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Abstract

Sensorineural hearing loss tops the list of most suffering disease for the sake of its chronic, spirit pressing, and
handicapped features, which can happen to all age groups, from newborns to old folks. Laggard technical design
as well as external power dependence of conventional cochlear implant cumbers agonized patients and restrict its
wider practical application, driving researchers to seek for fundamental improvement. In this paper, we successfully
proposed a novel bionic cochlear basilar membrane acoustic sensor in conjugation with triboelectric
nanogenerator. By trapezoidally distributing nine silver electrodes on both two polytetrafluoroethylene membranes,
a highly frequency-selective function was fulfilled in this gadget, ranging from 20 to 3000 Hz. It is believed to be
more discernable with the increment of electrode numbers, referring to the actual basilar membrane in the
cochlear. Besides, the as-made device can be somewhat self-powered via absorption of vibration energy carried by
sound, which tremendously facilitates its potential users. As a consequence, the elaborate bionic system provides
an innovative perspective tackling the problem of sensorineural hearing loss.
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Background

There are many people who suffer from the hearing imped-
iments, which caused by many reasons such as age, cancer,
tuberculosis, noise, drug abuse, physical trauma worldwide
[1-4]. As one of most serious and typical hearing impair-
ment, sensorineural hearing loss is often caused by the
damage or loss of hair cells of the organ of the Corti in the
cochlea, which leads to the disorder of frequency discrimin-
ation of the hearing function [5-7]. The most important
functions of cochlea are separating the incoming sound
waves by their frequencies and convert different frequency
of sound-induced vibration into electricity to stimulate
auditory nerves [8, 9]. The basilar membrane which is a
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special film plays a significance role for the frequencies se-
lectivity. Most of patients who suffer from the sensorineural
hearing loss choose to cochlea implants, which transform
the acoustic into electricity to stimulate auditory nerves
through an electric array inserted in the cochlea [10, 11].
However, these cochlea implants make the patients feel
very uncomfortable for they have many additional equip-
ment located on the patients’ head, which result in many
inconveniences when the patients sleep or excise. On the
other hand, they also need peripheral devices to provide
electric energy for all the system [12]. To overcome those
disadvantages, fabricating a self-powered article and fully
self-contained implantable artificial cochlea has been focus
of efforts by many researchers globally.

To realize the function of frequencies selectivity like
cochlea, some micro-nano structures devices have been re-
ported. Juichi Ito and Keon Jae Lee et al. fabricated acoustic
sensor which can achieve the function of frequencies select-
ivity based on piezoelectric materials [13—-15]. However, the
voltage output of these devices is relatively low which range
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from several microvolt to about 100 1V due to low voltage
response of the piezoelectricity. On the other hand, H Shin-
taku et al. demonstrate an acoustic sensor fabricated of a
microbeam array which only could realize the frequencies
at the higher frequency when comparing with the audile
one [16]. But all of these designs have some kinds of not-
able weaknesses, such as complex fabrication procedure of
the devices, low electricity output, and frequency selection.

As a newly emerging technology field, triboelectric nano-
generator (TENG) becomes an ideal method to conquer all
these problems [17-19]. Based on the coupling of electrifi-
cation and electrostatic induction, marvelous electric out-
put can be easily obtained within less expense and simple
structure, avoiding sophisticated fabrication process. Such
tractable mechanism/design has derived a large number of
structures to facilely scavenge various kinds of mechanical
energy and made self-powered device no longer a dream
[20-23]. To be detailed, TENGs are essentially developed
for micro- or nano-scopic mechanical-to-electrical energy
conversion, which is far more compatible to the vibration
of air flow and encourages a series of researches concerning
it [24, 25]. For instance, by subtly absorbing acoustic en-
ergy, Yang et al. have managed to vividly record vocal print
with a self-powered TENG-based microphone [26]. Note
that these devices are of much sensitivity to the alternation
of mechanical frequency, enlightening the advancement of
next-generation frequency-selective components.

In this paper, we demonstrate a kind of acoustic device
which realizes both the frequency selectivity and the trans-
form of the acoustic energy to electrical energy. Our device
is composed of two pieces of polytetrafluoroethylene (PTFE)
membrane which are fixed on a trapezoidal slit located on
acrylic plate, where the PTFE membrane over the slit works
as sensor. The function of the polytetrafluoroethylene mem-
brane (PM) is corresponding to the capability of nature basi-
lar membrane, and it is successfully confirmed based on the
vibration of the PM occurred at different local places
according to the frequency of incoming sound waves.
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Methods/Experimental

Figure 1 shows the schematic drawings describing the basi-
lar membrane of cochlear. The basilar membrane plays an
important role in passive hearing [27]. Its shape is alike to
a trapezoidal frame which is twisted into a spiral and cov-
ered by a thin membrane. Because of its geometric feature,
the basilar membrane is capable to mechanically separate
the frequency components contained in incoming acoustic
waves. The apical region of basilar membrane responds to
high acoustic waves, and the basal region only reacts to
low-frequency sounds. When specific location of basilar
membrane is vibrated by its resonance frequency acoustic
wave, the hair cells lying on the membrane open or close
the ion-channel to generate electrical potential [28].

The designation of membrane acoustic sensor is showed
in Fig. 2. The device mainly comprises two layers of PTFE
membranes, one piece of Kapton polyimide film and two
pieces of acrylic plates with the trapezoidal slits. The acrylic
plate is a rectangle plate, with the length of 120 mm, the
width of 60 mm, and the thickness of 4 mm. The trapez-
oidal slit is located in the middle of the acrylic plates, and
the length of baseline and topline is 30 and 10 mm, respect-
ively, with the height of 100 mm. The PTFE membranes are
similar to the acrylic plates in the length and width except
that the thickness is only 20 um. The trapezoidal shape was
inspired by the cochlear basilar membrane with its local res-
onant frequency changes gradually from topline to baseline
[29, 30]. The electrode array with nine elements made of the
silver deposition is fabricated on upper side of PTFE mem-
branes based on Magnetism Sputter System. Since the elec-
trodes of about 200 nm thick are extremely thinner than
that of PTFE (40 um), they will not affect the vibrating char-
acteristics of PTFE. For convenience, the electrodes are
named as #1~#9 from bottom to top of the trapezoidal
membrane, respectively, as shown in Fig. 2b. The size of
each electrode is 4*8 mm?® with a rectangle shape, and the
in-plane distance between two adjacent electrodes is
10 mm. The Kapton hard film, which is in the same size as
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Fig. 1 Conceptual schematics of the cochlear and the basilar membrane. The basilar membrane is a spiral thin film, the width of which was
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Fig. 2 Structural design of the bionic membrane sensor. a The 3D view of the major components of the device for frequency selectivity. They are
glued together, and only the stretchy PTFE membranes surrounded by the trapezoidal slit can vibrate freely under the sound stimulation. b The
top view of the sensor. The electrodes, made of silver deposition, are numbered from electrode #1 to #9
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the acrylic plate, is placed between the two PTFE mem-
branes. The thickness of Kapton membrane will determine
the sound pressure detection limit. The role of the Kapton
film is to make a narrow gap between the two layers of the
PTFE membrane. The Kapton film and PTFE membranes
were strain-free covered in the middle of two acrylic plates
with the trapezoidal slits with adhesive glue. The vibration
of PM is measured by using a laser Doppler vibrometer
measuring system (LDV) and a sound level analyzer at the
various frequencies in the range from 100 to 3000 Hz. The
electric signal output is measured through the electrodes
using a preamplifier.

Results and Discussion

We first investigated the effect of sound pressure on am-
plitudes of vibration amplitudes of the PTFE membrane
and triboelectric voltage output by LDV and oscilloscope,

respectively. Figure 3 shows the relationship between
the external sonic pressure and the vibration amplitude
in PTFE membrane. Here, we choose the signal from
the electrodes which are numbered as #2, #5, and #8.
The sound pressure is provided by a speaker which
could emit sinusoidal acoustic wave which was 100 mm
distant from the device with a small angle at a tilt. As it
can be seen in Fig. 3a, the amplitude of vibration at
each electrode linearly increases with the increase of
sound pressure. Also, the amplitude increase when the
electrode number increased. Figure 3b shows that the
relationship between the sound pressure and the ampli-
tude of triboelectrical voltage output. The amplitude of
triboelectric output also demonstrates a linear relation-
ship with sound pressure. These results prove that the
membrane acoustic sensor can detect the magnitude of
acoustic wave by examining the voltage from the tribo-
electric nanogenerator.
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We next investigated the tuning capability of the
membrane acoustic sensor with frequency selectivity.
Figure 4a—c shows that the frequency dependence of
vibration and the triboelectric voltage output at #2, #5,
and #8 electrodes, respectively. The black line represents
the amplitude of vibration while the output of triboelectric
voltage is plotted by red line. The result shows that each
electrode has a particular frequency where the electrode
has relatively large outputs. The local region, where the
local resonance frequency of the PTFE matches that of
the incoming sound, vibrates with large amplitude result
in a peak of vibration. The peak of voltage output of elec-
trode #8 is 104 mV, which corresponds to the local region
of the PTFE membrane with the peak of vibration at
1850 Hz. Analogously, the local regions with vibration
amplitudes at 200 and 1030 Hz corresponded to the peak
of triboelectric voltage output of electrodes #2 and #5, re-
spectively. Besides, the frequency dependence of vibration
is qualitatively similar to the triboelectric voltage output.

Figure 4d shows the relationship between the resonance
frequency of local region and the electrode number. The
number of electrode represents the distance from the bot-
tom of the trapezoidal slit. Obviously, as the sound fre-
quency increased, the peak of vibration inclined to be shift
toward larger electrode number, corresponding to the base
region of the actual basilar membrane in the cochlear.
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As described earlier, the membrane acoustic sensor
mimics the cochlear basilar membrane, and the operat-
ing principle can be explained by two parts, membrane
acoustic vibration and vibration-induced electricity gen-
eration. On the one hand, the acoustic vibration patterns
of the PTFE basilar membrane in respond to the exter-
nal sound pressure at different frequencies range from
20 to 3000 Hz (the part of human’s audible frequency),
were emulated by COMSOL Multiphysics, as demon-
strated in Fig. 5 [31]. From the simulation result, we can
find that the amplitude distribution of the PTFE mem-
brane clearly shows dependence on the acoustic fre-
quency. The place with the maximum amplitude, where
the PTFE membrane is locally resonating, shifts from
the baseline to topline of the trapezoidal area as the fre-
quency increase, which fits the experimental results well.

On the other hand, the acoustic vibration of PTFE
membrane-induced electricity generation is attribution
to the coupling between contact electrification and elec-
trostatic [32], as shown in Fig. 6. There is not any volt-
age signal when the membrane acoustic sensor is not
applied by a sound (Fig. 6a). When the external sound
pressure bring the upper PTFE membrane to contact
with the silver deposition on the lower PTFE membrane
(Fig. 6b), the PTFE grabs electrons from the silver layer,
which make the negative triboelectric charges balanced
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Fig. 4 Research result of the triboelectric voltage output signal and the vibration amplitude from a electrode #2, b electrode #5, and ¢ electrode
#8, which was measured by LDV system and oscilloscope in the frequency ranging from 20 to 3000 Hz, and a distribution of the vibration
displacement and the triboelectric voltage output signal were closely overlapped all over the frequency bandwidth. d Experimental results of the
relationship between the electrode number and the local resonance frequency of the PTFE membrane
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by their opposite counterparts due to electrostatic in-
duction [19]. As a result, there is neither potential differ-
ence across the two layers nor between the electronic on
the upper membrane and ground. When the external
sound pressure disappeared, the upper PTFE basilar
membrane will bounce back from the lower PTFE mem-
brane because of its inherent elasticity. A gap will
emerge between two membrane layers (Fig. 6¢c), which
lead the electric potential of a certain electrode drop
across them owing to the triboelectric charges, the same
as the relation between silver electrode and ground [33].

Conclusions
In summary, we demonstrate a novel approach to mimic
the function of basilar membrane in the cochlear which

have an important effect of frequency-selectivity, by
using a membrane sensor with the acoustic/electric
conversion based on triboelectrific nanogenerator.
The trapezoidal PTFE membrane, which was coated
by several little rectangle silver electrodes, is the main
component of the acoustic sensor. The vibration
characteristics and the electrical signal output of
trapezoidal PTFE membrane were measured by apply-
ing sound waves at a certain frequency, with the laser
Doppler vibrometer and the oscilloscope. The location
with the maximum amplitude was shift toward
narrower area of trapezoidal PTFE membrane as the
frequency increased. By this means, the sensor could
realize the function of frequency selectivity.
Furthermore, a finite element simulation was
conducted with the COMSOL to show that the
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Fig. 6 The diagram of the working principle of the sensor. a Rest
state, in which the PTFE is not charged, without sound stimulation.
b Contact state, in which the upper PTFE membrane is negatively
charged, under sound pressure. ¢ Separate state, in which the upper
and lower PTFE membrane separate from each other, the potential
difference drives free electrons to flow from the ground to silver
electrode through the external circuit

relationship between amplitude of the trapezoidal
PTFE membrane and the incoming acoustic wave are
fit to the experimental results. The membrane acous-
tic sensor demonstrates a new and effective method
to solve the sensorineural hearing loss with low cost
and provides an alternative to the treatment of deaf-
ness by triboelectric nanogenerator.

Abbreviations

LDV: Laser Doppler vibrometer measuring system (LDV);

PM: Polytetrafluoroethylene membrane; PTFE: Polytetrafluoroethylene;
TENG: Triboelectric nanogenerator

Acknowledgements
The authors appreciate the Beijing Key Laboratory of Micro-nano Energy
and Sensor.

Funding

This work was supported by National Key R&D Project from Minister of
Science and Technology, China (2016YFA0202703), NSFC 51472056, the
“thousands talents” program for pioneer researcher and his innovation team,
China, and the Recruitment Program of Global Youth Experts, China.

Availability of Data and Materials

The authors declare that materials and data are promptly available to readers
without undue qualifications in material transfer agreements. All data
generated or analyzed during this study are included in this article.

Page 6 of 7

Authors’ Contributions

YDL, YXZ, and JYL contributed equally to this work. YDL and JYZ conceived
and designed the experiments. JYL, YXZ, and YDL were involved in the
sample preparation and characterization. YDL, YZ, and JYL analyzed the data.
JYL, YDL, JL, and JYZ wrote the manuscript. All authors discussed the results.
All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'CAS Center for Excellence in Nanoscience, Beijing Institute of Nanoenergy
and Nanosystems, Chinese Academy of Sciences, Beijing 100083, China.
“College of Environmental Sciences and Engineering, Peking University,
Beijing, China. >School of Nanoscience and Technology, University of Chinese
Academy of Sciences, Beijing 100049, China. “Center on Nanoenergy
Research, School of Physical Science and Technology, Guangxi University,
Nanning 530004, China.

Received: 30 May 2018 Accepted: 6 June 2018
Published online: 03 July 2018

References

1. Bokemeyer B, Berger CC, Hartmann JT, Kollmannsberger C, Schmoll HJ,
Kuczyk MA, Kanz L (1998) Analysis of risk factors for cisplatin-induced
ototoxicity in patients with testicular cancer. Br J Cancer 160:1355-1362

2. Chung JH, Roches CMD, Meunier J, Eavey RD (2005) Evaluation of noise-
induced hearing loss in young people using a web-based survey technique.
Pediatrics 115:861

3. Finitzo T, Albright K, O'Neal J (1998) The newborn with hearing loss:
detection in the nursery. Pediatrics 102:1452-1460

4. Ising H, Kruppa B (2004) Health effects caused by noise: evidence in the
literature from the past 25 years. Noise & Health 6:5

5. Probst R, Lonsburymartin BL, Martin GK (1991) A review of otoacoustic
emissions. J Acoust Soc Am 89:2027-2067

6. Mattox DE, Simmons FB (1977) Natural history of sudden sensorineural
hearing loss. Ann Oto Rhinol Laryn 86:463

7. Bess FH, Doddmurphy J, Parker RA (1998) Children with minimal
sensorineural hearing loss: prevalence, educational performance, and
functional status. Ear Hear 19:339-354

8. Kemp DT (1978) Stimulated acoustic emissions from within the human
auditory system. J Acoust Soc Am 64:1386-1391

9. Greenwood DD (1990) A cochlear frequency-position function for several
species—29 years later. J Acoust Soc Am 87:2592

10.  Nadol JB (1997) Patterns of neural degeneration in the human cochlea and
auditory nerve: implications for cochlear implantation. Otolaryng Head Neck
117:220-228

11. Xu J, Xu SA, Cohen LT, Clark GM (2000) Cochlear view: postoperative
radiography for cochlear implantation. Am J Otolaryng 21:49

12. Wilson BS, Dorman MF (2008) Cochlear implants: a remarkable past and a
brilliant future. Hearing Res 242:3

13. Shintaku H, Nakagawa T, Dai K, Tanujaya H, Kawano S, Ito J (2010)
Development of piezoelectric acoustic sensor with frequency selectivity for
artificial cochlea. Sensor Actuat A-Phys 158:183-192

14. Inaoka T, Shintaku H, Nakagawa T, Kawano S, Ogita H, Sakamoto T,
Hamanishi S, Wada H, Ito J (2011) Piezoelectric materials mimic the function
of the cochlear sensory epithelium. P Natl Acad Sci USA 108:18390-18395

15. Geon-Tae H, Myunghwan B, Kyu JC, Keon Jae L (2015) Flexible piezoelectric
thin-film energy harvesters and nanosensors for biomedical applications.
Adv Healthc Mater 4:646-658

16.  Shintaku H, Kobayashi T, Zusho K, Kotera H, Kawano S (2013) Wide-range
frequency selectivity in an acoustic sensor fabricated using a microbeam
array with non-uniform thickness. J Micromech Microeng 23:5014

17. Zhu G, Peng B, Chen J, Jing Q, Lin Wang Z (2015) Triboelectric
nanogenerators as a new energy technology: from fundamentals, devices,
to applications. Nano Energy 14:126-138



Liu et al. Nanoscale Research Letters (2018) 13:191 Page 7 of 7

18. Pu X, Hu W, Wang ZL (2018) Toward wearable self-charging power systems:
the integration of energy-harvesting and storage devices. Small 14:1702817

19. Wang ZL (2013) Triboelectric nanogenerators as new energy technology for
self-powered systems and as active mechanical and chemical sensors. ACS
Nano 7:9533

20.  Ahmed A, Saadatnia Z, Hassan |, Zi Y, Xi Y, He X, Zu J, Wang ZL (2017) Self-
powered wireless sensor node enabled by a duck-shaped Triboelectric
nanogenerator for harvesting water wave energy. Adv Energy Mater 7:1601705

21. Yu A Pu X, Wen R, Liu M, Zhou T, Zhang K, Zhang Y, Zhai J, Hu W, Wang ZL
(2017) Core-Shell-yarn-based triboelectric nanogenerator textiles as power
cloths. ACS Nano 11:12764-12771

22. XieY,Wang S, Niu S, Lin L, Jing Q, Yang J, Wu Z, Wang ZL (2014) Grating-
structured freestanding triboelectric-layer nanogenerator for harvesting
mechanical energy at 85% total conversion efficiency. Adv Mater 26:6599-6607

23. Wang S, Wang ZL, Yang Y (2016) A one-structure-based hybridized
nanogenerator for scavenging mechanical and thermal energies by
triboelectric-piezoelectric-pyroelectric effects. Adv Mater 28:2881-2887

24. ZiY, Wang ZL (2017) Nanogenerators: an emerging technology towards
nanoenergy. Apl Mater 5:82-458

25. Chen J, Wang ZL (2017) Reviving vibration energy harvesting and self-
powered sensing by a triboelectric nanogenerator. Joule 1:480-521

26. Yang J, Chen J, Liu Y, Yang W, Su' Y, Wang ZL (2014) Triboelectrification-
based organic film nanogenerator for acoustic energy harvesting and self-
powered active acoustic sensing. ACS Nano 8:2649-2657

27. Ruggero MA (1992) Responses to sound of the basilar membrane of the
mammalian cochlea. Curr Opin Neurobiol 2:449-456

28. Hudspeth AJ (1983) Mechanoelectrical transduction by hair cells in the
acousticolateralis sensory system. Annu Rev Neurosci 6:187

29. Yates GK (1995) Cochlear structure and function, pp 41-74

30. Davis H (1965) A model for transducer action in the cochlea. Cold Spring
Harb Sym 30:181

31, Zwicker E (1961) Subdivision of the audible frequency range into critical
bands (Frequenzgruppen). J Acoust Soc Am 33:248-248

32. Wang ZL, Chen J, Lin L (2015) Progress in triboelectric nanogenerators
as a new energy technology and self-powered sensors. Energy Environ
Sci 8:2250-2282

33. Wang ZL (2014) Triboelectric nanogenerators as new energy technology
and self-powered sensors - principles, problems and perspectives. Faraday
Discuss 176:447-458

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods/Experimental
	Results and Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of Data and Materials
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

