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The rapid and precise characterization of three-dimensional (3D) pressure fields inside water is paramount for
ultrasound (US) applications in fields as relevant as biomedicine and acoustic trapping. The most conventional
way is to scan point-by-point a needle hydrophone across the field of interest, which is an intrinsically invasive
and slow process. With typical acquisition times of hours and even days, this method remains impractical in
many realistic scenarios. Alternatively, optical techniques can be used to non-invasively and rapidly measure the
changes in light intensity or phase induced by pressure differences. However, these techniques remain largely
qualitative: extracting precise pressure values can require extensive calibration, and complex processing, or can
be limited to low-pressure ranges. Here, we report how combining wavefront sensing and Schlieren tomography
enables rapid and direct quantification of 3D pressure fields while obviating any calibration steps. By simulta-
neously capturing optical phase and intensity information of the US-perturbed fluid using a Wavefront Sensor
and Schlieren projections, respectively, 3D pressure fields over several millimeters cubic can be reconstructed
after a few seconds. We present a detailed description of the approach and prove its feasibility by characterizing
the US field after an acoustic lens, which is in excellent agreement with calibrated hydrophone measurements
and simulations. These results are a significant step forward toward the precise and real-time characterization of

ultrasound patterns.

1. Introduction

Recent developments in ultrasound (US)-based methods, ranging
from acoustic holography to medical ultrasound, demand techniques
capable of rapid and precise measurement of three-dimensional (3D)
pressure fields inside liquids [1-7]. Typically, this is achieved by using a
needle hydrophone [8] that is scanned, point by point, throughout the
pressure field. Such a device, analogous to a microphone but for water
immersion, uses a thin piezoelectric film at the needle tip to convert
pressure into voltage, allowing simultaneous US amplitude and phase
detection. However, its practical implementation faces several draw-
backs. First, the presence of the hydrophone can affect the measure-
ments, thus making it an intrinsically invasive technique [9]. Secondly,
hydrophones typically exhibit a high directivity, producing measure-
ments with an angular dependence. Thirdly, the resolution is deter-
mined by the size of the hydrophone’s tip, which can be a limiting factor
when small field features need to be characterized. Note that reducing
the tip’s size can also result in a loss of sensitivity. Finally, one of the
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biggest downsides is the measurement time, with an average rate of
acquisition on the order of 1 voxel per second. Thus, scanning a region of
several mm can take some hours or days long [10], rendering this
technique ill-suited for applications involving dynamic US fields.

Several approaches have been developed to address these issues. One
such example is thermography [11], based on acquiring thermal images
of a US-absorbing membrane whose temperature depends on the ultra-
sound field. While allowing for fast 2D reconstruction of pressure maps,
this technique remains invasive, and it only works with continuous US
fields, that is, the instantaneous pressure values cannot be measured.
Arguably, though, the most promising alternatives to hydrophone
measurements are optical methods. As their name indicates, they use
changes in the intensity or phase of light to retrieve information about
an ultrasound field. They are usually non-invasive and can be broadly
classified into two main groups depending on whether they offer
quantitative or only qualitative pressure information.

Quantitative optical techniques are normally based on interfero-
metric systems that allow converting the phase information of light into
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pressure. For instance, by using a couple of mirrors forming a Fabry-
Pérot cavity [12], changes in the optical power reflected through the
cavity can be directly correlated with changes in the cavity length
caused by pressure waves. In this case, the acquisition time can be faster
than hydrophone measurements, but scanning is still needed to retrieve
3D pressure fields, making it an overall long process. Similarly,
Michaelson interferometry can be used to locally interrogate pressure
fields [13,14], but to retrieve full 3D information of an acoustic field a
time-consuming scanning step is still needed. Anyhow, interferometric-
based strategies come with the caveat of added complexity in the optical
system. Indeed, the alignment of the reference or main beam is critical
for accurate measurements, which makes them difficult to implement in
practice.

Instead, qualitative optical techniques offer ease of implementation
at the cost of restricting the information provided to a qualitative
assessment of the pressure field, not exact values. An example includes
Scanning Laser Doppler Vibrometry (LDV), which exploits the acousto-
optic effect [15,16] to visualize the small variations of the refractive
index produced by US [17,18]. Another well-known method based on
the acousto-optic effect is the Schlieren technique [19-21]. In this case,
the region where the pressure field is to be measured is illuminated with
a collimated light beam. Given the non-uniform refractive index induced
by US, the beam gets deviated. By placing a knife-edge at the back focal
plane of an imaging lens before a camera, such light deviations can be
converted into a high-contrast image - the contrast is proportional to the
first derivative of the refractive index. Note that, in a single snapshot, a
2D projection of the US field can be obtained. In addition, by combining
this technique with a multi-angular visualization system, or simply with
a rotating US field, the 3D pressure pattern can be reconstructed via
tomography [22].

Efforts have been made to provide quantitative pressure information
in Schlieren systems while preserving their core advantages in terms of
speed and simplicity. A simple solution is to assume a linear relationship
between the intensity of Schlieren contrast fringes and US pressure, but
this hypothesis is only valid for weak US fields and the approach requires
an initial calibration, that is, an initial pressure measurement using, for
example, a needle hydrophone, that serves as a reference [23]. A less
restrictive strategy is Background Oriented Schlieren (BOS), where a
well-known background is used to quantify the light deflection angle in
2D, and hence, the projected density gradient vector field. However,
traditional BOS cannot produce real-time Schlieren images as it requires
a post-processing step, the measurements are influenced by the
randomness of the background pattern, and it experiences difficulties
when detecting displacements of large density gradients due to shape
distortion of the random dots. Similarly, the Calibration Color Schlieren
(CCS) [24], utilizes a colored background to quantify light deflection,
but it suffers from relatively high noise measurements and offers a small
dynamic range. Another alternative that uses a Schlieren-like system
combines optical phase contrast with acoustic holography simulations
[25], but they still may need an initial calibration and are not suitable
for high-pressure fields, where phase unwrapping is needed. Simply put,
an easy-to-implement optical method that allows the rapid quantifica-
tion of 3D ultrasound fields in water without any calibration steps does
not exist.

In this work, we fill this void and present an interferometric-free
optical method based on a Toepler-Schlieren setup parallel to a wave-
front detection system. The wavefront sensor (WFS) is used to directly
quantify the phase projection field of the US pattern within a small field
of view. These values are inferred from the Schlieren images as both
sensors (Schlieren camera and WFS) are centered on the same region,
but the Schlieren setup field of view is larger than that of the WFS.
Because phase differences are just refractive index differences multi-
plied by the distance of light-US interaction, the refractive index values
are straightforwardly obtained. By rotating the. Finally, using the piezo-
optic coefficient of water and capturing the projections at different an-
gles by rotating the US emitting source, the 3D pressure map is
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reconstructed. It is important to stress that this method does not need
any kind of hydrophone calibration, does not require any symmetry of
the pressure field, and is suitable for US characterization in any media as
long as it is optically transparent. This technique has been tested with a
focused US field created by a PDMS convex lens placed on top of a flat
piezoelectric disk. The obtained 3D reconstructed pattern is in excellent
agreement with the measured hydrophone values and with the corre-
sponding numerical simulations.

2. Fundamentals of Schlieren tomography and WFS

The gist of our calibration-free US measurement system is the com-
bination of a Schlieren tomography setup with a quantitative optical
phase retrieval method. For the latter, we selected a Shack-Hartman
WEFS, based on an array of microlenses placed in front of a camera
sensor. Widely used in adaptive optics and ophthalmology [26,27], a
WEFS enables direct capture of the phase information of a light beam
without the need for interferometric schemes. Such configuration also
allows measurements of large phase differences — typically, above 20w —
rendering it suitable for working with large pressure values. Note that
optical phase values can be converted into refractive index changes, and,
in turn, pressure values provided the optical path length, and the piezo-
optic coefficient of water are known. The main problem of a WFS is the
tradeoff between spatial resolution and field of view. Because the
number of microlenses is typically low, in the order of 100 x 100, the
consequent low number of measured points impedes the quantification
of US fields over a large field of view. To address this issue, we use the
projections from a Schlieren tomography setup that allows measuring
many points, only limited by the particular camera sensor used - in the
order of 1000 x 1000 pixels. Thus, by simultaneously capturing infor-
mation with the WFS and the Schlieren system, we can directly relate
optical phase values obtained with the former with the light intensity
measured with the latter. Such information is sufficient to reconstruct
the entire 3D pressure field using computational tomography based on a
step-by-step rotation of the US field. Importantly, because the role of the
WES is to provide an instantaneous readout of the phase information, no
calibration is needed, and the speed at which the US field can be char-
acterized only depends on the camera frame rate and US-rotation speed.
In addition, the use of synchronized pulsed illumination with the US
allows capturing a frozen-in-time ultrasound pattern. Therefore, by
changing the delay time between US and light pulses, it is possible to
characterize the 3D pressure field at any given time.

A mathematical expression of the role of each of the main compo-
nents of our system can provide further insights into its working prin-
ciple. Regarding the WFS, each of the microlenses provides a
measurement of the average wavefront slope (over the lensed area)
based on the location of the focal spot on the sensor. When the colli-
mated light beam is distorted by the US and reaches the WFS, the beam
wavefront w(x,z) slopes can be written as:

5 ow(x,z) § = ow(x,z)

- ox ¢ 0z M

where x and z correspond to horizontal and vertical directions relative to
the camera plane. By integrating the wavefront slopes in both directions,
the value of w(x,2) can be obtained, which corresponds to the projected
phase values Ag. Instead, the Schlieren setup measures changes in light
intensity caused by changes in the refractive index n of a medium given
by [28]:

Al ' R )
= o jFLZ/ ——ndy (2)
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where frp2 is the focal length of the image-forming lens, a is the size of
the spot at the position of the knife edge, s; and sy limit the region where
the medium is perturbed, z is the direction perpendicular to the knife
edge, n, is the refractive index of the unperturbed medium, and y is the
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light propagation direction. From Eq. (2) it can be seen that this
Schlieren method is sensitive to the first derivative of the refractive
index in the direction perpendicular to the knife edge. Thus, the camera
collects an image of a projection of the refractive index derivatives along
the propagation axis. Note that it is typically not possible to solve this
equation given that the integral limits are unknown, which renders
Schlieren a mainly qualitative measuring technique. Importantly, by
integrating the Schlieren image along the knife-edge direction, a pro-
jected image whose contrast is proportional to the refractive index is
obtained. We can express this mathematically as:

. on(x, :
/ Al(x,z) de = fri2 / (X, 2) 1. deoen(x, ), 3)

1 an, 0z

where z is the direction perpendicular to the knife edge orientation. Such
an image is also proportional to the projected phase values of light
passing through the US-modulated medium, also measured with the
WES  (n(x, 2),,0; cw(x, 2)). Therefore, by comparing the integrated
Schlieren image with the WFS-measured phase map, we can directly
assign phase values to intensity differences:

/ AI(;“ D gz = Cow(n,z) = C Ag (x, z) @

where C is a proportionality constant. Such a comparison acts as an in-
situ calibration step. In other words, determining the value of C allows
the integral of the captured Schlieren image to be converted into a
quantitative phase map.

With this information, it is then possible to retrieve the 3D pressure
field by applying computational tomography. Specifically, we first
reconstruct the 3D phase map by rotating the US source, sequentially
acquiring a series of Schlieren images, and solving the inverse compu-
tational problem of tomography. The 3D phase map contains informa-
tion on the phase difference caused by the pressure field, which can be
written as:

Ap = 2/1—” AnlL %)
where 1 is the wavelength of light, L is the voxel length of the recon-
structed map and An the refractive index change at each voxel. Once 4n
is known, the individual voxel pressure values P (relative to atmospheric
pressure) can be calculated using the piezo-optic coefficient for water,
Cpo, at 20 °C [29] as:

An = Cpp P ®

where Cpo is 1.51-1071° Pa~!. The pressure-refractive index relation
behaves linearly even for extremely high pressures, so this coefficient is
considered constant for our experiments.

3. Materials and methods
3.1. Experimental setup

Fig. 1a shows a scheme of the setup presented here. The light emitted
by the point light source (LED OD-469L, Opto Diode Corp, A = 469 nm)
is first homogenized by using a glass diffuser DF (DG10-1500 N-BK7,
Thorlabs). This allows removing the internal structure of the LED. The
condenser lens CL (plano-convex lens LA1951 (Thorlabs), focal length =
25.4 mm) focuses the light beam to a 1 mm diameter pinhole, and the
first field lens, FL; (plano-convex lens LA1986 (Thorlabs), focal length
= 125 mm), collimates the light beam into the water tank (WT), filled
with distilled water.

A flat piezoelectric disk (PIC-181, PI Ceramic GmbH) with a diameter
of 25 mm, a thickness of 1 mm, and a resonance frequency of 2.2 MHz is
used as the ultrasonic emitter. The initial flat pressure distribution is
then focused by a convex acoustic lens, with a diameter of 25 mm and a
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focal distance of 30 mm, which was manufactured in the lab using PDMS
(Sylgard™ 184, Dow Inc.). The piezoelectric disk is driven by a Wave-
form Generator WG (SDG6022X, SIGLENT) with a sinusoidal signal,
whose voltage is amplified using a High-Power Amplifier (ZHL-1-2W+,
Mini-Circuits). The sinusoidal excitation was tuned in a burst mode
(burst rate of 2.5 kHz, 30 cycles/burst) to measure only the instanta-
neous emission and avoid the visualization of reflections on the tank
walls and wave interference. The US emission is synchronized with the
light emission (see Fig. 1b) in such a way that the central part of the 30
emitted cycles fits in the center of the light beam. This is done by
adjusting the correct delay between the LED trigger and the US trigger
emitted by the Pulse Generator (9520 Series, Quantum Composers),
which in our case is around 32 ps. Since the LED light pulse has a
duration of 50 ns, which is one order of magnitude smaller than the
typical period of the measured US waves, hence frozen-in-time emis-
sions are acquired. After the interaction of the collimated beam with the
ultrasound field, the perturbed beam is divided into two light paths by a
50:50 beamsplitter cube, BSC (BS031, Thorlabs).

3.2. Phase-shift measurement

Part of the light beam is deviated by the BSC and then reflected by a
mirror (BB1-E02, Thorlabs) into a 4f system composed by L; (bi-convex
lens LB1437, focal distance of 150 mm, Thorlabs) and L; (plano-convex
lens LA1908, focal distance of 500 mm, Thorlabs) that magnifies the
beam of factor 10/3. The collimated beam reaches the WFS (Shack-
Hartmann Wavefront Sensor, Dynamic Optics Srl.), and encounters an
array of microlenses (60 x 48 lenses with a diameter of 140 um each one
and a separation of 150 um between lenses). After this array, the sensor
(MER2-230-168U3M) measures the light focused by the microlenses
distributed in a 2D pattern of points. The displacements of these points
with respect to the reference positions without perturbation correspond
to the wavefront slopes. By integrating these wavefront gradients in
both x and 2z directions, the projected phase distribution is obtained. Due
to the beam magnification, the obtained field of view is 2.3 mm x 1.85
mm. When performing a measurement, the undisturbed wavefront does
not need to be perfectly flat, as background subtractions are applied to
consider the undistorted phase distribution.

The upper limit of detection of our setup is fundamentally given by
the point where the relationship between pressure and refractive index
becomes non-linear (above 100 MPa). In practice, though, there is a
lower detection limit that depends on the wavefront sensor geometrical
parameters, namely the diameter of the lenses and their focal lengths
(150 pm and 3.74 mm, respectively). Such a limit corresponds to the
maximum phase difference that can be resolved with the WFS. Consid-
ering the maximum measurable projected phase to be + 8:10® m (cor-
responding to a + 34xn phase difference), the corresponding maximum
measurable projected pressure for our US pattern geometry is + 1200
MPa, and the reconstructed 3D pressure value maximum is + 50 MPa.

3.3. Schlieren measurement and reconstruction

The non-reflected light beam coming from the beam splitter reaches
the second field lens, FLy (bi-convex lens LA1779, focal length = 300
mm, Thorlabs), located at a distance of 1200 mm from the US focusing
region. At the back focal plane of FLy a horizontal knife edge is posi-
tioned to block half of the light spot. The unblocked light reaches the
CMOS camera (CS165MU1 - Zelux® 1.6 MP Monochrome, Thorlabs),
whose sensor has a resolution of 3.45 um/pixel. The camera is located at
the image plane (400 mm from FLj), and therefore there is a magnifying
factor of 1/3, which defines a field of view of 14.1 mm x 10.5mm. A 2 x
2 binning is applied to increase the signal-to-noise ratio.

The US generation system rotated with the help of a rotatory stage
(PRM1/MZ8, Thorlabs), and consequently, a projected image of the US
field is obtained at a certain angular direction. The camera acquisition is
synchronized with the rotatory stage, so we know exactly the angular
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Fig. 1. Principle of the Schlieren-WFS system for rapid calibration-free US-measurement. (a) Schematic diagram of the Schlieren-WFS setup. DF: diffuser, CL:
cylindrical lens; PH: pinhole; FL1: first lens Schlieren setup; BSC: beam splitter cube; WT: water tank; FL2: second lens Schlieren setup; KE: knife edge; CAM: camera;
L1: first lens WFS setup; L2: second lens WFS setup; WFS: wavefront sensor. (b) Temporal diagram of the synchronization signals between the ultrasound lens (driven
with a sinusoidal signal generated with a Waveform Generator WG) and the LED pulsed illumination. A pulse generator (PG) is used to initiate the acquisition
process. (c) Flow diagram of the process for quantitative measurement. From the wavefront slopes measured with the WFS, the optical phase differences A¢ of light
passing through the US-modulated medium can be extracted (top). Integrating the projection images obtained with the Schlieren camera, a qualitative image
proportional to the phase (and refractive index) is obtained (bottom). (d) Flow diagram of the computational tomographic reconstruction used to extract the 3D

pressure field by acquiring multiple quantitative Schlieren projections at different angles.
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position at which every projection has been acquired. To get clear
projections of the US field and avoid refractive index disturbances that
aren’t originated by the changes of pressure, a reference frame (back-
ground) is taken immediately after a measurement frame. Therefore all
inhomogeneities derived from particles in water or other elements on
the setup are erased. In such a way, by applying a camera frame rate of
36 Hz and rotating the field at 18°/s, all projections can be recorded in
10 s. Using these parameters, a projection is obtained for each degree for
a total of 180 projections. Importantly, the number of projections (Np)
determines the signal-to-noise ratio (SNR), root mean square error
(RMSE), and contrast of the reconstructed field. The RMSE decreases
with Np, and the contrast and SNR increases with Np. The 180 pro-
jections used in experiments herein resulted in an RMSE lower than 0.01
MPa.

The phase projections obtained from the combination of the
Schlieren projections and the WFS-phase maps (see Fig. 1c) are pro-
cessed with MATLAB. The reconstruction of the 3D field consists of the
following steps:

e The 3D matrix containing all the 2D projections at different angles is
rearranged to obtain a sinogram for each pixel in the vertical axis z.
Each sinogram, which is a 2D image containing the information of
the x axis in all the observed angles, is transformed into the fre-
quency domain using the Fourier transform. The Fourier-
transformed projections are then multiplied by a filter function in
the frequency domain. The purpose of the filter is to suppress arti-
facts, enhance the image quality and reduce high-frequency noise.
After filtering, the projections are transformed back into the spatial
domain using the inverse Fourier transform.

Once the filtered projections are obtained, they are back-projected
into a two-dimensional image. Back projection involves assigning
the intensity of each projection pixel to all the corresponding points
along the line of projection.

Finally, all reconstructed 2D images are rearranged on the z axis to
obtain the reconstructed 3D pattern.

3.4. Hydrophone measurements

A 0.5 mm needle hydrophone (NH0500, Precision Acoustics, Ltd)
was used to measure the US field. As the hydrophone measures the
pressure value at a certain point in the space, point-by-point scanning
was needed. A three-dimensional XYZ stage (MTM 150 CC1, Newport),
properly controlled by a motion controller (ESP301, Newport), is
implemented in the setup attached to the piezoelectric-PDMS emitter,
while the needle hydrophone remains in a fixed position. This needle
position corresponds to the central position of the Schlieren-WFS mea-
surements. Scanning the US field along all the directions a 3D map of the
pressure field is acquired. A Data Acquisition Card (PCI digitizer board
CS23G8 CobraMax, GaGe Applied), served as a digital oscilloscope to
visualize and measure the detected pressure. For this measurement, the
Waveform Generator is triggered by the card instead of by the Pulse
Generator, so for each stage movement, the instantaneous pressure
value is recorded at the same time delay as the Schlieren measurement
to ensure the same region inspection. The typically used scan steps are
between 0.1 and 0.2 mm.

3.5. Simulations

Numerical simulations are made for the sake of comparison. A
MATLAB open-source toolbox called k-Wave is used [30]. This toolbox
enables simple and efficient simulation of time-domain wave propaga-
tion. The software is designed for time-domain acoustic and ultrasound
simulations in complex and tissue-realistic media, and it includes,
among other features, an advanced time-domain model of acoustic wave
propagation that can account for nonlinearity, acoustic heterogeneities,
and power law absorption. The governing equations used in the k-Wave
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simulation functions are derived directly from the equations of fluid
mechanics. The nonlinear terms are then re-written in terms of the
acoustic Lagrangian density. If only cumulative nonlinear effects are
important, the Lagrangian density can then be set to zero. The strength
of the nonlinear effects observed is mainly dependent on the parameter
of nonlinearity and the pressure magnitude. If this nonlinearity
parameter is given, nonlinear governing equations are solved at each
time step. If this is not given, linear governing equations are used. In our
case, we do not consider non-linearities, because we work at relatively
low pressures, and the simulations obtained with and without the
nonlinearity parameter differ by less than a 0.01%, while the speed of
the computation gets compromised. Moreover, the simulated pressure
pattern that we obtained is in excellent agreement with both the
Schlieren-WFS and the hydrophone measurement. We simulated the
propagation of the US field with the same parameters and conditions as
the experimental setup. To compare the values with the experimental
results, the pressure is normalized to the hydrophone measurement
maximum value.

4. Results and discussion
4.1. Proof-of-principle of the Schlieren-WFS method

To prove the feasibility of our approach for quantitative ultrasound
characterization, we first experimentally measured a focused US field
inside distilled water. In more detail, we characterized the instantaneous
pressure field around the focal region of an acoustic lens with a nu-
merical aperture of 0.58, a 20 mm focal length, and a base diameter of
25 mm. Thus, the illumination beam of the Schlieren-WFS system passed
through the US region exhibiting the highest pressure. Fig. 2a shows the
retrieved pressure field along two orthogonal slices. In this case, the
driving voltage was 76.4 V, and the driving frequency 2.2 MHz. The
retrieved pressure field covered a volume of 10 x 10 x 10.5 mm?, with
256 x 256 x 270 cubic voxels, each with a size of 40 um (spatial res-
olution of the system), and it was acquired within 10 s. This represents a
striking measurement rate of 1.77 million points per second. The XY
cross-sectional profile of the reconstructed US pattern at z = 0 mm ex-
hibits an axisymmetric ring pattern, with a high-pressure central lobe of
0.5 MPa surrounded by low-pressure rings of —0.05 MPa and below.
There is a slight distortion of the first rings, probably caused by im-
perfections in the custom-made PDMS focusing lens. In any case, the
central lobe features a full width at half maximum (FWHM) of approx-
imately 1.4 mm, in good agreement with the theoretical value of 1.4 mm
corresponding to the acoustic Airy disk diameter. Along the US propa-
gation direction, the pressure field features an axisymmetric distribution
with strong lateral confinement and periodic high- and low-pressure
regions — also covering a range from 0.5 to —0.5 MPa. The wavelength
inferred from this pressure map is 0.67 mm, as expected for the acoustic
frequency used.

As a benchmark for our Schlieren-WFS system, we repeated the US
measurement of the exact 10 x 10 x 10.5 mm? region using a needle
hydrophone. We selected a device with a sensitivity of 275 mV/MPa at
2.2 MHz and a measurement uncertainty of 17%. Importantly, we
ensured that the US frequency and intensity were the same as in the
previous experiment. Given the long measurement time needed by the
hydrophone, we arbitrarily chose a spatial resolution of 0.25 x 0. 25 x
0.15 mm?, about 6 times worse than with the Schlieren-WFS system.
Still, retrieving the entire 3D pressure field took about 5 h. As shown in
Fig. 2a, there is an excellent agreement between the results from our
method and the ones from the hydrophone measurement. The high-
pressure central lobe at z = 0 remains identical, with a value of 0.5
MPa and an FWHM of 1.4 mm. Similarly, the surrounding low-pressure
ring feature the same deviations as previously observed. Along the XZ
direction, the pressure field remains periodic, with a periodicity of 0.67
mm corresponding to the acoustic frequency. The main difference be-
tween the two methods is the pixelization of the results of the
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Fig. 2. Experimental measurements and simulations of a 3D US field generated after an acoustic lens. (a) Colormaps of the XY plane and XZ pressure field
distributions measured with our Schlieren-WFS system and the classical needle hydrophone, as well as simulations. (b) Plots of the central pressure profiles along the
x-axis (left) and z-axis (right) for the simulated (black), and experimentally measured Schlieren-WFS (red) and hydrophone (blue) pressure fields.

hydrophone, caused by the decrease in spatial resolution. Note, though,
that characterizing the US region with the same resolution as with the
Schlieren-WFS system would have taken 30 days.

For a more quantitative assessment of our method, we also compared
the experimental results with numerical simulations. Specifically, we
computed the US field in the vicinity of the focal region of an acoustic
lens with the same specifications as the one used in experiments. The
simulated values are in very good agreement with both hydrophone and
Schlieren-WFS measurements. In fact, the XY cross-sectional profile has
the same characteristics as experimental measurements, with a central
high-pressure lobe surrounded by low-pressure rings. Interestingly, the
symmetry of the simulation is superior to experiment, given the ideal
case considered. Also, the US profile along the XZ plane remains

periodic, barely distinguishable from experiment. A more refined anal-
ysis of these results is shown in Fig. 2b. In this case, we plotted the
central profile of the pressure field along the x and z directions for the
simulation and experimental methods considered. Regarding the pres-
sure profile along the x-axis, it exhibits, for the three cases analyzed, the
characteristic shape of an acoustic Airy disk. Besides the expected lower
number of data points corresponding to the hydrophone measurement,
they are all very similar, with a root mean square error, relative to
simulation, of 5% and 4% for the Schlieren-WFS and hydrophone,
respectively. Regarding the z-axis profiles, they are also comparable,
showing a periodic pressure with a wavelength of 0.67 mm. The root
mean square error of the Schlieren-WFS and hydrophone relative to the
simulation is 9% and 12%, respectively.
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4.2. Pressure measurement at different time instances and US frequencies

The Schlieren-WFS system exhibits a high temporal precision that
allows characterizing dynamic pressure fields. The reason lies in the use
of short illumination pulses. Thus, despite the relatively long exposure
time of the camera employed, the pulsed light enables capturing the
acousto-optic interaction at a given time instance. An example of such
capability is shown in Fig. 3a. In this case, we characterized the pressure
field at the vicinity of the focal region of the acoustic lens described in
section 4.1 when driven at 2.2 MHz and at different delay times between
the US emission and the LED pulse. At At = 22.05 ps, the US wave has not
yet reached the entire observable window of the Schlieren-WFS setup. It
requires At = 32.05 ps to achieve so. Notably, an additional delay of only
75 ns leads to observable differences, as shown for At = 32.125 ps,
especially across the XY plane. Such a delay corresponds to a displace-
ment of the US wave of only 111 um, that is, 1/6 of the acoustic
wavelength. The fine temporal resolution of our system can be used to
reconstruct the propagation of an ultrasonic wave (see Supplementary
Fig. S1 Video 1). The entire sequence of images was acquired in less than
2 min.

Similarly, it is possible to characterize pressure fields obtained at
different driving frequencies. As shown in Fig. 3b-d, the reconstructed
3D pressure fields at 1 MHz, 2.2 MHz, and 3 MHz exhibit the same trends
described above in terms of periodicity along the propagation direction
(XZ and YZ slices), and bulls-eye circular pattern in the XY plane. Each of
them, though, features distinct pressure values, with the widest range
obtained at 2.2 MHz — 1 MPa in total — which corresponds to the

a) At=2205ps  At=32.05ps

At=32.125 us
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resonant frequency of the piezoelectric plate (see section 4.3 for further
details). The measurements performed off-resonance exhibit a lower
signal-to-noise ratio, and thus the reconstructed fields appear noisier
and with lower contrast. Still, it is clearly possible to observe how the
acoustic wavelength and the central lobe decrease with driving fre-
quency. In fact, the measured wavelength values of 1.48 mm and 0.49
mm for the 1 MHz and 3 MHz, respectively, are in good agreement with
the expected theoretical values. The same occurs with the FWHM of the
central lobes — 1.74 mm and 0.96 mm for 1 MHz and 3 MHz, respec-
tively. Videos of the three-dimensional field at 1 MHz, 2.2 MHz (with At
= 22.05 us and At = 32.05 ps) and 3 MHz can be found in the Appendix
as Supplementary Videos 2-5, respectively.

4.3. Pressure sensitivity and temporal performance of the Schlieren-WFS
system

A central aspect of any US measurement system is the sensitivity to
pressure changes, which ultimately determine its usable range. To this
end, we first measured the pressure field using the Schlieren-WFS system
when driving the piezoelectric disk at 2.2 MHz and different voltage
amplitudes. As shown in Fig. 4a, the system exhibits an increasing linear
response with voltage. This result is in agreement with the expected
trend of a piezoelectric disk, where higher driving voltages lead to
higher pressures, as verified with the conventional needle hydrophone.
Note the significant difference in terms of measurement errors for the
two systems. The Schlieren-WFS system exhibits a similar uncertainty
for all driving voltages of about + 0.05 MPa, as calculated using the

b) f=2.2MHz
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Fig. 3. Measurements of different US fields using the Schlieren-WFS setup. (a) XZ (top) and XY (bottom) pressure maps of the reconstructed pressure field for
delay time At = 22.05 ps (left), At = 32.05 us (center), and At = 32.125 ps (right). The white dashed lines indicate the z position taken for the XY images. The scale bar
represents 2 mm. (b-d) 3D reconstructions of the US field for a frequency of 2.2 MHz, 1 MHz, and 3 MHz, respectively. The scale bar represents 2 mm.



M. Colom et al.

Ultrasonics 135 (2023) 107115

b)

1.2 : : : : : : :

°
o
.

o
iN
H-@=-H

Peak to peak P (MPa)
o
»

e
N}
:

® Hydrophone
& Schlieren-WFS

(0]
O
. O%ceeg

in

1 1.5 2 2.5 3 3.5

Fig. 4. Pressure sensitivity of the Schlieren-WFS system. (a) Plot of peak-to-peak pressure at 2.2 MHz measured with the needle hydrophone (blue circles) and
Schlieren-WFS system (red circles) as a function of the driving voltage of the piezoelectric disk used to generate the US waves. (b) Plot of the experimental peak-to-
peak pressure measured with the needle hydrophone (blue circles) and Schlieren-WFS system (red circles) at different pressure values and driving voltage of 76 V.

standard deviation of 5 different measurements for each case. Instead,
the needle hydrophone presents a 17% uncertainty in a frequency range
between 1 and 12 MHz, as specified by the manufacturer. Therefore,
while both systems are sensitive over a large pressure range, the
Schlieren-WFS offers higher precision at larger pressures.

Analogous conclusions can be extracted by measuring the pressure at
the focal region of the acoustic lens when driving the piezoelectric disk
at 76 V and different frequencies, as shown in Fig. 4b. From the
Schlieren-WFS system, the nominal resonant frequency of 2.2 MHz of
the disk leads to the highest-pressure values, while the pressure pro-
gressively decreases at higher and lower frequency values. This behavior
agrees with measurements using the needle hydrophone, both qualita-
tively and quantitatively. Again, the uncertainty of the retrieved pres-
sure values favors the use of the Schlieren-WFS system at high pressures.

The above results highlight the excellent performance of the
Schlieren-WFS system in terms of pressure sensitivity and range, com-
parable with that of state-of-the-art needle hydrophones. However,
there is a significant difference in the way the measurements were
performed for each system. In the case of the Schlieren-WFS system, an
entire 3D field was captured; instead, the pressure from a single voxel
was used for the hydrophone. This is due to the enormous recording
speed advantage of our approach. To quantify it, we calculated the time
required to take a 3D pressure measurement with the needle hydro-
phone and with the Schlieren-WFS system as a function of the number of
pixels in the US propagation direction (z-axis). We evaluated this rela-
tion for different XY dimensions (e.g., 50 x 50, 100 x 100 and 200 x
200 pixels), as shown in Fig. 5a. Importantly, the measurement time for
the Schlieren-WFS is independent of the number of pixels along z or the
size of the XY slice. Note that, in all cases, we considered a tomographic
reconstruction using 180 different angles, which produces an effective
pixel size of 40 um. The speed advantage of our system is mainly due to
the use of a camera for pressure sensing, which provides access to mil-
lions of pixels in a single snapshot — the measurement time will remain
fixed as long as the number of voxels is lower than the number of camera
pixels, which is 360 x 270 in current experiments. As a simple example,
let us consider the measurement time taken by the needle hydrophone
system for different volumes. Considering a point-to-point dwell time of
0.2 s (5 points per second, the parameter used in our measurements),
reconstructing a pressure field with 50 x 50 x 50 points would take 7 h;

a 100 x 100 x 100 volume would take 56 h and a 200 x 200 x 200
measurement would last 19 days. All these times are exaggeratedly large
compared to the 10 s measurement time that the Schlieren-WFS system
would require in all these scenarios.

The effects of the speed advantage of the Schlieren-WFS method over
a scanning hydrophone can be better illustrated in Fig. 5b. In this case,
we compare the pressure maps that would be measured over a time span
of 10 s using the Schlieren-WFS system as well as the needle hydro-
phone. The former allows a detailed reconstruction of the pressure field,
with over 16 million voxels. In striking contrast, the needle hydrophone
only allows retrieval of 50 voxels — again, assuming a pixel dwell time of
0.2 s. The user, though, has flexibility in selecting how to measure these
50 points. For instance, it is possible to choose the pressure points
distributed across the XY plane and covering the same field of view as
the Schlieren-WFS. This leads to a 7 x 7 pixel map with an extremely
poor spatial resolution of 1.4 mm per pixel. The same occurs if the 7 x 7
pixel map is acquired along the XZ plane. As a result, the different
pressure regions are barely distinguishable. Alternatively, it is possible
to select 50 voxels spaced by 0.04 mm (along the XZ or XY plane), the
same resolution as in the Schlieren-WFS system. In this case, a high-
resolution pressure map can be retrieved but at the cost of covering an
extremely small region of only 0.25 x 0.25 mm. Note that our needle
hydrophone had a size of 0.5 mm, larger than the voxel size, and thus
Fig. 5b(right) is clearly oversampled. In any case, the speed limitations
of needle hydrophone measurements and its intrinsic trade-off between
resolution and field-of- remain valid.

4.4. Potential limitations of the Schlieren-WFS system

The use of the Schlieren-WFS system offers promise for the quasi-
real-time characterization of US fields inside water at sub-millimeter
resolution. Still, several aspects need to be considered when imple-
menting the system. As in any optical method, the non-transparency of
the fluid where the US field is to be characterized can affect the mea-
surements. Thus, the presence of scattering or absorbing particles in the
fluid may produce a non-predictable effect on the light deflection and
hence the wavefront detection could lead to an incorrect measurement
of the phase. It is also important to note that our system performance is
excellent at high pressures, but the signal-to-noise ratio worsens as the
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Fig. 5. Assessment of the required time for 3D pressure field measurements. a) Plot of the pressure measurement time as a function of the number of pixels
considered along the z direction when using the needle hydrophone and different XY number of pixels, and the Schlieren-WFS system b) Experimental pressure maps
obtained using an acquisition time of 10 s for: the Schlieren-WFS system with a voxel size of 40 x 40 x 40 pm (left); the needle hydrophone covering an area
corresponding to the same field of view (FOV) of the Schlieren-WFS system but with a pixel size of 1.4 mm (center); the needle hydrophone with the same pixel size as

in the Schlieren-WFS system but featuring a very small FOV (right).

pressure decreases. This issue can be improved by applying more
binning to the Schlieren camera, at the expense of spatial resolution, or
by image averaging the projections at each angle, leading to an increase
in the measurement time. The current setup is also bulky, with the
Schlieren arm covering a distance of about 1.5 m. Such a length im-
proves the Schlieren sensitivity to differences in refractive index and
enhances the contrast on the projections. A simple way to make the
system more compact is to reduce the focal lengths of the lenses,
although it comes at the cost of contrast loss. Alternatively, mirrors
could be used to reduce the system length while maintaining the same

optical path length. Note, though, that the Schlieren branch of the sys-
tem is only used because of the small field of view and very low reso-
lution of the WFS. With advances in microlens fabrication techniques
[31] and novel cameras with larger detectors, next-generation WFS
could provide the resolution and field of view to directly perform to-
mography with the extracted phase maps, although it may be difficult to
beat the resolution of the camera used for the Schlieren setup.
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5. Conclusions

The combination of Schlieren tomography with a wavefront sensor
allows the calibration-free characterization of US fields at high spatial
resolution. The proposed method takes advantage of the acousto-optic
effect and wavefront sensing to rapidly obtain the phase projections of
the US field. Through inverse reconstruction, the phase 3D pattern is
recovered, and, hence, the pressure values. As our results demonstrate,
this technique is suitable for quasi-real-time acquisition — more than 3
orders of magnitude faster than traditional methods based on hydro-
phone scanning — of US fields covering a wide range of pressures and
frequencies. In contrast to other optical methods, the high detection
range of the WFS allows measuring fields with pressures up to 50 MPa
without the need for phase unwrapping. Furthermore, the setup obviates
the need for interferometric schemes and can be implemented using
standard post-processing techniques using a conventional computer. We
anticipate that the Schlieren-WFS system will help to expand the port-
folio of applications where ultrasound is used.
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