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ABSTRACT 

 
     The deformation of a fluid interface by the acoustic radiation pressure has been used for surface tension 

measurements or to design exotic structures such as acoustic diodes. However, few studies focus on the 

characterisation of the spatial characteristics of the deformation induced by a transient excitation, making 

research requiring precise spatial control of the deformation challenging. This paper investigates experimentally 

and numerically the effects of a transient excitation on the deformation generated by an acoustic radiation 

pressure at the water-air interface. A numerical model using the Finite-Element Method and based on theoretical 

background for a permanent excitation, is generalized to a transient excitation. An experimental setup is 

developed to evaluate the maximum height of the interface deformation for different durations and amplitudes 

of the ultrasonic excitation using two complementary methods: the first using a camera and an edge detection 

algorithm, the other using a multichromatic confocal displacement sensor. Numerical and experimental results 

for a non steady-state excitation show a quadratic evolution of the height of the deformation as a function of the 

incident pressure and also a linear increase as a function of the excitation duration. The evaluation of the 

deformation height induced by the acoustic radiation pressure at a water-air interface for a transient excitation 

paves the way to applications requiring noncontact space-time interface modulation, such as subwavelength 

phenomena.  

 

Index Terms—ultrasound, transient, radiation pressure, interface deformation, experiment, finite-element 

simulation 

 
I. INTRODUCTION 

 

In past centuries, the concept of radiation pressure has been widely studied in the field of waves physics. In 

acoustics, Lord Rayleigh developed a new approach to calculate the time-averaged value of the pressure exerted 

on a piston by a wave with a finite cross section, leading to the first theoretical formulation of the acoustic 

radiation pressure1 (ARP). Since this seminal work, several theoretical studies have been dedicated to the 

formulation of the ARP2–4, discussing two different approaches of the radiation pressure called Rayleigh 

radiation pressure and Langevin radiation pressure5. First experimental work concerning the interface 

deformation by the ARP has been carried out by Hertz and Mende6 for fluid interfaces that are transparent to 

acoustic waves, showing that the radiation pressure exerted by an acoustic wave on an interface strongly relies 
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on whether the acoustic beam is bounded or not. Works by Beyer7 and Chu and Apfel8 have led to a better 

understanding of this phenomenon validating Hertz and Mende's results. They paved the way throughout the 

20th century for original studies about acoustic streaming9,10 or acoustic levitation11–14,  and to first experimental 

works on the dynamic interface deformation15–17. Furthermore, these studies lead to various applications such 

as remote control of implanted medical devices18, ultrasonic atomization19 or acoustic tweezers20. Recent 

investigations on the use of the deformation driven by the ARP have been extended to the development of exotic 

devices such as acoustic diodes and switchs21.  However deformations using time dependent ARP are most 

commonly used to characterise the mechanical properties of media without contact22,23, such as the surface 

tension of liquids24–27. To our knowledge, the relationship of the transient excitation parameters on the size of 

the resultant interface deformation are not well understood. In particular, the effect of the interfering waves in 

the cavity formed by the emitter and the interface is rarely considered, making studies requiring knowledge of 

the spatial properties of the transient ARP induced deformation challenging. 

In this way, the main objective of this article is to study the influence of ARP from a non-interfering transient 

excitation, on the maximum height of the water-air interface deformation. In doing so, a measurement tool is 

set to predict the maximum height interface deformation for a given set of excitation parameters. 

To this aim, based on the theoretical framework of the height of the deformation driven by the ARP for a 

continuous excitation17 described in section I, a numerical model using the Finite-Element Method (FEM) is 

designed. Its description and preliminary results are reported in Section II. Thereafter, the experimental setups 

designed to measure the maximum height of the deformation using two methods are presented in Section III. 

The first method is based on image processing of pictures captured with a Digital Single-Lens Reflex (DSLR) 

camera. The second is based on a confocal multichromatic laser displacement sensor. In the last section, the 

experimental results obtained by varying the duration of the excitation and the pressure at the interface are 

shown and compared to simulation results. Finally, the interest of each of the two experimental methods and 

the validity of the numerical model is discussed. 

 
II. THEORY 

 

1. Radiation pressure  

 

     At the interface between two media (Figure 1(a)), the Langevin radiation pressure applied upward at the 

interface by an unbounded ultrasonic beam normally incident on the interface is equal to the difference in 

Lagrangian pressure on both sides of the interface28:  Π(𝑟) =  𝑃1(𝑟) − 𝑃2(𝑟) 

Considering the surface tension 𝜎 and the gravity intensity 𝑔  are opposed to the induced deformation of the 

interface, the ARP can be expressed as:  

  Π(𝑟) =  Δ𝜌𝑔ℎ(𝑟) − 𝜎𝜅(𝑟)              (1) 

where Δ𝜌 = 𝜌1 − 𝜌2 is the density difference between the fluids, ℎ(𝑟) the height of the deformation, 𝜅(𝑟) 

the curvature radius of the interface, is given by: 
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𝜅(𝑟) =
1

𝑟

𝑑

𝑑𝑟
(

𝑟ℎ′(𝑟)

√1+ℎ′(𝑟)2
)                                                                  (2) 

Using the expression of the Langevin radiation pressure7, the acoustic radiation pressure can be expressed as: 

Π(𝑟) = ⟨𝐸1(𝑟)⟩ − ⟨𝐸2(𝑟)⟩.            (3) 

 

Figure 1: Deformation of a water-air interface by the acoustic radiation pressure. (a) Schematic representation of the 

deformation of the interface between two media noted 1 and 2, induced by the radiation pressure at the interface resulting 

from a normally incident ultrasonic wave. The height of this deformation is noted h(r). (b) Picture of a water-air interface 

deformation induced by a transient ARP induced by a 1MHz ultrasonic wave focused at the interface (duration 50μs, 

amplitude 2.5MPa). 

Making use of the impedance z1 and z2 of the fluids, it is possible to write the energy reflection and 

transmission coefficients ℛ = (
𝑍1−𝑍2

𝑍1+𝑍2
)

2
 and 𝒯 =

4𝑍1𝑍2

(𝑍1+𝑍2)2, respectively. 

These two coefficients allow the mean acoustic energies downstream and upstream at the interface to be 

written in the following way:  

⟨𝐸1(𝑟)⟩ = (1 + ℛ)⟨𝐸𝑖(𝑟)⟩,                                                                  (4.1)

⟨𝐸2(𝑟)⟩ =
𝑐2

𝑐1
𝒯⟨𝐸𝑖(𝑟)⟩,                                                                         (4.2)

 

where ⟨𝐸𝑖(𝑟)⟩ is the time-averaged incident acoustic energy density at the interface, 𝑐1 and 𝑐2 the acoustic 

celerities in media 1 and 2. Thus, from equation (3), the radiation pressure along the interface can be given as 

follows: 

Π(𝑟) =
2

c1

𝜌1
2𝑐1

2 + 𝜌2
2𝑐2

2 − 2𝜌1𝜌2𝑐1
2

(𝜌1𝑐1 + 𝜌2𝑐2)2
⟨𝑝𝑖

2(𝑟, 𝑡)⟩,                                                 (5) 

 

where 𝜌1 and 𝜌2 are the densities of media 1 and 2. 𝑝𝑖(𝑟, 𝑡) denotes the incident pressure at the interface 

taking in account both temporal and spatial distributions. In our case, the spatial distribution along the r 

coordinate is given by the Bessel function of first kind noted J1.  

Under continuous excitation, the pressure incident at the interface is considered to be the pressure at the 

focal plane of a spherical transducer29,30 : 

𝑝𝑖(𝑟) = 2𝑝𝑖0

𝐽1(
𝜋𝑟

𝜆
)

𝜋𝑟

𝜆

,                                                                    (6) 

with 𝑝𝑖0 the incident acoustic pressure at r = 0 and z = 0. This expression is obtained within the parabolic 

approximation. 

Experiments presented in section III have been performed with a 1MHz transducer having an active 

diameter of 40mm and a focusing at 𝑑𝑓 = 40𝑚𝑚 (f number 𝑓𝑛=1). To validate the analytical expression (6) 

describing the spatial pressure distribution at the interface, this theoretical expression has been compared with 

the pressure radiating by the 1MHz transducer at the focal plane. This pressure field has been measured using a 

hydrophone (ONDA HGL-0085) in the case of a burst-type excitation (50 cycles of sine wave).  
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As shown on Figure 2, the Bessel expression of the pressure field correctly describes the main lobe of the 

acoustic beam at the focal plane of the focused transducer, where the density of energy is at the maximum. Thus, 

it is convenient to implement this expression of the ARP in the numerical model as an upward pressure at the 

water-air interface. 

 

Figure 2: Pressure field amplitude at the focal distance along the r axis. Theoretical calculation using equation (6) 

(solid blue line), and corresponding measurement performed with a hydrophone (orange dotted line) normalized by the 

maximum pressure at the focal point.   

From equation (6), the ARP can be noted: 

Π(𝑟) = 4𝐶𝑝𝑖0
2 (

𝐽1 (
𝜋𝑟
𝜆

)

𝜋𝑟
𝜆

)

2

,                                                                       (7) 

with 𝐶 =
1

𝜌1𝑐1
2

𝜌1
2𝑐1

2+𝜌2
2𝑐2

2−2𝜌1𝜌2𝑐1
2

(𝜌1𝑐1+𝜌2𝑐2)2 . It is therefore possible to obtain the analytical formulation of the surface 

displacement  ℎ(𝑟) induced by the ARP, which is the subject of the following subsection. 

 

2. Analytical formulation of the interface displacement 

From the formulation of the acoustic radiation pressure given by equation (7), using a Hankel transform31, 

it is possible to express equation (1) as follows:  

(Δ𝜌𝑔)ℎ̃(𝑘) − 𝜎�̃�(𝑘) = 4𝐶𝑝𝑖0
2 �̃�(𝑘),                                                          (8)                

 

with �̃�(𝑘) the Hankel transform of the spatial distribution  𝜙(𝑟) = (
𝐽1(

𝜋𝑟

𝜆
)

𝜋𝑟

𝜆

)

2

.  

In this work, we assume small deformations of the water-air interface, allowing to reduce equation (2): 

𝜅(𝑟) =
1

𝑟

𝑑

𝑑𝑟
(𝑟ℎ′(𝑟)) =  Δ𝑟ℎ(𝑟).                                                              (9) 

The Hankel transform of the cylindrical Laplacian is noted Δ�̃�𝑓(𝑘) = −𝑘2𝑓(𝑘). The height of the 

deformation can therefore be expressed as follows17: 

ℎ(𝑟) =
2𝜆2

𝜋2
𝐶𝑝𝑖0

2 ∫  

2𝜋
𝜆

0

1

Δ𝜌𝑔 + 𝜎𝑘2
(1 −

𝜆𝑘

𝜋2
√1 −

𝑘2𝜆2

4𝜋2
−

2

𝜋
arcsin (

𝜆𝑘

2𝜋
)) 𝐽0(𝑘𝑟)𝑘𝑑𝑘,        (10) 

 

with �̃� =
𝜆2

2𝜋2 (1 −
𝜆𝑘

𝜋2
√1 −

𝑘2𝜆2

4𝜋2 −
2

𝜋
arcsin (

𝜆𝑘

2𝜋
)) for 𝑘 ≤

2𝜋

𝜆
 , 0 either. From equation (10), it can be observed 

that a number of parameters can affect h(r): the surface tension 𝜎, the wavelength λ and the amplitude 𝑝𝑖0 at the 

focal point.  Moreover, it can be expected that the height of deformation varies with the square of the input 

pressure 𝑝𝑖0. This will be discussed in the following part where the solution of this equation is compared to 

numerical results. 
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III. METHOD 

 

To investigate the influence of the excitation parameters on the height of the interface deformation induced 

by the ARP, a numerical model using FEM has been adapted and a dedicated experimental setup has been 

developed.  

 

III.1 Numerical Model 

 

a. Continuous excitation 

 

   The influence of the amplitude 𝑝𝑖0 at the focal point on the height of the deformation is studied using 

a finite element software32,33 (COMSOL Multiphysics®). The model allows to focus on the time evolution of 

the deformation and the influence of the physical fluid parameters. The module “laminar two phase-flow, 

moving mesh” is used to solve the Navier-Stokes equation for an incompressible flow. This method is used to 

compute the displacement of the interface between two fluids. The model shown on Figure 3 is built using a 

2D-axisymmetric geometry and is bounded by three types of boundaries.   

i) A free surface with an external force is applied in +z direction, corresponding to the acoustic radiation 

pressure described by equation (6). To reduce the weight of calculations, the upper fluid (air) is not represented 

in the model. As an alternative, its effect is depicted by the surface tension of a water-air interface and added to 

the free surface boundary condition (represented by the yellow line on Figure 3).   

ii) The ARP is calculated along the r-axis using the pressure distribution given by equation (6), making 

use of the characteristics of the transducer used for the experiments described in section III.2 (1MHz for 

frequency, 40mm in diameter, focal distance of 40mm).  

iii) The no slip wall boundary condition is used to specify stationary solid walls of the water tank (solid 

blue lines in Figure 3). Moreover, the right end side of the computation domain is set large enough (6 mm) to 

avoid interactions between the deformation and the reflected waves by the water tank walls before that the 

interface deformation reaches its maximum amplitude. Moreover, the thickness of the model has to be larger 

than the negative amplitude of the surface displacement. It is set larger than twice the maximum water level 

elevation at r = 0. 

 Despite the absence of an air layer above the water in the numerical model, the model takes into account 

the atmospheric pressure as well as the gravity effects. As the interface is deformed, the moving mesh used to 

study the motion of the water surface governs the shape of the water domain. The minimum size of an element 

of the moving mesh is 1μm, so the mesh displacement is fine enough to describe the excitation pressure field at 

the interface along the r-axis and the interface deformation which can vary from about 50μm to 1mm depending 

on the applied ARP along the z-axis. The time resolution is set to 10µs to obtain an adequate sampling of the 

mesh displacement in time (1000 points over the rise time). The surface displacement along the z-axis is 

calculated and the maximum value of this displacement is picked up at r = 0 for different pressure levels 𝑝𝑖0. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
12

96
9



 

6 

 

 

Figure 3: Fluid dynamics FEM model. A 2D axisymmetric geometry is used (the revolution axis is the red dashed line) 

with no-slip boundary condition (blue lines) on both walls. On the water-air interface (yellow line), an external force is 

applied along the z+ direction.  Case of (a) an external force considered as null and (b) given by equation (7) corresponding 

to the acoustic radiation pressure for a continuous excitation with 𝑓 = 1𝑀𝐻𝑧, 𝑝𝑖0 = 250𝑘𝑃𝑎.  

 
The simulations are first performed for an ARP corresponding to a steady state excitation, denoted by 

equation (7), and are compared to theoretical results obtained using equation (10). The maximum deformation 

height as a function of the square of the incident pressure is reported on Figure 4. A good agreement is found 

between simulation (red dots) and analytical (blue dots) results for acoustic pressures below 2.5 × 104 kPa2 

(orange dashed lines on Figure 4). The quadratic dependence is shown by the black dashed line on Figure 4, and 

confirms the Langevin radiation pressure theory for the small deformation case11,12. For higher pressures, there 

is a divergence between the results since the theoretical model quadratic assumption is no longer valid. The 

maximum height of the deformation tend to increases as a cubic law of the pressure as discussed by Nomura 

and Shimomura34. It shows that the analytical formulation using the hypothesis of small deformation 

(equation 9) is no longer valid in this range of pressure. The FEM model being validated with theory in the case 

of a continuous excitation, it is now extended to the case of a transient excitation.  

 

b. Transient excitation 

To predict the height of the deformation of an interface by a transient excitation, the time dependence 

of the input pressure at the interface should be included into the expression of the incident pressure 𝑝𝑖 (equation 

(6)). Thus, the time-dependent ARP can be noted: 

 

Π(𝑟, 𝑡) = 4𝐶𝑝𝑖0
2 (

𝐽1 (
𝜋𝑟
𝜆

)

𝜋𝑟
𝜆

)

2

𝐻(𝜏 − 𝑡)𝐻(𝑡 − 𝑡0),                                (11) 

 

where 𝐻(𝑡) is the Heaviside function and 𝜏 − 𝑡0 the excitation duration. 

  

In this study, we exclusively consider a water-air interface. Only three parameters can influence the value of the 

radiation pressure: the pressure at the focal point 𝑝𝑖0, the duration of the excitation ∆𝑡 = 𝜏 − 𝑡0 and the 

wavelength λ. As the frequency is set to f = 1MHz, this study focuses on the influence of the input pressure and 

the duration of the transient excitation. As the theoretical formulation of the height of the deformation induced 

by a transient ARP proposed by Ostrovakia35 relies on small deformation hypothesis, experimental results in 

the following sections will only be compared to the numerical model that does not make this assumption. In that 

Figure 4: Numerical results for a continuous excitation (a) Comparison of the maximum deformation height induced by 

the acoustic radiation pressure given by equation (7) (blue dots) as a function of the square of the pressure level, and FEM 

simulations (red dots). (b) 3D view of a simulation result for 𝑝𝑖0 = 140𝑘𝑃𝑎 (orange dashed lines). A maximum deformation 

height of 0.11 mm is reached. 
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way, the developed numerical model enables a broader use than known analytical model35 that is needed in 

section IV. Further, it gives access to various physical settings, such as the number of sources, which could be 

useful to compare further analytical works about transient ARP at an interface, without the small deformation 

assumption. 

 

III.2 Experimental setup 

 

Experiments are carried out in a tank filled with water as shown in Figure 5. During the experiment, the 

water temperature is 20°C. A burst electrical signal made of sine periods of 1µs, delivered by a RITEC RAM 

5000 ultrasonic pulser, is applied to a 1MHz NDT SYSTEM IDH018 piezoelectric transducer, with a duty cycle 

varying from 0.0015% to 0.105% depending on the burst duration. The transducer (40 mm active diameter) 

emits an acoustic beam focused on a water-air interface (focal distance 𝑑𝑓 = 40 mm). Two devices are used to 

simultaneously measure the height of the deformation induced by ARP: 

 i) a confocal laser displacement sensor pointing the deformation, 

ii) a camera with a macro lens for capturing the deformation of the interface. 

The camera is a Digital Single-Lens Reflex (DSLR) camera NIKON D5600. It uses a CMOS sensor of 

dimensions 23.5x5.6mm2 which enables a resolution of 6000x4000pixels. The camera is used with a Tamron 

SP90mm macro lens, and images are taken setting a shutter speed of 1/4s (0.25s) and an aperture F/22 (4mm). 

The ultrasonic excitation is emitted 20 times per second, the resulting photograph is an average over 5 

deformations over the time of exposition of the camera’s sensor. This provides higher brightness at the edges 

of the deformation and favors to capture the top of the deformation. The camera is placed 30 cm away from the 

deformation, outside of the tank. Due to the presence of a meniscus of water on the edges of the water tank, a 

tilt angle α ≈ 5° is set to capture the deformation. A ruler is placed beside the deformation to measure the length 

of one pixel. The resulting photograph is processed in order to get the maximum height of the deformation. This 

process includes three steps, as presented on Figure 6. First, the size of one pixel is evaluated. Then the image 

is cropped around the deformation to reduce the calculation domain. Finally, a Canny edge detection36 is 

performed to extract the edge of the deformation. This is a multi-step algorithm for locating net intensity 

gradient changes in an image filtered by a Gaussian operator for denoising. 

 
Figure 5: Experimental setup to measure the height of the deformation.  A broadband ultrasonic transducer placed at 

a distance d from the interface is used to generate a transient ARP. The deformation of the water/air interface is captured 

with a camera Nikon D5600. Photos are post-processed with an edge detection algorithm to evaluate the maximum height 

of the deformation. In parallel, the deformation is also measured by a multichromatic confocal laser displacement sensor 

(KEYENCE CL-3000) which tracks the top of the deformation at any time.  

 

From the edge detection and the size of one pixel, it is possible to compute the height of the deformation 

induced by the ARP. This method allows one to have an overall view of the interface deformation and ensures 

a right detection of the top of the deformation. As the camera is tilted at α ≈ 5°, an underestimation of the height 

of the deformation is expected and increases as the height of the deformation decreases (up to 30μm), as shown 
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in Figure 6(b). Due to this angle, the bottom of the deformation cannot be accurately estimated as highlighted 

in Figure 6(c).  

In parallel, a method using a multi-wavelength confocal displacement sensor37  (KEYENCE CL-P070) 

and its controller (CL3000) is used to evaluate the height of the deformation on a single spot of 50µm in 

diameter. The diameter of the spot is small enough compared to the curvature radius at the top of the deformation 

so the resulting measurements are the average of the maximum height of the deformation over the surface of 

the spot (Figure 5). The sensor head is placed 70mm above the water surface in the vertical to the measurement 

spot. It allows a measurement range of ±10mm of the surface displacement with a sampling frequency of 10kHz. 

Methods using a laser probe to measure the displacement of optically transparent interfaces have already been 

used in the literature to measure the properties of fluid-like surfaces16,24,25. It allows a high resolution (±2𝜇𝑚) to 

measure small deformations as the camera becomes inaccurate. In the following section, experimental and 

numerical results are investigated for different input pressures levels and excitation durations. 

Figure 6: Evaluation of the deformation height using the camera. (a) First, a ruler graduated in mm is set to evaluate 

the size of one pixel. An edge detection algorithm is used to calculate the gap between the top ℎ𝑚𝑎𝑥 and the bottom ℎ0 of 

the deformation. (b) Error in the estimation is expected because of the view angle α of the camera. (c) The position where 

the base of the deformation is set (ℎ0) is located on the interval delimited by the solid blue lines (width of approximately 

50μm), due to reflection of light on water and angle of inclination, impacting on the accuracy of the measurement.  

 
IV. RESULTS AND DISCUSSION 

 

IV.1 Evolution of the deformation amplitude as a function of the input pressure 

 

To study the influence of the incident pressure, experiments have been carried out placing the transducer 

at a distance from the interface equal to its focal length (𝑑 = 𝑑𝑓 = 40mm) with an excitation duration equal 

to 30µs, while increasing the incident pressure 𝑝𝑖0 from 1.5 MPa to 5.7 MPa. These parameters are chosen to 

evaluate the height of the deformation by at least one of the measuring methods. For the camera, the minimum 

height of deformation that can be measured is limited by the spatial resolution of the camera (5μm per pixel, at 

least 3 pixels are required to distinguish the edges of the deformation) and the tilt angle.  

Due to the waves in the tank caused by parasitic vibrations in the room, the minimum deformation height 

that can be measured with the laser probe is not less than 40μm. Beyond that value, measurements become too 

noisy.  Figure 7(a), shows that the experimental height at r = 0 are in good agreement with the simulation ones. 

It is possible to see that the camera-based method (blue triangle symbols), struggles to measure deformations of 

less than 0.2 mm height. As expected, the laser probe (red square symbols) is able to detect deformations height 

down to 40μm. When increasing the pressure above 4 MPa, for 30µs excitation duration (duty cycle of 0.045%), 

water atomization occurs: small droplets are projected above the interface deformation which lead to an 

incorrect estimation of the interface deformation preventing measurement of the top of the deformation with the 

laser probe. In this particular situation, the camera-based method is still reliable, although it is necessary to adapt 

manually the threshold of the edge detection algorithm from the picture of the deformation, so the droplets can 
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be ignored. Results from both methods highlight an increase of the deformation height as a function of the 

square of the incident pressure, which is represented by a red dashed line on Fig.7. This  dependence corresponds 

to the theory given by equation (10) and also by the first experimental observations carried out by P.L. Marston 

for an acoustic levitated drop in water driven by modulated radiation pressure14,38–40. However, due to the use 

of a perfectly rectangular windowing of the excitation durations during the simulations, the computed mean 

pressure over time at the interface is slightly superior than the experimental one. As a result, the experimental 

heights are lower than those obtained with the numerical model. 

 

Figure 7: Deformation height as a function of the input pressure. Comparison of measurement and simulation results 

for (a) an incident pressure pi0 from 1.5 MPa to 5.7 MPa with an excitation duration ∆𝑡 of 30µs and (b) incident 

pressure pi0 from 1.2 MPa to 3.5 MPa with an excitation duration ∆𝑡 of 50µs. Solid black line shows the results from 

simulations. Red dashed line exhibits the quadratic fit from the measurement performed with the laser probe (square 

symbols). Triangles symbols show results obtained with the camera and edge detection algorithm. 

 

To ensure that the quadratic behaviour is still relevant when increasing the excitation duration, a second 

measurement is performed with an excitation duration of 50μs (duty cycle of 0.075%), while increasing the 

incident pressure 𝑝𝑖0 from 1.2 MPa to 3.6 MPa (Figure 7(b)). Results show once again a good agreement 

between simulations and experiments, proving that if the transient excitation duration is less than 50μs, the 

maximum height of the deformation increases as a square law of the pressure. It can be observed that for an 

input pressure of 3MPa, the maximum height of the deformation is approximately equal to 0.25mm and 0.40mm 

for an excitation duration of 30μs and 50μs respectively. It seems to shows a linear evolution of the deformation 

height as a function of the transient excitation duration, which is the subject of the following section.  

 

IV.2 Evolution of the deformation amplitude as a function of the excitation duration 

 

Experiments and simulations have been carried out for an excitation duration in the range of 

∆𝑡 = [1, 54]µs (duty cycle varying from 0.0015% to 0.081%), which ensures to have transient non overlapped 

excitation, with a pressure 𝑝𝑖0 = 3.5𝑀𝑃𝑎. The latter allows to obtain a deformation height greater than 0.5µm 

for shortest excitation duration, so it can be detected by the laser probe. The results are reported on Figure 8(a). 

As expected, simulation results (solid black line) highlight a linear dependence when the excitation duration ∆𝑡 

increases. Red squares illustrate that measurements from the laser probe are in good accordance with the 

simulation while the excitation duration remains inferior to 54μs. The linear fit (red dashed line) highlights a 

slope of 10.4μm/μs which is close to the simulation one (10.84μm/μs). 

  
Figure 8: Deformation height as a function of excitation duration. (a) Comparison of measured and simulated heights 

of deformation for  𝑝𝑖0 = 3.5MPa at f = 1MHz. The black solid line shows the results from simulations, squares and 

triangles show experimental results obtained with the optical probe and the camera, respectively (b) Picture of the water-

air interface deformation for ∆𝑡 = 54μs and 𝑝𝑖0 = 3.5 MPa at f = 1MHz.  

 

Results from the camera (blue triangles) also match to the simulation results while the maximum height 

of the deformation is greater than 0.25mm (∆𝑡 > 30μs) (Figures 8(a-b)), with an underestimation compared to 
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the numerical result due to the time windowing of the input excitation. For emission durations between 18 and 

30μs, the interface deformation is still detected, but a miss estimation of the height is due to the tilt angle of the 

camera, resulting in a under estimation of the deformation as its heights decreases, until a threshold of 

∆𝑡 <  18μs, where the interface deformation cannot be evaluated anymore, even if it remains observable. 

 

IV.3 Influence of the distance between the transducer and the water-air interface 

 

To study the influence of the distance between the transducer and the water-air interface relatively to 

the burst duration, the transducer is set at a distance d = 30mm from the interface and is moved away from the 

interface along the z-axis up to d = 50mm. The maximum height of the interface deformation is measured with 

the optical probe as it allows to measure smaller deformations. The signal emitted by the transducer is described 

in section III.2, with an amplitude of 2.1MPa: it ensure no atomization of water when investigating the excitation 

duration range ∆𝑡 = [20, 70]μs (duty cycle varies from 0.03% to 0.105%). 

The height of the deformation induced by the ARP measured while moving the transducer along the 

distance d = [30mm, 50mm], for four excitation durations and is shown on Figure 9 (a). It can be observed that 

the maximum height is globally located at the focal distance (𝑑 =  𝑑𝑓 =  40𝑚𝑚) regardless of the duration of 

the burst. However, at this distance, when ∆𝑡 > 56μs, the height of the deformation doesn’t increase linearly as 

expected from section IV.2. 

 

Figure 9: Transition from a transient state to an interference regime (a) Influence of the cavity length (distance 

between the transducer and the water-air interface) on the height of the deformation for different excitation duration with 

𝑝𝑖0 = 2.1 MPa. (b) Picture of the water-air interface for ∆𝑡 = 150μs and 𝑝𝑖0 = 2.1 MPa. A “tether like” shaped deformation 

can be observed. 

 

This is due to the excitation duration being greater than the time of back and forth travel path for returning to 

the transducer, establishing a steady state in the cavity of length d formed by the transducer and the interface 

(∆𝑡 ≥ 2𝑑 𝑐) ⁄ . This effect of interferences is confirmed in figure 9(a): when increasing the excitation duration. 

The observed interferences show maxima every λ/2 = 0.75mm, corresponding to the results obtained by 

Kornfeld and Triers41.  These strong variations over short distances can be difficult to control experimentally 

over times where water can evaporate and hence change the interference pattern (blue and green dotted lines). 

For example, it can be noticed that for ∆𝑡 = 70µs at around d = 35mm, the maximum height of the deformation 

can change from simple to double. When increasing the excitation duration up to 150µs, the shape of the 

deformation shifts from Gaussian to a tetter-like shape as shown on Figure 9(b). This situation is beyond the 

scope of this work in which the transient regime yields smooth variations of the deformation height over time 

(black and red dotted lines). 

 

 

V. CONCLUSION 
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In this study, we have investigated the water-air interface deformation generated by the acoustic radiation 

pressure for a transient non-overlapped excitation. 

A numerical model has been developed to predict the maximum height of deformation as a function of the 

excitation duration and the input pressure of the incident wave. The numerical model validity was confirmed by 

comparison to an analytical formulation in the case of a harmonic excitation. The quadratic dependence of the 

deformation height was confirmed at small excitation levels. Moreover, in the case of a harmonic excitation, a 

cubic dependence was shown for higher pressure levels (pi0 > 140kPa)  which confirms the work of Nomura34.   

Two complementary experimental methods have been proposed to measure the height of deformation. 

Firstly, the method using a camera fails to measure small size deformations but gives a good overview of the 

shape of the deformation. Further, it allows to check the formation of droplets. when the measurements provided 

by the confocal displacement sensor are inconsistent. Secondly, the method using the confocal displacement 

sensor provides a more accurate measurement of the height of the deformation, measuring in the lower range 

starting from 40μm. However, the measurements are inconsistent in the presence of droplets. 

Results show that the height of deformation increases with the square of the incident pressure, and increases 

linearly with the excitation duration for a non-interfering transient acoustic excitation of duration ∆𝑡 ≤  2𝑑𝑓/𝑐.  

Results are in good accordance with the numerical model, stating that it is convenient to predict in that way the 

height of the deformation induced by a transient acoustic radiation pressure. Furthermore, as the shape of the 

deformation varies from a gaussian shape to a tetter-like shape depending on the excitation parameters, studying 

the spatiotemporal behaviour of the shape of the deformation induced by ARP should be subject of investigation 

to carefully characterize the interface deformation through ARP excitation. As the confocal displacement sensor 

allows tracking the evolution of one point at the water surface over time, this experimental setup could be useful 

for further work aiming to track the 4D space-time evolution of the surface deformation over time.  
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