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Optically trapped microspheres are high-bandwidth acoustic transducers
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We report on the use of an optically trapped microsphere as an acoustic transducer. A model for the
hydrodynamic coupling between the microsphere and the surrounding acoustic fluid flow is combined
with thermomechanical calibration of microsphere-position tracking to enable quantitative acoustic mea-
surements. We describe our technique in detail, including the self-noise, the sensitivity, and the minimum
detectable signals, using a model appropriate for both liquid and gas environments. We then test our
approach in an air-based experiment and compare our measurements with two state-of-the-art commer-
cially available acoustic sensors. Piezoelectrically driven bursts of pure tones and laser ablation provide
two classes of test sounds. We find that accurate measurements with a bandwidth of 1 MHz are pos-
sible using our technique, improving by several orders of magnitude the bandwidth of previous flow
measurements based on optically trapped microspheres.
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I. INTRODUCTION

Owing to their micromanipulation and force-
transduction capabilities, optical tweezers have become an
indispensable tool in a variety of scientific fields [1]. By
tightly focusing a laser beam, optical forces can exceed
gravitational forces and thermal fluctuations to stably trap
micron-scale objects [2]. In vacuum [3], optical tweezers
have enabled zeptonewton force sensing [4], state-of-the-
art torque sensitivity [5], and searches for new physics
[6], including proposals to measure high-frequency grav-
ity waves [7]. Also in vacuum, optical tweezers can trap
and cool microspheres [8] to the motional ground state
[9,10] and have been multiplexed to arrays of hundreds
of single-atom traps in a promising platform for quantum
computation and simulation [11,12]. In aqueous solution,
optical tweezers can measure mechanical properties of life
at the nanoscale [13,14], such as the stepping strength of
molecular motors or the rigidity of biomolecules [15–17].
Also in liquid, optical tweezers enable ultrafast viscos-
ity measurements [18] and Casimir force measurements
[19]. In gaseous media, optical tweezers have revolution-
ized single-particle aerosol science [20], including abso-
lute pressure measurements and species identification [21],
mass metrology [22,23], and single-droplet growth and
freezing studies [24–26].

There further exists a body of work using optically
trapped microspheres to measure flow in liquids [27–32].
So far, these studies have characterized low-frequency
(< 500 Hz) flows by monitoring the motion of optically
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trapped microspheres with a camera or position-sensitive
detector. In this paper, we propose and demonstrate a fluid-
velocity measurement scheme with a bandwidth approach-
ing 1 MHz using optically trapped microspheres in air.
Flow at such high frequencies is generally associated with
acoustic radiation. A schematic of our optically trapped
microsphere acoustic transducer is shown in Fig. 1. Other
nontraditional acoustic sensors have recently been stud-
ied, including optical microresonators [33,34] and laser
deflection or interference methods [35]. As we will see,
our method combines self-calibration, high bandwidth, and
high sensitivity to acoustic velocity waves (rather than
pressure waves).

Our method builds on earlier work that resolved the
instantaneous velocity of a thermally fluctuating micro-
sphere in air [36]. High-spatiotemporal-resolution posi-
tion tracking along one dimension is achieved by mon-
itoring the optical interference between unscattered and
forward-scattered trapping light [36,37] (see Fig. 1 for
a schematic and [38] for a recent analysis). This same
system is not only sensitive to thermal fluctuations but
also to acoustic perturbations. Two ingredients, a hydro-
dynamic model of the acoustic force and thermomechani-
cal self-calibration, enable quantitative acoustic measure-
ments. Since the microsphere is uniquely sensitive to
high-frequency velocity flows, we use two commercially
available sensors to assess the capabilities of our plat-
form. We benchmark our method in terms of accuracy
and bandwidth against (1) a high-bandwidth (200 kHz)
pressure microphone, and (2) a micron-scale dual-hot-wire
anemometer [39,40] (calibrated bandwidth 20 kHz) that is
commercially known as the Microflown [41].
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FIG. 1. A schematic depiction of the experimental setup. A
1064-nm laser is split by a polarizing beam splitter. The p-
polarized beam is sent through an acousto-optic modulator
(AOM) to shift its frequency by 80 MHz, thereby eliminating
interference effects in the trap. The p-polarized beam is then
steered counterpropagating to the s-polarized beam and both
are focused to the same point between twin aspheric lenses
(numerical aperture 0.7), generating a stable optical trap for
silica microspheres in air. After passing through the trap, the
s-polarized beam is separated with a second polarizing beam
splitter and sent to the detection system. For detection along the
x direction, a sharp, D-shaped mirror splits the transverse mode
into two halves that are sent to a balanced photodetector (75 MHz
bandwidth). Various acoustic sources provide test sounds and
additional acoustic sensors, a microphone and the Microflown,
are positioned just behind the trap. The entire system is enclosed
in a multichamber acrylic box to mitigate air currents.

The remainder of this paper is organized as follows.
In Sec. II, we describe the acoustic sensing modality
of the microsphere, including calibration, self-noise, and
minimum detectable signals. Section III reports our sound-
detection results. We then discuss our results within the
context of other microsphere-based flow measurements
and speculate on future applications in Sec. IV. The paper
is then concluded in Sec. V.

II. NOISE, CALIBRATION, AND ACOUSTIC
RESPONSE

In thermal equilibrium with a reservoir fluid at finite
temperature, the position of a microsphere fluctuates in
random and perpetual Brownian motion [42]. Brownian-
motion velocity detectors [18,36,43] are sensitive to both
thermally fluctuating and driven fluid flows. If the result-
ing driven motion is larger than the random thermal motion
(and detector noise), an acoustic signal is detectable. In
what follows, we develop a model for the acoustic sig-
nal and thermal noise of our proposed acoustic detection
system.

For the general setup, consider a microsphere of radius R
and density ρ harmonically bound to the coordinate origin.
The microsphere mass is m = 4πρR3/3 and the harmonic
trap strength is κ . Let the trapping fluid at temperature T
have density ρf, speed of sound c0, and dynamic viscos-
ity η. The x component of the equation of motion of the
system is

mẍ(t)+ κx(t)− Fd[v(t)] = Fext(t)+ Fth(t), (1)

where v(t) = ẋ(t) is the velocity of the microsphere at time
t, Fd(v) is the dissipative velocity-dependent drag force,
and Fext is an external driving force. Fth is the fluctuat-
ing thermal force, which is related to the dissipative force
through the fluctuation-dissipation theorem.

When all bounding walls are far from the sphere [44]
and the fluid flow at the surface of the sphere does not slip
[45], the hydrodynamic drag force in the incompressible
limit is [46–48]

Fd[v(t)] = −γ0

(
v(t)+

√
τf

π

∫ t

−∞
dt′

v̇(t′)√
t − t′

)
− δ

2
mv̇(t),

(2)

where γ0 = 6πηR is the Stokes friction coefficient and
δ = ρf/ρ is the fluid-to-microsphere density ratio. The vor-
ticity diffusion time τf = R2ρf/η = 9δτp/2 is the amount
of time it takes for the vorticity—the curl of velocity—to
diffuse across the sphere and τp = m/γ0 is the momentum
diffusion time. The first, second, and third terms of Eq. (2)
describe, respectively, the Stokes drag (independent of δ),
the viscous damping due to the flow history (proportional
to δ1/2), and the inertia of the mass added by the fluid that
follows the microsphere (proportional to δ). For a silica
microsphere in air, δ ∼ 10−3 � 1; hence Eq. (2) reduces
to Fd[v(t)] ≈ −γ0v(t).

In the frequency domain, we may write Fd[v(ω))] =
−γ (ω)v(ω), where ω = 2π f is the circular frequency, the
frequency-dependent damping is [49,50]

γ (ω) = γ0

(
1 +

√
−iτfω − i

τfω

9

)
, (3)

and
√−i = (1 − i)/

√
2 defines the branch cut of the

square root.
Next, we consider two cases: noise when Fext = 0 and

signal when Fth = 0 and Fext is caused by an acoustic
wave.

A. Noise

The thermal force is Fth(t) = √
2kBTγ0ξ(t), where ξ(t)

is a zero-mean possibly time-correlated [53] random vari-
able and kB is Boltzmann’s constant. When Fext = 0, the
equation of motion given in Eq. (1) may be solved in
the frequency domain for the admittance v(ω)/Fth(ω) =
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(γ (ω)− iωm + iκ/ω)−1 The corresponding (one-sided)
velocity power spectral density is given by the Kubo-
Green formula [54] as

Svv(ω) = 4kBT Re
[
(γ (ω)− iωm + iκ/ω)−1] . (4)

Equation (4) describes the thermal fluctuations of the
microsphere and hence the inherent noise that must be
overcome to detect Fext �= 0. However, beyond noise lim-
itations, thermal fluctuations enable an accurate detector-
calibration scheme.

The split-beam-detection method, depicted in Fig. 1,
generates a linear voltage signal V(t) = βx(t), where β
is the displacement-to-voltage calibration factor. For sil-
ica microspheres in air, the radius R, temperature T, and
viscosity η can be considered known to within a couple
of percent [22,51,55]. Since Sxx = Svv/ω2, we can predict
the (one-sided) Brownian-motion-driven voltage power
spectral density of the detector

SVV(ω) = β2

ω2 Svv(ω) (5)

≈ β2 4kBTγ0

(mω2 − κ)2 + γ 2
0 ω

2
. (6)

The second approximate equality, given in Eq. (6), is accu-
rate for thermal fluctuations in air and assumes γ (ω) ≈
γ0. As shown in Fig. 2(a), by averaging experimental
periodograms of thermally driven voltage signals and
maximum-likelihood fitting [52,56] to Eq. (6), we can
learn [22] ρ = 1.7(1) g/cm3, κ = 21.3(7) fN/nm, and
β = 2.1(1) mV/ nm. At high frequencies, the spectrum
given in Eq. (6) decays as ω−4 until the constant noise
floor χ = 0.49(2) mV2/Hz of the detector dominates the
signal. The narrow-band position sensitivity of our detec-
tor is therefore

√
χ/β = 333(21) fm/

√
Hz. The inset of

Fig. 2(a) shows that subtle hydrodynamic effects described
by Eq. (5) are perceptible in thermally driven motion above
approximately 50 kHz but may be ignored for calibration
purposes by restricting the fit domain. In Sec. II B, we will
calculate the response of the microsphere to a harmonic
acoustic wave.

B. Signal

When impinging on the trapped microsphere along
the x direction of position measurement, a sound wave
of fluid velocity u and acoustic pressure p applies an
external force [48] Fext = F∇(p)+ Fd(−u). The pressure-
gradient force is F∇(p) = −4πR3∇p/3. Using Euler’s
(linearized) equation ∇p = −ρfu̇, the pressure-gradient
force is F∇ = δmu̇ = 2γ0τfu̇/9. Taking Fth = 0, one can
solve the equation of motion given in Eq. (1) in the
frequency domain for the transfer function H(ω) =
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FIG. 2. (a) The experimental position power spectral density
(open circles) of a R = 1.51(5) µm silica microsphere thermally
driven by air at T = 23.97(1)◦C with a relative humidity of
57(1)%, which has a viscosity of η = 18.23(1) µPa s [51]. The
experimental spectrum is an average periodogram of 550 signals
of length 3 ms. For visualization, each point of the experimen-
tal spectrum is an average over logarithmically spaced frequency
bins. Calibration is performed by fitting the voltage spectrum in
the 1–30 kHz band to Eq. (6) (dashed line). The spectrum and
fit are shown here in physical units using the calibration result.
The solid line uses the fit results to include hydrodynamic effects
that are imperceptible up to approximately 50 kHz. However,
the 50–100 kHz band (gray shaded region) does exhibit subtle
hydrodynamic effects, as suggested by the probability density of
the data-to-theory ratio (inset), wherein the hydrodynamic theory
(solid red line) follows much more closely the expected Erlang
distribution of ratios (solid black line) [22,52]. (b) The theoretical
transfer function relating microsphere velocities to fluid veloc-
ities. The red lines show the amplitude on the left axis, while
the black lines show the phase on the right axis. The solid line
corresponds to the hydrodynamic theory, while the dashed lines
makes the approximation γ (ω) ≈ γ0. The microsphere, trap, and
fluid parameters are chosen to be consistent with the calibration
shown in (a).

v(ω)/u(ω), yielding

H(ω) = γ (ω)− iωδm
γ (ω)− iωm + iκ/ω

. (7)

The transfer function, shown in Fig. 2(b), describes the
velocity amplitude and phase of the microsphere relative
to that of the fluid. Although γ (ω) ≈ γ0 is appropriate for
thermal fluctuations and system calibration in air, driven
motion can occur at much higher frequencies, so we retain
all three terms in Eq. (3). For example, at 1 MHz, taking
γ (ω) ≈ γ0 underestimates the amplitude of H by a factor
of approximately 2 and overestimates the phase by approx-
imately π/6 radians. The primary correction to H beyond
γ (ω) ≈ γ0 comes from the history term in Eq. (3); the
added mass and pressure-gradient effects are both propor-
tional to the density ratio δ and hence are small in air. We
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FIG. 3. Comparing acoustic detector velocity sensitivities.
The microsphere parameters are consistent with the calibration
shown in Fig. 2(a). The microphone sensitivity is provided by
the manufacturer and includes corrections for operation without
the protective grid and in free-field conditions. The nominal pres-
sure sensitivity is 0.68 mV/Pa and is converted to velocity via
the plane-wave impedance of air for comparison with the veloc-
ity sensors. The microphone calibration is known up to 200 kHz
(dashed amber line).

retain all terms so that our model remains valid for liquid
media for which δ ∼ 0.1−1.

The voltage signal of the detector is converted to an
acoustic velocity signal using a frequency-domain decon-
volution u(t) = F−1[F [V(t)]/ψu(ω)], where F is the
Fourier transform, and the frequency-dependent velocity
sensitivity of the microsphere is

ψu(ω) = −iβH(ω)
ω

. (8)

The sensitivity is proportional to the transfer function H ,
the calibration factor β, and the factor −i/ω that affects the
required position-to-velocity derivative. For experimental
data sampled at a rate 1/dt, the derivative factor consis-
tent with a central finite difference in the time domain
is −i/ω → −idt/ sin(ωdt) [57]. The acoustic pressure
and velocity are related through the impedance Z(ω) =
p(ω)/u(ω); hence the pressure sensitivity is ψp = ψu/Z.
For plane acoustic waves, Z = ρfc0 is a constant. We
will assume planar acoustic waves throughout and use the
factor Z to freely convert between pressure and velocity.

Commercial acoustic detectors are typically calibrated
by comparing the output voltage of the sensor to a well-
characterized input sound under anechoic conditions. By
contrast, our thermomechanical position calibration and
hydrodynamic transfer function enable self-calibration.
The sensitivity amplitudes of our commercial microphone
and the Microflown are provided by the manufacturers and
are shown in Fig. 3 compared to the sensitivity of our
microsphere system. All measurements reported herein are
converted to physical units using the appropriate sensitiv-
ity curves.

C. Detection limits

The above considerations for signal and noise allow us
to estimate the minimum detectable acoustic signal of our
microsphere. A voltage signal derived from only thermal
fluctuations given in Eq. (5) and then transformed to a fluid
velocity via the sensitivity given in Eq. (8) will exhibit a
self-noise spectrum [Fig. 4(a)]

Snn,u(ω) = SVV(ω)

|ψu(ω)|2 = 4kBTRe[γ (ω)]
|γ (ω)− iωδm|2 . (9)

The self-noise is quite flat and near the dc value Snn,u(ω →
0) = 4kBT/γ0. From the self-noise spectrum, the minimum
detectable signal is given by the band-limited variance

[Fig. 4(b)] umin =
√∫ f

0 df ′ Snn,u(2π f ′). One can include
the effects of a constant detector-noise floor by making
the replacement SVV(ω) → SVV(ω)+ χ in Eq. (9). In addi-
tion to predicting the self-noise of our microsphere system,
Fig. 4 reports the measured self-noise of all of our sensors,
found by analyzing signals in the absence of acoustic drive.
However, our self-noise measurements are not performed
in an anechoic chamber and therefore include significant
environmental noise extrinsic to any device limitations.
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FIG. 4. (a) The self-noise spectra for each acoustic sensor.
The Microflown and microphone curves correspond to experi-
mental measurements and therefore include environmental noise
(concentrated below 1 kHz) as well as self-noise contributions.
Similarly, the red data points correspond to microsphere self-
noise measurements but averaged over logarithmically spaced
frequency bins for visual clarity. (b) The minimum detectable
acoustic disturbances estimated from the self-noise spectra band-
limited variances. High-frequency electronic resonances in the
Microflown spectrum and a sharp bandwidth cutoff in the micro-
phone spectrum induce diverging minimum detectable acoustic
amplitudes. In both panels, the solid red lines correspond to the
model given in Eq. (9), including effects of a constant detection-
noise floor, while the dashed line assumes perfect detection.
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III. RESULTS

Having established the operating principle and expected
performance of optically trapped microspheres as acoustic
sensors, we next describe the experimental results. Using
a two-channel high-speed digitizer, we record the micro-
sphere signal and either the microphone or the Microflown
signal when driven by various sound sources. Each channel
is analog-low-pass filtered to 4 MHz and then sampled at
a rate of 1/dt = 25 MHz to minimize aliasing. In postpro-
cessing, the recorded voltage signals are further low-pass
filtered by averaging together adjacent points of nonover-
lapping segments, thereby adjusting the effective sampling
rate and signal bandwidth. Once filtered, the voltage sig-
nals are converted to either pressure or velocity using the
appropriate sensitivity curves.

A. Tone-burst sound source

Tone bursts, consisting of a certain number of sinu-
soidal cycles at a single frequency, provide a simple and
repeatable test signal for our various acoustic detectors. In
our first set of experiments, we launch tone busts using
a function generator to drive piezoelectric buzzers held a
distance �x = 44 mm from the optical trap. �x is varied
by mounting the piezo buzzers on a motorized platform.
We drive one of two buzzers at their resonant frequen-
cies 4 kHz or 40 kHz. We observe excellent agreement
between our commercially calibrated reference sensors
and our thermomechanically calibrated research system, as
shown in Fig. 5. The agreement between sensors lessens
as the source distance �x or time t increases (see Fig. 7
of the Appendix). The loss of agreement could be due to a
number of effects including acoustic scattering and diffrac-
tion and differences in sensor directivity, placement, and
size.

B. Laser-ablation sound source

A pulsed laser focused to a small spot on a surface can
deposit a vast amount of energy in a short amount of time
[58]. This phenomenon has fueled diverse technologies,
including micromachining [59], laser-induced-breakdown
spectroscopy [60], thin-film growth [61], and a platform
for studies of light-plasma interactions [62]. The sharp
acoustic impulse generated by laser ablation has spurred
its own research thrusts on noncontact damage detec-
tion [63], medical imaging [64], and scale-modeling of
sonic booms [65]. The impulse has an N-shaped acous-
tic signature, consisting of a sharp rise followed by a
decay through a zero crossing into a slower-time-scale
trough.

In our second set of experiments, we use laser abla-
tion to generate high-frequency-content impulsive sounds
to test the high-frequency measurement capabilities of
our microsphere-based acoustic sensor. The ablation laser
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FIG. 5. Comparing measurements of tone-burst signals
between three acoustic sensors. (a) Ten cycles of a 40 kHz tone
(9 V peak-to-peak drive voltage). All sensors are postprocessed
to a bandwidth of 200 kHz. (b) Three cycles of a 4 kHz tone
(7 V peak-to-peak drive voltage). All sensors are postprocessed
to a bandwidth of 20 kHz. In both panels, 100 independent trials
are averaged and the origin in time is aligned for each sensor
manually.

operates at a wavelength of 532 nm with a pulse width of
5 ns and an energy of approximately 7 mJ. The pulse has
a flat-top mode shape that is focused with a 65 mm focal
length lens to approximately 75 µm on an aluminum tar-
get. The ablation target, focusing lens, and laser steering
mirror are all mounted on the motorized platform used to
vary the source distance �x. The ablation target is further
motorized to rotate and reveal a fresh target spot every
ten shots. For this experiment, we do not measure the
Microflown signal because of its limited high-frequency
sensitivity.

Figure 6 shows the microphone and microsphere sig-
nals at �x = 100 mm. It is well known that standard
microphones are unable to resolve the rising edge of the
acoustic impulse sourced by laser ablation [66], necessitat-
ing alternative methods such as laser deflection or inter-
ference [35]. Our results indicate that optically trapped
microspheres offer another alternative that is capable of
measuring impulsive signals with an approximately 1 µs
rising edge, defined as the time for the signal to change
from 10% to 90% of its peak value. By comparison, the
microphone measures a rise time of approximately 5 µs.
As �x decreases, the microsphere signal becomes more
intricate, featuring two or more initial peaks (see Fig. 8 of
the Appendix). The details of these features are very sen-
sitive to the orientation of the target and its lateral offset
from the trap center.
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FIG. 6. The microsphere and microphone response to an
acoustic impulse generated by laser ablation, averaged over ten
shots. (a) A trace showing the initial noise level, the leading-
edge arrival, and subsequent reverberations. The microphone is
processed with its maximum bandwidth of 200 kHz and the
microsphere is processed with a bandwidth of 1 MHz. The time
origin is set to the first zero crossing following the leading edge.
(b) A trace of the same impulse over a 20× shorter time window.
The solid red line is for the microsphere data shown in (a), the
open squares are the microphone data, and the open circles are
the microsphere data filtered to a bandwidth of 200 kHz.

IV. DISCUSSION

We now turn to a discussion of the results presented in
Sec. III. We then contextualize the results by reviewing
similar work using optically trapped microspheres for flow
measurements. Finally, we outline possible extensions and
applications left for future work.

From the tone-burst experiments, we conclude that our
microsphere-based acoustic sensor is capable of making
calibrated acoustic measurements. All three sensors agree
well when converted to the same units, suggesting that the
plane-wave impedance model is acceptable and that our
microsphere calibration and sensing protocol are correct.
The laser-ablation sound source highlights the superior
bandwidth of the microsphere in the form of a steeper
rising edge and higher peak pressure as compared to the
microphone. In the trough portion of the ablation sig-
nal, the two sensors are in better quantitative agreement
because the acoustic variations are slower and therefore
less susceptible to band-limited distortion. When the anal-
ysis bandwidth of the microsphere is restricted to that
of the microphone [open circles in Fig. 6(b)], the rise
times and peak pressures are in much better agreement.
Unlike the tone-burst sources, shorter source distances
�x result in worse agreement between the microsphere
and microphone for laser-ablation sources. We understand

this as a near-field source impedance effect. Indeed, laser-
ablation acoustic waves are typically modeled as spher-
ical or cylindrical waves, for which the impedance is a
complex-valued function that approaches to the plane-
wave value at large source distances �x. Taken together,
our experiments show that optically trapped microspheres
enable calibrated and high-bandwidth sensing of the veloc-
ity quadrature of an acoustic wave.

Let us next contrast our microsphere-based sensing pro-
tocol with other experiments in the recent literature. First,
one other work has couched their experiments as acous-
tic sensing using optically trapped microspheres [29] but
in a dramatically different regime. In that work, a 60-nm
gold sphere is trapped in water and imaged at 50 Hz with a
camera. Sounds are generated by intensity modulating a cw
laser beam focused onto a nearby cluster of gold nanopar-
ticles at 10–50 Hz or by a needle attached to a 300 Hz
loudspeaker. Since the detection method is slow, the
methodology hinges on measuring the position variance of
the particle in response to sound; hence no time-dependent
waveforms may be constructed. The authors claim to be
able to detect sound power down to a level of −60 dBre 1pW.
Similar frequency-domain analysis of camera-captured
microsphere trajectories is used in Ref. [27], where flow
is generated by the rotating flagella bundle of an opti-
cally trapped bacterium, and in Ref. [28], where flow is
generated by periodically blocking and unblocking one of
two transversely separated traps, causing a drive particle to
jump periodically. In Ref. [32], a microsphere is trapped in
water contained within a 6.8 MHz piezo-driven standing-
wave chamber. The time-averaged microsphere position
is recorded using a camera at 150 Hz. The steady-state
displacement of the microsphere from its equilibrium posi-
tion maps the standing-wave profile. In a more recent work
termed optical tweezer-based velocimetry [30], a position-
sensitive detector monitors a microsphere optically trapped
in a water-filled sample chamber. The sample chamber is
driven at frequencies of 1–90 Hz. Velocity amplitudes of
1.5–70 µm/s are detected in real time. Such low ampli-
tudes beat the thermal limit by using a Kalman filter to
deduce the flow velocity from the microsphere position
measurements in the presence of Brownian motion. In
another recent work [31], a silica microsphere is optically
trapped in water and driven transversely at 50–400 Hz.
An additional 30 smaller polystyrene tracer particles, ini-
tially optically trapped at fixed locations near the drive
particle, are released upon starting the drive and observed
to follow Lissajous trajectories. Our method makes quan-
titative acoustic field measurements in air with enough
time resolution to observe acoustic waveforms at 4 kHz
and 40 kHz, as well as impulsive waveforms with fre-
quency content in the megahertz range. Like some of the
above methods, our method measures the flow velocity
of the surrounding fluid. However, instead of inferring
the flow velocity through the average displacement of
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the microsphere, we rely on high-speed position mea-
surements capable of resolving instantaneous velocity and
a hydrodynamic model of the viscous coupling between
fluid and microsphere, thereby dramatically increasing the
detection bandwidth.

Our results set up numerous opportunities for follow-up
work. First, incorporating a Kalman filter could increase
the signal-to-noise ratio while preserving the ability to
self-calibrate. Second, our demonstration has been in air
but the theory is equally valid in liquid. Acoustic trans-
duction in a liquid is more efficient than in a gas due
to a greater similarity in acoustic impedance between
the solid transducer and the medium in which the sound
propagates. Therefore, it would be interesting to com-
pare our method to state-of-the-art acoustic sensors for
water, such as a needle hydrophone. One could also con-
sider acoustic transduction in microscopic heterogeneous
aqueous environments, such as a living cell. However,
our thermomechanical calibration scheme requires accu-
rate knowledge of the medium and even simple salt-water
solutions can dramatically alter the viscosity of water,
so significant uncertainties can be expected in complex
media. Finally, since the microsphere measures the acous-
tic velocity, it could be combined with novel optoacoustic
methods that are capable of high-bandwidth pressure mea-
surement to elucidate the impedance of unique sources
such as blast waves from laser ablation, surface acoustic
waves, and surface vibrations in the near field. Further,
since velocity is a vector quantity, the microsphere could
be useful in sound-source localization, opening the door
to several applications. Applications of high-bandwidth

acoustic velocity sensing could include locating where
a firearm has been discharged, real-time monitoring in
proton-therapy for cancer treatment [67,68], and event
discrimination in bubble-chamber searches for dark mat-
ter [69–71].

V. CONCLUSIONS

By monitoring the instantaneous velocity of an opti-
cally trapped microsphere, we infer the fluid flow of sonic,
ultrasonic, and impulsive perturbations in air. We vali-
date the accuracy of our technique by comparing tone-
burst measurements made with two commercially avail-
able devices, a high-bandwidth pressure microphone and
a dual-hot-wire anemometer—the Microflown—that mea-
sures acoustic velocity. We then test the bandwidth of our
sensor by exposing it to impulsive test sounds generated by
laser ablation. Beyond the direct extensions mentioned in
Sec. IV, we hope that this work will inspire other sensing
protocols enabled by the resolution of the instantaneous
velocity of a Brownian particle.
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APPENDIX: SOUND-DETECTION RESULTS FOR
VARIOUS SOURCE DISTANCES

In this appendix, we display measurement results like
those reported in Sec. III, but for various source-to-
sensor distances �x. Figure 7 considers the tone-burst
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sound source and Fig. 8 considers the laser-ablation sound
source.
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