrons of aromatic moieties of PI (Figure 4(c)).

!_a_) Inkjet-printed NGP/PI sensor (P) —inKet printed NGP/PI sensor (c)
= Inkjet-printed NGP/PAA hybrid —— Inkjet printed NGP/PAA hybrid
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Figure 4. (a) FTIR, and (b) Raman spectra of inkjet-printed NGP/PAA hybrid (before

annealing) and NGP/PI sensor (after annealing). (c) Schematic illustration of n-nt

interaction between NGPs and PI chains. (d) XPS spectra of inkjet-printed NGP/PAA

hybrid (before annealing) and NGP/PI sensor (after annealing). (e) XPS spectra for C1s of

inkjet-printed NGP/PAA hybrid (before annealing), and (f) NGP/PI sensor (after

annealing).
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To gain a deeper insight into the chemical and structural characteristics of the printed NGP/PI
sensor, the NGP/PI sensor is characterized with XPS. EC, PVP and PI polymers are also
characterized with XPS (Figure S4). The XPS spectrum of the printed NGP/PI
nanocomposite sensor exhibits an intense C1s peak (Figure 4(d)), accompanied by a weaker
Ols peak after annealing, suggesting a high sp>-hybridized carbon content ratio. Figures 4(e)
and 4(f) compare the Cls spectra of the sensor before and after annealing. As can be seen
from the spectra, both the peak intensities of C—-N and C—O bonds decrease remarkably after
the annealing process, while the peak intensity of sp*-hybridized carbon content augments,
indicating the decomposition of EC and PVP stabilizer, as well as a consolidated NGP/PI
nanostructure in the sensor. Key parameters including electrical conductivity, thickness, and
surface roughness of the sensor before and after the annealing process are presented in Table
S2. The printed sensor features an ultra-thin thickness of ~ 1 um (see Figure S5 for detailed
results of thickness measurement). The annealed NGP/PI sensor presents a thinner thickness
and smaller surface roughness, yet a better electrical conductivity than the unannealed
NGP/PAA hybrid (Table S2), as a result of the complete imidization of PAA and removal of

EC and PVP after the annealing process.

Thermal stability of the inkjet-printed NGP/PI sensor is scrutinized with TGA, with results
shown in Figure 5(a). With PI as its polymeric matrix, the onset degradation temperature of
the printed sensor is as high as 500 and 560 °C, respectively in air and in argon, suggesting
excellent intrinsic thermal stability of the sensor. Adhesive strength between the printed
NGP/PI sensor and the Kapton substrate is evaluated with a standard adhesion test
conforming with ASTM D3359 [23]. Figure 5(b) shows the sensor and the tape after the
ASTM D3359 cross-cut tape test, to observe that no any content of the sensor is removed

from the substrate after the tape is peeled off, arguing that adhesion has reached an ASTM
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363 5B level, viz., the highest level of adhesion grade. The superb adhesive strength of the sensor
364  is attributed to the hydrogen bonds formed between carbonyl groups of PI matrix and

365  hydrophilic functional groups on the O plasma pre-treated Kapton substrate.
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369 Figure 5. (a) TGA curves of inkjet-printed NGP/PI sensor. (b) The inkjet-printed NGP/PI
370 sensor and adhesive tape after ASTM D3359 cross-cut tape test. (¢) Schematic of

371  experimental set-up for ultrasound acquisition. (d) Excitation signal, and ultrasound signals
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captured by the PSN-33 wafer and by inkjet-printed NGP/PI sensor, at 175 kHz, and (e) at
1,600 kHz. (f) Signals captured by NGP/PI sensor in a sweep range from 100 to 600 kHz,
and (g) from 600 to 1,600 kHz. (h) Schematic illustration of the ultrasound sensing

mechanism of the printed NGP/PI sensor.

The sensing capability of the inkjet-printed NGP/PI nanocomposite sensor is interrogated
and calibrated in a broad frequency range up to megahertz, with experimental details in
Section 2.3. A PSN-33 piezoelectric wafer is surface-glued at the center of a glass
fiber/epoxy composite laminate (600 mm long and wide, and 1 mm thick), Figure 5(c), for
exciting an ultrasound signal in a sweep frequency ranging from 100 to 1,600 kHz. A group
of eight NGP/PI nanocomposite sensors are surface-adhered on the laminate for signal
acquisition, collocated to each of which is a PSN-33 wafer for comparison and calibration.
For ultrasound signals in the frequency range of 100-600 kHz, the sensing distance is 150
mm (using the four NGP/PI sensors and four PSN-33 sensors located along the outer circle,
see Figure 5(c)), while the sensing distance is decreased to 50 mm (both types of sensors
along the inner circle) for signals beyond 600 kHz. The reason of selecting different
measurement distances with regard to different ultrasound frequencies is that an ultrasound
signal of higher frequency attenuates quicker than that of a lower frequency, and the
shortened measurement distance for signals beyond 600 kHz is conducive to remain an
adequate signal-to-noise ratio. As some representative results, Figure 5(d) comparably
displays the raw ultrasound signals captured by the printed NGP/PI sensor and the PSN-33
wafer at 175 kHz, to observe that the first-arrival wave component (viz., the zeroth-order
symmetric Lamb wave mode guided by the laminate, denoted by So mode hereinafter) in
signals perceived by the printed sensor is in quantitative agreement with that captured by the

PSN-33 wafer in terms of the arrival time. In addition, the zeroth-order anti-symmetric Lamb
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wave mode (Ao) following the So mode, is also perceived faithfully and accurately by the
printed sensor. It is noteworthy that the signal magnitudes of these two sensors cannot be
directly compared due to the different sensing mechanisms: the printed sensors are a type of
piezoresistive sensors, while the PSN-33 sensors are based on piezoelectric measurement.
Figure 5(e) displays the signals captured by both types of sensors under an excitation of
1,600 kHz, which are filtered by a fast Fourier transformation-based algorithm to reduce
crosstalk and noise. The printed sensor is observed to maintain its high degree of sensitivity,

fidelity, and precision at such a high frequency.

To examine the effect of annealing on sensing capacity, signals captured by the NGP/PAA
hybrid (namely before annealing) and by the NGP/PI sensor (viz., after annealing) are
compared in Figure S6. As can be seen from Figure S6, the signal magnitude for NGP/PAA
hybrid at 175 kHz is lower than that for NGP/PI sensor, implying that the consolidated
nanostructure after imidization without residual solvent and polymer stabilizer (EC and PVP)

plays a critical role in enhancing the ultrasound sensing performance.

Figures 5(f), 5(g), S7(a) and S7(b) compare signals captured by the NGP/PI sensor and
PSN-33 wafer over the time-frequency domain, respectively, from 100 to 1,600 kHz. In such
a broad frequency regime, both sensors show high consistency. These findings articulate that
printed NGP/PI sensors faithfully perceive broadband ultrasound, with comparable
performance as that of a commercial piezoelectric sensor, yet with additional merits
including flexibility, lightweight and rapid prototyping. Such excellent ultrasound sensing
performance is attributed to its consolidated nanostructure established by NGPs and PI. As
commented earlier, with the developed NGP/PAA nanocomposite ink and the drop-on-

demand inkjet printing fabrication process, NGPs are distributed evenly in PI polymeric
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matrix of the sensor, forming a stable and uniform electrical-conductive network. As is
known that quantum tunneling effect can be triggered between adjacent conductive
nanoparticles in an insulating polymer when the nanoparticles are in close proximity with
others [33]. When the printed sensor is subject to ultrasound-induced high-frequency
dynamic strains, such a disturbance is usually too weak to break up the electrical-conductive
network formed in the sensor, which, however, is adequate to alter the distance between
adjacent NGPs, leading to the variation of tunneling condition of charged carriers and the
change in tunneling resistance among NGPs. It is noteworthy that the n-m interaction formed
in the sensor can accelerate the charge carrier transfer between NGPs and PI [34], but n-n
interaction is not as strong as covalent bonding or electrostatic interaction. The consequence
is that when ultrasound traverses the sensor, the particulate movement of NGPs also affects
the binding force and charge transfer of n-m interaction between NGPs and PI matrix (Figure
5(h)), and this becomes an additional factor to amplify the variation of tunneling resistance
between NGPs and engender the strong and accurate response of the NGP/PI sensor to high

frequency ultrasound.

To put it into perspective, the gauge factor (K) of the printed sensor, in responding to
ultrasound, is calculated as [35]

K:AR/g:RX_R"/g, ©)

R, R,

where AR is the resistance change of the printed NGP/PI sensor, Ry the resistance of the
printed sensor under a high-frequency ultrasound signal, Ro the intrinsic resistance of the
printed sensor, and ¢ the ultrasound-induced dynamic strain. AR/Rq is calculated in terms of
the mechanism of the R-V circuit in the self-developed signal amplification module. The
mechanism of the R-V circuit depicts a relationship linking the ultrasound signal magnitude

(peak-to-peak value) measured by the sensor (Vo) to Ry, as [24]
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where Amp is the amplification scale of the module (1,385 times gain amplification at the
current excitation frequency of 175 kHz), Vs the power source voltage (10 V in this study),
and Ry the resistance of the variable reference resistor in the R-V circuit. In the experiment,
R1 is adjusted to be the same as Ro to warrant the maximal sensitivity [24]. With Equation
(4), AR/Ry is calculated as 2.89x107. As mentioned earlier in Section 2.3, for each printed
sensor, a PSN-33 piezoelectric wafer is collocated alongside the printed sensor for signal
comparison and strain calibration. The magnitudes of ultrasound-induced dynamic strains

applied to these two types of sensors are considered the same, and ¢ is calculated via [36]

2
oe Vpdslt%l— Ks1) | )
where Vp denotes the peak-to-peak value of the responsive voltage of PSN-33 piezoelectric
wafer adjacent to the NGP/PI sensor, ds: the in-plane piezoelectric coefficient of the wafer,
ks1 the electromechanical coupling coefficient of the wafer, and t the thickness of the wafer.
With the key parameters of the PSN-33 wafer in Table S3, ¢ is determined as 3.91x107° at
175 kHz, and K is calculated as 739 via Equation (3). Such an extraordinarily high gauge
factor of the inkjet-printed NGP/PI sensor verifies its excellent sensing performance to high

frequency ultrasound — a result that has never been achieved by the prevailing

nanocomposite sensors.

4. Conclusion

A new breed of NGP/PI-based film is developed with novel NGP/PAA ink, for fabricating
ultrasensitive ultrasound sensors using inkjet printing. The novel graphene-based ink is cost-

effectively produced with facile high-shear LPE directly from inexpensive bulk graphite,
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exhibiting advantages of high graphene concentration, good storage stability, inkjet
printability yet good functionality. The tailor-made printed film sensor features an ultra-thin
thickness (~ 1 um), excellent thermal stability and extraordinary adhesive strength (ASTM
5B level). By virtue of the uniform and compact nanostructure in the sensor, the quantum
tunneling effect triggered among NGPs, and n-n interactions formed between NGPs and PI
endow the printed sensor with a gauge factor as high as 739 (at 175 kHz). The sensor has
proven capability of accurately sensing ultrasound in a regime of megahertz (up to 1.6 MHz).
This new type of flexible, ultrasensitive sensor features not only extraordinary sensitivity,
fidelity, and sensing precision that are comparable to commercial piezoelectric wafer, but
also additional merits including light weight, low cost, large-scale production, and
fabrication mildness and simplicity, highlighting its alluring potential of being expanded to
other application domains such as wearable healthcare devices for ultrasound-based disease

diagnosis.
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