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ABSTRACT

Dielectrophoresis describes neutral particles moving in non-uniform electric fields. We experimentally observe the dielectrophoresis of gas
generated by macroscopic electrodes and show that this effect can be large enough to generate audible sound. The observed sound agrees
with a multiscale model of dielectrophoresis of gas. The compositional dependence of this effect is shown through experiments on mixtures

of nitrogen and carbon dioxide, as well as volatile molecules in air.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002286

Electrically polarizable objects experience a force due to the inter-
action between their induced dipole and non-uniform electric fields,
which was coined dielectrophoresis (DEP) in 1951." Applications of
DEP have ranged from separating polar and non-polar molecules in
liquids,” sorting colloidal particles,””" filtering dust particles out of
air,” pumping or mixing non-conductive liquids,”” and repelling bub-
bles to facilitate boiling heat transfer.” More recently, DEP has found
tremendous use in the biological and microfluidic realms’ where it is
routinely used to manipulate cells,'”"" nanoparticles,'””'” and biomo-
lecules.'”"” While our understanding of DEP is evolving due to an
emerging appreciation for the importance of permanent dipoles, *'”
these applications are widespread because the DEP force is typically
proportional to the volume of an object, resulting in appreciable forces
for microscale objects in the presence of modest electric fields.”’ >
The same scaling, however, makes it difficult to observe DEP on
smaller objects such as individual molecules. Nevertheless, in an ideal
gas, each gas molecule should experience a minute force pulling it
toward regions of high field intensity. As the system will rapidly relax
to local thermodynamic equilibrium, such forces will increase the gas
pressure by p,aE?/2kpgT with molecular electrical polarizability o,
atmospheric pressure p,, local electric field E, Boltzmann’s constant
kg, and temperature T (Fig. 1). Since o ~ 10~% C-m?/V for an indi-
vidual molecule,””** the fractional increase in local pressure for
E =5kV/cm, which is below the ~30kV/cm threshold for dielectric
breakdown of air,”*" is only predicted to be ~10~* (corresponding to

an ~1 mPa absolute pressure shift). Despite the fact that this is minis-
cule, humans can perceive ~107'° fractional pressure shifts, sugges-
ting that the DEP-induced pressure shifts could be large enough to be
audible.” Thus, if one considers applying an alternating current (AC)
electric field, the pressure shift will oscillate at twice the frequency of
the applied AC signal and potentially give rise to propagating sound
waves.

In this paper, we observe the DEP of ambient gas in the presence
of macroscopic electric fields. By constructing macroscopic electrode
arrays and measuring the sound produced by these arrays, we observe
sound at a frequency that is characteristic of the electrode geometry
and that has an amplitude that agrees with a continuum model of
DEP of gas. In order to prove that this sound originates from DEP, we
repeat these experiments with mixtures of carbon dioxide and nitrogen
and find the magnitude and frequency of emitted sound to be in agree-
ment with analytical predictions. Additionally, we find that ethanol or
isopropanol vapors in air produce predictable and discernable acoustic
signatures when driven using DEP. Having shown that electrodes
behave as coherent sources of sound by applying DEP forces directly
on gas molecules, we test a set of concentric ring electrodes that are
designed to produce sound that coherently converges at a specified
focal point and experimentally demonstrate that DEP-generated
sound is intense enough to be audible and can be created in a spatially
complex fashion using acoustic sources that are substantially
sub-wavelength.
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FIG. 1. (a) In the vicinity of energized electrodes, electrically neutral gas molecules
experience an electrostatic force acting on their induced dipoles. (b) Even though
DEP is substantially weaker than thermal fluctuations, it will produce a slight posi-
tive pressure shift Ap in the high field region. (c) An oscillating electric field produ-
ces an intermittent attractive force that leads to pressure oscillations that propagate
away from the electrodes.

In order to test the hypothesis that DEP can give rise to apprecia-
ble sound, we designed an electrode array to function as an array of
acoustic sources. The electric field produced by parallel strip electrodes
was found using electrostatic finite element analysis [Fig. 2(a)]. In
order to understand the effect this field would have on proximal
gas, the compressible Navier-Stokes equations and continuity were
used as governing equations in which DEP was included as a body
force. These equations can either be directly solved numerically or
linearized in the acoustic limit and solved using Green’s functions
(supplementary material).”>*” Using either approach, we found that
the high field region between the electrodes was expected to produce
sound oscillating at twice the frequency of the applied field that propa-
gates in a cylindrically symmetric fashion (i.e., a two dimensional field
with axial symmetry) [Figs. 2(b) and S1]. With this insight in hand,
the gap between a pair of electrodes can be considered an acoustic line
source with a magnitude and phase determined by the details of the
driving voltage and the ambient gas. Importantly, this lumped element

ARTICLE scitation.org/journal/apl

approach allows the behavior of an array of line sources to be rapidly
calculated to determine the conditions under which such an array will
produce a coherent beam of sound propagating along the surface of
the board [Figs. 2(c) and S3].

Having predicted that a linear electrode array should be capable
of producing sound, we performed a series of experiments to measure
the sound produced by an interdigitated series of electrodes.
Experiments were carried out in an audiometric test room (IAC
Acoustics) in which a printed circuit board was driven at frequency f
with a root-mean-squared voltage V' and observed using a proximal
microphone [Fig. 2(d)]. The board consisted of 53 electrode pairs with
a periodicity L = 5 mm, which were driven at V' = 40 V using a high
voltage amplifier (PA98—Apex Microtechnology). Sound was mea-
sured using a microphone (Type 4138—Briiel & Kjaer), amplified by
20 dB using a microphone amplifier (Type 5935—Briiel & Kjaer), and
then input into a lock-in amplifier (Model SR830—Stanford Research
Systems) to select the 2f component of the signal. To measure the
pressure amplitude py, a 10 min collection time was used with a 30 s
lock-in integration time constant with a 12 dB slope. By sweeping f, po
was mapped, revealing a peak frequency fr =34.8kHz [Fig. 2(e)].
According to our model of DEP-generated sound, this resonant fre-
quency is determined by the geometry of the electrode array, namely,
fr = ¢o/(2L) with sound speed c. The high noise present at 50 kHz is
reflective of operating at the upper bandwidth limit of our lock-in
amplifier. After identifying fr, po at f = fr was measured vs V and fit
to po = aV? [Fig. 2()] to find a = 2.0 = 0.1 nPa/V?, which is similar
to the 4 nPa/V? theory prediction for an array with infinitely long elec-
trodes (supplementary material). In order to further verify that this
signal corresponded to sound and not a direct electrical coupling
between the board and the microphone, the phase ¢ of this signal was
measured as the microphone was moved along the surface of the
board [Fig. 2(g)]. As anticipated, ¢ increased linearly as the micro-
phone moved in the direction of the acoustic beam, confirming that
the measured signal was due to sound propagating in air. While the
observed sound is in quantitative agreement with DEP, we also per-
formed a series of experiments evaluating other mechanisms including
thermoacoustic sound generation and electrostriction of the solid
support, both of which were unable to match the observed data
(supplementary material). Corona wind—or the sustained motion of
gas that arises from sustained corona discharge—has been previously
used to generate sound but uses much larger voltages (> kV) than pre-
sent here and in a direct current (DC) configuration, rather than the
~40V alternating current voltages used in the present study.””""

It is important to note that the voltages used here are substan-
tially lower in frequency than the molecular dielectric resonances
exhibited by gases in air (e.g, 60 GHz for O,).”” Thus, o can be
approximated as purely real and constant with respect to frequency.”
Correspondingly, the resonant conditions of a given electrode array
originate from its geometry and not the dielectric properties of the gas.
Looking beyond the present study, the increase in o at frequencies
near molecular dielectric resonances suggests that operation at high
frequencies commensurate with these resonances could provide a
chemically specific path to efficiently manipulate gas molecules.

Since DEP depends on the properties of the gas, we hypothesized
that changing the gas composition would change DEP-generated
sound in an observable fashion. To explore this, we developed an
experiment to measure DEP-generated sound in a sealed enclosure in
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FIG. 2. (a) A cross section of the local electric field E is peaked in the region between two electrodes. (b) If E oscillates at frequency f, compressible fluid flow computation
reveals that the change in pressure Ap propagates radially away from the gap between the electrodes. (c) The pressure wave amplitude py produced by an electrode array
with blue dots corresponding to the gaps between electrodes. (d) Schematic of the experimental system used to detect sound produced by a linear electrode array. (e)
Experimentally measured py in the vicinity of a linear electrode array driven with applied voltage V = 40V (red) or 0V (black). (f) Measured po at f = 34.8 kHz. (g) Pressure

wave phase ¢ measured vs microphone position d with V = 40V and f = 34.8 kHz.

which we could control the gas composition. Our model predicts that
for a given electrode array, a and fz would depend on o and ¢y, respec-
tively. Specifically, we sought to explore the DEP-induced sound in
CO,, for which o is 50% higher than N, the principal component of
air. Initially, the sound generated by the electrode array with V=40V
was measured in air [Fig. 3(a)]. Without moving any components of
the system or changing any settings, the enclosure was purged with

pure CO,. After allowing the system to equilibrate for 30 min, the f
sweep experiment was repeated. Importantly, the shift in fz confirms
that the gas had been replaced with CO, due to the slower ¢y in CO,
relative to that in air. More importantly, however, is that py at fz
increased. To test the generality of this effect, we repeated this experi-
ment with 2:1 CO,:N, and 1:2 CO,:N, and observed the same trend
with py at fr decreasing concomitantly with the CO, composition.
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FIG. 3. (a) Measurements of sound produced by a linear electrode array in a sealed enclosure with a controlled gas environment. Measurements with a set percentage of CO,
in a host gas of N, (orange) are compared with measurements in air (red) taken with the system in the same configuration. (b) Predicted speed of sound c; vs experimental
resonance frequency fr. (c) Ratio of the pressure coefficient a registered for the CO,~N, mixture relative to that of air a,;, vs the ratio of the average polarizability o of the
CO,-N, mixture relative to that of air o;,. (d) Measurements of py produced by a linear electrode array in a sealed enclosure with air (red) and a vapor of ethanol (purple) or
isopropyl alcohol (IPA—blue). The inset shows experimentally determined relative pressure shift da/a relative to sound speed shift ofz /fz vs DEP sensitivity factor S, which is

calculated from material properties.
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Critically, fr [Fig. 3(b)] and a [Fig. 3(c)] calculated for each composi-
tion agree with the theoretical model of DEP generated sound. Being
based upon the continuous flow of purified gases, there was minimal
water vapor present in the atmosphere, an important fact considering
that water has a strong dipole moment.

While observing that acoustic generation is proportional to o
lends proof to the proposed model for DEP-generated sound, we
sought to explore whether small quantities of volatile molecules could
appreciably change DEP-generated sound. Thus, we performed a
series of experiments in which py vs f was measured in an air-filled
chamber and then again in the same chamber after introducing a small
container of liquid ethanol or isopropanol (IPA); both liquids that
have large o, non-zero molecular dipole moments, and substantial
vapor pressures at room temperature. Upon exposure to a vapor of
either liquid, fz decreased and a increased [Fig. 3(d)]. These experi-
ments provide evidence that DEP-generated sound can encode chemi-
cal information in both the speed and magnitude of sound. In
particular, the py of DEP-generated sound increased relative to py in
air by 67% in the presence of ethanol and by 14% in the presence of
IPA. To understand this, we performed a perturbation analysis of p,
and ¢y in the presence of an arbitrary analyte species (supplementary
material). While the relative shift in either quantity depends on the
concentration of the analyte present, the ratio of the fractional shift in
Po to the fractional shift in ¢y is invariant of concentration. Thus, we
compare this experimentally measured value to a DEP sensitivity
factor S, which depends only on material properties (Table S3 and
supplementary material), and find agreement between theory and
experiment [inset of Fig. 3(d)], in further support of DEP being the
mechanism of sound generation. Importantly, o for a material with a
static dipole moment must include this static dipole in a thermalized
fashion.”

Having shown that electrodes on printed circuit boards can pro-
duce a significant enough DEP force on gas to generate observable
sound, we sought to explore the degree to which arrays of electrodes
could produce more complex acoustic profiles and whether these can
be audible. Considering the region of the high field between electrodes
to be an acoustic line source, we hypothesized that controlling the
position and phase of such electrodes could allow one to realize a
phased array of acoustic sources for controlling the magnitude
and direction of sound. This is an empowering concept because deep
sub-wavelength electrodes can be constructed with a high degree of
complexity on printed circuit boards with small and scalable drive
electronics. Thus, to explore this concept, we designed a set of concen-
tric ring electrodes [Fig. 4(a)]. This electrode array, when driven at f
=10kHz, is expected to behave as a zone plate in which the signal
produced by all electrodes constructively interferes at one location
along the central axis. Directly computing the expected pressure field
produced by this array gives rise to a well-defined pressure maximum
at a point 10cm away from the board [Fig. 4(b)]. In contrast, the
pressure field predicted when the board is driven off resonance at
f=15kHz is substantially weaker and lacks the maximum at 10 cm
[Fig. 4(c)]. A ring electrode array board was produced and tested in an
audiometric test room to find p, along the center axis, while it was
driven with a 10 kHz signal with V = 193V [Fig. 4(c)]. A clear maxi-
mum was detected at the expected focal point with a maximum pres-
sure of ~4 mPa, corresponding to a definitively audible signal when
compared to the human auditory threshold.”” This experiment was
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FIG. 4. (a) Schematic of the zone plate composed of a series of concentric ring
electrodes. Computed pressure field produced by the zone plate operating at (b)
f =10 kHz and (c) f = 15kHz. Blue dots correspond to the location of electrode
pairs. Experimentally measured p, vs axial distance z at (d) f = 10kHz and (e)
15kHz. The arrows highlight the expected focal point when driven on resonance
(10kHz), which, as expected, shows a peak in (b) and (d) and the absence of a
peak in (c) and (e).

repeated at 15kHz, and as expected, a maxima was not observed at
10 cm as the frequency did not match the coherence conditions.

While the study of DEP has evolved in >60 years since its discov-
ery, the observation that macroscopic electrodes and modest voltages
can produce audible sound illustrates that there remain fundamental
discoveries to be made. In light of recent work highlighting the impor-
tance of permanent dipoles in DEP interactions,'”'” the quantification
of molecular dipole moments through acoustic methods could provide
important tools for the development of more complete theories of
DEP. Agreement between experiment and theory confirms that the
observed phenomenon is due to DEP and provides a framework for
predicting the acoustic generation from arbitrary electrode arrange-
ments. Due to the simplicity of the experimental setup and low cost of
printed circuit boards, the barrier for follow-on work is low. While the
magnitude of DEP generated sound is small, the fact that audible
sound can be realized using modest voltages and macroscopic electro-
des indicates that it may be present in other settings, perhaps playing a
role in the audible noise caused by transmission lines, which is cur-
rently analyzed in an empirical manner and known to have a spectral
peak at twice the frequency of the voltage.”” " As the active elements
that generate sound can be substantially sub-wavelength, produced as
part of standard printed circuit board fabrication, and feature no mov-
ing parts, they are highly amenable for developing active metamateri-
als or phase-controlled antenna array applications.
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See the supplementary material for additional details regarding
methods, a derivation of DEP-generated sound, a multiscale calcula-
tion of DEP-generated sound, a derivation of DEP of air with volatile
additives, and discussion of potential alternate explanations of the
observed sound.
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