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Abstract
Travelling waves, such as light and sound, can carry angular momentum. Orbital
angular momentum (OAM) is one of the components which is determined by
the helicity of the phase fronts. The helical waveform is characterised in terms
of an integer l and an azimuthal phase term of exp(−ilθ), but for |l| > 1 the
resulting high-order beam structure is unstable to perturbation. In this work,
using Fourier transform profilometry and stroboscopic imaging techniques, we
demonstrate the real-time visualisation of the OAM-carrying acoustic wave-
form by imaging the pressure imprint of the acoustic wave on a thin rubber
sheet. Furthermore, based on the visualised waveform, we are able to optimise
high-order (|l| > 1) OAM states by controlling the individual elements of the
acoustic source. Beyond the study of acoustic OAM, the real-time monitoring
and optimising methods could be a benefit to other applications requiring acous-
tic waveform shaping, such as acoustic communications, acoustic holograms,
etc.
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1. Introduction

Traveling waves transport not only energy but also linear momentum in the propagation direc-
tion. The first notion that light carries a linear momentum can be traced back to Kepler in the
1600s [1], who conjectured that the optical radiation pressure of sunlight caused the tail of a
comet to always point away from the Sun. We now know that the corresponding force is pro-
portional to the power transmitted by the light beam divided by the phase velocity of the light
[2, 3]. This momentum–energy relation not only applies to transverse electromagnetic waves,
such as light, but also other traveling waves such as longitudinal sound waves [3, 4]. It means
for the same transmitted wave power, sound typically exerts a force a million times larger than
the force from the light beam due to the comparatively slower speed of sound. For example, a
typical optical tweezers can only trap micrometer-sized objects whereas acoustic tweezers can
manipulate millimeter-sized objects [5].

In addition to the linear momentum, waves can also carry angular momentum. For trans-
verse waves, such as electromagnetic waves, there are two components of angular momentum:
spin angular momentum (SAM) and orbital angular momentum (OAM). The SAM is associ-
ated with the circular polarisation of the wave, which was first described by Poynting using a
mechanical analogy to a revolving cylinder [6] and experimentally demonstrated by Beth [7].
As for the OAM, Allen et al showed that it arises from a helical phase cross-section of the beam
[8]. In the case of longitudinal waves such as sound, there is no transverse polarisation and
hence no SAM (inhomogeneous waves could exhibit elliptical polarisation [9]), but longitudi-
nal waves can still carry OAM by a suitably phase-structured beam. Helically-phased waves,
with the azimuthal phase in the xy plane described by exp(−ilθ), carry OAM with the OAM-
power ratio proportional to l/ω [4, 10–12], where l is an integer, θ is the azimuth angle within
the beam, andω is the frequency of the wave. Note that the centre of this helically-phased wave
is a phase singularity, the rotational symmetry of which dictates that there is always destructive
interference at the centre, forming a null intensity [13]. The azimuthal component of the linear
momentum around the singularity gives rise to the description of the feature as an optical or
acoustic vortex in the case of light or sound beams respectively [14, 15]. It should be clarified
that although the existence of helically-phased fields and their associated phase singularities
had been recognised since the 1970s [13], their relation to OAM was not articulated until the
1990s in the above cited work of Allen et al [8].

Over the years, several OAM generation methods have been proposed [16, 17]. For optical
OAM, it can be generated by transmitting a plane-waved beam through a spiral phase plate or a
spatial light modulator encoded with a computer-generated folk-like hologram. It is also possi-
ble to generate OAM from circularly polarised light using spin–orbit coupling devices, which
can either be liquid-crystal based or based on some metamaterials [17, 18]. As for acoustic
OAM, the generation of helically-phased waves is simple. Acoustic angular momentum can
be produced using a circular array of speakers, each driven at the same frequency but with a
phase delay given by l and their azimuth angle within the beam [10–12, 19]. Instead of control-
ling phases of individual speakers, the speakers themselves can be helically-shaped. Ealo et al
[20] built a helical-shaped ultrasound transducer by gluing ferroelectret films onto a helical
substrate. There are other methods based on converting planar waveforms into the helically-
phased waveform, such as using the acoustic metasurface [21, 22], a Fresnel-spiral diffraction
grating [23–26], or a special acoustic resonator [27].

That high-order phase singularities with |l| > 1 could also exist was found very early by
Nye and Berry [13]. There are now several applications that rely on the quality of high-order
OAM beams and their resulting perfect null intensity region, including applications using the
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multiplexing OAM for communications [28–30] and vortex coronagraphy [31]. However, such
high-order states are inherently unstable under realistic conditions [13, 32]. In many experi-
mental observations, due to any uncontrolled breaking of the symmetry, such as the existence
of a coherent background or the superposition of different OAM modes, high-order vortices
tend to split into sets of ±1 vortices depending on the sign of l [33–35]. It is one objective of
this current work to optimise the generation of acoustic OAM to avoid this splitting.

Since the first demonstration of OAM and vortices, several fundamental features, like ampli-
tude and phase distributions [19], OAM transfer to matter [10, 11, 36–40], and the rotational
Doppler effect [11, 41–45], have been well studied in both optical and acoustic regimes. How-
ever, the instantaneous waveform for directly showing the helical structure of the beam hasn’t
been demonstrated due to the difficulties in recording the large-area fast-oscillating wave-
form. Conventional large-array sensors, such as complementary metal-oxide-semiconductor
(CMOS) cameras having frame rates around hundreds of frames per second, can only mea-
sure the slowly varying light intensity field, which is not the instantaneous phase of the waves.
As for sound wave detection, it is difficult to find a microphone array with a sufficient spatial
resolution for recording the spatiotemporal waveform.

In order to tackle these limitations, we visualise the acoustic waveform based on the inter-
action of the acoustic field with a thin rubber sheet which we view using a three-dimensional
(3D) imaging technique, Fourier transform profilometry (FTP) [46, 47], and the stroboscopic
imaging method [48]. We demonstrate the helical waveform of OAM beams and the suppres-
sion of the vortex splitting phenomenon in high-order OAM states by optimising individual
acoustic elements based on the visualised waveform. Note that our apparatus only includes
mainly low-cost 3D-printed components, common electronics, and a consumer camera, sug-
gesting that our experiment is also a possible teaching setup for demonstrating the acoustic
OAM in the classroom or to a broader audience.

2. Results

Our experimental setup, as shown in figure 1, consists of four parts: (i) a circular array of
eight speakers with a funnel-shaped acoustic concentrator, (ii) a rubber sheet, (iii) a fringe
illumination system, (iv) and a digital camera. The acoustic OAM generator is the same as
that in [40] and is created using the circular array of speakers with programmed phase delays
controlled by an Arduino microcontroller. The beam is focused using the acoustic concentrator
and directed toward a thin silicon rubber sheet (0.1 mm in thickness). The rubber sheet is
attached to a plastic ring and held by a rubber band for adjusting the evenness of the sheet
tension. Through the wave–matter interaction, the pressure field of the sound beam causes the
deformation of the sheet, i.e. the pressure field is encoded in the 3D height profile of the sheet.
By obliquely projecting a sinusoidal fringe pattern on the surface of the sheet, the 3D height
profile of the sheet can be recovered by comparing the phase difference between the original
sinusoidal fringes and the deformed fringe patterns [46, 47]. Since the frequency of the sound
wave (hundreds of Hertz) is higher than the frame rate of most consumer cameras (60 Hz), we
use a stroboscopic illumination [48] to effectively slow down the vibration of the rubber sheet
as viewed from the camera. In this case, the modulation frequency of the illuminating light is
chosen to be close, but not identical, to that of the vibration. The details of the experimental
setup and imaging methods can be found in the appendix section.

Figure 2 shows the temporal evolution of the reconstructed 3D height profile h(x, y) of
the vibrating sheet at t = 0, 0.1, and 0.2 s, corresponding instantaneous oscillation phase
φ, and the temporally averaged amplitude A maps. The plots in the same column are for
the same target OAM mode. All plots share the same xy axes as the first plot in the upper
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Figure 1. Sketch of the acoustic OAM generation system and the imaging system. The
speakers generate sound waves with the same frequency (650 Hz) but with different ini-
tial phases, forming the acoustic wave with the helical wavefront. The beam is focused
by the acoustic concentrator and directed to the surface of the rubber sheet. The illumi-
nated fringe pattern on the sheet comes from the LED light, shining through a transparent
film printed with a sinusoidal fringe pattern. The deformed fringe pattern with the 3D
information of the sheet is recorded by a camera for further 3D height reconstruction. To
record fast oscillating patterns, the LED light is modulated at a frequency close to that
of the acoustic wave for effectively slowing down the patterns viewed from the camera.

Figure 2. Averaged amplitude maps A (first row) and the temporal evolution of the
reconstructed 3D heights h(x, y) with the corresponding oscillation phase φ (second row)
under different applied acoustic OAM fields from l =−2 to 2. Plots in the same column
belong to the same acoustic OAM state. The xy axes of all the plots are the same as the
one at the upper left corner. The color axes are normalised according to Amax of each
state, where Amax = 6, 16, 40, 16 and 6 μm for l = −2, −1, 0, 1, and 2, respectively.
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Figure 3. Volumetric wave crest surfaces of different acoustic OAM states. The helical
waveform is the isophase (φ= 0) surface of h(x, y, t) in the xyt space. Note that, the actual
period of the helical waveform is 1.53 ms (1/650 s) instead of 0.2 s since the waveform is
measured using the stroboscopic imaging. It shows good agreements between the model
one and the experimental one except for the high-order OAM states with l = ±2 due to
the vortex splitting effect and the limited number of speaker sources for OAM generation.

left corner of the figure. The color axes for different OAM states follow the same normalisa-
tion as those in the l = −2 state but with different Amax. Amax is the maximum amplitude of
each state, where Amax = 6, 16, 40, 16 and 6 μm for l = −2, −1, 0, 1 and 2, respectively.
h(x, y, t) = A(x, y, t) exp(i(ωt + φ(x, y))) is the surface height oscillation obtained by temporal
band-pass filtering of the fundamental band (1–4 Hz) of the oscillation using inverse Fourier
transform. For all the cases, the speaker concentrator to sheet distance d0 is adjusted to 6 mm in
order to have uniform amplitude distribution around the centre for the l = 0 plane wave state.
The video showing the real-time evolution of the reconstructed waveform driven by different
acoustic OAM target modes can be found in the supplementary data (https://stacks.iop.org/
JPA/55/264007/mmedia).

From the snapshots of 3D deformations and the instantaneous phase maps, we can see the
rotation of the wave crest (interface line between white and black regions) around the null
intensity core. The rotation direction is either clockwise or anti-clockwise, depending upon
the handedness of acoustic OAM states l (l > 0 for anti-clockwise and l < 0 clockwise). The
averaged amplitude maps show the characteristic ‘doughnut’ shape distribution for l = ±1
states and the Gaussian distribution for the l = 0 state.

For high-order states such as l = ±2, instead of forming one vortex core with the topological
charge l = ±2, there are two |l| = 1 vortices with their sign depending on the topological
charge l of the original states. Since we only use eight speakers to create high-order acoustic
OAM, it is more likely to have the symmetry-breaking process due to the unbalanced speaker
outputs or the emergence of additional OAM modes [49], which induces the vortex splitting.
From figure 2, we also can see the discrete patches on amplitude maps and unstable phases at
regions away from the beam centre for the l = ±2 states.

Beyond showing 2D phase cross-sections, with the real-time measurement of the waveform
h(x, y, t), it is possible to reconstruct the volumetric wave crest structure of the OAM-carrying
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Figure 4. Real-time optimisation of the high-order acoustic OAM with l = 2. (a) Ampli-
tude and phase maps of h(x, y, t) at t = 0, 1350, 2700 and 4000 s. (b) Temporal evolution
of the vortex pair distance Dp and effective topological charge leff . Instead of forming one
vortex with the topological charge l = 2, there are two l = 1 vortices at t = 0 because of
the vortex-splitting phenomenon. To suppress the effect, the individual speaker volumes
are tuned automatically for minimising Dp. As time evolves, Dp and |l − leff | decrease
suggesting the beam is closer to the ideal one after the optimisation.

beams in the xyt space. Figure 3 shows the isophase surface (φ = 0) of different OAM states
with the color indicating local amplitude. We can see the good agreements between the mea-
sured crest surface from h(x, y, t) and the theoretical OAM-carrying beams for l =−1, 0, and 1
states. For high-order states l = ±2, there are some small deviations from the ideal waveform.
We can also see a small gap in the centre corresponding to the effect of vortex splitting.

In response to noting that the waveform of high-order states is not perfect, with the xy posi-
tion of vortices and h(x, y, t) from the visualised waveform, we are able to actively suppress the
effect of vortex splitting by optimising the individual speaker sound intensities. To optimise,
we use the gradient descent method [50] to adjust the amplitude of eight speakers for minimis-
ing vortex separation Dp. The problem is equivalent to finding the minimum of Dp, which is a
function of the eight speaker volume Vi with i = 1 to 8. To have a precise measurement of Dp,
we use a window with a duration equal to 6 s for each spatiotemporal phase calculation and
perform the ensemble average of Dp before any changes on Vi. For every 24 s (four windows),
we increase or decrease the volume of a certain speaker Vi and measure the vortex separation
change ΔDp after the waveform relaxes to its steady state by skipping the first spatiotemporal
phase calculation (first 6 s). The vortex separation change divided by the volume change gives
ΔDp/ΔVi, which is the gradient of Dp. In the next time step, Vi is adjusted opposite to the
gradient direction of Dp for lowering Dp. Figure 4(a) shows the amplitude and phase maps of
l = 2 states during the optimisation process. At t = 0 s, there are two l = 1 vortices instead of
a single l = 2 vortex. As time evolves, Dp gradually decreases (upper row of figure 4(b)) and
the two vortices merge into one at t = 4000 s. The video showing the evolution of amplitude
and phase maps during the optimisation process is provided in the supplementary data.

To further show the improvement of the beam quality during the optimisation, we plot the
time evolution of the effective OAM leff(t) calculated from h(x, y, t), as shown in the bottom row
of figure 4(b). In optical or acoustic waves, the OAM is lh per photon [8, 37, 51] or per phonon
[4, 9]. The effective l can be estimated by integrating the OAM density j = r × p over the beam
cross-section and then divided by the total energy in the beam, where the transverse momentum
density p is equal to the local phase gradient multiplied by the corresponding intensity. Since
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the displacement field h(x, y) we measured is related to the pressure field of the acoustic wave,
we can follow the similar steps used by Leach et al [51] to estimate leff of the waveform. The
gradual decrease of |l − leff | and Dp indicate that the waveform is getting closer to the ideal
waveform during the optimisation.

3. Discussion

With the 3D deformation measuring and stroboscopic imaging techniques, we demonstrate
real-time visualisation and optimisation of OAM-carrying acoustic waveform using a low-cost
apparatus. In our rough tests on the simple setup, it is able to measure the OAM-carrying wave-
form with the frequency from tens of Hz to 10 kHz for the 1 W speaker. We should point out
that our visualisation and optimisation methods are not only limited to OAM-carrying acoustic
waves, but any kind of acoustic waveform. By properly choosing the sheet material, the strobe
frequency, the spatial frequency of the fringe pattern, the spatial resolution of the images cap-
tured by the camera, and the optimisation target function, the ability of real-time monitoring
and optimising the large-area acoustic waveform could be beneficial to the waveform design
in acoustic tweezers [5, 52], acoustic holograms [52, 53], acoustic metasurface [21, 27, 54],
and acoustic communication by multiplexing OAM [30].
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Appendix A. Acoustic OAM generation

Following the method of Toninelli et al [40], the acoustic OAM is created by a circular array
of eight speakers driven at a frequency of 650 Hz. The speakers are controlled using the digi-
tal outputs of an Arduino Due microcontroller. The microcontroller outputs eight channels of
pulse-width modulated signal (330 kHz), which encode sinusoidal waves (650 Hz), each with a
different phase delay. The phase delay at each channel is given by l · θ where θ is the azimuthal
angle of the speaker that is connected to this channel. To recover the sinusoidal wave from the
pulse-width modulated signal, each output channel is connected to a low-pass Chebyshev filter
for removing the high-frequency carrier wave. After filtering, the sinusoidal waves are ampli-
fied and applied to speakers for generating loud acoustic waves. To further enhance the local
sound pressure, a funnel-shaped acoustic concentrator consisting of eight individual sound-
guides is designed. It is made by a 3D printer using polylactic acid material. The diameter of
the sound beam is reduced from 10 cm to 2 cm, which is the diameter of the small-end of the
funnel. With the acoustic concentrator, the vibration of the sheet is larger and more visible for
measuring.
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Figure B1. The circuit diagram of the LED driver with the variable frequency and duty
cycle controls. In this circuit, the 555 timer (NE555) is used as a triangular wave gen-
erator. The triangular wave is generated at the trigger/threshold (2/6) port of the NE555
through charging and discharging at the output port (3), with the frequency determined
by the RC circuit. Then, the voltage of the triangular wave is compared with a reference
voltage at port 3 of the operational amplifier (LM311). The voltage divider at port 3 of the
LM311 can control the duty cycle of the pulse wave at the output port (7). The pulse wave
determines the frequency and duty cycle of output from the LED driver (RCD-24-1.00)
which controls the power delivered to the LED for the stroboscopic illumination.

Appendix B. Imaging system

There are two parts in the imaging system: (1) FTP for reconstructing 3D deformation of
the vibrating sheet from the 2D images captured by a camera, and (2) stroboscopic illu-
mination for effectively decreasing the frequency of repetitive patterns viewed from the
camera.

FTP is a non-contact 3D profile measuring technique based on detecting the distortion of a
periodic pattern due to the undulated surface [46, 47]. In our setup (see figure 1), the LED light
shines through a transparent film printed with a sinusoidal fringe pattern and subsequently cre-
ates the fringe pattern on the surface of the rubber sheet. The information of 3D shape of the
sheet is encoded into the deformed fringe pattern which can be captured by a camera. Based
on the optical geometry of the FTP [46], it was shown that the object local deformation h is
proportional to the local phase difference between the original fringe pattern and the deformed
one. To get the phase of the sinusoidal fringe pattern, a 2D Fourier transform is used to filter
and select the fundamental components in the spectrum. The inverse Fourier transform of the
fundamental component gives the complex signal, which contains the phase information of the
pattern. By applying the above processes to all the images and comparing their phase differ-
ences with the original one, the dynamics of the vibrating sheet h(x, y, t) can be reconstructed.
Note that, since the phase calculation gives the values ranging from −π to π, and has discon-
tinuities with 2π phase jumps, a 2D phase unwrapping algorithm is applied for obtaining the
continuous phase distribution [47].

Although we can use FTP to get the 3D deformation of the sheet, it is still difficult to record
its dynamics driven by acoustic waves because the vibration frequency (650 Hz) is higher
than the capturing framerate (30 Hz) of a conventional camera. To tackle this problem, we
use stroboscopic illumination to effectively reduce the vibration frequency viewed from the
camera. Stroboscopic effect can be realised by flashing the light source at a frequency close to
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the frequency of the cyclic motion [48]. If the frequency of the flashes is slightly smaller, each
flash can illuminate the following oscillation pattern of the sheet. Due to the aliasing effect,
the effective frequency of the oscillation viewed from the camera is the frequency difference
between the flashing and the oscillation.

The circuit diagram shown in figure B1 is the strobe light LED driver with the variable
frequency and variable duty cycle output. The frequency of the LED pulses is adjusted to
648 Hz and 10% duty cycle for decreasing the effective vibration frequency of the sheet viewed
from the camera. The circuit is composed of a triangular wave oscillator (NE555), a comparator
(LM311), and a LED driver (RCD-24.1.00). By adjusting the RC charging/discharging time
scale of the oscillator and the reference voltage at the comparator, the circuit can output pulse
signals with different frequencies and duty cycles.
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