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Abstract 29 

The sensing performance of nanocomposite piezoresistive sensors in acquiring broadband 30 

acousto-ultrasonic wave signals is scrutinized in an extensive regime of temperature 31 

variation from –60 to 150 oC, which spans the thermal extremes undergone by most aircraft 32 

and spacecraft. Ultralight and flexible, the sensors are all-inkjet-printed using a drop-on-33 

demand additive manufacturing approach, and then optimized sensitive to the ultraweak 34 

disturbance induced by acousto-ultrasonic waves in virtue of quantum tunneling effect. 35 

Under high-intensity thermal cycles from –60 to 150 oC, the sensors have proven stability 36 

and accuracy in responding to signals in a broad band from static to half a megahertz. 37 

Compared with conventional broadband sensors such as piezoelectric wafers, this genre of 38 

inkjet-printed nanocomposite sensors avoids the influence of increased dielectric 39 

permittivity during the measurement of high-frequency signals at elevated temperatures. Use 40 

of the sensors for characterizing undersized cracks in a typical aerospace structural 41 

component under acute temperature variation has spotlighted the alluring application 42 

potentials of the all-inkjet-printed nanocomposite sensors in implementing in-situ structural 43 

health monitoring for key aircraft and spacecraft components. 44 

 45 

Keywords: A. Nano composites; B. Thermal properties; D. Ultrasonic testing; E. Additive 46 

manufacturing; Structural health monitoring  47 
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1. Introduction 48 

Structural health monitoring (SHM), a bionic paradigm inspired by the manner of signal 49 

perception and decision-making of human beings, has shown appealing promise in 50 

safeguarding engineering assets, and it has become a crucial building block in the holistic 51 

development of new generation of aircraft and spacecraft [1-4]. This sophisticated structural 52 

integrity-enhancement technique trans-disciplinarily embraces state-of-the-art scientific 53 

advances and technological breakthroughs in mechanics, material science, informatics, big 54 

data, sensing technology and additive manufacturing. Amidst diverse SHM approaches, 55 

acousto-ultrasonic wave-driven SHM, which leverages numerous merits of acousto-56 

ultrasonic waves, has ushered in a new avenue to strike a balance among resolution, 57 

detectability, practicality and cost, corroborating the concept of in-situ SHM. By interpreting 58 

changes of subtle acousto-ultrasonic wave features, multiscale damage or fault in an 59 

inspected structure can be pinpointed and characterized, either qualitatively or quantitatively. 60 

 61 

In an acousto-ultrasonic wave-driven SHM approach, the sensor network, either externally 62 

attached on a structural surface or internally embedded inside the structure, plays a 63 

rudimentary yet critical role in perceiving environmental variation and feature changes of 64 

waves guided by the inspected structure, in a “real-time” and in-situ manner [5-8], on which 65 

basis diagnosis and prognosis can be implemented [9-13]. However, irrespective of the 66 

intention of discovering damage and monitoring its progress, the deployment of such an 67 

approach and its supporting system on aircraft or spacecraft possibly introduce defect, stress 68 

concentration and incompatibility between sensors and the host structures, and in addition 69 

impose extra volume and weight penalty. This concern is particularly accentuated when stiff 70 

yet brittle sensors such as piezoceramic wafers are networked in a dense formality [14], and 71 

the inspected structure is manipulated in a cruel environment. 72 
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In recognition of these deficiencies and inspired by the booming nanotechnology, the authors 73 

have earlier developed a new breed of nanocomposite piezoresistive sensors for in-situ, 74 

acousto-ultrasonic wave-driven SHM [15, 16]. Under acousto-ultrasonic wave-induced 75 

strains, quantum tunneling effect generated in the formed nanofiller conductive network 76 

induces a dynamic alteration in the electrical conductivity and thus the piezoresistivity of the 77 

sensors, endowing the sensors with capacity in perceiving acousto-ultrasonic wave signals. 78 

This type of thin film-like sensors can be sprayable [5, 17] and printable [18, 19] to various 79 

structural surfaces, and tailor-made to resonate a specific frequency of the signal to be 80 

acquired by fine-tuning the degree of sensor conductivity [18]. The developed sensors 81 

feature values such as rapid prototyping, flexibility, lightweight and broadband response, 82 

blazing a new trail in developing in-situ SHM for aircraft and spacecraft. 83 

 84 

On the other hand, aircraft and spacecraft are operated in extremely atrocious conditions 85 

with acute variation in ambient parameters including air pressure, humidity, and temperature, 86 

to name a few. Amongst various ambient parameters, temperature has been evidenced as one 87 

of the most influential factors to critically affect the performance of an SHM system and the 88 

sensors in particular [20]. The temperature of the operating environment for typical aircraft 89 

varies from –50 oC when they fly at a high altitude to 60 oC when park in a closed hangar. 90 

For spacecraft, tremendous heat flux induced during the re-entry to the Earth atmosphere 91 

elevates the temperature as high as ~1650 oC. Even with the thermal protection systems, the 92 

temperature of internal components in spacecraft soars to 150 oC. When orbiting, spacecraft 93 

undergo a drastic fluctuation in temperature (~70-100 oC) within a day when facing towards 94 

or away from the sun [21]. On top of that, the internal heat radiation from cabin electronics 95 

is another unneglectable hostile thermal factor which can negatively affect structural 96 

performance. 97 
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 98 

The aggressive environmental exposures not only degrade the performance of sensors per 99 

se, but also weaken the adhesion between sensors and the host structure. A thermal cycle as 100 

a result of acute change of ambient temperature progressively fatigues adhesive layers, 101 

potentially leading to exfoliation of sensors. In addition, thermal fluctuation alternately 102 

expands and contracts a structure, and changes material phase or chemical composition, 103 

jointly leading to deviation in material geometry and material properties including Young’s 104 

modulus, Poisson’s ratio and acoustic parameters (e.g., transmitting velocity of the acousto-105 

ultrasonic waves) [22]. Consequently, under the interference from temperature variation, the 106 

changes of signal features extracted by an SHM system, such as the arrival time of ultrasonic 107 

waves, may not faithfully reflect the health status of the inspected structure, leading to false 108 

alarm or ignorance of damage de facto [23, 24]. 109 

 110 

With the temperature effect in mind, the sensors used to implement in-situ SHM for aircraft 111 

or spacecraft must be rigorously selected, and sensor networks must be deliberately 112 

configured, so that a desired level of reliability and durability can be maintained within the 113 

entire range of temperature variation during operation. The rudimental requirements 114 

embrace: (i) the sensors to accommodate in-situ SHM of aircraft and spacecraft must be 115 

stable, durable and robust at severe operating temperature extremes, and able to withstand 116 

mechanical strain under severe operating conditions for a prolonged period; (ii) the 117 

sensitivity and accuracy of the sensors must not be compromised within the entire range of 118 

temperature fluctuation for a complete flight; (iii) compensation must be applied to correct 119 

contaminated signal features due to temperature variation; and (iv) sensors should maintain 120 

an adequate level of reliability after environmentally harsh storage, transit, and operation 121 

[25]. Driven by this, Blaise and Chang [26] investigated the performance of embedded 122 
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piezoelectric transducers (PZT-5A, PZT denotes lead zirconate titanate) in capturing 123 

ultrasonic wave signals at low temperatures (–90 to 20 oC), and concluded that in this 124 

temperature variation range, ultrasonic wave signals can be reconstructed using an empirical 125 

linear model. Raghavan and Cesnik [21] examined the ultrasonic signal features captured by 126 

PZT-5A piezoelectric wafers from spacecraft structures subjected to a varying temperature 127 

from 20 to 150 oC, to reveal that under elevated temperature, time-of-flight (ToF) of the 128 

signal increases with temperature, and signal amplitude is affected by adhesion properties. 129 

Lanza di Scalea and Salamone [27] calibrated the responses of monolithic PZT patches and 130 

macrofibre composite (MFC) patches, when ambient temperature changed from –40  to 60 131 

oC which corresponds to that change during a normal flight, and argued that for both PZT 132 

and MFC, the variations in ultrasonic wave signal amplitude follow two opposite trends 133 

below and above 20 oC, respectively. Several temperature compensation methods have also 134 

been proposed, to minimize the temperature effect, as typified by baseline signal stretch 135 

(BSS) [28], optimal baseline selection (OBS) [29], combination of BSS and OBS [30, 31], 136 

and combination of OBS and adaptive filter [32]. 137 

 138 

Nevertheless, prevailing studies on temperature effect on sensor performance are restricted 139 

to piezoceramics-type sensors, which have gain prominent popularity in developing SHM 140 

approaches for aircraft and spacecraft. The sensing performance of nanocomposite sensors 141 

under an extended range of temperature change has yet been attended hitherto. In this study, 142 

the temperature effect on nanocomposite piezoresistive sensors in acquiring broadband 143 

acousto-ultrasonic wave signals is investigated in an extensive temperature regime (–60 to 144 

150 oC) that spans the thermal extremes undergone by typical aircraft and spacecraft. To this 145 

end, all-inkjet-printed (AIP) sensors, each featuring a thickness of only ∼1 μm, are fabricated 146 

using a drop-on-demand additive manufacturing approach. Making use of the quantum 147 
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tunneling effect, the sensors are morphologically optimized at the nanoscale, to endow the 148 

sensors with adequate sensitivity to the ultrasonic waves with frequencies at half a megahertz 149 

– the frequencies predominantly adopted by acousto-ultrasonic wave-driven SHM. A 150 

theoretical model is developed to predict dispersive characteristics of acousto-ultrasonic 151 

waves at varying temperatures, against which the capability and accuracy of the sensors in 152 

perceiving broadband acousto-ultrasonic wave signals under harsh thermal cycles are 153 

examined experimentally. Results are also compared with commercial piezoelectric wafers.  154 

Taking a step further, a sensor network consisting of AIP sensors is configured to implement 155 

in-situ characterization of damage in a typical aerospace structural component under acutely 156 

varying temperatures. 157 

 158 

2. Fabrication of AIP Sensors 159 

2.1. Printing of Sensing Ink and Morphological Characterization 160 

Central to the preparation of ink for developing nanocomposite piezoresistive sensors is the 161 

ink stability and printability, in addition to its functionality. Conductive carbon black (CB) 162 

powders (CABOT Black Pearl 2000, average particle diameter: 30 nm, as nanofiller) are 163 

mixed with polyvinylpyrrolidone (PVP, K-30, Sigma-Aldrich, as polymer matrix) at a 164 

weight ratio of 1:2 (0.28 g and 0.56 g, respectively) in 40 mL N-methyl-2-pyrrolidone (NMP, 165 

J&K Scientific). The dispersion of CB and PVP in NMP solvent is stabilized by adding 0.08 166 

g sodium dodecylbenzenesulfonate (SDBS, Sigma-Aldrich, as surfactant). The mixture is 167 

mechanically stirred at 400 rpm for 2 hours at a room temperature (25 oC), followed by a 168 

sonication for 1 hour in an ultrasonic bath. After sonication, the CB/PVP dispersion is filtered 169 

through a 0.45 µm-diameter polyvinylidene fluoride (PVDF) micropore sieve, to remove 170 

large CB/PVP agglomerates so that blockage and clogging of the inkjet printer nozzle can 171 

be avoided. 172 
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Such produced CB/PVP ink shows good stability, printability, and wettability. The ink is 173 

printed directly onto a substrate using a PiXDRO LP50 inkjet printer (OTB Solar-Roth & 174 

Rau) equipped with a DMC-11610 cartridge (Dimatix-Fujifilm Inc.). The printing process 175 

allows a sensor to be customizable in different patterns and printed passes, to accommodate 176 

various needs of sensing. Details of the sensing or printing process can be referred to the 177 

authors’ early work [18]. In this study, each sensor, printed on the substrate with the sensing 178 

ink, measuring 10.0 mm in width and 20.0 mm in length, with 12 printed passes (leading to 179 

a total thickness of ∼1.0 μm). The substrate is pre-treated with O2 plasma prior to the printing 180 

process, endowing the substrate with high surface energy which is conducive to the 181 

improvement of wettability of the ink and good adhesion between sensors and the substrate. 182 

Figure 1(a) shows such produced sensors printed on a flexible heat-resistant polyimide (PI) 183 

film substrate, along with a typical SEM image of the printed sensor showing its morphology. 184 

 185 

 186 

Fig. 1. (a) Inkjet-printed CB/PVP sensors on a PI film substrate (insert: SEM (20.00 k× 187 

magnification) image of the printed sensor); and (b) TGA curve of inkjet-printed CB/PVP 188 

sensors 189 

 190 
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Thermal stability of the printed nanocomposite sensors is calibrated through a 191 

thermalgravimetric analysis (TGA), using a TGA/DSC3+ (Mettler Toledo) system, to show 192 

the intrinsic thermal stability of the fabricated nanocomposites. In TGA, the proportion of 193 

remained mass/weight is measured over time as the temperature changes. The sensors are 194 

heated under an argon flow at 80 mL/min, from room temperature to 800 oC with a heating 195 

rate of 10 oC/min. As can be seen from Fig. 1(b), the sensors remain their stability at a 196 

temperature as high as ~370 oC, since which the sensors tend towards initial decomposition, 197 

as ~370 oC is the decomposition temperature of PVP polymer. 198 

 199 

2.2. Electrode and Insulating Layer Printing 200 

Silver electrodes and insulating layers are installed onto the printed CB/PVP sensors via the 201 

same inkjet printing process, as illuminated by the flowchart shown in Fig. 2(a). A pair of 202 

silver electrodes is inkjet-printed with commercial Metalon® JS-A211 silver ink 203 

(Novacentrix, 40.0 wt.% Ag, Average particle size: 36 nm) onto each sensor, with the gap of 204 

2 mm between two electrodes. The printing resolution is set as 500 dpi in both cross-scan 205 

and in-scan directions (inkjet droplet spacing ~50 μm), which is the same as that of the sensor 206 

printing process, and the electrodes are fabricated with two printed passes. The AIP sensors 207 

with AIP electrodes are then heated on a hot plate at 140 oC for 10 mins, to accelerate the 208 

solvent evaporation and curing of the silver electrodes. Insulating layer is installed to prevent 209 

possible external interference or damage, such as short circuit and scratch. To fabricate the 210 

insulating layers, poly(pyromellitic dianhydride-co-4,4′-oxydianiline) amic acid (PAA) 211 

solution (12.8 wt.% (80% NMP/20% aromatic hydrocarbon), Sigma-Aldrich; 1g) is diluted 212 

in 19 mL NMP (J&K Scientific), followed with mechanical stirring at a room temperature 213 

for 15 mins at 800 rpm. The printing resolution is set as 600 dpi in both cross-scan and in-214 

scan directions, higher than the sensor and electrode printing of 500 dpi, so that the inkjet 215 
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droplet spacing is reduced to ~42 μm. The prepared PAA ink is then printed onto the surfaces 216 

of the sensors and electrodes using the same inkjet printing platform, after which the 217 

substrates are heated on a hot plate at 160 oC for 15 mins. Such a heating process is aimed 218 

at enabling the solvent evaporation and imidization of PAA [33] and consequently forming 219 

the insulating layer. The thermal imidization process of PAA is shown in Fig. 2(b). With 220 

such a fabrication process, the nanocomposite-based AIP sensors are fabricated directly on 221 

either a flexible film or a structural surface. A multitude of such produced sensors can further 222 

be networked via inkjet-printed circuits developed with the same silver ink for electrodes, 223 

and Fig. 2(c) displays a paradigm of the sensor network configured by six AIP sensors 224 

deployed on a glass fibre reinforced plastic (GFRP) laminate. 225 

 226 
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 227 

Fig. 2. (a) Process flow of electrode and insulating layer printing of AIP sensors; (b) 228 

thermal imidization process of PAA; and (c) AIP sensor network with printed circuits on a 229 

GFRP laminate. 230 

 231 
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3. Experiments, Results and Discussion 232 

3.1. Sensing Capability at Varying Temperatures 233 

The sensing capability of the developed AIP sensors in responding to broadband acousto-234 

ultrasonic waves is examined in an extensive temperature regime (–60 to 150 oC) that spans 235 

the thermal extremes undergone by typical aircraft and spacecraft. An aluminium alloy 236 

(6061-T6) plate (600 mm long and wide, 2 mm thick) is prepared, surface-bonded with a 237 

PZT wafer (PSN-33, Ø12 mm, 1 mm thick) that is used as an ultrasonic transmitter; an AIP 238 

sensor deposited on a PI film, produced as described in Section 2, is surface-glued on the 239 

plate, 210 mm apart from the PZT transmitter, for signal acquisition, as shown in Fig. 3(a). 240 

Another surface-mounted PZT wafer is collocated alongside the AIP sensor, to capture 241 

counterpart signals for comparison. To securely bond the PZT wafers and the AIP sensor on 242 

the plate, the plate surface is roughened with light sanding and cleaned by acetone, and 243 

otherwise the weak bonding or bonding agent degradation under thermal cyclic loads can 244 

result in weak and inaccurate sensing or even exfoliation of sensors. The PZT wafers are 245 

adhered on the aluminium plate with a two-component epoxy (Epotek® 353ND, Epoxy 246 

Technology Inc.), while the AIP sensor is glued with single-component bonding agent 247 

(SELLEYS® Supa Glue Shock Proof) which is of a higher degree of operational simplicity. 248 

The use of different adhesives in this study is aimed at achieving the best bonding conditions 249 

for two different types of sensors. The adhesion and gluing are cured overnight at 20 oC, and 250 

a light weight (500 g) is applied on each wafer and sensor to warrant adequate bonding. 251 

 252 
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 253 

Fig. 3. (a) Schematic of experimental set-up for broadband acousto-ultrasonic wave 254 

acquisition (unit: mm); and (b) measurement system for ultrasonic wave acquisition under 255 

varying temperatures. 256 

 257 

Acousto-ultrasonic wave signals are acquired at varying temperatures in a computer-258 

controlled environmental chamber (THV1070W, Hongrui) which regulates the ambient 259 

temperature between –60 and 150 oC precisely with a heating or cooling rate of 1 oC/min. 260 
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The excitation signal is generated with an arbitrary waveform generator (SIGLENT SDG 261 

5122) and amplified by a wideband amplifier (7602M, Krohn-Hite Corporation), taking a 262 

waveform of five-cycle Hanning-function-modulated sinusoidal tone-bursts with the central 263 

frequency ranging from 50 to 500 kHz (with an increment of 25 kHz). The excitation signal 264 

is applied on the PZT transmitter to emit acousto-ultrasonic waves into the aluminium plate. 265 

The signals are then captured by the AIP sensor. Temperature of the plate is measured with 266 

a type-K thermal couple (apuhua TM-902C), schematically illustrated in Fig. 3(a). The 267 

sensor is connected to a self-developed amplification and signal conditioning module via 268 

shielded cables. In the module, a Wheatstone bridge converts piezoresistive variations to 269 

electrical signals. The converted signals and their counterpart signals captured by the PZT 270 

wafer are synchronously registered with a 4-channel digital oscilloscope (MSOX 3014A, 271 

Agilent Technologies). The electrical resistances of electrical cables and connections in the 272 

measurement system are negligible, as copper electrical cables, not affecting the sensing 273 

performance of the fabricated sensors. 274 

 275 

To facilitate evaluation of the sensor stability under different temperatures and also the 276 

comparison against PZT wafer, key signal features, embracing ToF, signal phase and 277 

amplitude, are extracted from acquired signals. Here, ToF is defined as the time difference 278 

between (i) the peak of the first wave component (the zeroth-order symmetric Lamb wave 279 

mode guided by the aluminium plate, denoted by S0 hereinafter) in a signal and (ii) the peak 280 

of the excitation, either in the time domain or in the spectrogram obtained with the short-281 

time Fourier transform, with an example, when the ambient temperature is 20 oC, shown in 282 

Fig. 4. 283 

 284 
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 285 

Fig. 4. Measurement of ToF of acousto-ultrasonic wave signal captured by the AIP sensor 286 

at 20 oC: (a) excitation signal with central frequency of 175 kHz; (b) signal captured by the 287 

AIP sensor; and (c) spectrogram of signal in (b) shown in a logarithmic scale. 288 

 289 

Figure 5 compares signals, when the wave is excited at 175 and 500 kHz (heating or cooling), 290 

respectively – as two representative cases, and perceived by the AIP sensor in a thermal cycle. 291 

For each signal depicted in Fig. 5, the signal amplitude is normalized to the peak value of 292 

the S0 mode. The AIP sensor is observed to maintain its high sensitivity to acousto-ultrasonic 293 

wave-induced strains in an extensive temperature regime from –60 to 150 oC, and also in a 294 

broad frequency band from static to half a megahertz (viz., the frequency that is 295 
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predominantly adopted by acousto-ultrasonic wave-driven SHM). During the thermal cycle, 296 

both the S0 mode and the other wave modes (e.g., the zeroth-order anti-symmetric Lamb 297 

wave mode guided by the aluminium plate, denoted by A0 hereinafter), as well as reflected 298 

signals from the plate boundary, are faithfully perceived by the AIP sensor, with clear 299 

waveforms and high signal-to-noise ratio (SNR).  300 

 301 

 302 

Fig. 5. Acousto-ultrasonic wave signals captured by the AIP sensor under varying 303 

temperatures in a thermal cycle at an excitation frequency of: (a) 175 kHz (heating); (b) 304 

175 kHz (cooling); (c) 500 kHz (heating) and (d) 500 kHz (cooling). 305 

 306 
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It is interesting to note in Fig. 5 that in a thermal cycle, either at its heating or cooling semi-307 

period, a higher temperature results in a greater ToF, and vice versa. To examine such a 308 

phenomenon in an extended range, Fig. 6(a) compares the extracted ToFs of signals captured 309 

in three thermal cycles, when the wave is excited at 175 kHz as a typical case. The error bars 310 

in the figure illustrate the variation in ToF at a certain temperature in different thermal cycles. 311 

ToFs in Fig. 6(a) show the same tendency as that when piezoelectric sensors are used for 312 

acousto-ultrasonic wave acquisition, as reported elsewhere [21, 27, 34]. 313 

 314 

 315 

Fig. 6. (a) ToF and (b) amplitude of the AIP sensor-captured acousto-ultrasonic wave 316 

signals under varying temperatures (excitation frequency: 175 kHz). 317 

 318 

As far as the signal amplitude concerned, Fig. 6(b) depicts the change of signal amplitude 319 

in three thermal cycles, and the plot is normalized to the signal amplitude measured at 20 oC 320 

before the thermal cycles for comparison. As can be seen from Fig. 6(b), in both heating and 321 

cooling stages, a higher temperature leads to a larger signal amplitude, and vice versa. From 322 

the results shown in Fig. 6, the ToF and amplitude of the signal perceived by the AIP sensor 323 

are observed highly consistent throughout the entire range of interested temperatures, 324 

indicating that not only the bonding is suitable and robust, but the fabricated sensors are 325 
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stable and functional under an extreme thermal variation from –60 to 150 oC, with 326 

comparable performance as commercial piezoelectric sensors. 327 

 328 

The variation in signal amplitude at different temperatures, Fig. 6(b), is attributed to the 329 

variation of piezoelectric coefficient of PZT wafer with temperature. For the PZT wafer used 330 

as wave transmitter in this study, the acousto-ultrasonic wave-induced dynamic strain 𝜀 331 

generated by the converse piezoelectric effect of the wafer can be estimated via [35] 332 

 𝜀 = 𝑑31𝐾3 = −𝑑31

𝑉

ℎPZT

, (1) 

where 𝑑31 denotes the in-plane piezoelectric coefficient of the PZT wafer, 𝐾3 the applied 333 

out-of-plane electric field, 𝑉  the applied external voltage, and ℎPZT  the thickness of the 334 

wafer. When the operation temperature is no more than half of the Curie temperature (half 335 

the Curie temperature for PSN-33 wafers is 167.5 oC), the wafer remains functional and the 336 

absolute value of 𝑑31  increases with temperature [36]. As can be seen from Eq. (1), the 337 

acousto-ultrasonic wave-induced strain increases with larger 𝑑31, and the consequence is 338 

that within the temperature range from –60 to 150 oC, the higher the temperature in the 339 

aluminium plate, the larger the strain will be generated. For the AIP sensor – a type of 340 

piezoresistive sensor, at a higher temperature, although the tunneling gap is narrowed [37], 341 

a larger strain induced by the wave causes more conductive network destruction within the 342 

CB-formed conductive network in PVP. A higher degree of tunnel-conductive path 343 

destruction in the sensor leads to higher sensitivity to external strains, and as a result, 344 

stronger signal amplitude is perceived at higher temperature. 345 

 346 

It is noteworthy that in previous studies [27, 34] where piezoelectric sensors are used for 347 

acousto-ultrasonic wave acquisition, at higher temperatures above 20 oC, the captured signal 348 

amplitude becomes weaker as temperature increases, and this phenomenon is also observed 349 
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in the present study: the amplitude of signal perceived by the PZT sensor at 175 kHz dropped 350 

by ~60% at 150 oC, when compared to that measured at 20 oC before the thermal cycles. 351 

This can be attributable to the competing interaction between the increasing absolute value 352 

of the piezoelectric coefficient and the dielectric permittivity in the PZT wafer [38, 39]. 353 

These findings argue that the AIP sensor can avoid the negative influence of increased 354 

dielectric permittivity in conventional piezoelectrical measurement at a high temperature – 355 

an advantage of the AIP sensor over those conventional piezoelectric sensors (such as PZT 356 

wafers) in acquisition of broadband acousto-ultrasonic waves at extensive thermal 357 

conditions. 358 

 359 

3.2. Sensing Precision at Varying Temperatures 360 

Sensing precision of the developed AIP sensors in responding to broadband acousto-361 

ultrasonic waves, subjected to varying temperatures, is scrutinized. First, it is of relevance 362 

and necessity to advance the understanding of temperature effect of the measurement system. 363 

As discussed in Section 3.1, the bonding layer is proven stable and robust within the 364 

discussed temperature variation range (–60 to 150 oC). Therefore, the properties of the 365 

bonding layer can be considered to be constant, and the change of bonding layer thickness 366 

(less than 0.01 mm) by thermal expansion is negligible [34]. For the configured experiment 367 

in which the PZT wafer is used as a wave transmitter, the change of ambient temperature, 368 

according to Eq. (1), only alters the strain magnitude of an excited wave. Altogether, the 369 

variation in transmitting velocity of the wave guided by the aluminium plate and then in the 370 

ToF of the wave propagation can be solely attributable to the changes in plate properties and 371 

geometry under varying temperatures. To put such changes into perspective, consider an 372 

infinite isotropic plate, in which the temperature-dependent acousto-ultrasonic wave motion 373 

is governed by [40] 374 
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 (𝜆(𝑇) + 𝜇(𝑇))∇(∇�⃗� ) + 𝜇(𝑇)∇2�⃗� + 𝜌(𝑇)𝑓 = 𝜌(𝑇)�⃗� ̈, (2) 

where  375 

 𝜆(𝑇) =
𝐸(𝑇)𝜈(𝑇)

(1 + 𝜈(𝑇))(1 − 2𝜈(𝑇))
, (3) 

 
𝜇(𝑇) =

𝐸(𝑇)

2(1 + 𝜈(𝑇))
.  (4) 

In the above, �⃗�  denotes the displacement vector, 𝑓  the body force, and 𝑇 the temperature. 𝜆 376 

and 𝜇 signify the two Lame’s elastic moduli that are related to the Young’s modulus 𝐸 and 377 

Poisson’s ratio 𝜈. 𝜌 is the mass density, which is also temperature-dependent and can be 378 

ascertained by solving the differential equation that is defined as (valid at constant pressure 379 

𝑃) [34] 380 

 (
𝜕𝜌(𝑇)

𝜕𝑇
)
𝑃

+ 𝜌(𝑇)𝛼𝑉 = 0, (5) 

where 𝛼𝑉 is the volumetric thermal expansion coefficient of the plate. 381 

 382 

Guided to propagate in the plate, the propagating velocity of acousto-ultrasonic waves of 383 

various modes, including the above-mentioned S0 and A0 modes, are of a dispersive nature, 384 

showing strong dependence on wave excitation frequency, which can be depicted as [41] 385 

 
tanh( 𝑞ℎ)

tanh( 𝑝ℎ)
= − [

4𝑘2𝑝𝑞

(𝑞2 − 𝑘2)2
]

±1

, (6) 

where 386 

 𝑝 = √(𝜔/𝑐𝐿)2 − 𝑘2, (7) 

 𝑞 = √(𝜔/𝑐𝑇)2 − 𝑘2. (8) 

In Eq. (6), +1 in the exponent is for the symmetric modes, and -1 for the antisymmetric 387 

modes. In Eqs. (6)-(8), 𝜔  is the angular frequency of the acousto-ultrasonic waves. 𝑘 388 

denotes the wavenumber, and ℎ half-thickness of the plate and which are related to bulk 389 
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transverse propagating velocity 𝑐𝑇  and longitudinal velocity 𝑐𝐿  of the acousto-ultrasonic 390 

waves. 𝑐𝑇 and 𝑐𝐿 are defined as 391 

 𝑐𝑇 = √
𝐸

2𝜌(1 + 𝜈)
, (9) 

 

𝑐𝐿 = √
𝐸(1 − 𝜈)

𝜌(1 + 𝜈)(1 − 2𝜈)
. (10) 

According to Eqs. (9) and (10), it is noteworthy that the wave dispersion lies jointly upon 392 

the Young’s modulus, Poisson’s ratio and density of the plate. All these properties vary with 393 

temperature in a linear manner as [27] 394 

 𝑅(𝑇) = 𝑅(𝑇0) +
𝜕𝑅(𝑇)

𝜕𝑇
Δ𝑇, (11) 

where 𝑅  signifies one of the three properties (i.e., Young’s modulus, Poisson’s ratio or 395 

density of the plate), 𝑇0  the original ambient temperature (20 oC in this study), and 396 

𝜕𝑅(𝑇)/𝜕𝑇 the sensitivity of the property with regard to the change of ambient temperature. 397 

 398 

3.2.1. Theoretical Prediction of Dispersive Characteristics of Waves at Varying 399 

Temperatures 400 

Without loss of generality, 6061-T6 aluminium plates discussed in Section 3.1 are considered. 401 

Key material properties of the plates at 20 oC as well as their sensitivities to the change of 402 

ambient temperature (i.e., 𝜕𝑅(𝑇)/𝜕𝑇) [34, 42] are listed in Table 1, and these parameters 403 

are recalled to analytically estimate the dispersive characteristics of waves via Eqs. (6) and 404 

(11). 405 

 406 

 407 

 408 
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Table 1 Key material properties of 6061-T6 aluminium plate at 20 oC and their sensitivity 409 

to change of ambient temperature 410 

Material properties Values at 20 oC Sensitivities to temperature 

Young’s modulus 

(𝐸) 
𝐸(𝑇0) = 71.16 GPa 𝜕𝐸(𝑇)/𝜕𝑇 = −27.00 × 10−3 GPa/°C 

Poisson’s ratio 

(𝜈) 
𝜈(𝑇0) = 0.33 𝜕𝜈(𝑇)/𝜕𝑇=54. 79 × 10−6/°C 

Density 

(𝜌) 
𝜌(𝑇0)=2700 kg/m3 𝜕𝜌(𝑇)/𝜕𝑇= − 1.87 × 10−1 kg/m3/°C 

  411 

The dispersion natures, reflected in terms of the phase and group velocities of the acousto-412 

ultrasonic waves versus temperature variation, obtained using Eqs. (6) and (11), are shown 413 

in Fig. 7, in the regime from –60 to 150 oC. The phase velocity is referred to as the 414 

propagation speed of the phase of a particular frequency contained in the wave, while the 415 

group velocity is the velocity with which the overall shape of the wave amplitude, which is 416 

the actual velocity captured in experiment. Phase and group velocities of both the 417 

fundamental S0 and A0 modes show a downward trend with higher temperatures. It is 418 

noteworthy that within the temperature range of interest, the changes in wave dispersion are 419 

remarkable – a phenomenon that is attributed to change of mechanical properties of the plate 420 

under temperature effect. A higher temperature leads to an increase of material compliance 421 

with a subsequent reduction of the acousto-ultrasonic wave propagating speeds, which in 422 

turn reduces the phase and group velocities of wave modes. The trend of the ToF variation 423 

shown in Fig. 6(a) – a higher temperature leading to a greater change of ToF, can thus be 424 

explained by the velocity change of the dispersive waves. 425 

 426 
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 427 

Fig. 7. Dispersion curves of waves in an isotropic 6061-T6 aluminium plate at different 428 

temperatures: (a) phase velocity and (b) group velocity. 429 

 430 

3.2.2. Experimental Validation 431 

The above theoretical estimate of the propagation characteristics of acousto-ultrasonic waves 432 

subjected to temperature change (from –60 to 150 oC) is further experimentally validated. 433 

With all parameters remained identical to those in the above theoretical prediction, the ToFs 434 

of S0 and A0 wave modes are measured using the experimental set-up shown in Fig. 3(b), 435 

and the group velocities are calculated. Compared with experimental measurement using the 436 

collocated PZT sensor (for the purpose of comparison) and results from previous studies [21, 437 

34, 42] where piezoelectric wafers are used as wave sensors, the analytical prediction is 438 

proven accurate in estimating the dispersive characteristics of acousto-ultrasonic waves at 439 

varying temperatures. As shown in Fig. 8, the experimentally obtained group velocities of 440 

both the S0 and A0 modes by the AIP sensor decrease as the temperature increases, showing 441 

good consistency with the trend of dispersion nature calculated theoretically in the preceding 442 

section. These findings have confirmed that the nanocomposite-based AIP sensors are able 443 

of acquiring broadband acousto-ultrasonic wave signals in an extensive temperature regime 444 



24 

 

responsively, precisely and stably, with comparable performance as commercial 445 

piezoelectric sensors.  446 

 447 

Fig. 8. Comparison of theoretically obtained dispersion curves and experimentally 448 

obtained dispersion curves with the AIP sensor: (a) S0 and (b) A0 modes. 449 

 450 

4. An Application Paradigm: Damage Characterization Using Acousto-ultrasonic 451 

Waves at Varying Temperatures 452 

Upon material morphological investigation, nano-structural optimization and sensing 453 

performance validation, the developed nanocomposite-based AIP sensors are extended to 454 

damage characterization using high-frequency elastic waves at varying temperatures. As 455 

shown in Fig. 9, eight thus-produced AIP sensors (serving as broadband acousto-ultrasonic 456 

wave sensors) and two PZT wafer (used as wave actuators) are surface-mounted on an 457 

isotropic 6061-T6 aluminium plate, to configure a circular sensing network which renders 458 
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in total 16 actuator-sensor paths. A through-thickness crack of 20 mm in length and 2 mm in 459 

width is pre-introduced to the plate using a fine blade, at the location of (-22.5 mm, 22.5 460 

mm). A seven-cycle Hanning-windowed sinusoidal tone-burst at a central frequency of 175 461 

kHz is applied to drive each PZT actuator in turn to generate probing acousto-ultrasonic 462 

waves via an arbitrary waveform generator and wideband amplifier. Measurement 463 

procedures remain the same as those described in Section 3.1.  464 

 465 

 466 

Fig. 9. Schematic of the 6061-T1 aluminium plate with a fine crack, on which a sensing 467 

network is configured with eight AIP sensors and two PZT wafers (Ai and Si denote PZT 468 

actuator and AIP sensor, respectively; unit: mm). 469 

 470 

Two representative sets of signals acquired via the actuator-sensor path A2-S5, at 20 and 60 471 

oC, before and after introducing the crack to the plate, are presented in Fig. 10. In these 472 

signals, the first and second wave packets are the incipient acousto-ultrasonic wave modes 473 

(i.e., S0 and A0 modes). The third wave packet in the signals obtained in the damaged plate, 474 

but not observed in the baseline signals from the pristine plate, is the wave component 475 
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converted from the incipient S0 mode when it is scattered by the damage, and this wave 476 

packet is named as damage-scattered S0 mode. 477 

 478 

 479 

Fig. 10. Signals captured via actuator-sensor path A2-S5: (a) before (baseline signals 480 

obtained in pristine plate) and (b) after a fine crack is introduced; and comparison of wave 481 

packets in signals captured at 20 and 60 oC: (c) S0 mode and (d) damage-scattered S0 482 

mode. 483 

 484 

Damage-induced ToF, as indicated in Fig. 10(b), is extracted from the signals for damage 485 

localization via a triangulation algorithm [43], in terms of the relative position of the actuator 486 

Ai (𝑥A𝑖
, 𝑦A𝑖

), AIP sensor Si (𝑥S𝑖
, 𝑦S𝑖

) and damage D (𝑥D, 𝑦D), as 487 

  (
𝐿A𝑖−D + 𝐿D−S𝑖

𝑣0
) −

𝐿A𝑖−S𝑖

𝑣0
 = 𝛥𝑡𝑖, (𝑖 = 1,2, …𝑁), (12) 

where 488 
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 𝐿A𝑖−D = √(𝑥A𝑖
− 𝑥D)2 + (𝑦A𝑖

− 𝑦D)2, (13) 

 
𝐿D−S𝑖

= √(𝑥D − 𝑥S𝑖
)2 + (𝑦D − 𝑦S𝑖

)2, (14) 

 
𝐿A𝑖−S𝑖

= √(𝑥A𝑖
− 𝑥S𝑖

)2 + (𝑦A𝑖
− 𝑦S𝑖

)2. (15) 

In Eqs. (12)-(15), 𝐿A𝑖−D , 𝐿D−S𝑖
 and 𝐿A𝑖−S𝑖

 denote the distances from the actuator Ai 489 

(𝑥A𝑖
, 𝑦A𝑖

)  to the damage centre D (𝑥D, 𝑦D) , from the damage centre to the sensor 490 

Si (𝑥S𝑖
, 𝑦S𝑖

), and from the actuator to the sensor, respectively. 𝑣0 is the group velocity of the 491 

incipient S0 mode. 𝛥𝑡𝑖  (i.e., damage-induced ToF) is to be determined from the signal 492 

captured by the actuator-sensor path Ai-Si. By solving Eq. (12) with the knowledge of 𝑣0, 493 

(𝑥A𝑖
, 𝑦A𝑖

) and (𝑥S𝑖
, 𝑦S𝑖

), an elliptical locus with two foci at the actuator Ai and sensor Si can 494 

be ascertained (see Fig. 11), implying all the possible locations of damage in this actuator-495 

sensor path. With more elliptical loci from all the available 16 actuator-sensor paths, the 496 

damage location (𝑥D, 𝑦D) can be determined by mathematically seeking the intersection of 497 

these ellipses. 498 

 499 

 500 

Fig. 11. Relative positions of the actuator Ai, AIP sensor Si, and damage D in an actuator-501 

sensor path. 502 
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 503 

A probability-based diagnostic imaging (PDI) algorithm [44, 45] is recalled, using all data 504 

from the two actuators for data fusion to visualize the identified damage in a two-505 

dimensional greyscale image, with results shown in Fig. 12 for two scenarios when the 506 

experiments are performed at 20 and 60 oC. PDI presents the diagnostic results in terms of 507 

the probability of presence of damage in the inspected structure, with detailed description in 508 

the authors’ previous work [46]. Points on a particular locus that produced by an actuator-509 

sensor path are of the highest degree of probability (100%) of damage presence, while for 510 

other points the probability of damage presence decreases with the distance to the locus. For 511 

a specific point in the diagnostic image, a higher field value with outstanding pixel suggests 512 

a higher probability of damage presence, which gives users an intuitive and precise 513 

perception of the damage location. 514 

 515 

In Fig. 12(a), the diagnostic image constructed with the ToF-based PDI, when the group 516 

velocity of the waves obtained at 20 oC is used, quantitatively tallies with the reality. 517 

However, as discussed in Section 3.2, the group velocity of waves varies as temperature 518 

changes, which may lead to pseudo or erroneous diagnostic results if the temperature effect 519 

is not taken into account and compensated. At 60 oC, compensation for temperature-520 

dependent wave group velocity is applied, based on the dispersion curves obtained at 60 oC 521 

in Section 3.2. Only with such compensation can precise identification of the damage be 522 

achieved, with results shown in Figs. 12(b) and (c). The imaging result in Fig. 12(c) shows 523 

high coincidence with the true location and the crack orientation, affirming the performance 524 

of the developed AIP sensor in in-situ SHM applications at varying temperature conditions. 525 

 526 
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 527 

Fig. 12. Diagnostic images obtained with ToF-based PDI algorithm at: (a) 20 oC; (b) 60 oC 528 

(without temperature compensation) and (c) 60 oC (with temperature compensation). 529 

 530 

5. Concluding Remarks  531 

The temperature effect on the nanocomposite-based AIP sensors in acquiring broadband 532 

acousto-ultrasonic wave signals is examined in an extensive temperature regime (–60 to 150 533 

oC) that spans the thermal extremes undergone by typical aircraft and spacecraft. A new 534 

genre of nanocomposite-based piezoresistive sensors is developed in virtue of quantum 535 

tunneling effect, using a drop-on-demand additive manufacturing approach – inkjet printing, 536 

and optimized to precisely respond to ultraweak disturbance induced by acousto-ultrasonic 537 

waves at half a megahertz – the frequencies predominantly adopted by acousto-ultrasonic 538 
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wave-driven SHM. The AIP sensors have been demonstrated capable in perceiving acousto-539 

ultrasonic wave signals under harsh thermal cycles. The dispersive characteristics of waves 540 

acquired by the sensors at varying temperatures exhibit good consistency with the theoretical 541 

model. With proven sensing accuracy and sensitivity comparable to commercial 542 

piezoelectric sensors, the AIP sensors outperform piezoelectric sensors with an additional 543 

merit that the negative influence of increased dielectric permittivity during measurement of 544 

high-frequency signals at elevated temperatures can be prevented. These findings have 545 

confirmed that the AIP sensors are of good stability and high degree of sensing precision 546 

within a wide range of temperature variation. AIP sensor network configured with a 547 

multitude of AIP sensors is deployed to perform in-situ characterization of damage in a 548 

typical aerospace structural component under acutely varying temperatures, highlighting the 549 

alluring application potentials of the developed AIP nanocomposite sensors in fulfilling in-550 

situ structural health monitoring for key aircraft and spacecraft components at harsh thermal 551 

conditions. The influence of variations in other ambient parameters will be explored in 552 

subsequent studies. 553 
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