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1. Introduction

About 10% of the global population suffered from moderate 
or severe hearing impairment.[1] The current treatment is via a 
cochlear implant (CI), which can convert acoustic energy into 
electricity to stimulate auditory nerves through an electrode 
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array inserted in the cochlea.[2] The con-
ventional CI can sometimes cause com-
plications including discomfort caused by 
the use of extracorporeal devices, nerve 
injury and tinnitus due to their mechan-
ical mismatch between rigid CI electrode 
and soft tissue.

Soft acoustic sensors have potential to 
be used as soft microphones to replace the 
microphone in the extracorporeal devices 
of conventional CI to enable comfort wear-
able experience. In addition, soft artificial 
basilar membrane (ABM) has also been 
developed in recent years to potentially 
overcome the limitations of conventional 
CIs.[3–8] ABMs are acoustic sensors inte-
grated on an artificial membrane that 
mimic the passive frequency selectivity 
and acoustic-to-electric energy conver-
sion of hair cells in the organ of Corti. 
Soft ABM can be potentially implanted 
in the human cochlea to direct stimulate 
the auditory nerves, which is much softer, 
lighter than the conventional rigid CI elec-

trodes. Consequently, it may prevent nerve injury and tinnitus 
caused by modulus mismatch between inner ear tissues and 
conventional CI electrodes. Based on the understanding of fre-
quency-specific wave travelling in human cochlea system,[9] an 
ABM can be designed to mimic cochlear tonotopy by adjusting 
structural parameters of active materials including piezo-
electric,[3,6–8] triboelectric,[5] and capacitive[10] materials. These 
structural parameters include width, thickness, and stiffness in 
membranes,[3] beams,[5,8] and cantilevers.[4,7]

Unlike the aforementioned active materials, resistive-based 
materials are not yet used for designing soft ABM. Compared 
to capacitive, piezoelectric, and triboelectric-based devices, the 
advantage of the resistive devices lies at low cost in fabrication, 
facile device integration and single layered structure, which 
enables simplified design for the construction of ultrathin and 
ultrasoft tattoo-like devices without introducing additional mate-
rial interfaces.[11,12] However, resistive-materials-based ABM 
have not been realized because of their poor frequency discrimi-
nation despite of intensive recent attempts.[13–16] Nanomaterials 
have provided new possibilities for the design and fabrication of 
wearable and stretchable electronic devices.[17–19] A number of 
resistive nanomaterials including carbon nanotubes,[20,21] nano-
wires,[22] nanoparticles,[23] nanosheet,[24] and graphene[25] have 
been used for sensing acoustic vibrational forces, indicating 
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the potential for voice recognition applications.[26] Crack-based 
design holds great promise for resistive materials to detect the 
frequency changes of acoustic signals due to their ultrahigh 
sensitivity in the ultralow vibrational strain range.[27,28] However, 
these noncracked or bulk-level cracked resistive films have not 
yet demonstrated the capability of correlating electrical signals 
with sound-induced membrane vibration at specific location. A 
possible reason is that local deformation may not be uniform or 
synchronized under acoustic vibrational forces.

Here, we demonstrate that a suspended point-cracked 
V-AuNWs membrane could be used to detect out-of-plane 
acoustic vibration forces with excellent acoustic frequency dis-
crimination. The soft acoustic sensor was capable of distin-
guishing sound with both static and dynamic frequencies up 
to 3000 Hz. Our suspended local cracked V-AuNWs membrane 
could achieve sensitive yet specific resistive response to acoustic 
vibrations in excellent agreement with vibrometer output, which 
is not possible to achieve with corresponding bulk-cracking and 
noncracking design. This allows for designing a nanowire-based 
microphone with comparable performance to conventional 
microphone in an ultrathin and ultrasoft manner. In addition, 
the acoustic sensor could recover its conductance after releasing 
from an extensive strain of 50%, which opens a new route to 
design tattoo-like skin-conformal microphone. Furthermore, we 
demonstrate the first proof-of-concept soft resistive ABM with 
high-frequency selectivity in the range of 319–1951  Hz, and 
extremely high sensitivity of 0.48–4.26 Pa−1. Our point-cracking 
design in standing nanowires offers higher electrical outputs 
than previous piezoelectric or triboelectric-type ABM, which can 
be easily detected without the need of additional signal ampli-
fication. The comparison of our proposed device and the-state-
of-the-art acoustic sensors is shown in Table S1 (Supporting 
Information). While it is exciting to see the encouraging process 
in developing soft acoustic sensors, it is highly challenging to 
achieve simultaneously low device thickness, high stretchability, 
high sensitivity, high-frequency resolution, and frequency selec-
tivity in a single system. However, such features are critical for 
the next-generation ultrathin, ultrasoft, and stretchable acoustic 
sensors and ABM for skin-conformal wearable devices.

2. Results and Discussion

We have recently demonstrated vertically aligned enokitake-like 
gold nanowires (V-AuNWs) bonded elastomeric sheets which 
exhibit much higher stretchability than corresponding lying-
down nanowires or bulk metallic films.[29,30] This is because 
of their accordion fan-like structure upon deformation, which 
could effectively prevent catastrophic cracking unlike the 
continuous metallic film such as platinum[27,28] and gold.[31] 
V-AuNWs grown on the poly(methyl methacrylate) (PMMA) 
modified silicon wafer can be embedded in ultrathin poly-
dimethylsiloxane (PDMS), obtaining highly conductive and 
strain-insensitive gold conductors (Figure S1, Supporting Infor-
mation).[32] The V-AuNWs embedded PDMS membrane is con-
firmed by cross-sectional scanning electron microscope (SEM) 
image (Figure S2, Supporting Information).

Next, the ultrathin V-AuNWs membrane is transferred onto 
an Eco-flex elastomer with the assistance of a water dissolvable 

polyvinyl alcohol (PVA) tape. We can introduce localized 
channel crack in the center of the V-AuNWs strip by sputtering 
a layer of silver onto the specific location through shadow 
masks followed by repeated tensile stretching (Figure 1a). The 
location without silver coating will not generate any cracks 
(Figure S3, Supporting Information). Silver layer could be dis-
solved by hydrogen peroxide/ammonium hydroxide solution, 
leaving localized parallel channel crack replicas (Figure 1b and 
Figure  S3, Supporting Information). The soft nanowire-based 
acoustic sensor was obtained by transferring the ultrathin 
membrane onto a hole patterned PDMS frame.

As shown in Figure 1c, the V-AuNWs conductive strip showed 
dramatic resistance increase to the tensile strain because of the 
known crack enlargement (Figure  S4, Supporting Informa-
tion). The cracked area lost its conductivity completely after a 
tensile strain of more than 10%. However, its electrical con-
ductance could be fully recovered after releasing from an exten-
sive strain of 50% (Figure  1c). The excellent reproducibility of 
the point cracks technology was demonstrated by fabricating 
eight samples under the same conditions (100 nm silver layer, 
30% repeated tensile stretching for 10 cycles). The sensitivity 
and stretchability of all eight sensors showed negligible devia-
tion during the test (Figure  S5, Supporting Information). 
The load-unload curves of the V-AuNWs/PDMS films with  
point cracks as a function of the applied strain of 20% is 
shown in Figure  S6 (Supporting Information), demonstrating 
negligible hysteresis. In addition, the sensor exhibited stable 
resistive changes under both small (1% strain for 5000 cycles) 
and large (50% strain for 1000 cycles) repeated strain (Figure S7, 
Supporting Information). This high durability under high 
repeated strain test is in contrast with previous reported sputter 
coated metallic channel crack system, which could only allow a 
limited stretchability of < 10%.[27,28,31,33]

When a uniaxial strain is applied, the sensor becomes com-
pressed transversally. Consequently, the longitudinal extension 
strain widens the gaps while the transverse compression force 
causes the cracks to dislocate. The simplified crack gaps evaluation 
under mechanical strain is illustrated in Figure  S8 (Supporting 
Information). Without a strain, no cracking gaps are expected 
for our gold nanowire films. When a small strain is applied, 
the cracking gap at longitudinal direction is generated while the 
slightly dislocated cracking edges are still connected. When a 
large strain is applied, the dislocated cracking edges become dis-
connected, leading to more obvious increase in the resistance. 
The three scenarios may well explain the three gauge factor values 
of our acoustic sensors (Figure S6, Supporting Information).

For a specific crack on the elastomeric thin film, the crack 
width σ can be written as[27]

d

E
V

4
( )σ ε δ=

′




 � (1)

where ε is the applied stress, d is the crack depth, δ is the rela-
tive crack depth (δ = d/t) defined as the ratio of crack depth (d) 
to sensor thickness (t). E’ is the effective modulus of the sub-
strate. Here V(δ) is the structural deformation of the crack inter-
face in elastic deformation range, which could be estimated by 
Equation S1 (Supporting Information). For a particular sensor, 
this equation predicts that the crack width is proportional to 

Adv. Funct. Mater. 2020, 1910717



www.afm-journal.dewww.advancedsciencenews.com

1910717  (3 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the applied strain, which is in good agreement with the experi-
mental data (Figure  S9, Supporting Information). We also 
used finite-element method (FEM) to model (Abaqus software; 
CAE 6.13-1) the crack opening with a crack height of 500  nm 
in a 10 µm thickness PDMS thin film (Figure S9a, Supporting 
Information). The FEM results showed high consistency with 
our SEM results (Figure S9b, Supporting Information). In addi-
tion, the relationship between the conductance and applied 
strain of the cracked thin film was calculated, which fits well 
with the experimental data (red line in Figure S9b, Supporting 
Information).

Previously reported cracked E-skin can offer sufficiently 
high sensitivity to identify subtle mechanical signals such as 
acoustic vibrations.[28] However, the bulk cracking system can 
hardly monitor acoustic vibration of a specific spot due to the 
challenges in crack control. By virtue of localized cracked tech-
nology, the electrical output of our middle-cracked gold E-skin 
showed high correlation to the mechanical vibration of a spe-
cific spot using a scanning laser Doppler vibrometer (LDV).[34] 
As shown in Figure  2, for the input sound pressure with a 
periodic chirp signal in a frequency range of 40–3000 Hz, the 
noncracked membrane is not sensitive enough to sense the 
acoustic signal (Figure  2a,d), while the fully cracked mem-
brane showed poor correlation with the raw acoustic signals 
(Figure  2b,e), possibly because the acoustic strain level is 
neither evenly distributed along the membrane strip nor syn-
chronized. In contrast, the local-cracked membrane exhib-
ited resistive responses in excellent agreement with the raw 

signals from the laser Doppler vibrometer (Figure  2c,f ). The 
vibrometer output in Figure  2d–f are fast Fourier transform 
(FFT) signals where the signal is essentially modulated get-
ting rid of the negative values. Fine details of Figure 2f were 
enlarged to show the sensor response toward the chirp signal 
at different frequencies. It was shown from the corresponding 
zoom-in curves (Figure  2g) that the detected frequencies 
were equal to the frequencies of the sound waves made by 
the sound source. In comparison, the noncracked sensor 
could only resolve a low-frequency sound (≈530  Hz) while 
the fully cracked sensor could resolve a medium frequency 
sound (≈970 Hz) but unable to resolve high-frequency sound 
at 2250  Hz (Figures S10 and 11, Supporting Information). It 
is worth noting that the resistance changes can hardly com-
pletely recover from one vibration before the start of the next 
vibration due to the hysteresis of the elastomeric materials. 
As a result, the sensor output is not like the sound displace-
ment signal that changes all the way from positive to negative 
during a single vibration.

We further investigated the location-specific sensing signals 
from three different domains along the membrane for both 
fully cracked and middle-cracked samples. As shown in Figures 
S12 and S13 (Supporting Information), the sensor output of 
fully cracked sample exhibited poor correlation with the vibra-
tional signals for all the three selected locations A, B and C. 
This could be because level of strain differed from center to end 
of the sensing strip, which caused spatial interference of resis-
tive responses for the “all-sensitive” fully cracked sample. Such 

Figure 1.  Fabrication process and characterization of V-AuNWs/PDMS thin film with point cracks. a) Schematic of fabrication process of point cracks 
in the middle of V-AuNWs thin film. b) Scanning electron microscopy image of the cracked area. c) The current changes of the middle-cracked thin 
film with dynamic tensile strain from 0.2–50%. 10 cycles of stretching-releasing test are conducted for each strain.
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spatially averaged signals showed poor correlation with vibra-
tional forces. In contrast, the specific “middle-sensitive” par-
tially cracked sample only specifically identified the maximum 
straining point in the middle, therefore, led to high consistency 
with the vibrational signal with regards to both resonance fre-
quency and signal intensity for the location B (Figure S13, Sup-
porting Information). The resistance of noncracked locations A 
and C were insensitive to strains, therefore, showed poor cor-
relation with the vibrational signals. The above results demon-
strated significance of location-specific cracking for detecting 
specific acoustic vibrational signals.[11] Such high specificity 
is critically important for the construction of artificial basilar 
membrane.

We have previously reported that the size, depth, density 
and orientation of the cracked sensor can be well programmed 
using our local crack strategy.[11] Here we controlled the area 
and the density of the middle crack to evaluate the influence of 
the geometric factors of the thin film in response to an acoustic 
signal. As shown in Figure  S14 (Supporting Information), the 
sensor with a crack area ratio of 1:10 and average crack spacing 
at 43  µm showed the highest performance toward acoustic 
sound at 500 Hz in the SPL range of 70–95 dB.

We further monitored the electrical output from the 
nanowire-based acoustic sensor in response to sound coming 
from a speaker. The device exhibited stable and periodic elec-
trical output across a frequency range between 50 and 1000 Hz, 
with the maximum resistance changes being obtained at 80 Hz, 
which is corresponding to the resonance frequency of the mem-
brane. After that it exhibited a gradually decreasing trend with 
little fluctuation (Figure  3a). The typical dynamic resistance 
changes at a sound wave of frequency 400  Hz (intensity level 
90 dB) is shown in Figure 3b. We used an FFT filtering tech-
nique to evaluate the noise signals from the background sound. 
As shown in Figure  S15 (Supporting Information), the resis-
tive output was very similar to the raw data after FFT filtering 
using the sound frequency. In contrast, the output was negli-
gible when an FFT filtering beyond the sound frequency was 
used. The results suggested that the sensor output mainly came 
from the sound waves. Then we monitored the variations in the 
output resistance changes of the device with a decreasing sound 
pressure level (SPL) at frequencies of 500 and 1000 Hz to deter-
mine their minimum sound-detection capability (Figure  3c). 
We further evaluate the sensor performance in response to 
a tone with a large constant frequency range (Figure  S16, 

Figure 2.  Sensing performance of various nanowire-based acoustic sensors. Schematic illustration of the experiment set-ups for acoustic measurement 
from a) sensor without cracks, b) sensor with uniform cracks, and c) sensor with localized cracks. Comparison of vibrometer output and sensor output 
from d) sensor without cracks, e) sensor with uniform cracks, and f) sensor with localized cracks under a chirp signal (40–3000 Hz) in 2 s. g) The 
enlarged view of resistance changes with time in three different time zones indicated in (f).
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Supporting Information). Fine details of the sound frequency 
can be well demonstrated by the repeated pulse waveform up to 
3000 Hz (Figure S16c, Supporting Information). The response 
of our sensor is quite uniform in the frequency range of 200–
2000  Hz, which is the most commonly used frequency range 
to detect human speech. It is worth noting that the sensitivity 

of our cracked acoustic sensor is also highly dependent on the 
thickness of freestanding membrane (Figure  S17, Supporting 
Information). In this study, we use a PDMS with a typical thick-
ness of 10 µm to achieve high sensing performance.

By suspending an ultrathin free-standing cracked gold 
E-skin patches over a 3D printed frame (Figure  3d), we could 

Figure 3.  Characterization of point cracked nanowire-based acoustic sensor. a) Variation in resistance changes of the device with as a function of 
sound frequency from 0 to 1000 Hz. b) Resistance outputs of the device under sound with a constant frequency of 400 Hz at SPL of 90 dB. c) Variation 
in resistance changes of the device with a constant frequency of 80 Hz at SPL from 70 to 95 dB. d) Schematic of the experiment set-up of the music 
detection. e) The sensor output (curve) and the STFT analysis (background) in response to notes with different musical scale. f) The sensor output, g) 
waveform, and h) conventional microphone waveform in response to a piece of music. i–k) Enlarged curves from the same section in (f)–(h).
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identify various music notes 150 mm away from a loudspeaker 
(Figure 3e and Movie S1, Supporting Information). The resist-
ance changes of our sensor (curve in Figure  3e) agreed very 
well with the spectrograms of the music sound (background 
in Figure 3e). We further measured different notes tone from 
the loudspeaker and performed an FFT analysis to the sensor 
output (Figure  S18, Supporting Information). The signal-to-
noise level of the acoustic sensor in response to music notes is 
3.15±0.64 after applying an FFT filter with bandwidth of 2 Hz 
within the range of detected frequency (Figure S19, Supporting 
Information). The sensor output in response to musical notes at 
a constant SPL (80 dB) is repeatable after more than 1000 cycles 
(Figure  S20, Supporting Information), indicating good dura-
bility toward acoustic vibration of our crack-based sensors. 
Moreover, a piece of music with continuous notes is meas-
ured by our nanowire-based acoustic sensor and a commercial 
microphone simultaneously (Figure 3f–k). The time-dependent 
waveform of the output current was obtained through the 
wavelet transform function in MATLAB (Figure  3f,g), which 
are in agreement with that of the commercial microphone. 
We further compared the short-time Fourier transform (STFT) 
signals of two devices. The nanowire-based device exhibited 
distinguishable frequencies for each note in a piece of music, 
while there were some discrepancies in the spectrogram of the 
commercial microphone (Figure S21, Supporting Information). 
Moreover, the as-measured wave shape by our sensors was 
very close to the wave shape of the original sound (Figure S22, 
Supporting Information), indicating the potential of recovery 
the raw sound.

The passive frequency selectivity of a basilar membrane in 
human cochlea is achieved through varying its width, thick-
ness, and stiffness along the length of the cochlear. High-
frequency sounds will be amplified near the base of the 
cochlea, while low-frequency sounds will be amplified near the 
apex (Figure 4a).[9] The outstanding performance of our middle-
point-cracked V-AuNW membrane motivated us to design a 
resistive artificial basilar membrane, by varying the length of 
sensors along a trapezoid frame (Figure  4b). Detailed fabrica-
tion procedure can be found in Figure S23 (Supporting Infor-
mation). We could obtain a prototype device that is soft and 
durable owing to the V-AuNW-embedded design (Figure 4c,d).

Acoustic responses of each sensor strip in the resistive trap-
ezoid ABM were recorded and analyzed (Figure 5a). A speaker 
was used to produce a chirp sound in the frequency range of 
40–3000 Hz for a duration of 2 s with ≈82–88 dB of sound pres-
sure. The typical resistance change of a sensor strip is shown 
in Figure 5b, where the signal could be converted to waveform 
(Figure 5c) and STFT signal (Figure 5d) with the highest peak 
at 575  Hz, reflecting the resonance frequency of the first har-
monic mode in the middle of this beam. The harmonic series 
(2nd, 3rd, 4th, 5th … harmonic modes) of fundamental fre-
quency could also be detected by our sensor (Figure  5d), in 
which the frequency of each sound is an integer multiple of 
the first harmonic frequency. As harmonic mode increases, the 
vibration amplitude is likely to be weakened subsequently.[35] 
This phenomenon is consistent with the weakened intensity of 
our sensor signal (Figure 5d).

The measured mechanical displacement of the 
nanowire-based ABM was normalized by applied sound pres-
sure. The acoustic-to-mechanical energy transfer function could 
be defined as HPD

[5]

H f
D f

P f
( )

( )

( )
PD = � (2)

where P is the sound pressure, D is the mechanical displace-
ment at the geometric center of the sensor strip, and f is the 
frequency of sound. Waterfall plots of HPD for all sensor strips 
are shown in Figure  5e. The peaks of the HPD represent the 
resonance frequencies of the first bending mode for geometric 
center of each sensors (Figure 5e). Similar to human cochlea, 
the resonance frequencies of the transfer functions sequen-
tially shift to lower frequencies with the increase of sensor strip 
length. It is worth noting that some distortion in the resonant 
peaks was observed. Such distortion became more severe for 
shorter sensor strips. The distortion is mainly attributed to 
the viscoelastic nature of the PDMS membrane and could be 
partially eliminated by transferring the ultrathin membrane 
to a relatively rigid polyimide (PI) membrane (Figure  S24, 
Supporting Information). However, the use of additional PI 
layer will increase the stiffness and thickness of the overall 
device, leading to reduced resistance response toward acoustic 

Figure 4.  Design of nanowire-based soft ABM. a) Conceptual schematic of human ear with an uncoiled cochlea. b) Schematic of our nanowire-based 
artificial basilar membrane composed of eight sensor strips with localized cracks in the center. c) Photograph of the soft nanowire-based artificial basilar 
membrane. Scale bar: 1 cm. d) Optical image of the cracked area. Scale bar: 200 µm.
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Figure 5.  Characterization of Nanowire-based soft ABM. a) Schematic illustration of the experiment set-ups. b) Sensor resistance response, c) wave-
form, and d) STFT signals of sensor strip 7 under a chirp signal (40–3000 Hz) for 2 s. e) Acoustic-to-mechanical transfer function for all sensor strips 
in the frequency range from 40 to 3000 Hz. f) Sensitivity for all sensor strips in the frequency range from 40 to 3000 Hz. g) Resonance frequencies of 
the ABM determined from vibrometer output and sensor output. h) Dependence of the sensor output of our ABM on the sound pressure level when 
applying a pure tone at the resonance frequency of each sensor.
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tones (Figure  S25, Supporting Information). In addition, 
the sensitivity (S) for acoustic sensors can be calculated by 
Equation (3)[36,37]

S
R R

P

R R R

P L

/ ( )/

10
0 0 0

0
p/20

=
∆

=
−
×

	 (3)

where R and R0 are resistances of sensor before and after acoustic 
vibration, respectively. P0 is the reference sound pressure of 
0.00002  Pa and Lp is the sound pressure level in decibel. The 
measured sensitivity of each sensor strips is plotted in Figure 5f. 
The sensitivities of nanowire-based ABM at the resonance fre-
quencies were in the range of 0.48–4.26 Pa−1, which is much 
higher than most of resistive wearable pressure sensors[13,14,33,38–40] 
(0.00026–0.606 Pa−1 in the pressure range of 0–6 kPa). The reso-
nance frequencies measured from sensor output matches well 
with that in transfer function (HPD) with maximum error less 
than 10% (Figure  5g). In addition, the frequency range of our 
nanowire-based ABM falls in the human communication fre-
quency range (300–3500  Hz),[7] which can be directly used for 
speech recognition. We further proved that the resonance fre-
quency measured by peak value of sensor resistance changes is 
independent with frequency range and time range of the input 
chirp sound (Figure S26, Supporting Information), demonstrating 
the resonance frequency detected by our ABM is valid.

To identify the dynamic range of electrical outputs of our 
device toward acoustic stimulus with different sound pressure 
levels, a pure tone was applied to each sensor at its resonance 
frequency (Figure  5h). Highly distinguished signal is detected 
in the sound pressure range of 82–98 dB SPL. We also evaluated 
the sensor output at SPL lower than 82 dB SPL, as the SPL of 
82–98 dB may contain high dB of noise level, making it difficult 
to verify the performance of the ABM. The minimum detectable 
SPL for our sensors was around 72  dB SPL (Figure  S27, Sup-
porting Information), below which almost no resistance changes 
can be detected. The insensitivity of the sensor at the low dB of 
noise level (<70 dB SPL) is possibly due to the use of elastomeric 
membrane (PDMS), which requires larger sound pressure to 
drive efficient vibration than its high-moduli counterparts. The 
validity of the fabricated nanowire-based ABM is further verified 
with a piece of voice in constant frequencies of 300 and 1000 Hz, 
respectively. As shown in Figure S28 (Supporting Information), 
sensor 8 exhibited the highest intensity upon 300 Hz pure tone, 
while the highest response toward 1000  Hz pure tone shifted 
to sensor 3. These results are highly consistent with their reso-
nance frequencies as shown in Figure 5e.

3. Conclusion

In summary, we report on a resistive nanowire-based acoustic 
sensor from point crack technology. The generation of point cracks 
leads to ultrahigh acoustic sensitivity at selected area, which is dif-
ficult to achieve with previous uniformly distributed crack-based 
strain sensors. We further demonstrate the applications of our 
soft nanowire acoustic sensors for musical notes detection, which 
showed comparable performance with the conventional micro-
phone. Then we developed a soft resistive ABM based on an array 
of nanowire strip sensors. The as-prepared devices exhibited both 

high-frequency selectivity (319–1951  Hz) and acoustic sensitivity 
(0.48–4.26 Pa−1) within the human communication frequency 
range, beyond which we may find a myriad of additional appli-
cations in future smart soft ear prosthetics, voice security, voice-
based drones and robots’ control, artificial intelligence, and so on.

4. Experimental Section
Chemicals: Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9%), 

triisopropylsilane (99%), 4-mercaptobenzoic acid (MBA, 90%), 
(3-aminopropyl)triethoxysilane (APTES), sodium citrate tribasic 
dihydrate (99.0%), L-ascorbic acid, polymethyl methacrylate, photoresist 
(AZ1512), hexane, and ethanol (analytical grade) were purchased from 
Sigma-Aldrich. All solutions were prepared using deionized water. All 
chemicals were used as received unless otherwise indicated. Conductive 
wires were purchased from Adafruit.

Synthesis of Vertically Alignment Gold Nanowires: A modified seed-
mediated approach was used, as described in the literature.[29,30] 
First, 2  nm gold seed were synthesized. Briefly, 0.25  mL 25  × 10−3 m 
HAuCl4·3H2O and 0.147  mL × 10−3 m sodium citrate was added into 
conical flask with 20  mL H2O under vigorous stirring. After 1  min, 
600 µL of ice-cold 0.1 m NaBH4 solution was added. The solution was 
then stirred for 5 min and stored at 4 °C until needed. To grow V-AuNWs 
on substrates (e.g., PMMA coated silicon wafer), O2 plasma was applied 
for 5 min to render the surfaces hydrophilic. Then the substrates were 
functionalized with an amino group by immersed in a 5 × 10−3 m APTES 
solution for 1 h. The substrate was further immersed into 2 nm gold seed 
solution for 2 h to ensure the saturated adsorption, followed by rinsing 
with water two times to remove excess seed particles. Finally, Au seed-
anchored substrates were immersed in a growth solution containing 
980  × 10−6 m MBA, 12  × 10−3 m HAuCl4, 29  × 10−3 m L-ascorbic acid, 
leading to the formation of V-AuNWs thin films.

Fabrication of Nanowire-Based Acoustic Sensors with Localized Cracks: A 
thin PMMA layer was spin-coated on bare silicon wafer at 3000 rpm for 
45 s and baked at 180 °C for 2 min. After synthesis of V-AuNWs on the 
PMMA surface followed the procedure demonstrated above, photoresist 
(AZ1512) was spin-coated on top of nanowires at 3000 rpm for 45 s, and 
electrodes patterns were formed via conventional photolithography and 
etching process. PDMS (w/w base: curing agent = 10: 1) was diluted 
with n-Hexane (w/w PDMS: n-Hexane = 1:3) and spin-coated on the top 
of patterned photoresist at 1000 rpm for 1 min. After curing at 80 °C for 
3 h, the ultrathin V-AuNWs/PDMS film was lifted-off by sonicating the 
wafer in acetone solution for 30 s, which was finally fished up by a water-
dissolvable PVA supporting paper. The ultrathin V-AuNWs/PDMS film 
was further transferred onto an Eco-flex substrate, which was covered by 
a shadow mask, leaving the desired area exposed for silver sputtering. A 
layer of silver thin film was sputtered with speed of 0.3 nm s−1. Localized 
channel cracks could be formed on the film after applying a repeated 
strain of for 10 cycles using a uniaxial moving stage (THORLABS Model 
LTS150/M). Silver thin film was then dissolved by hydrogen peroxide/
ammonium hydroxide (1:1) solution. After that, the ultrathin cracked 
V-AuNWs/PDMS film was suspended onto a hold patterned PDMS frame.

Fabrication of Nanowire-Based Acoustic Sensors with Uniform Cracks: 
The fabrication process of uniform cracks on V-AuNWs/PDMS was 
similar to localized crack, except that the entire film was covered by a 
layer of silver thin film.

Fabrication of Nanowire-Based ABM: The fabrication process of 
nanowire-based ABM was similar to the acoustic sensor except that the 
pattern of photoresist mask was different. In the current design, the 
lengths of sensor strips 1–8 were kept at 2–5.5 mm (0.5 mm interval for 
each sensor strip) with a constant width of 0.5 mm. In addition, a PDMS 
trapezoid patterned PDMS frame was used.

Characterization: The SEM images were characterized using FEI 
Helios Nanolab 600 FIB-SEM operating at a voltage of 5 kV. To test the 
electro-mechanical responses of V-AuNWs/PDMS strain sensors, the 
two ends of the samples were attached to motorized moving stages 

Adv. Funct. Mater. 2020, 1910717



www.afm-journal.dewww.advancedsciencenews.com

1910717  (9 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(THORLABS Model LTS150/M). Uniform stretching cycles were applied 
by a computer-based user interface (Thorlabs APT user), while the 
current changes were measured by a VERSASTAT 3–500 electrochemical 
system (Princeton Applied Research). For the acoustic sensing, a high 
sampling rate of 10 000 was set to measure the current changes of 
samples with a constant voltage of 0.1  V. For the experiment set-ups 
of acoustic sensing, a loudspeaker was located beside (directions of 
loudspeaker and ABM were kept at 45°) the sensor to produce sound. 
A Compact Digital Sound Level Meter (Jaycar, QM1589) was fixed near 
the soft acoustic sensors and ABM to measure the SPL around the 
device. An LDV system (OFV-2570, Polytec) was equipped perpendicular 
to the geometric center of sensor strip along the longitudinal direction, 
thus measuring the displacement of each point upon chirp sound. The 
chirp sound was produced by Labview at sampling rate of 10 000. For 
the music notes sensing, a commercial microphone was located near 
the nanowire-based acoustic sensor, which captured the sound emitted 
by the loudspeaker. The waveform was obtained through the wavelet 
transform function in MATLAB to decompose the sensor output. The 
waveform generated was the integral values of sensor output. The 
STFT analysis was conducted by applying an STFT function in MATLAB 
to decompose the sensor output. The FFT analysis was conducted by 
applying an FFT function in origin to decompose the sensor output.
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