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Abstract
Sound can be generated via modulated Joule heating of thin conductive films. Its amplitude and
phase are sensitive to the electrical and thermal properties of the film. Here we show how such
sound can be used to measure and quantify these properties. In particular, we experimentally
determine the relative conductances of electrical paths in a multi-branched thin film, which can
then be used to find the temperature dependence of the film conductance. This is achieved by
nullifying the sound at a given point in the sound field using simple voltage control. This
method, essentially an acoustic analogue of an electrical bridge circuit, is advantageous since it
allows for electrical and thermal properties to be measured simultaneously. These attributes
benefit the characterisation of complex circuit architectures, as well as thermal sensing.

Supplementary material for this article is available online
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1. Introduction

A thermophone is a device that generates sound due to an oscil-
lating heat source within it [1]. The heat transferred to the
surrounding medium results in a pressure change that propag-
ates away from the device as sound. Thermophones are simple
devices, typically consisting of a single electrically conductive

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

element that dissipates Joule heat from an alternating cur-
rent source. They are non-resonant, broadband, and can be
easily fabricated using standard lithographic techniques. The
Joule power, P, is related to the driving voltage, V, and ele-
ment conductance, G, through P= GV2. For a linear con-
ductor, this square dependence on the voltage causes sound
to be generated at the second harmonic of a sinusoidal source
frequency, f . Any electrical nonlinearity in the conductor can
be quantified through any additional frequency components
generated by the thermophone [2].

To date, the majority of thermophone research has focused
on addressing the relatively poor conversion efficiency of
source power into sound [3–5]. However, for many poten-
tial applications this efficiency is irrelevant: the distinctive
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mechanism of sound production has been shown to already
have use in non-destructive evaluation [6], active noise can-
cellation [7], signal heterodyning [2], and ultrasonic phased
arrays [8].

In this work, we demonstrate that the sound generated by
a thermophone consisting of multiple conductive thin film
branches can be used to determine its electrical and thermal
properties. We begin with a general case of a device con-
sisting of three branches, each producing sound, figure 1(a).
The sound is used to measure the relative electrical conduct-
ance of each of the branches. Then, to allow for the absolute
value of this conductance to be determined, we consider the
case where only two of these branches produce sound and the
third is an arbitrary load of unknown conductance. Finally, we
demonstrate how multi-branch measurements can be exten-
ded to include thermal effects such as the temperature depend-
ence of the electrical conductance. The properties of the film
are found through balancing the sound output from the dif-
ferent branches of the device. In this sense, our device func-
tions in a similar way to an electrical bridge circuit. Bridge cir-
cuits have myriad applications in areas such as sensor design
[9–11]. Here we show that this ‘thermophonic bridge’ has sev-
eral distinct advantages over its traditional electrical counter-
parts. The lack of internal electrical connections is useful in
situations where individual electrical contact with conducting
branches may not be feasible. The frequency dependence of
the spatial response of the sound also offers opportunities to
enhance precision via beam shaping [8].

2. Thermophonic bridge theory

In a simple thermodynamic model, the acoustic pressure in air
generated by a point-like thermophone is given by [12]

p∝ Pf2
r
, (1)

where P is the (complex) Joule power, f2 = 2f is the second
harmonic of the driving voltage of frequency f, and r is
the radial distance from the thermophone. (The proportion-
ality constant depends on the thermal conductivity and heat
capacity of the system and is not important for the current
work; supplementary S1 for derivation.) For devices con-
sisting of multiple millimetre-scale thermophonic elements,
thermal coupling between elements at acoustic frequencies
is negligible because the decay length of thermal waves
(
√
α/πf2, where α is the thermal diffusivity) is several orders

of magnitude shorter than the device dimensions. As such, the
elements can be treated as independent acoustic sources. There
is, however, electrical coupling, depending on the circuit con-
figuration [8]. The operation of the thermophonic bridge is
based upon this coupling. A useful quantity is the total far-
field acoustic pressure,

ptotal =
˛
S
p dS , (2)

where S is a surface enclosing the device. Modelling a
device as a collection of planar acoustic sources with finite

dimensions, the above integral becomes difficult and often has
no closed-form solution. Instead, if the device dimensions are
sufficiently small relative to the acoustic wavelength then it
can be assumed to behave as a point-like source, for which p
has no angular dependence. In this case, equation (1) suggests
that ptotal ∝ Ptotal, the sum of the Joule power from all ther-
mophone sources. Therefore, the total sound pressure can be
used as a measure of the total Joule power in the system. It is
this measurement of the total Joule power that allows for the
electrical properties of the device to be determined. Decreas-
ing the wavelength, such that it is comparable to the device
dimensions, introduces error into this result due to diffractive
effects.

Consider the device shown in figure 1(a). Two different ac
voltages, V1 and V2, are applied to branches 1 and 2, respect-
ively. The third branch is held at 0V. This can be modelled as
a simple circuit, figure 1(b), with each branch represented by
a conductive element, G1,2,3. If V1 and V2 are both sinusoidal
with frequency f and phase difference φ, the total Joule power
(P1 +P2 +P3) dissipated by the device is

Ptotal =

(
1− G1

Σ

)
G1|V1|2 +

(
1− G2

Σ

)
G2|V2|2e2iφ

− 2
G1G2

Σ
|V1||V2|eiφ , (3)

where Σ≡ G1 +G2 +G3 (supplementary S2). Here V1, V2

and Ptotal are rms quantities, since these are what are meas-
ured experimentally. The thermophone sources in this case are
electrically coupled, since the Joule power dissipated in each
branch is dependent on the conductance of all other branches.
Due to the proportionality between the total Joule power and
total sound pressure, the total Joule power can be measured up
to some constant by integrating the sound field generated by
the device. Combining multiple measurements then allows for
the constant of proportionality to be eliminated. Measurement
of this quantity affords two bridging methods for determining
the conductances of the branches.

The first, ‘voltage-based’ method involves changing the
amplitudes of V1 and V2 with zero phase shift between them
(φ= 0). From equation (3), it can be seen that the conductance
ratios can be determined by measuring the total power when
switching the two sources on or off (supplementary S3),

G1PA = G2PB = G3PC , (4)

where

PA ≡−P1,0 +P0,1 +P1,1 ,

PB ≡ P1,0 −P0,1 +P1,1 ,

PC ≡ P1,0 +P0,1 −P1,1 . (5)

Here, Px,y is the total power (or total sound pressure) meas-
ured, where x and y define the on (1) or off (0) state of V1 and
V2, respectively.

The second, ‘phase-based’ method involves changing both
the amplitudes of V1 and V2, as well as their relative phase φ.
In this case, it is possible to generate zero total power in
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Figure 1. (a) Ambient thermal image of a three-branch ITO film
(outlined with red dashed lines) with multiple gold contacts (solid
black). The choice of contact along each branch allows its length
(and, therefore, conductance) to be varied. (b) Thermophonic bridge
circuit. Thin film branches of conductance G1,2,3 produce sound via
Joule heating due to two ac source voltages V1,2. (c) Two-branch
device consisting of ITO films of equal, known conductance. These
are connected to ground via an external unknown conductance that
does not produce sound. (d) Schematic of two-branch steering
measurement, showing the directivity of the far-field sound
produced by a two-branch bridge. The magnitude is indicated by the
radial extent and the phase by the colour. When perfectly balanced,
the directivity shows a null at θ0 = 0. This shifts as the bridge
becomes unbalanced. The far-field directivity is measured by
rotating the device relative to a microphone placed at a fixed
distance. (e) Method for measuring the total sound. Two parabolic
reflectors (radius 15 cm, depth 8 cm) collect the sound emitted from
the device and focus it onto the microphone, allowing for the total
sound produced to be determined with a single measurement.

equation (3) for finite voltage amplitudes. By substituting
x= |V2|

|V1|e
iφ and solving the resulting quadratic, this occurs

when

|V2|
|V1|

eiφ =
G1 ±G1

√
−G3Σ/G1G2

G1 +G3
, (6)

(supplementary S4). At this point, there is finite power dissip-
ation from each of the branches, but the total is zero due to
phase cancellation. By measuring the values (|V2|/|V1|)0 and

φ0 at this zero total power condition, the conductance ratios
can be determined from equation (4), where instead

PA ≡
(
|V1|
|V2|

)
0

− cos φ0 ,

PB ≡
(
|V2|
|V1|

)
0

− cos φ0 ,

PC ≡ cos φ0 . (7)

The sound field can also be used to measure the conduct-
ance of a branch that does not produce sound itself. Consider
the same circuit as before, but now only branches 1 and 2 pro-
duce sound (figure 1(c)). For convenience, these are of equal
conductance,G. Branch 3 is of unknown conductance,Gx, and
does not produce sound. The total sound in this case is there-
fore proportional to the sum of the powers in branches 1 and 2.
Again, the conductance ratios can be determined by tuning V1,
V2 and φ such that P1 +P2 = 0 (supplementary S5), in which
case

Gx

G
=

1+ sin φ0

cos φ0
− 1 . (8)

An alternative approach for the two-branch device is to con-
sider the directionality of the far-field sound. When V1, V2

and φ are set to achieve zero total sound, the sound gener-
ated by the two acoustic branches must perfectly interfere,
i.e. they have equal magnitude and opposite phase. Modelling
the two branches as rectangular planar sources with separa-
tion d (supplementary S5) and width L, the far-field pressure
magnitude is

|p|= 2A
r

∣∣∣∣sinc(kL2 sin θ

)
cos

(
kdsin θ−ψ

2

)∣∣∣∣ , (9)

where k is the acoustic wavenumber, θ is the measurement
angle from the axis normal to the device and ψ is the acoustic
phase difference between the sources. ForP1 +P2 = 0,ψ = π,
resulting in a dipolar sound field (figure 1(d)). Changing the
source parameters away from these values causes the field
to become more monopolar. From equation (8), altering Gx

causes a shift in the phase difference required for a dipole. In
terms of the sound output from each branch, if φ is kept con-
stant and Gx is increased then the phase difference between
the two branches will change, while their magnitudes remain
equal. This results in transition between dipolar and mono-
polar fields. Defining θ0 as the angle at which there is a null
in the sound field between the two major lobes of the dipole,
it can be shown that

θ0 = arcsin

[
π

kd
+

2
kd

arctan

(
−Gx (Gx + 2G)

2G(Gx +G)

)]
, (10)

from which

Gx

G
=

1− sin
(
kd sin θ0−π

2

)
cos

(
kd sin θ0−π

2

) − 1 , (11)
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where k is the acoustic wavenumber. Therefore, the conduct-
ance ratio can be determined directly by measuring the angle
at which a null appears in the directivity of the far-field sound.

3. Measurements

Thermophones with three and two branches are shown in
figures 1(a) and (c), respectively. (For details of fabrication,
see supplementary S6.) The three-branch device consisted of
a continuous indium tin oxide (ITO) thin film patterned into
three, nominally identical radiating branches. Each branch had
planar dimensions 3.0× 0.5mm with thickness 50 nm, and
gold contacts were placed with pitch 0.5mm along its length.
By choosing which contact to connect to source and drain,
the length of each branch was varied, thus changing its con-
ductance. The additional contacts also allowed for differential
voltage measurements to be performed on each branch, such
that the Joule power could be measured electrically for dir-
ect comparison with the sound. The two-branch device con-
sisted of two 7× 2mm rectangular filmswith separation 5mm.
These two branches were individually sourced, and connected
to ground via a variable conductance.

Voltages V1 and V2 were sourced from individual phase-
locked channels of a waveform generator (Rigol DG4102) and
amplified (Rigol PA1011) to cause measurable Joule heating.
Both electrical and acoustic measurements were taken using
lock-in amplifiers, phase locked to the source (Signal Recov-
ery 7124). Acoustic measurements were taken with a con-
denser microphone (EarthworksM50with ZDT1022 preamp).
The lock-in amplifier for the acoustic measurements was set
to take measurements at the second harmonic of the source.
Thermal measurements were taken with a thermal imaging
camera (FLIR A655SC).

To quantify the electrical properties from the sound meas-
urements, the proportionality between the total sound and total
Joule power must be verified (equation (1)). This is frequency
dependent due to diffractive effects caused by the finite size
of the device. Experimentally, the challenge is to find a fre-
quency that is low enough to minimise diffractive effects,
whilst also providing a sufficiently high signal-to-noise ratio.
The three-branch device was connected such that the lengths
of the branches, hence their conductances, were equal. The
phase was then swept across the range −π ⩽ φ⩽ π, with
|V1|= |V2|. A differential voltage measurement was taken
along each of the branches, from which the total Joule power
could be inferred. Integration measurements of the sound field
were performed using a pair of parabolic reflectors to focus the
sound to a single point, figure 1(e). The device was placed at
the focal point of one of the reflectors and the microphone at
the other. The reflectors were then placed opposite each other
such that the sound emitted from the device was collected and
focused onto the microphone. This is not a true measure of
the total sound as the integration surface does not completely
encompass the device; however, the proposed method is more
time-efficient as it only involves a single measurement, rather

than a full mapping of the far-field sound. This inevitably leads
to some discrepancy between the measured and actual total
sound, which can be minimised with suitable choice of fre-
quency. Measurements were therefore performed to quantify
the discrepancies between the measured ‘total’ sound and total
Joule power. These were performed for driving frequencies
1 kHz⩽ f⩽ 25 kHz.

The total sound produced by the three-branch device was
measured using both voltage-based and phase-based bridging
methods for different values of the branch conductances.
These conductances were measured electrically by a two-
terminal method. For the voltage-based method, three meas-
urements of the total soundwere recorded, one for each ofP1,0,
P0,1 and P1,1. The conductance ratios were then determined
using equation (4). The phase-based method involved varying
both |V2| and φ, with |V1| held fixed. The sound was measured
for 0⩽ |V2|⩽ 2|V1| and−π ⩽ φ⩽ π. The conductance ratios
were then determined from equation (7).

For the two-branch device, the directivity of the far-field
sound, as seen in figure 1(d), was measured for different val-
ues ofGx. Far-field soundmeasurements were taken bymount-
ing the device in a rotary gimbal (Newmark Systems Inc.) and
rotating the device relative to the microphone, placed multiple
wavelengths away from the device.

4. Results and discussion

Figure 2(a) compares the measured total sound pressure from
the three-branch device with the total Joule power. The Joule
power shows excellent agreement with equation (3), including
the zero points at φ=±π/3, as predicted from equation (6)
when G1 = G2 = G3. The total sound also successfully repro-
duces this behaviour. Figure 2(b) shows the rms difference
between the total sound pressure and total Joule power as a
function of the driving frequency, compared to a numerical
model where the device is not assumed to behave as a point
source. (The numerical model is based upon the directivity
function defined in supplementary S1.) For f< 5kHz there is
significant error, mainly caused by 1/f noise in the amplifiers.
The error also increases for f> 5kHz. This is shown in both
the model and experiment, as the point-source approximation
breaks down due to diffractive effects. Experimentally, the
error is further increased past this point due to scatteringwithin
the parabolic reflector setup. For f= 5 kHz the error was min-
imised, hence this was chosen as the main working frequency.
The dependence of the generated sound on |V2|/ |V1|, as well
asφ, is shown in figure 2(c) for f= 5 kHz. Again, there is good
agreement between experiment and model. This includes the
points of zero total sound, which are indicated by vortices in
the phase. The correspondence seen in all cases confirms that
the total sound can be considered to be directly proportional
to the total Joule power.

For the three-branch device, the measured dependence
of the point of zero total sound on the branch length L
is compared to equation (6) in figure 3. As L1 decreases
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Figure 2. (a) Normalised measurements of total Joule power (blue)
and total sound pressure (black) from a three-branch thermophone
as a function of the phase difference φ between the voltage sources
of branches 1 and 2. Here, |V1|= |V2| and f= 5kHz. Experimental
data are compared with equation (3) (red). (b) The relative error
between the measured |Ptotal| and |ptotal| as a function of the driving
frequency. The minimum is indicated by an arrow. Red line
indicates simulated diffraction-based error. (c) Dependence of Ptotal
and ptotal on both |V2| and φ, with |V1| held constant. Top: modelled
Ptotal from equation (3), showing both the normalised magnitude
(contours) and phase (solid colour). A vortex in the phase occurs
where |Ptotal|= 0. Bottom: experimental measurement of the phase
of ptotal. The dashed red line indicates the data shown in (a).

(G1 increases), the contribution from branch 1 to the total Joule
power (hence total sound) will be reduced. In the limiting case
G1 →∞ this results in power dissipation purely from
branches 2 and 3. For zero total Joule power, V2 should
then be adjusted such that P2 =−P3. In the case where
G2 = G3, from equation (6) it is seen that V2 =

√
2V1eiπ/4.

This behaviour is clearly seen in the experimental data, with
the zero point shifting as L1 is decreased. Similar behaviour
is observed when decreasing L2 or L3, where the limiting
cases are V2 = (

√
2/2)V1eiπ/4 and V2 = V1eiπ/2, respectively.

While the experimental data shows the trends predicted by
the model, there is an offset in the exact locations of the zero
point. This is due to the device branches having slightly differ-
ent conductances per unit length, such that G1, G2 and G3 are
not exactly equal when L1 = L2 = L3. The conductance ratios
measured electrically and acoustically are shown in figure 4.
Both voltage-based and phase-based bridging methods quant-
itatively agree with the direct electrical measurements. The

Figure 3. (a) Predicted phase of total Joule power (colourmap) as a
function of relative source phase and magnitude for a three-branch
device with equal branch conductances. The location of the point of
zero power (phase vortex) and its dependence on individual branch
conductances is shown: experimental total sound (circles) and
modelled total Joule power (dashed line), where increasing
conductance equates to increasing radial distance from the centre.
The colours blue, red and green represent the branches 1, 2 and 3,
respectively. (b) Measured total sound phase maps for the boxed
points in (a).

experimental uncertainty for the voltage-based method is
obtained from the standard error of the mean, as the sound
measurements were averaged over a period of 60 s. For the
phase-based method, the uncertainty arises from determining
the location of the point of zero total sound, which can be
improved by increasing the number of measurements made
around the zero point. If the full behaviour of the device is
measured, as in figure 3, the uncertainty can be reduced further
by instead fitting with equation (3). The sensitivity of the point
of zero total Joule power to the conductivity ratios inherently
makes the phase-based method preferable in terms of meas-
urement sensitivity, at the cost of increased measurement time
and complexity.

In the case where the third branch is a non-sound-producing
conductor of conductance Gx, the sound field formed from
the other two branches is expected to be dipolar, figures 1(c)
and (d). The measured directivity of the far-field sound for
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Figure 4. Measurements of three-branch device conductance ratios
Gy,z/Gx as a function of the branch lengths Lx, normalised to the
maximum branch length Lmax. Results shown for electrical
measurements (a), (b), as well as the voltage- (c), (d) and
phase-based (e), (f) acoustic methods. The colours blue, red and
green represent x=1, 2 and 3, respectively, with y and z being the
other two branches in each case. The green and red data sets are
horizontally shifted by 5% for visual clarity. Details for calculating
the experimental uncertainties are given in supplementary sections
S3 and S4, where the measurement uncertainties are calculated from
time-averaged measurements and voltage sweep resolution for the
voltage- and phase-based methods, respectively.

different values of Gx is shown in figure 5. When Gx ≫ G
(figure 5(a)), a symmetric dipolar sound field is observed with
a null θ0 ≈ 0. A shift of this null is clearly seen as Gx is
decreased (figures 5(b) and (c)). From equation (11) it can
be seen that, for kd> π, the change in angle is maximised
(θ0 = π/2) when

(
Gx

G

)
min

=
1− sin

(
kd−π

2

)
cos

(
kd−π

2

) − 1 , (12)

beyond which the sound field is monopolar. For kd⩽ π the
full angular range is not used, reducing the sensitivity of the
measurement and increasing the number of nulls in the sound
field. Additional diffraction-based nulls will also be present
when the acoustic source dimensions are larger than 2π/k. It
is therefore important to optimise G, k and d to achieve the
best results. Since the measurement of θ0 is angular, the preci-
sion can also be directly improved by increasing the distance
between the device and the microphone.

Figure 5. Far-field sound directivity as a function of conductance
ratio for a two-branch device. (a) and (b) Experimental results for
Gx ≫ G and Gx = 0.11G, respectively. The magnitude is indicated
by the radial extent and the phase by the colour. The angle of the
sound field null, θ0, along with the positions of the lobes to either
side are indicated. (c) Stacked directivity plots showing
experimental sound phase as a function of conductance ratio. The
expected shift of the null from equation (11) is shown by the yellow
line. White dashed lines indicate the data shown in (a) and (b).

The thermophonic bridge technique can be extended to
determine the thermal properties of the thin film. Here we con-
sider the case when the conductance is temperature dependent.
For small changes around a reference temperature, T0, the con-
ductance can be assumed to be linear [13],

G(T) =
G0

1+α(T−T0)
, (13)

where α is a material constant andG0 is the conductance at T0.
The temperature of the film is linearly dependent on the Joule
power. This was verified experimentally, figures 6(a) and (b).
As a result, the material constant α can be determined from
measurements of the conductance at different power values.
In the case where only G3 is temperature dependent, the min-
imum in the total Joule power shifts in phase as a function of
the temperature. This is simulated in figure 6((c), top)). Look-
ing at the directivity of the far-field sound, a shift also occurs
in the sound field null, figure 6((c), bottom). By measuring
the location of this null as a function of temperature, α can
be determined directly from the sound field. Moreover, as the
sound also depends on the thermal conductivity and heat capa-
city (the proportionality constant in equation (1)) it can be used
to measure these properties simultaneously with the electrical
ones. As such, there is significant scope in the future to develop
the thermophonic bridge into a powerful technique for preci-
sion measurements of thin-film parameters.
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Figure 6. (a) Experimental measurement of the film temperature as
a function of the Joule power. (b) Thermal image of the three-branch
device at the indicated power. Dashed lines indicate film location.
(c) Simulated temperature dependence of the point of zero total
Joule power. Top: shift in the zero point as a function of
temperature. White arrows indicate direction of shift. Bottom:
orthographic projections of the far-field sound directivity at three
different temperatures relative to T0, showing a shift in the central
null for T ̸= T0.

5. Conclusion

Branched thin-film devices configured as a thermophonic
bridge can be used to determine the electrical and thermal
properties of the film directly from the sound they produce.
This behaviour is owed to the electrical coupling between
thermophone elements, where the sound produced by each
element is dependent on the properties of all other ele-
ments. By measuring the sound under different voltage driv-
ing conditions, the conductance of each branch and its tem-
perature dependence can be determined. For the two- and
three-branch devices demonstrated, the conductance measure-
ment involves balancing the sound output from each branch.
We have shown how this can be achieved using both the
source magnitudes and relative phase. As with a traditional
Wheatstone bridge, this only results in a relative measure-
ment of conductance; however, we have shown how an abso-
lute measurement can be obtained by including known con-
ductances. The demonstration of the direct proportionality
between sound and complex electrical power shows its dis-
tinctive potential for thin film characterisation. In particular,
this method of balancing the circuit, in contrast to the tradi-
tional method of balancing voltages, offers a way to determ-
ine the conductance without the need for additional contacts
along the branches that can perturb the measurement and limit
device architecture. Furthermore, the unique, spatial aspect
of this new type of bridge means that its precision can be

dictated by the choice of frequency and acoustic measurement
distance.
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