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C
ommunication between humans

and animals is of great importance.1�3

For this purpose, studying the lan-

guages of various intelligent species, such as

dolphins, has attracted a lot of attention.4�6

However, there is a sound frequency band

mismatch between humans and various

animals of interest. Humans can hear sound

frequencies ranging from 20 Hz to 20 kHz.7

However, animals can communicate in a

larger frequency range over 20 kHz in the

ultrasonic range. Bats, for instance, produce

high-pitched sounds measured from as low

as 10 kHz to higher than 160 kHz. People

with acute hearing can hear a part of the

lower range of bat sounds, but most bat

sounds are beyond the human range.

Philippine tarsiers, among the world's

tiniest primates, use ultrasound for com-

munication. Their calls have been docu-

mented at 90 kHz when reaching their

highest frequency. Some whales can emit

signals as high as 175 kHz. Dolphins, in

particular, generate sounds that could

reach up to 300 kHz. However, current

earphones designed merely for human

entertainment range from 20 Hz to 20 kHz.8

Ultrasound transducers,9�11 which operate

at frequencies higher than 20 kHz, are pro-

duced based on the piezoelectric effect. The

aforementioned devices produce sound

based on membrane vibrations, and there-

fore, the sound frequency response has

its resonance peaks. As a result, there is no
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ABSTRACT

The human hearing range is from 20 Hz to 20 kHz. However, many animals can hear much higher sound frequencies. Dolphins, especially, have a hearing

range up to 300 kHz. To our knowledge, there is no data of a reported wide-band sound frequency earphone to satisfy both humans and animals. Here, we

show that graphene earphones, packaged into commercial earphone casings can play sounds ranging from 100 Hz to 50 kHz. By using a one-step laser

scribing technology, wafer-scale flexible graphene earphones can be obtained in 25 min. Compared with a normal commercial earphone, the graphene

earphone has a wider frequency response (100 Hz to 50 kHz) and a three times lower fluctuation ((10 dB). A nonlinear effect exists in the graphene-

generated sound frequency spectrum. This effect could be explained by the DC bias added to the input sine waves which may induce higher harmonics. Our

numerical calculations show that the sound frequency emitted by graphene could reach up to 1 MHz. In addition, we have demonstrated that a dog

wearing a graphene earphone could also be trained and controlled by 35 kHz sound waves. Our results show that graphene could be widely used to produce

earphones for both humans and animals.
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data reported on wide-band sound frequency ear-

phones simultaneously covering the hearing range of

both humans and animals. In order to bridge this gap

between humans and animals, it is necessary to find a

universal earphone based on new materials.

Recently, electro-thermoacoustic (ETA) devices have

attracted a lot of attention.12,13 ETA devices use an

ultrathin conductive layer (Al, CNT, etc.) to emit sound.

However, in contrast to the mechanism employed in

conventional audio frequency earphones or ultrasonic

transducers, there is no displacement of the surface in

ETA devices. In response to an alternating current (AC)

signal, the ETA device surface heats up and warms

the air molecules near the surface. These air molecules

transfer their energy to adjacent molecules and so on.

This cascading process generates sound waves. ETA

devices introduce new opportunities to realize ear-

phones with awide-band frequency response. In order to

make high-performance ETA devices, three conditions

shouldbemet. First, the conductor shouldbe thinenough

with a low thermal capacity per unit area. Second, the

conductor should be suspended to prevent thermal

leakage from the substrate. Third, the conductor area

should be large enough (e.g., 1 cm2) to build a sufficient

sound field. Graphene has been previously used to

demonstrate sound emission.14�18 Almost all of the

graphene films used for previous sound emission ex-

periments were grown by chemical vapor deposition

(CVD), which requires many hours for film growth,

transfer, and subsequent patterning of the transferred

film. Furthermore, graphene grown by CVD has a planar

structure and is attached to the substrate due to van der

Waals forces. The thermal conductivity of the substrate

ismuchhigher than that of air. As a result of this contact,

more than 90% of heat is lost from the substrate.12 In

order to prevent thermal leakage, porous substrates

(filter paper,14 anodic aluminum oxide,15 porous silicon

oxide16) have been used. However, this approach re-

quires a complex fabrication process and yields a sus-

pended graphene structure resulting in a low yield.

Here, a time-efficient approach to fabricate gra-

phene earphones using laser-scribed graphene (LSG)

is experimentally demonstrated. The laser-scribed re-

gion resembles a foam-like structure containing poly-

crystalline graphene. Themain advantage of the LSG is

that air gaps exist between the graphene layers which

benefits thermoacoustic sound emission by prevent-

ing thermal leakage from the substrate. The graphene

earphone is packaged as a commercial earphone and

can play music. In this work, a graphene earphone

with a sound frequency ranging from 100 Hz to 50 kHz

is shown, which could be useful for both humans and

animals. As compared to a commercial earphone, the

graphene earphone has a relatively flat frequency

response due to its resonance-free oscillation. A theo-

retical model based on the ETA effect fits well with our

experimental results. Moreover, a dog wearing the

graphene earphone could also be trained and con-

trolled by 35 kHz soundwaves, as demonstrated in this

work. The results show that graphene could be widely

used as an earphone for various species.

RESULTS

A mask-free and programmable laser scribing tech-

nology is employed to obtain ultrafast graphene

growth at precise locations. A schematic diagram of

the graphene earphone fabrication process is shown

in Figure 1a (see the Methods section for details). A

graphene oxide (GO) film is applied on a polyethylene

terephthalate (PET) film-coated DVD media disk. The

disk is inserted into a LightScribe DVD drive to pattern

a given design by laser-induced reduction of the GO

into graphene films.19 The 788 nm laser inside the drive

reduces the golden-brown GO into black graphene at

precise locations. This laser scribing technology makes

it possible for wafer-scale precise graphene pattern-

ing in ∼25 min. For example, original images of the

Tsinghua University gate are imported into the DVD

drive. Several minutes later, the same images are

reproduced on the LSG (Supporting Information

Figure S1). With laser scribing, wafer-scale flexible

graphene earphones on the PET substrate could be

realized (Figure 1b). The inset of Figure 1b shows the

graphene earphones at 1 cm2 dimensions.

The morphology and structure of graphene sheets

are also shown (Figure 1c). Before the laser scribing, the

GO film is quite flat and dense. After the laser scribing,

a graphene film of 10 μm thickness is obtained

(Figure S2). It is noticed that there is an almost 10-fold

thickness increase for the LSG compared to the original

GO film. Such a phenomenon is quite different from

the conventional reduction results of GO, which could

lead to the decrease in the final film thickness. In the

case of the LSG, the thickness increase is due to the

short-time laser pulses on a small area of GO, which

may generate oxygen rapidly and result in expanding

the layer to layer spacing. Such a process has a similar

effect to thermal shocking. The electrical resistance

before and after the laser scribing are 580 MΩ and

8.2 kΩ, respectively. There is an almost 5 orders of

magnitude reduction in resistance as a result of the

laser scribing. The film characteristics after laser scrib-

ing are presented in the Supporting Information

Figures S3�S6, which includes results after Raman

spectroscopy, XPS, optical microscopy, and electrical

testing (sheet resistance).

The LSG earphone is packaged successfully into a

commercial earphone casing by replacing a conven-

tional voice coil speaker. After the laser scribing of the

wafer-scale graphenepatterns, these patterns could be

cut into individual graphene earphones. Figure 2a

presents an individual graphene earphone with an

area of 10 � 10 mm2. Silver paste is applied on both

sides of the graphene film to establish electrical input.
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The graphene earphones are finally connected to

the electrical wiring of a commercial earphone casing

using copper wires (Figure 2b). The structure of the

graphene earphone is shown with the top cap, gra-

phene sheets, Ag electrodes, PET, and the bottom cap

(Figure 2c). One of the most striking features is that

the graphene earphone is significantly thinner than a

voice coil. A pair of packaged graphene earphones for

human use (Figure 2d) is indistinguishable from a

generic set of earphones; however, due to the mem-

brane-like structure of the graphene earphones, even

thinner earphones can be designed in the future.

In order to get a satisfying sound intensity, a drive

circuit is designed to amplify the input electrical signal

(Figure S7). It is worthmentioning that the input sound

frequency is doubled due to the ETA effect, and this

needs to be compensated during actual testing, as

described ahead. The drive circuit uses a USB port to

apply power to the circuit for amplifying the AC signal

and also to apply an up to 15 VDC bias to the graphene

earphone (Figure S8). In this way, the graphene ear-

phone can connect to a laptop for playing music.

The graphene earphone developed in this work

has the potential to bring a revolution in the field of

acoustics. In order to compare our graphene earphone

with a commercial earphone, both are tested by

the same audio analysis system. The audio analyzer

sweeps the sound frequency from 100 Hz up to 50 kHz,

carrying sine signals to drive the earphone and the

standard microphone, and captures the acoustic re-

sponse accordingly. Figure 3a presents the experimen-

tal setup. The graphene earphone is placed 1 cm

away from the standard microphone. The standard

microphone converts the sound generated from gra-

phene into electrical signals. As shown in Figure 3b, the

graphene earphone exhibits a reasonably flat frequency

response in awider frequency range (100Hz to 50 kHz).

Figure 2. Graphene earphone. (a) Graphene earphone in
hand. (b) View of the graphene earphone in a commercial
earphone casing. (c) Exploded viewof a packaged graphene
earphone. (d) A pair of graphene earphones in its final
packaged form.

Figure 1. Laser scribing technology for flexible graphene earphone fabrication. (a) Process flow of the graphene earphone
fabrication. (b) Wafer-scale flexible graphene earphones. The inset shows an optical microscope image of the LSG earphone.
(c) SEM image of the LSG and GO in false color. (d) Electrical properties before and after laser scribing.
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Note that the 50 kHz limitation is due to our measure-

ment system. The graphene earphone can produce

even higher sound frequencies. However, the com-

mercial earphone presents strong resonance peaks

at 5.3 kHz followed by a severe attenuation in the

sound intensity beyond 20 kHz. Meanwhile, the sound

intensity of the graphene earphone remains relatively

stable. Compared with a normal commercial earphone

with a fluctuation of (30 dB, the graphene earphone

presents amuch lower fluctuation of(10 dB. We believe

this is caused by the resonance-free oscillations

of the graphene earphone. Such a phenomenon shows

that the graphene earphone could be widely used in

various acoustic applications. Since the casing of the

graphene earphone can affect the sound distribution,

the graphene sound performance before packaging is

Figure 3. Sound pressure and frequency characteristics of the graphene earphone. (a) Experimental setup for the graphene
earphone. (b) Sound pressure level (SPL) curves of a graphene earphone compared with a commercial earphone. It is
observed that the graphene earphone has a lower fluctuation than a commercial earphone due to its resonance-free
oscillation.

Figure 4. Graphene earphone testing results in the time and frequency domains. (a) Experimental setup for testing the
graphene earphone in the audio frequency range. The amplitude spectrum (b) and its Fourier transform (c) for a constant
amplitude sine wave sweep from 0 to 20 kHz. The colors represent the intensity of the frequency, with warmer colors
indicating a higher intensity. The amplitude spectrum (d) and its Fourier transform (e) of the sound generated by the
graphene earphone. The inset in panel (d) shows the grapheneearphone. There is an obvious nonlinear effect in thegraphene
earphone. The amplitude spectrum (f) and its Fourier transform (g) of the sound generated by a commercial earphone. The
inset in panel (f) shows the commercial earphone based on magnetic coils. The sound frequency is linear.
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also tested to know its original sound properties. After

the graphene film is packaged into the standard

earphone casing containing small holes, there is a

Helmholtz resonance in the casing cavity (see Support-

ing Information Figure S9). This also indicates that

carefully designing the casing or the top cap of the

casing could yield a more stable frequency response.

In the audio range, the time domain response of

the graphene earphone is also investigated and com-

pared to a regular earphone. The experimental setup is

presented in Figure 4a. A personal computer is used to

produce linear sine sweep signals (see Figure S10 to

inspect detailed features). After an amplification of

30 times, the signals are fed to the graphene earphone.

The sound signals are subsequently recorded by a

microphone. The time and frequency domain repre-

sentations of the input signals (linear sine sweep from

0 to 20 kHz) are shown in Figure 4b,c. The recorded

output from the graphene earphone is presented in

Figure 4d. After the signals are transferred into the

frequency domain, higher-order harmonics are ob-

served (Figure 4e). Such a nonlinear effect may be

due to the DC bias that is applied to the input sine

waves. As described previously, a drawback of the ETA

effect is that the output sound frequency is twice as

large as the input signal. In order to recover the same

frequency as the input signal, a DC bias is added. In

the frequency domain, the effect of this DC bias is to

generate the fundamental tone and many higher-

order harmonics which distort the output (Figure 4e).

In order to generate a single-frequency tone without

distortion caused by higher-order harmonics, the

graphene earphone could be driven using pulse den-

sity modulation.20

In comparison, a linear frequency response is ob-

served from a commercial earphone (Figure 4f,g) due

to the resonance oscillation mechanism. Conventional

earphones are based on mechanical damping of a thin

membrane. When alternating current passes through

the magnetic coil, the connected membrane can os-

cillate. The air near the membrane surface is com-

pressed or expanded adiabatically. Therefore, a solely

volumetric change of air is occurring without the

generation of any heat. In such a mass-spring system,

the output sound frequency has a linear relation with

the input signal. However, the amplitude response is

frequency-dependent due to the resonance of the film.

For this reason, a wide-band frequency response can-

not be realized by a conventional earphone.

Finally, an application of the graphene earphone is

demonstrated. It is universally known that dogs can be

trained to understand human commands and take the

desired action. However, electronic communication at

ultrasonic frequencies may be required under various

circumstances (high noise or battlefield environments,

etc.). We would like to demonstrate a proof-of-concept

electronic intraspecies communication at ultrasonic

frequencies using the graphene earphone. The hearing

range of dogs is usually around 30 Hz to 60 kHz. The

graphene earphone is attached to a steel structure

(Figure 5a) so that a dog can wear it (Figure 5b). A

previously trained dog is subjected to a new condition-

ing such that the dog stands up after hearing a 35 kHz

sine wave (see details in Supporting Information S11).

Figure 5. Animal subject responding to ultrasound signal through graphene earphones. (a) Graphene earphones suitable for
a dog subject. (b) Subject wearing the graphene earphone. (c) Communication with the subject through the earphone in
ultrasound. The dog is initially sitting down. After receiving a familiar 35 kHz signal, it stands up.
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The sample rate used in this experiment is 88 200

samples per second (more than 2 � 35 kHz), which

ensures that the acoustic signal is transmitted well.21 At

first, the dogwas ordered to sit down (Figure 5c). After a

short pause, a 35 kHz sine wave was played to the dog,

and it stands up as expected (see Supporting Informa-

tion video S1). The dog was unharmed during testing.

DISCUSSION

The graphene earphone is analyzed based on the

ETA effect (Figure S12). For a point sound source, the

output sound can be written as22

Δpair(r, fth) ¼
3� Peleff � fth

4� π � c2air � jrj
� Eair � Aair (1)

Figure 6. Simulation of the graphene earphonewith a performance range from100Hz to 1MHz. (a) SPL vs frequency showing
that the model agrees well with experiment up to a frequency of 50 kHz. (b) SPL vs frequency showing the graphene can
realize sound generation of up to 1MHz. The sound pressure distributions in the XY and YZ planes calculated using eq 1 at (c)
100 Hz�10 kHz; (d) 100 kHz; and (e) 1 MHz.
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where Peleff is the effective value of the supplied

electric power, fth is the thermal excitation frequency,

cair is the specific heat capacity of air,hr is the measured

distance from the sound source, Eair is the energy

distribution coefficient of air, and Aair is the sound

attenuation factor.

For a square sound source, the graphene surface has

tobediscretized intonpoint sources. Usingpoint source

synthesis, a discretized version of the Kirchhoff�

Helmholtz integral can be written where the complex

amplitude of all n point sources will be superimposed

at the sound measurement point r.22

Δpair(r, f th) ¼ ∑
k¼ n

k¼ 1

Δpair, k(rk , f th)

�

�

�

�

�

�

exp i � 2� π �
jrkj � fth

cair

� �

�

�

�

�

�

(2)

In eq 2, Δpair,k(hrk,fth) is the sound intensity from the

point k, and all other variables and constants have the

same meanings as in eq 1.

By solving eq 2, the behavior of the graphene ear-

phone can be predicted as shown in Figure 6. The

sound pressure level (SPL) versus the frequency plot

shows that the model agrees well with experiment up

to 50 kHz. This result shows that the working principle

of the graphene earphone is indeed based on the ETA

effect (see Supporting Information Figure S13). Conse-

quently, the high-frequency range can also be evalu-

ated using this theory. The theoretical SPL plot shows

that sounds up to 1 MHz may be generated using

the graphene earphone. Moreover, the sound pressure

distributions of the graphene earphone could also be

found in Figure 6c�e. From 100 Hz to 10 kHz, the

sound is emitted in a 180� spread with low directivity,

which could be regarded as a point sound source. After

the frequency is increased to 100 kHz, the directivity is

enhanced. Eventually at 1 MHz, the sound field diffrac-

tion is observed due to the short sound wavelength.

The graphene earphone has several advantages

compared to the Al12,23,24 and CNT13,25�30 ETA devices.

Since air gaps exist between the LSG layers, thermal

leakage from the substrate is minimized from the sub-

strate (Figure S14). Moreover, the LSG is fabricated rela-

tively easily using a one-step laser scribing technology.

This mask-free and programmable patterning method

ensures that graphene is directly grown on a PET sub-

strate without transfer and photoresist contamination.

Finally, the graphene earphone is found to be a suitable

communication device to bridge the gap between hu-

mans and animals due to its exceptional frequency range.

CONCLUSION

In this work, wafer-scale graphene earphones have

been realized using laser scribing technology. Sound

generation from the LSG has been demonstrated in

frequencies ranging from 100 Hz to 50 kHz. In compar-

ison to a commercial earphone, the graphene earphone

has a relatively flat frequency response and a lower

sound pressure fluctuation. However, the ETA effect

gives rise to nonlinear (harmonic) distortionmost likely

caused due to the addition of a DC bias in the input

signal for the purpose of recovering the input

(fundamental) frequency. Theoretical calculations pre-

dict that the graphene earphone may operate at

frequencies as high as 1MHz. Finally, a dogwas trained

to respond to an ultrasound (35 kHz) signal fed to it

using a graphene earphone. This work shows that

earphones developed using graphene could make full

use of the hearing range in both humans and various

animals of interest, therefore opening up a whole new

way of interspecies communication.

METHODS

Material Preparation. A common Hummers method was used
to synthesize a GO dispersion with a 2 mg/mL concentration
using graphite powder provided by XFNANOMaterials Tech Co.,
Ltd. (Nanjing, China). An approximately 10 mL GO solution was
cast on the surface of the laser-scribed DVD disk coated with
PET. The GO solution was left overnight to dry on the DVD disk
resulting in an approximately 1 μm thickness.

Fabrication Process of Graphene Earphone. The fabrication of
graphene earphones (Figure 1a) relies on laser reduction of
the GO film.31�34 The GO/PET-coated DVD disk was patterned
by a LightScribe DVD drive (HP Inc. 557S). The laser of this DVD
drive has a power of 5 mW, a wavelength of 788 nm, a spot size
of 6 μm, and a dwell time of 0.1 s. Graphene earphone patterns
were designed by L-Edit layout software and transferred to the
coatedDVDdisk using theNero StartSmart software. In this way,
wafer-scale patterning of graphene earphones can be per-
formed in∼25min. After the laser fabrication, the PET substrate
can be peeled off the disk and the graphene earphones can be
cut out. These earphones are wired out by copper wire using
silver paste and finally packaged in a conventional earphone
casing.

Characterization. The surface morphology of the LSG is ob-
served by a Quanta FEG 450 SEM (FEI Inc.) and a JEM-2010 TEM
(JEOL Inc.). Raman spectroscopy is performed using a laser with
a wavelength of 532 nm (HORIBA Inc.).

Testing of the Graphene Earphone. The acoustic platform for
testing the LSG earphones consisted of a standard microphone

and a dynamic signal analyzer. A 1/4 in. standard microphone

(EarthworksM50) was used tomeasure the sound pressure level

of the loudspeakers. This microphone has a very flat frequency

response reaching up to 50 kHz and a 31mV/Pa high sensitivity.

A signal analyzer (Agilent 35670A) was used to generate sine

signals to drive the earphones, perform fast Fourier transform

analysis, and record the value of the sound pressure level.

Our testing was performed in a soundproof box measuring

1.0� 0.5� 0.5m3. In order to avoid echo, the boxwas filledwith

sound-absorbing sponges.

Simulation of the Graphene Earphone. For the theoretical calcu-
lation of sound pressure amplitudes at a fixed distance,
Figure 6a,b is plotted using eq 2 while varying the thermal
excitation frequency fth. For mapping of sound pressure ampli-
tudes at a fixed frequency, Figure 6c�e is plotted using eq 2
while varying the distance r.
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