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a b s t r a c t

In the past decade, a lot of research has been conducted on the potential of carbon nanostructured
materials to emit sound via thermoacoustics through both simulations and experiments. However,
experimental validation of simulations for three-dimensional graphene (3D-C), which has a complicated
3D structure, has yet to be achieved. In this paper, 3D-C is synthesized via thermal chemical vapor
deposition and its microstructure and quality tested using Scanning Electron Microscopy and Raman
spectroscopy respectively. Then, a two temperature model is used to predict the effects of numerous
parameters: frequency, input power, sample size, connection area, connection path, pores per inch,
thickness, compression as well as the addition of a backing on the acoustic performance and temperature
of the sample. The experimental results presented in this paper validate the predictions of the adopted
two temperature model. The efficiency of 3D-C is then compared with results presented in other studies
to understand how the presented 3D-C fared against ones from the literature as well as other carbon
nanostructured materials.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Traditional mechanical methods of sound generation (using
loudspeakers or piezoelectric devices), are inherently resonant
devices whose resonance frequency is dependent on the size and
shape of the driver. Furthermore, they utilize rare materials
(magnets [1,2]), resulting in heavy and expensive devices. Ther-
mophones are an alternative capable of generating wideband
sound generation independent of material size. In addition, they do
not use any moving parts, are lightweight and do not require the
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use of any rare or expensive material. The mechanism of ther-
moacoustics involves an electric alternating current (AC) being
injected into a material and, due to the effects of Joule heating, a
thermal gradient is generated within the material. Based on the
laws of thermodynamics, the thermal gradient induces a pressure
gradient in the surrounding medium, hence emitting sound [3e5].
This non-mechanical method of sound generation via thermoa-
coustics allows the material to emit sound in a wide frequency
range independent of the material size. In order for the material to
be able to emit sound using thermoacoustics, it should have a high
thermal conductivity to allow for thermal energy to dissipate
quickly from the material into the surrounding medium; and a low
heat capacity per unit area (HCPUA) such that minimal heat is
stored within the material during operation [6].

Since carbon nanostructured materials possess the thermal
properties required [7], extensive research has been conducted on
their potential to emit sound via the thermoacoustic effect, such as
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carbon nanotubes (CNTs) [6e19], 2D graphene [20e25], and 3D
graphene (3D-C) [26,27]. These studies demonstrate the influence
of frequency, input power, microstructure and backing on the
acoustics performance of the carbon nanostructured materials,
obtained from the conducted experiments. An extensive theoretical
analysis of the thermoacoustic sound generation in many different
configurations is available [4,16,28e34]. However, due to the
unique and complex microstructure of 3D-C, very few models have
been adapted to fit its geometry precisely. Nonetheless, standard
theoretical models have been used and display good correlation
with experiments [24,35,36]. In addition, the freeze-dried 3D-C
thermoacoustic investigations conducted by Fei et al. [26] and Lee
et al. [27] only studied the effect of distance, frequency and input
power on sound pressure level (SPL). The effect of an acoustical
backing and variation of material properties and connection
methods were left unexplored. Moreover, the presence of defects
were detected in 3D-C utilized in previous studies and had elec-
trical resistances more than 30U [26,27]. Lastly, the fabrication
process of 3D-C is an inexpensive and easily scalable method for
thermophone fabrication [37] compared to other proposed tech-
niques. For this reason, it is important to further investigate the
thermoacoustic properties of 3D-C which have been considered in
only a limited number of research activities.

In this study, we investigate the suitability of Guiraud et al.’s
simulation model [38] for describing the acoustic performance of
3D-C. First 3D-C was synthesized in-house and the microstructure
and quality of the material tested with the use of a Scanning
Electron Microscope (SEM) and Raman spectroscope respectively.
Then, acoustic measurements were performed to assess the
acoustic performances of 3D-C. The influence of parameters,
namely the electrical input frequency, input power, material size,
area of electrical connection, path of electrical connections, mate-
rial density, and material pore per inch (ppi) on SPL and tempera-
ture were investigated. Methods to improve the acoustics
performance of 3D-C were also explored. The obtained results were
then compared to Guiraud et al.’s simulations, and other experi-
mental results from literature [7,26,27].

2. Thermoacoustic theory

In this section, we introduce the thermoacoustic model adopted
to analyze the thermophone efficiency and the acoustic diffraction
theory used for the far field estimations.

2.1. Thermophone model

In order to have a better understanding of the experimental
results, they will be compared to a theoretical model based on a
“two temperature” assumption [39,40]. Due to the thickness and
the high porosity of 3D-C (more than 90%), regular continuous
thermoacoustic models cannot be used. The following model as-
sumes that, for a thermophone radiating in free field, the solid (3D-
C) and the fluid (air) coexists in the sample as seen in Fig. 1. Due to
Fig. 1. Schematic of the thermophone. Lz and Ls represent overall thickness of the material an
online)
the high frequency of the electrical energy supplied to the ther-
mophone, the local thermal equilibrium is not attained between
the two phases. Therefore, the general conservation equations for
mass, linear momentum and energy in a fluid [41,42].
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can be coupled with the energy conservation for the solid phase
using a different temperature

rsCV ;s
vTs
vt

¼ ksV
2Ts þ S0 (4)

whereby the pressure p (Pascal), the temperatures of the fluid and
solid T , Ts (Kelvin) respectively and the particle velocity v! (m/s) are
the main variables depending on time t (seconds) and the position
vector r! (meters). Otherwise, r is the density (kg/m3), B0 is the
bulk modulus (Pa), aT is the coefficient of volumetric expansion (1/
K), l and m are the first and second viscosity coefficients (Pa.s), Cp
and CV ;s are the specific heat at constant pressure of the fluid and at
constant volume of the solid respectively [J/(kg.K)], T0 is the
ambient temperature (Kelvin), k is the thermal conductivity [W/
(m.K)] and, lastly, S0 is the input power density (W/m3). Consid-
ering, for simplification purposes, a 1D model (plane wave radia-
tion) with harmonic time dependence, Eqs. (1)e(4) can be
rewritten as
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respectively, whereby u is the radial frequency, i is the imaginary
unit, and z is the space variable.

In order to simulate the transfer of energy from the solid to the
fluid, necessary for the thermoacoustic generation, the 3D-C is
subdivided into N discretized layers as seen in Fig. 2 in which both
the solid and the fluid coexists. At the layers’ interfaces, normal
surface tension, velocity and temperatures (both for solid and fluid)
d mean diameter of the pore respectively. (A colour version of this figure can be viewed



Fig. 2. Schematic of the layer division in the two temperature model. The solid in green coexist with its surrounding fluid in layers 1 to N. Surrounding fluid is present in layers 0 to
Nþ1. (A colour version of this figure can be viewed online)
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are considered continuous. However, for the thermoacoustic gen-
eration to occur, a fluid/solid coupling parameter g [W/(m2.K)]
proportional to the difference of temperature of the two phases, is
introduced in the continuity condition of the heat flux. The
boundary conditions at such an interface are written as
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for all j2½0;Nþ1� discretized layers with qs;1ðz1Þ ¼ qs;Nþ1ðzNþ1Þ ¼
0. Here, we define the normal surface tension in the fluid as ~p ¼
p� ðl þ 2mÞ dvdz, the fluid heat flux as q ¼ �k dT

dz and the solid heat

flux as qs ¼ � ks
dTs
dz . Eqs. (13) and (14) represent the transfer of

thermal energy from the solid to the fluid, controlled by the
parameter g.

Explicit equations for ~p; v; T in any fluid medium are derived in
Eqs. (A.2, A.7) and (A.9) in the Supporting Information. We intro-
duce the functions G(a) and G(b) as well as the constants L1 and L2 as
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as well as the matrices
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where kac and qth represent positive fluid acoustical wavenumber
and thermal wavenumber respectively.

The defining variables ~p; v; q; T in fluid medium are then
written in any layer j2½0;Nþ1� in a matrix form as
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with HðabÞðzÞ ¼ HðaÞHðbÞðzÞ. Similarly, an equation for Ts is found in
Eq. (A.12) (Supporting Information) and can be rewritten as
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TS;0 is the particular solution of the differential equation associated
to Ts and represent the input of energy in the solid. qsolid represent
positive thermal wavenumber in the solid. The coefficient A;B;C;D;
E; F are unknown constants different in each layer that, if deter-
mined, allowed for full determination of the parameters ~p; v; q; T;
qs; Ts at any position and frequency. Therefore, using the boundary
conditions described in Eqs. (9)e(14), this is a system of 6ðNþ2Þ
unknowns and 6ðNþ2Þ boundary conditions, where N is still the
number of discretized layers. This well posed problem allowed to
fully determine all unknowns (see Supporting Information A).
Thermoacoustic generation of a thick porous media is then esti-
mated in the near field of the sample and all the parameters ~p, v, q,
qs, T , Ts can be evaluated at any position and frequency. More ex-
planations regarding the equations and the development of the
model can be found in Guiraud et al., 2019 [34,38] and the deri-
vation section in Supporting Information.
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2.2. Acoustic diffraction in the far field

In order to investigate experimental results in the far field, the
acoustical diffraction due to the finite size of the sample was taken
into consideration. Since 3D-C has a complex geometry, several
approximations were made. Using the 1D two temperature model
described in sub-section 2.1, the pressure and the particle velocity
of the foam at the limit of the thermal layer, is evaluated. For a
sample generating thermoacoustic waves, the thermal layer is the
length of fluid in the vicinity of the surface inwhich the variation of
temperature will create the acoustical wave. This thermal layer can
be estimated from Eq. (A.11) (Supporting Information) assuming
weak viscosity as [28,34,38]

Lth ¼
ffiffiffiffiffiffiffiffiffiffiffi
2k

rCpu

s
(24)

At this distance, the acoustical wave is fully generated and this
can be considered as the top of the equivalent fluid piston [14]. We
then assimilate this position as an equivalent radiating plate to use
the Rayleigh’s integral for far field diffractions as
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with v(x’, y’) the velocity at Lth, (x, y, z) the recording position, (x’, y’,
Lth) the generating point position and Lx, Ly the size of the sample,
whereby Lx is the length between the electrical contacts. The sound
pressure level (SPL) in dB is then estimated as

SPL ¼ 20log10

 
prms

pref

!
(27)
Fig. 3. Chemical characterization of 3D-C. (a) Visual image of 3D-C; (b) SEM micrograph of 3
with pref being 20m Pa in air.

3. Results and discussion

In this section the experimental characterizations of the sam-
ples are discussed, and their characteristics explained. The samples
are then acoustically and thermally tested and the results are
presented and analyzed.

3.1. Material characterization

3D-C was synthesized as described in the experimental section
in supporting information and the visual image (Fig. 3a) and SEM
micrograph (Fig. 3b) were obtained. The SEM micrograph of the
obtained free-standing 3D-C indicates that the microstructure of
the synthesized 3D-C did not collapse and instead has similar mi-
crostructures as that of freeze-dried 3D-C synthesized by Fei et al.
and Lee et al. [26,27]. Raman spectroscopy was conducted on 3D-C
to determine its crystallinity and the obtained spectrum can be
seen in Fig. 3c. Only 2 peaks appear at 1580 cm�1 and 2705 cm�1,
which represent the G and 2D peaks respectively, indicating the
presence of graphene. The absence of the defect peak at 1350 cm�1

indicates that the graphene present in 3D-C were of pristine quality
[26,43e47].

3.2. Acoustical measurements

The geometries of the samples used and the physical parameters
of the medium (air and 3D-C) can be found in Table S1 and Table S2
respectively. All measurements were donewith recording distances
of 3 cm to improve the signal to noise ratio but the reported SPL are
normalized to a recording distance of 1 m. All reported frequency
spectrum measurements are also normalized with an input power
of 1 W. As indicated in the acoustic measurement set-up in sup-
porting information, all measurements were made using only an
alternating current (AC) signal generator. Without a DC supply, a
thermophone will radiate at twice the generating its generating
frequency. It is physically understood as, when an AC signal runs
D-C; (c) Raman spectrum of 3D-C. (A colour version of this figure can be viewed online)
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through the sample, the temperature is unable to have negative
values, resulting in its variation being proportional to twice the
frequency of the AC signal. Mathematically speaking, the sound
pressure is proportional to the input power given by [48]

Pinput ¼
V2
input

R
¼ ðVAC cos utÞ2

R
¼ VAC

2

2R
ð1þ cos 2utÞ (28)

Hence, the presented acoustic spectra correspond to the
acoustical frequency, the first harmonics of the AC input. Power
measurements and the associated recorded temperatures were
obtained at an AC input frequency of 5 kHz, which induces an
acoustical wave at 10 kHz.

3.2.1. Effect of sample size
Fig. 4 shows the frequency and power spectrum of three of the

samples with the same intrinsic parameters but of different sizes
(see details in legend of Fig. 4). From Fig. 4b, we deduce that the SPL
and the input power exhibit a linear relationship, both experi-
mentally and theoretically. Similarly, in Fig. 4a there is a linear
relationship (20 dB/decade) between SPL and frequency from 1 kHz
to ~10 kHz. This linear behaviour agrees with the thermoacoustic
theory and the recent literature [16,23,28,33]. In the higher fre-
quency range, from ~10 kHz to 50 kHz, acoustic diffraction is
observed. The longest sample has a lower anti resonance frequency,
resulting in a decrease in SPL before the other samples. Since this
classical acoustical result fits our theoretical curve, the assumption
made in sub-section 2.2 of considering a planar diffractionwith the
velocity taken at the limit of the thermal layer is then validated.
Sample length affects the electrical DC resistance of the sample
(Table B.2). Indeed, due to the longer path which the electrical
current has to go through (Lx in Table B.2), longer samples display
higher DC resistance. This however does not influence the overall
SPL of the sample as both frequency and power spectra are in the
same range for the three sample with different size. Since ther-
mophones are driven by thermal power and not electrical potential,
different DC resistances can create impedance matching issues
with the interfacing hardware but will not change the acoustic
radiation once normalized. However, it was also observed that for
the same input power, the temperature was the lowest for the
longest sample. This is due to the increased surface area which the
sample has, allowing thermal energy to dissipate into the sur-
rounding medium at a faster rate. With increased heat dissipation,
the observed temperatures are lower.

3.2.2. Effect of connections

3.2.2.1. Connection area. Figs. 5 and 6 show the results for samples
Fig. 4. (a) Acoustical frequency and, (b) power spectrum of 3D-C of different
of similar parameters and dimensions but with a difference in the
way the connection was made. As seen in Table B.1, the point
connection consists of just a dot of silver on the centre of the edges
of 3D-C, the line connection has conductive silver paint following
the edges of the 3D-C, and the volume connection has conductive
silver paint dripped directly on 3D-C to completely coat the thick-
ness of 3D-C.

In the frequency spectrum of Fig. 5a, the point and line
connection display similar results unlike the volume connection,
which performs on average 5 dB lower across the whole frequency
range. The thermal camera image in Fig. 7 shows that the silver
paste is not heated, thus preventing the thermoacoustic process
from happening on the edges of 3D-C. This resulted in a thermal
energy loss, consequently decreasing its acoustical performance.
The differences are not as pronounced in Fig. 5b but it is seen that
for a fixed input power the volume connection displays the lowest
SPL. Unlike in Fig. 5a, it is seen that the line connection performs
2 dB higher than the point connection in Fig. 5b. This could be
attributed to measurements errors in either Fig. 5a or b but would
lead to think that the line connection is more efficient than the
point one.

In Fig. 6a, the thermal behaviour of 3D-C with increasing power
is shown. Above 1 W of input power, the temperature increases
linearly with input power, as also observed in the literature [7]. At
low input power below 2 W, the temperatures of the samples are
similar to the temperature of the surrounding air medium, and no
conclusion can be drawn on the linear relationship between the
input power and temperature. More low power measurements
have to be performed with different experimental conditions to be
sure of the linearity between temperature and input power at all
power levels. Fig. 6a shows that at the same input power, the point
connection has a higher temperature than the line connection,
which also has a higher temperature than the volume connection.
Increased electrical contact surface with the sample decreases the
power density in these regions, diminishing the hot point tem-
perature. In Fig. 6b, the SPL is plotted against temperature.
Although the normalized SPL of the point connection is 5 dB higher
than the volume connection in Fig. 5a, the volume connection
performed better in absolute SPL values relative to temperature in
Fig. 6b.

In other words, Fig. 5a indicates that the line or point connection
are equally as efficient, and both perform better than the volume
connection, as indicated in Fig. 5b as well. However, Fig. 6a and b
shows that the point connection is performing worse in terms of
temperature than the others and is hencemore likely to decompose
prior to the other samples when a high input power is channelled
sizes in millimeter. (A colour version of this figure can be viewed online)



Fig. 5. (a) Acoustical frequency and, (b) power spectrum of samples of the same size but with different silver paste connections, see Table B.1. (A colour version of this figure can be
viewed online)

Fig. 6. Temperature dependence of the samples with different silver paste connections. (a) Relationship between temperature and input power and, (b) relationship between SPL
and temperature. (A colour version of this figure can be viewed online)

Fig. 7. Thermal image of 3D-C with volume connection with 3.3 W power input at an acoustical frequency of 10 kHz. (A colour version of this figure can be viewed online)
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into the sample. Hence, the better power repartition of the sample
connected via line connection inflicts less heat damages when a
high input power is injected into the sample, indicating its better
resilience to high input power.



Fig. 8. (a) Acoustical frequency spectrum and (b) temperature variations of one sample with different electrical connection paths. (A colour version of this figure can be viewed
online)

Fig. 9. Thermal images of the sample with multiple connections (a) across (b) diagonal (c) same side (d) all through. (A colour version of this figure can be viewed online)
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3.2.2.2. Connection path. In Fig. 8, a single sample with four
different connection points is investigated. The electrical path used
changed for each measurement. Following the schematic of the
sample seen in Table B.1, the paths investigated are 1e3 (across),
1e4 (diagonal), 1e2 (same side) and 12e34 (all through). As ex-
pected, changes in the path also lead to changes in the DC resis-
tance as seen in Table B.2. The DC resistance of the path taken is
directly proportional to the travel distance in 3D-C between the
electrical contacts and their surface areas. Shorter paths have lower
DC resistance, and increased contact surface results in lower DC
resistance as well (Table B.2). Thermal images in Fig. 9 show that
the temperature hot spots follow the least resistive path and that
the temperature is most uniform only when the current is more
uniformly distributed throughout the sample (“all through”
connection).

Fig. 8a shows that at frequencies below 20 kHz, the samples’ SPL
have a linear relationship with the frequency. Despite the hot spots
being located at the electrical connections, it is expected that high
thermal conductivity of the samples would cause the entire 3D-C
material to radiate. A single sample would then display similar
normalized SPL regardless of the electrical path chosen, which is
confirmed by the consistent spectra of Fig. 8a up to 20 kHz. At
frequencies above 20 kHz, acoustic diffraction phenomena appear
for all connection paths. If the entirety of 3D-C was radiating
equally, the frequency spectra would be similar across the whole
frequency range. However, these acoustic diffractions indicate that
the acoustic radiation of the thermophone is dependent on the
least resistive path. Due to the non-uniform distribution of energy,
the entirety of 3D-C was not used to its maximum potential.
Paradoxically, using the 3D-C in its “most efficient” configuration
(uniform energy distribution) will create acoustic diffraction at
lower frequencies due to the use of a longer radiating surface. This



Z.L. Ngoh et al. / Carbon 169 (2020) 382e394 389
is seen in Fig. 9d with the “all through” path.
Comparing the results in Fig. 8b, the sample with the least

resistive path (shortest travel distance, across connection) has a
higher power density concentration. Hence, for a fixed input power,
the temperature of the sample’s hot spot will be higher than in a
more distributed configuration (all through connection). The
connection utilizing the most of the sample’s surface and having a
high connecting surface would hence have the highest power
resilience. Connection “all through” is then recommended and
concurs with the line connection analysis from sub-section 3.2.2.1
for samples with varying connection types (Fig. 6a).
3.2.3. Effect of physical parameters of 3D-C
Various physical parameters, namely the pore per inch (ppi),

thickness and density of 3D-C, were varied and their influence on
the acoustics performance investigated.

Fig. 10 compares a regular sample 2 mm thickwith 110 ppi and a
thicker 5 mm sample with 130 ppi. In their associated theoretical
models, despite the difference in ppi, the change of thickness lead
to the use of a similar number of layers per millimeter in both cases
(Table B.2). Across the whole frequency range, there is a difference
of ~3 dB between the samples. This difference attributed to the
slightly differing microstructures of each piece of 3D-C, resulting in
differences in efficiency. The specific surface area has been changed
in the theoretical model to tune the power density to the results
(1.4 times higher than with 110ppi). Above 20 kHz, the diffraction
differs slightly in the experimental results but a strong anti-
resonance is observed in the model. This is explained by the
higher thickness of the 130ppi sample and the regularly spaced
layers in the foam considered in the model. When each layer ra-
diates acoustically coherent sound waves, each layer would add up
coherently with a slight delay
Fig. 10. Acoustical frequency spectrum of samples with different thickn
XN
n¼0

cos
�
kx0 þnk

Lz
N

�
¼ cos

�
kx0 þ k

N
2
Lz
N

� sin
�
ðN þ 1Þ k2 Lz

N

�

sin
�

k
2

Lz
N

�
(29)

Anti-resonances then occur at every frequency with k as an
integer

f ¼ C0
LzNþ1

N

k ¼ 343
5� 10�371

70

¼ 6:76� 104 Hz (30)

as observed in Fig. 10 with k ¼ 1. Other than high frequency dif-
fractions caused by the difference in thicknesses and hence number
of radiating layers, both samples perform similarly acoustically.
However, the 130ppi sample cools approximately twice as fast as
the 110ppi sample. Videos found in Supporting Information (Videos
S1 and S2) show that the cooling process of the sample was
improved with higher ppi. The increase in ppi resulted in an
additional increase in the number of pores in the 3D-C, allowing air
to circulate more freely in the material, increasing the rate of
cooling by thermal conduction towards the surrounding air.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.06.045

Fig. 11 compares two samples with different densities. Unlike
the previous samples, the 3r sample had a longer growth time of
graphene, leading to thicker branches and a material with three
times the density. HCPUA is considered the most important
parameter in the global efficiency of thermophones [24,31], which
can be written as r Cp lwith l the thickness of the radiating surface.
To achieve optimum thermoacoustic radiation, HCPUA has to be as
low as possible. Increasing the density of the thermophone would
then diminish its acoustical performance. Fig. 11a shows both
experimental frequency spectra, and a drop of 25 dB is observed
ess and ppi. (A colour version of this figure can be viewed online)

https://doi.org/10.1016/j.carbon.2020.06.045


Fig. 11. (a) Acoustical frequency and, (b) power spectrum of 3D-C with different densities. (A colour version of this figure can be viewed online)

Fig. 12. SEM micrographs of 3D-C taken up close. a) SEM micrograph of r sample; b) SEM micrograph of 3r sample. (A colour version of this figure can be viewed online)

Fig. 13. Acoustical frequency spectra of 3D-C radiating in free field and with an
acoustical backing. (A colour version of this figure can be viewed online)
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across the whole frequency range for the 3r sample. The trends of
both curves are similar and the theoretical model fits both curves.
This fit was obtained by increasing the theoretical HCPUAvalue by a
factor of ~27. This is justified by the higher measured density,
increased thickness of the branches (Fig. 12) and the proportional
increase of the specific heat. The power spectrum as seen in Fig. 11b
displays the same behaviour as Fig. 11a. The SPL is reduced by
25e30 dB in the 3r sample and the increase of HCPUA allows a good
fit between theoretical predictions and experimental results. The
few dB differences between theory and experiments of Fig. 11b can
be explained by the local experimental reduction of the SPL at
10 kHz seen in Fig. 11a.

3.2.4. Improvement of sound pressure level
Next, we investigate a method to improve sound generation in

3D-C based onwell-known acoustical results and new experiments
on the 3D-C structure.

3.2.4.1. Addition of backing. In a general acoustic context, when a
monopole is placed on a reflecting surface, a coherent reflection
from the backing will double the emitted sound pressure, thus
causing a 6 dB increase in the SPL. In theoretical thermoacoustic
models, it has been shown that if a thermophone is directly in
contact with its backing, some thermal losses will occur. Part of the
thermal energy used for the acoustic generation will be lost by
thermal conduction in the backing [28,34e36]. To prevent this, it is
crucial to leave a large enough air gap between the sample and the
backing. This air gap should be longer than the thermal layer in
which the thermoacoustic generation occur. It is also important to
remember that the thermal layer is inversely proportional to the
square root of the frequency (see Eq. (24)). For instance, in air, the
thermal layer length is about ~260mm at 100 Hz and so ~ 26mm at
10 kHz. It is then interesting to note that the size of the pores in 3D-
C is a few hundred microns, which means that the pore is large
enough for the acoustic generation to occur inside of it. In Fig. 13, a
sample radiating in free field was recorded, and then an acrylic
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backing was added 4 mm behind one side of 3D-C for comparison.
As predicted by acoustical theory, the SPL increased by 6 dB below
5 kHz. Above 5 kHz (not shown here), acoustic diffraction caused by
the size and thickness of the backing can be observed but is not
discussed here as it is a standard acoustic result not related to
thermoacoustics. The thermophone performance can hence be
improved by 6 dB by the simple addition of a backing. Nevertheless,
this backing has to be placed at a controlled distance: close enough
for coherent reflections but at least several hundred microns away
from the sample in order to avoid undesired losses by thermal
conduction.

3.2.4.2. Compression of 3D-C material. The two temperature model
proposed in Guiraud et al., 2019 [38] indicated that one method to
improve the high frequency radiation of a foam thermophone with
a fixed thickness was to increase the number of discretized layers.
This would increase the contact surface area between 3D-C and the
surrounding air, improving the energy transfer between the two
mediums. One way to investigate this property experimentally
would be to compare samples with the same thickness and porosity
but with a different layer density, a lower ppi. In Fig. 10, the
increased thickness compensated the increase in ppi, the number of
layers per millimetres did not change (Table B.2). Another way
would be to mechanically compress a sample in order to reduce its
thickness while preserving its structure, thus artificially increasing
the layer densitymore significantly. This would also allow for better
comparison if the internal structure of 3D-C is fully preserved after
compression. The experimental results of this method are pre-
sented in Fig. 14 and are comparedwith theoretical results inwhich
the number of layers N is the same in both cases but the thickness
reduced, as seen in Table B2. Fig. 14a shows that at frequencies
below 10 kHz, the sample acoustically performs similarly before
and after compression, indicating that the internal structure of the
sample was preserved during the compression. This is also proven
by the SEM micrograph of the compressed 3D-C in Fig. 15.

Above 10 kHz, the maximum SPL of the compressed sample is
6 dB higher than the maximum SPL of the uncompressed one. The
good agreement with the experimental curves confirms that all
branches in 3D-C were radiating and that the ppi had been artifi-
cially increased by a factor of 2. Considering the theoretical data but
ignoring high frequency acoustic diffraction, it is observed that by
increasing the number of discretized layers, the SPL is linearly
proportional to the acoustic frequency up to a higher frequency
(slope of 20dB/decade up to 40 kHz). On the other hand, when there
is insufficient energy transferred to the air (not enough layers), the
SPL would be proportional to the square root of the frequency
Fig. 14. (a) Acoustic frequency spectra and (b) temperature dependence of 3D-C before and a
in Table B.2. (A colour version of this figure can be viewed online)
(10dB/decade increase for the uncompressed sample from 10 k to
40 kHz). For practical design of a thermophone device at a desig-
nated frequency, it would be interesting to know the minimum
number of layers required for maximum efficiency. Due to the
complex matrix form of the two temperature model, it is chal-
lenging to analytically determine the frequency in which this
change of behavior will occur (from 20 to 10dB/dec) based on the
number of layers. A numerical trend can however be observed in
Fig. 16.

Lastly, Fig. 14b showed that at equal input power, the com-
pressed sample had a higher operating temperature. This is
attributed by the compression causing the material to be denser,
resulting in a air flow to be more difficult and thus reducing its
cooling rate.
3.2.5. Comparison with literature results
Table 1 compares the thermoacoustic response of 3D-C syn-

thesized from literature methods [26,27]. Firstly, minimal research
has been conducted on 3D-C due to it being discovered in 2011 [47],
which is more than 5 years later than CNTs [49] and graphene [50].
Thus, this leaves room for more thorough understanding of 3D-C
geometry. Assuming that the heat capacity of the thermophone is
negligible, a maximum value for the pressure generated by ther-
moacoustics was estimated in the literature as [7,33]

prms ¼ f

2
ffiffiffi
2

p
CpT0

1
r
Pin (31)

Eq. (31) depends only on parameters of the propagating me-
dium and was added in Table 1 as a comparison, assuming sound
propagation in air. Table 1 shows that 3D-C presented in this paper
performed 10 dB lower than its freeze-dried counterpart from
literature, which had been observed in Fei et al. work [24]. How-
ever, the naturally dried 3D-C used by Fei et al. performs 3 dB lower
than the presented foam. This is attributed to the improvement
made to the TCVD technique, which is reflected in the pristine
quality of the 3D-C as seen in the Raman spectroscopy with the
absence of the defect peak at 1350 cm�1 (Fig. 3c). Overall 3D-C does
not reach themaximum theoretical performance for thermophones
and different structures like CNTs have been shown to display
higher SPL compared to 3D-C. For instance, at 5 kHz, 3D-C is a
thousand times less efficient than the theoretical maximum from
Eq. (31), which is also a thousand times less efficient than a tradi-
tional loudspeaker. Additionally, while 3D-C is not as efficient as
CNTs, its internal structure allows for a better cooling during
operation, rendering it less vulnerable to damage caused by
fter mechanical compression, the thickness being 2 mm and 1 mm respectively as seen



Fig. 15. SEM micrograph of compressed 3D-C. (A colour version of this figure can be viewed online)

Fig. 16. Transitional frequency depending on the theoretical number of layers in a
2 mm sample. (A colour version of this figure can be viewed online)
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overheating. A more detailed analysis of various thermophones
acoustical and thermal performances compared to 3D-C is found in
the comparison with other carbon nanostructured materials
Table 1
Comparison of different 3D-C synthesized via TCVD in the literature. The normalized SP

Thermophone Substrate SPL (

36

Freeze Dried 3D-C Glass 25
Freeze Dried 3D-C Free-standing 25
Natural Dried 3D-C Glass 15
Natural Dried 3D-C Glass 12
section of Supporting Information.
Eq. (31) is a maximum that was determined based on the

assumption of ideal physical properties of a thermophone and not
on its geometry. It would be interesting to utilize 3D-C with such
flexible synthesis methods to investigate more complex and
potentially more efficient thermophones. Unlike CNTs which
require the tedious extraction of its strands from its synthesized
forest webs [51], 3D-C’s simple synthesis method make it a ther-
mophone worth investigating and improving due to its mass
manufacturing capabilities [37].
4. Conclusion

3D-C with varying parameters were synthesized and the
acoustics performance studied and compared to theoretical models
and experiments from the literature [7,26,27,38]. Results show that
there is good fitting between the theoretical models and the
experimental data. Namely the effect of electrical input frequency,
input power, material size, area of electrical connection, path of
electrical connections, material density, material ppi and the
presence of a backing on the acoustical performance of the samples
were investigated. This study provides insights on how3D-C should
be used for efficient thermoacoustic effect, from the synthesis, to
the packaging, depending on the frequency range of interest.
Furthermore, it was shown that the real time hot point tempera-
tures were good indicators of when the sample would decompose.

Despite its small size, the high porosity and pristine graphene
quality of 3D-C allowed it to exhibit excellent acoustical
L at 1 m and 1 W is measured at 1 kHz.

dB) at 1 kHz Reference

Maximum from Vesterinen [33], see Eq. (31)

Fei 2015 [26]
Lee 2018 [27]
This work
Fei 2015 [26]
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performance. Its unique geometry also allowed for more rapid
cooling as compared to other carbon nanostructured materials in
literature. With a sufficiently large air gap between 3D-C and its
backing, the addition of an acoustical backing improved the sam-
ple’s acoustical performance. The electrical contact surface should
be as large as possible with electrical paths which allow electrical
current to pass through the entire sample for efficient use of the
entire material and optimum heat resilience. In this study, a line
connection showed to have the best acoustical and thermal
performance.

It is within the authors’ knowledge that measurements of very
low power input (below a few hundred milli-Watts) has not been
investigated in depth, as most power spectra in the literature are
displayed in a linear fashion [7,24,52]. More low power measure-
ments have to be performed with different experimental condi-
tions to confirm the linearity between temperature and input
power at all power levels. While 3D-C is able to produce complex
sound (music) with only AC signals using a pre-processing method
[53] (Video S3), more studies have to be done to improve its effi-
ciency before it can compete with regular loudspeakers in the
market of audible acoustics generation. Utilization of 3D-C’s flex-
ible synthesis could be a way to improve the efficiency by
geometrical means. Another idea to further exploit would be to use
thermophone mainly for high frequency applications (3D-C was
tested up to 150 kHz and other thermophone up to a fewMHz [35])
in order to utilize the linearly increasing efficiency of thermophone
with frequency [11,33].

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.06.045

All in all, thermophones are promising alternative for sound
generation. While their current low efficiencies prevent them from
replacing commercial loudspeakers, their non-mechanical sound
generation mechanism induces awide frequency band of operating
range. In addition, their lightweight, small size and low cost of
production make them a novel alternative for sonar applications or
ultrasonic transducers. Particularly, 3D-C has an advantage over
CNTs for large scale manufacturing as CNTs require a tedious pro-
cess of using a nano-manipulator to acquire its strands from CNT
forests [51]. The ability of 3D-C to emit sound thermoacoustically is
hence worth investigating.
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