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a b s t r a c t

Conventional excitation techniques typically use an impact hammer, piezoelectric actuator,
or mechanical shaker excitation for experimental modal testing. However, the use of these
devices may be challenging if accurate high-frequency dynamic measurements on small or
lightweight structural parts have to be performed. To overcome these problems, the high-
frequency radiation force generated by focused ultrasonic transducers (FUTs) can be used.
This approach has shown potential to be used as a non-contact method for modal exci-
tation of small-sized or flexible structures such as MEMS devices, small turbine blades,
integral blade rotors (IBR), and biological structures. However, the sound radiation in the
air of these ultrasonic transducers and the resulting radiation force imparted onto a
structure is not well understood and critically crucial for performing accurate modal
analysis and system identification. In this research, the technical development of ultra-
sound radiation pressure mapping and simulation is presented. Starting from the cali-
brated sound pressure fields generated by the spherically FUT, driven by amplitude
modulated signals, the dynamic focused ultrasound radiation force is modeled and esti-
mated. The acoustic pressure field of a FUT operating in the air is measured and used for
validating the accuracy of a new numerical boundary element method (BEM) model in
predicting the direct acoustic force generated in the high-frequency range (i.e., 300
e400 kHz). The results show that an excellent agreement is found regarding both the
pressure profile and amplitude. Pressure fields up to 1200 Pa can be generated as the
transducer is driven at 400 kHz. Experiments also prove that the FUT is capable of creating
a focal spot size of nearly 3mm in diameter. To finish, the FUT's dynamic focused ultra-
sound radiation force is quantified and could be used to quantify a force-response rela-
tionship for experimental modal analysis purposes.
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1. Introduction

The capability to perform accurate high-frequency dynamic measurements on small structural parts is essential for a wide
range of industries and applications. Currently, some of the most widely used dynamic excitation techniques include using
either modal impact hammers, electromagnetic shakers, electromagnetic excitation, and piezoelectric actuators [1]. When
these excitation methods are employed, they require physical contact between the excitation source and the test object. The
physical connectionmay lead tomass and stiffness loading effects, issues that distort structures' exact dynamic characteristics
(e.g., natural frequencies, mode shapes, and damping) [2]. Moreover, these contact excitation types may be physically
impossible to create due to space or bandwidth limitations [3]. Electromagnetic excitation overcomes the coupling effect
issue, but it has a limited frequency range, requires the test article to bemagnetic, and provides excitation over a broad surface
area [4]. Piezoelectric actuators can be used for high-frequency excitation, but require being in contact with the target
structure and the input force cannot be readilymeasured. Therefore, this approach involves an estimation of the force input to
the system to perform modal analysis operations such as estimating the frequency response functions (FRFs) [5,6].

Providing mechanical excitation of small or lightweight structures without interfering with their dynamic characteristics
to obtain information useful for performing modal analysis (e.g., estimation of FRFs, natural frequencies, mode shapes,
damping, etc.) are still challenges that need to be addressed by the structural dynamics community. In recent years, non-
contact excitation methods have been explored as potential approaches for exciting and detecting vibration on structures
having a size ranging from the micro to macro scale. For instance, direct acoustic excitation has been used as a non-contact
method for operational modal analysis for frequencies ranging from audio to up to nearly 40 kHz [7,8]. Unfortunately, the
sound radiation generated by the transducers is not focused, and the resulting acoustic force is imparted over a distributed
area, preventing an accurate estimate of the FRFs. By employing transducers emitting sounds at a higher frequency, the
dimension of the area overwhich the excitation is applied can be reduced to a fewmillimeters, and the radiated soundmay be
used as an effective non-contact method for exciting small structures such as micro-cantilevers andminiature turbine blades.
The operational principle of this technique for modal analysis relies on applying two modulated ultrasound signals with a
difference frequency Df to ultrasonic transducers (UTs). The emitted ultrasound waves impacting the same spot of the test
object make it vibrate at the difference frequency as a result of their superposition [9]. As a result, excitation frequencies
ranging from as low as 100Hz to more than 1MHz, can potentially be achieved and used for experimental modal testing by
producing multi-frequency excitations of structures [10,11].

The steady acoustic radiation force has been used in a variety of applications, including the measurement of sound in-
tensity and power out of UTs [12,13], acoustic manipulation of microparticles [14], and acoustic levitation [15,16]. More
recently, dynamic ultrasound radiation force has found increasing potential applications in elasticity imaging [9] andmaterial
characterization [17,18] in fluids. Some efforts about the possibility of using ultrasound radiated force as structural excitation
technique have also been made. In vibro-acoustography, an imagining method based on the ultrasound radiation force has
been used for detecting resonance frequencies, compression and bendingmodes of a chalk sphere and a cylinder inwater, and
for imaging themode shapes of amechanical heart valve and arterial phantoms [19e21]. The acoustics community performed
a considerable amount of work to understand the physics of the acoustic radiation pressure and force [22,23]. In particular,
the work made by Westervelt has to be recognized as one of the first and most influential in this topic [24]. These studies
include research on a variety of objects having different shape [25], submerged in a variety of fluids [26,27], and interacting
with several different types of acoustic waves [28e30]. In addition to that, the FUT-generated acoustic pressure has been
widely used in non-destructive testing (NDT) applications, and it is one of the most used techniques in the field of imaging for
biomedical applications. Even if those topics are external to the aim of this research, the interested reader can consult [31] and
[32] for NDTandmedical applications respectively. With regards to vibrations, the ultrasound radiation force has been used as
noncontact modal excitation technique in the air for measuring the frequencies and operating deflection shapes (ODSs) (i.e.,
the forced vibration of two or more points on an object [33]). It has also been used on structures such as a brass reed [34],
classical guitar strings (e.g., resonance frequencies below 100 Hz) [3], hard drive suspensions [35], and micro-cantilevers [36]
(e.g., resonance frequencies over 1MHz). However, what is still missing is the ability to assess and monitor the real-time
acoustic radiation pressure generated by an air-coupled UT used for applying an acoustic radiation force over a structure.
That is possible only when appropriate sensors and acquisition hardware and software are available. Unfortunately, this is not
always technically possible. Therefore, to perform experimental modal testing, the input force needs to be known to obtain
the FRF (i.e., output/input response) of the system being tested and identify important modal parameters. To date, the
inability to assess andmonitor the acoustic radiation force prevents this approach from being used as a practical technique for
calculating the FRFs in experimental modal testing and motivates this research. For this reason, the objective of this research
focuses on quantifying the radiation force produced by a double sideband suppressed carrier (DSB-SC) amplitude modulated
signal for it to be used as an input parameter in the calculation of the frequency response function of the excited target
structure. In this study, the dynamic focused ultrasound radiation force generated by focused ultrasonic transducers (FUT) is
quantified both experimentally and analytically by using a boundary element method (BEM) model based on the Rayleigh
Integral. The model is used to simulate the FUT's behavior at higher frequencies (i.e., above 300 kHz) after being validated in
the lower frequencies range (i.e., 50e80 kHz) via experimental comparison. This paper is organized as follows: Section 2
(Background) offers an outline of the theoretical principles on which this work is based. It explains the essential concepts
of ultrasound radiation pressure and force, the principles of operation of ultrasound beam forming techniques for FUTs, and
the description of the developed BEM. Section 3 (Ultrasonic transducer pressure field characterization) describes the tests
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performed for validating the model and a back-to-back comparison between experimental data and numerical simulations.
Estimation of the ultrasound radiation force generated by the FUT is presented in Section 4 (Force estimation); while, con-
clusions are drawn and future work is described in Section 5 (Conclusion).

2. Background

In this section, the essential concepts and theories of the research are summarized. First, the basic notions of the ultra-
sound radiation force are introduced, followed by the description of common beamforming techniques used in the generation
of the radiation force. To finish, this section concludes with the theoretical characterization of the novel BEM based on the
Rayleigh Integral proposed for simulating the pressure field generated by the FUT in the higher frequency range of interest.

2.1. Ultrasound radiation force

The acoustic radiation force is generally interpreted as a time-averaged force exerted by an acoustic field on a structure
placed within the acoustic waves' propagation path [37]. The acoustic radiation force vector F arising from the waves-
structure interactions can be calculated using Eq. (1). It shows that its magnitude is proportional to the time-averaged en-
ergy density of the incident wave <E> at the object, the area S of the projected portion of the object, and to the drag coefficient
vector dr [24].

F ¼ < E> S dr (1)
The magnitude of the coefficient dr depends upon a variety of factors such as the target object's shape and the incident
beam's direction. From the perspective of physics, the drag coefficient is representative of the scattering and absorbing
properties of an object, and can be calculated using Eq. (2):

dr ¼ p
1
S

�
Pa þPs �

Z
g cos aSdS

�
þ q

1
S

Z
h cos aSdS (2)

where p and q are the unit vectors in and normal to the incident direction, Pa and PS are absorption and scattering cross-
sections (i.e., total power divided by the incident intensity) respectively, h the scattered intensity, aS the angle between
the incident and the scattered intensity, and dS the scattered area. For a planar object of perfect absorption, dr¼ 1.0; while for
a planar object of perfect reflection, dr¼ 2.0 [24].

It has already been shown that an ultrasound impulse can produce a transient pulsed radiation force and sinusoidal
modulation signals that can be used to generate a harmonically varying force [9,19]. This can be achieved by using the three
different types of beamforming setups shown in Fig. 1: Amplitude Modulated (AM), confocal, and X-focal. In the first case, a
single-element FUT is driven by a double sideband suppressed carrier (DSB-SC) amplitude modulated signal. In the confocal
mode, the UT is composed of two confocal elements (i.e., a central disk and an outer annulus) drivenwith two high-frequency
signals having a difference frequency Df. To finish, in the X-Focal configuration, two single-element spherically shaped FUTs
are arranged symmetrically around the test object and driven by two separate high-frequency signals with a difference
frequency Df.

As two ultrasound beams with frequencies f1 and f2¼ f1 þ Df are superimposed, the constructive and destructive in-
terferences between the beams produce a radiation force having a vibration frequency equal to the difference frequency
Df¼ f2 - f1. The total pressure field p(r, t) due to the two frequency components in a point distant r from the FUT can be
evaluated using Eq. (3):
Fig. 1. Generation of a modulated ultrasound field by three types of beam forming setups: (a) single UT with AM, (b) confocal, and (c) X-focal.
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pðr; tÞ ¼ PðrÞcos ½2pf1t þ 41ðrÞ� þ PðrÞcos ½2pf2t þ 42ðrÞ� (3)
If the twowaves have difference frequencyDf far less than both f1 and f2; p1 and p2 can be considered to be almost the same
and equal to P2(r) with phases 41(r) and 42(r) respectively. This research is based on Westervelt's plane wave theory [24];
therefore, under the assumption that the waves propagate with speed c in a fluid having density r in a planar way, the ul-
trasound beams behaves as a plane wave and the energy density is governed by the following Eq. (4):

Eðr; tÞ ¼ p2 ðr; tÞ
rc2

¼ P2ðrÞcos ½2pDft þ D4ðrÞ�
rc2

(4)

which takes into account the frequency and phase differences Df and D4(r) introduced in Eq. (3). The total radiation force in

time-varying form is the integral of Eq. (1) over the surface area of the structure impacted by the incident sound waves. For
message frequencies much smaller than the carrier frequencies (i.e., <1%), it can be calculated using Eq. (5) [38,39]:

FDf ðr; tÞ ¼
Z
S

Eðr; tÞdrðrÞdS ¼ drðrÞ
Z
S

ðp1 þ p2Þ2
rc2

dS

¼ drðrÞ
Z
S

P2ðrÞ
rc2

cos½2pDft þ D4ðrÞ�dS
(5)
When two incident planar waves having pressure p1 and p2 are considered, it should be noted that the resulting acoustic
radiation force is in proportion to (p1 þ p2)

2, which include a DC component, a summation component (f1 þ f2), a doubling of
frequency component (2f1 or 2f2) and a difference frequency component (f1-f2). As a result of the interaction of a test object
with the ultrasound radiation force, the structure will be vibrated at the different frequency Df, this quantity is relevant to this
research. The other components will induce vibrations in the structure that are out of its range of interest or that have
negligible magnitude. Therefore, by adjusting Df, different structural excitation frequencies over a desired bandwidth are
achievable as this technique is employed. It implies that as the transducer is operated with a modulation frequency much
smaller than the carrier frequency, the generated wave can be considered a single-frequency plane wave and therefore used
as a steady-state source of excitation for the target object [24].

2.2. Beam forming methods of dynamic ultrasound radiation force

The ultrasonic radiation force can be static or dynamic. The former case is induced by a continuouswave ultrasound, which
gives rise to a constant force when it hits the target structure, while the latter is generated as the incident ultrasound beam is
modulated. Among the most common methods for producing dynamic effects are amplitude modulation (AM), double
sideband suppressed carrier (DSB-SC) amplitude modulation, linear frequency modulation (FM), frequency shift keying [40],
and spatial modulation [41]. These methods offer the opportunity to transfer energy, momentum, or radiation force at low
frequencies by modulating the ultrasound to achieve the desired level of excitation. One of the merits of beamforming at
ultrasound frequencies is that it allows focusing the radiation force, resulting in a structural dynamic response in the low-
frequency range of interest at a level that can be measured by using equipment such as the laser Doppler vibrometer. AM
ultrasound can be used to produce harmonic or multi-frequency radiation forces [42,43]. This type of radiation force has been
used in vibro-acoustography [9,19], shear wave elasticity imaging [44], and non-contact modal excitation [34e36]. FM can be
employed to cause a radiation force that alters frequency with time. Typically, the frequency shifts linearly through time and
results in a “chirp.” Chirped ultrasound has been used in radiation force applications in vibro-acoustography as well [45,46].
However, in this research, only DSB-SC AM are employed and discussed. In particular, because a single-element FUT is uti-
lized, the DSB-SC AMwith randomly varying ultrasound carrier frequency is applied. The principle of generating these signals
and formation of acoustic focal spot based on wave superposition using a single-element FUT is shown in Fig. 2.

The AM signal consists of an upper band (UB) f1¼ fc þ 0.5 fm and a lower band (LB) f2¼ fc - 0.5 fm signals where fc is the
carrier frequency (i.e. in the kHz or MHz range), and fm is the modulation frequency (i.e. the difference frequency in the
frequency range of interest of test structure). In addition, it has been experimentally shown that for a difference-frequency
below 50 kHz, no significant parametric array phenomenon are observed and Eq. (5) can be used without correction due
to those effects [47]. In the current research, given the low frequency of the amplitude modulated frequency used, no
parametric array effects have been observed. Nonetheless, it does not exclude the formation of those phenomena for very-
high modulated frequencies are used in the DSB-SC AM process. It means that for fm< 0.01 fc, the magnitude of the radia-
tion force does not change. The AM signal is amplified by a power amplifier, and then sent to drive the FUT. The transducer
generates a focused ultrasound pressure field that has ultrasound beams of two different frequencies, f1 and f2. By placing the
test structure in the focal region of the acoustic field, the interaction between the pressure field and the structure results in
the ultrasound radiation force that has multiple components due to the square effect of the superposition of the ultrasound
waves at f1 and f2, as described in Fig. 2. By sweeping different frequencies, multi-frequency excitations of structures can be



Fig. 2. Principle of generating the DSB-SC AM signals and forming focal acoustic spot using wave superposition.

S. Chen et al. / Journal of Sound and Vibration 432 (2018) 33e49 37
achieved. The size of the focal spot is dependent upon the carrier signal wavelength. For a carrier frequency on the order of
0.5MHz, the spot size will be in the range of 2e3mm in diameter.

2.3. Modeling of acoustic field generated from the ultrasonic transducer

This research aims to develop a method that enables to quantify the non-contact excitation force imparted to test
structures by implementing an acoustic BEM for characterizing the FUT's pressure field at different frequencies. The sound
pressure of a field point pi (x, y, z) produced by a source element Si is governed by Eq. (6) [48]:

pi ðx; y; zÞ ¼
jurU

�
x
0
; y

0
; z

0�
e�jkr

2pr
dS (6)

where r is the distance between the field point and the center of the source element, u is the circular frequency of the vi-
bration of the transducer surface, r is the fluid density, U (x’, y’, z’) is the amplitude of vibration velocity of the source element
(which is going to be experimentally measured at its geometrical center), dS is the area of the i-th source element, and k is the
wave number. Previous studies on plane ultrasound transducers by the authors have shown the effectiveness of this method
[49,50]. In this study, with reference to Fig. 3 and to take into account for the curvature of the transducer, the geometrical
terms of Eq. (6) can be calculated as:

dS ¼ R sinðqÞdF$Rdq (7)

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þ ðy� y0 Þ2 þ ðz� z0 Þ2

q
(8)

where R is the curvature radius of the FUT (i.e. experimentally determined to be approximately 140mm in this study) and the
terms x’, y’, z’, in Eq. (8) can be calculated like x’¼ R sin(w) cos(F), y’¼ R sin(w) sin(F), and z’¼ R e R cos(F) respectively. It
should be noted here that this approach is valid for mildly focused transducers. The pressure calculationmethod shown in Eq.
(6) is derived for simulating pressure field of a plane piston. However, it can be considered accurate for slightly curved
transducers (i.e., almost plane, which is the case analyzed in this study) as well.

The overall pressure at a field point is the superposition of pressure contributed from all of the N source elements and can
be formulated using Eq. (9):

Pðx; y; zÞ ¼
XN
i¼1

piðx; y; zÞ (9)

with N¼ 4501 for lower frequency range, due by the fact that the tested FUT in this research has been discretized into an
element at the center, and 25 annular sections each with 180 angular elements. For higher frequency range, N¼ 15,000
because more points are needed to avoid possible spatial aliasing. Eq. (9) is used to generate an acoustic radiation pressure



Fig. 3. Diagram of the coordinate system and BEM used to simulate the acoustic field generated by spherically curved ultrasonic transducers. (a) Section of the
curved transducer, (b) an individual source element dS that represents a small area of the transducer.
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profile for the FUT over numerous points representing an area of interest. The accuracy of the simulation will be validated
comparing the numerical results with those obtained as the radiated pressure is experimentally measured using an acoustic
microphone in the lower frequency range and will help to understand the FUT's radiation characteristics (e.g., pressure,
directivity, and spot size) in the higher frequency range.

3. Ultrasonic transducer pressure field characterization

In this research, a noncontact circular FUT (model NCG500-D50-P150 from the Ultran Group), with an actual focal length
of ~140mm, has been used. It has a nominal diameter of 50mm and a nominal operating frequency of 500 kHz [51]. To
characterize the dynamic behavior of the transducer, two sets of experiments were performed. The first one consisted of using
a conventional microphone for measuring the generated acoustic pressure field in the lower frequency range (i.e.,
50e80 kHz). The second experiment used a scanning laser Doppler vibrometer (SLDV) (PSV-400 manufactured by Polytec,
Inc.) to measure the vibrational characteristics and the velocity profile of the transducer surface at two different frequency
ranges: low-frequency (i.e., 50e80 kHz) and high-frequency (i.e., 300e400 kHz). In the lower frequency range, the BEM
acoustic model is validated by comparing numerical results with experimental data recorded using the microphone; while
the model is then used for predicting the higher frequency range behavior of the FUT utilizing the velocity profiles measured
with the SLDV.

3.1. Pressure field mapping of the FUT in the lower frequency range

The predicted ultrasound pressure field needs to be compared with the experimentally measured results to verify the
effectiveness of the acoustic BEM model. The entire procedure has been performed for frequencies below 100 kHz because
that value represents the upper calibrated measurement limit for the commercially available acoustic microphones. In this
research, the actual pressure field has been experimentally mapped by placing two precise ¼00 acoustic microphone Model
378C01 manufactured by PCB Piezotronic, Inc. [52] on a manual translation stage in the acoustic field in front of the FUT in a
setup similar to that shown in Fig. 4, where the SLDV PSV-400 is used to generate a signal for exciting the FUT.

In particular, measurements weremade in the three vertical planes P1, P2, and P3 (in the XY direction), and one horizontal
plane P4 (in the XZ direction) as shown in Fig. 5. The distance between the planes P1, P2, and P3 and the transducer surface
Fig. 4. Schematic diagram for the acoustic pressure field mapping experiment.



Fig. 5. Acoustic pressure field mapping: (a) Experimental setup; (b) measurement planes.
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were 140, 150, and 160mm, respectively. The plane P4 was symmetric about P2, and located at the center of the test
transducer, with its near and far ends spaced 140 and 160mm from the FUT. These distance values were measured from the
front of the microphone protection grid to the surface of the test transducer plane considering that the acoustic radiating
surface of the FUT was located in the plane at Z¼ 0.

In order to calculate the sound pressure generated by the vibrating surface of the FUT using the BEM based on the Rayleigh
Integral using Eq. (6), it is necessary to know the amplitude of vibration (i.e., velocity) of the source elements U (x’, y’, z’). The
velocity profiles of the FUT were experimentally measured in the range 10e80 kHz using an SLVD PSV-400 manufactured by
Polytec, Inc. [50] in a setup similar to that shown in Fig. 6. As shown in Fig. 6, a total of 181 scanning points were used to cover
the effective focused UT radiating surface to measure the velocity profiles under sinusoidal excitations at 50, 60, 70, and
80 kHz. The measured velocity profiles were then fed into Eq. (6) to compute the sound pressure of a field point. In the
simulation, a pressure field of 100�100� 450mm with a spatial resolution of 5mm was used. The full pressure fields
computed with the BEM using the measured velocity profiles at 50, 60, 70, and 80 kHz are shown in Fig. 7.

Here, a focal region can be identified. Also, it is possible to notice that as the excitation frequency increases, the focal region
gets smaller and the pressure magnitude becomes larger ranging from 3.7 Pa for the 50 kHz excitation to 9 Pa for the 80 kHz
case. From the full pressure field, the pressure in P1, P2, and P3 can be easily extracted. For example, the pressure field in P2 at
50 kHz is shown in Fig. 8, in which a focal spot having a diameter of ~10mm can be observed.

Finally, the predicted ultrasound pressure field needs to be compared with the experimentally measured results obtained
using the acoustic microphones to verify the effectiveness of the acoustic BEMmodel. Fig. 9 shows the results obtained for the
50 kHz excitation case. The experimental data and numerical simulations are in excellent agreement. The comparison in-
dicates that the pressure values are close and the pressure profiles are similar. To be accurate, the simulation results seem to
underestimate the actual value of the maximum acoustic pressure value, but the average error is equal to 0.15 Pa and can be
considered relatively small. Comparison at 60, 70, and 80 kHz exhibit similar behavior and are not shown here for the sake of
brevity. The experimental comparison demonstrates that the acoustic BEMmodel can be used to represent the physics of the
FUT effectively and it is capable of accurately predicting the acoustic emission by using the vibration velocity shapes
experimentally measured from the transducer. From Fig. 9, it should be observed that the focal spot is not symmetric with the
selected X, Y coordinate system. This is because the microphones used for performing the experiments (and the translation
Fig. 6. Vibration velocity profile measurement of the FUT: (a) Schematic diagram, (b) Scanning pattern of the FUT surface.



Fig. 7. Predicted pressure fields computed using the BEM in conjunction with the transducer's laser vibrometer velocity measurements for different frequencies:
(a) 50 kHz, (b) 60 kHz, (c) 70 kHz, and (d) 80 kHz.

Fig. 8. Ultrasound pressure field in P2 (z¼ 150mm) computed for a 50 kHz excitation: (a) 3D isometric view and (b) 2D top view.
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stage used for moving the microphones) were not perfectly aligned with the focal point of the transducer (i.e., shifted 1 or
2mm to the left). Of course, this feature is not presented in themodel's results as the origin of the coordinate system has been
superimposed to the geometrical center of the FUT.

3.2. FUT pressure field simulation in the higher frequency range

With the availability of the validated acoustic BEMmodel, the ultrasound pressure field in the higher frequency range (i.e.,
the carrier frequency range of the FUT) can be predicted. Before proceeding with this operation, the frequency response of the
FUT has been studied for determining the optimal frequency that gives the highest vibration response. This can be done using
electrical impedancemeasurement for the transducer; in the specific case, the FUT's impedancemeasurement was performed
from 10 to 500 kHz and provided the results shown in Fig. 10. Because the transducer is a capacitive element, the electrical
impedance decreases with the inverse of frequency. However, it can be seen that a dip in the electrical impedance occurs at
~359 kHz, coincidingwith a significant phase shift. This value corresponds to the frequency at which the transducer generates
the maximum vibration and acoustic response. Based on the results of the impedance test, vibrational FRF testing on the FUT
was conducted to determine the velocity profile of the UT at a higher frequency. In the experiment, to avoid spatial aliasing, a
total of 15,000 scan points were used, including spots on the FUT housing to check how it performedwhen the transducer was
excited. The vibrational FRF pattern used for scanning the surface of the FUT is shown in Fig. 11.

During the test, frequencies in the range 300e400 kHz were scanned with an increment of 6.25 kHz. To take into account
both the frequency range of interest and the time consumption due to the large number of scan points a pseudo-random
excitation signal was used. Several representative vibrational FRFs are shown in Fig. 12. It can be seen that the tested FUT
vibrates with the highest response at ~362.5 kHz, confirming the results found with the electrical impedance measurement.



Fig. 9. Comparison of model and experimental ultrasound pressure when the FUT is excited at ~25 Vrms and 50 kHz for the four measurement plane slices: (a)
P1¼140mm, (b) P2¼150mm, (c) P3¼160mm (a), and (d) P4¼140e160mm.
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Moreover, it is observed that when scan points get farther away from the transducer center, the velocity response decreases.
At the edge of the radiating surface of the FUT, the response is minimal, as demonstrated by the vibrational FRF of scan point
#13900 shown in Fig. 12.

Once the velocity profiles in the range 300e400 kHz have been measured using the laser vibrometer, the acoustic spatial
field in front of the FUT can be predicted for a section in front of the transducer having length of 300mm and a width of
±10mm in the X and Y direction with a spatial resolution of 0.4mm. The full ultrasound pressure field at three different
frequencies (i.e., 325, 362.5, and 400 kHz) is shown in Fig. 13. Compared with the results at lower frequencies, the pressure
value at carrier frequency level is approximately three orders of magnitude higher on the level of 1000 Pa.

Also, the results display a highly focused region, the characteristics of which can be further understood as the pressure in
specific planes is examined. In particular, three transversal planes at Z¼ 130mm, 140mm, and 150mm and a longitudinal
plane from Z¼ 130mm to Z¼ 150mm were analyzed and shown in Fig. 14 through 17.

It is possible to observe that a highly focused acoustic spot can be found and it has a diameter of ~3mm, and themaximum
value of the ultrasound pressure increases as frequency increases reaching peaks higher than 1200 Pa as the 400 kHz exci-
tation is considered. The focal region extends primarily from Z¼ 130mm to Z¼ 150mm, as shown in Figs.13 and 17. It implies
that throughout this area, the pressure is nearly constant. This phenomenon has significance for modal analysis purposes
because it enables the user to have some variability in positioning of the transducer while still being able to effectively excite
the structure under test even though the working distance changes (i.e., 140mm± 10mm).



Fig. 10. Impedance curve of the FUT: (a) from 10 to 500 kHz and (b) detail of the curve in the 300e400 kHz range.

Fig. 11. Measurement pattern: (a) 15,000 scan points for the vibrational FRF measurement, (b) photo of the scan points superimposed to the FUT.
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4. Quantification of ultrasound radiation force and its experimental verification

Based on the theoretical analysis of ultrasound radiation force provided in Section 2, once the pressure field is known, the
ultrasound radiation force FDf (r, t) for a given carrier frequency of the FUT can be estimated using Eq. (5). The distribution of
the predicted ultrasound radiation force for 325, 362.5, and 400 kHz is shown in Fig. 18 under the assumption of perfect
reflection of sound waves by test article (i.e. drag coefficient dr in Eq. (5) sets equal to 2). It can be found that the majority of
ultrasound radiation force is confined within a range of ~3mm in diameter around the geometrical center of the FUT, con-
firming the findings highlighted in the previous section, and that it has a maximum value of ~1.3�10�5 N, 2.7�10�5 N, and
3.5�10�5 N for the three frequencies considered.

To verify the accuracy of the radiation force calculated from the ultrasound pressure field predicted using the BEM, direct
experimental measurement of the ultrasound radiation pressure was performed to indirectly evaluate the acoustic force
acting on the test structure starting from the analysis of the pressure field generated by the FUT. For this reason, an acoustic
microphone was used to map the radiation pressure resulting from the interaction between the ultrasound waves and the
microphone, which acts as the test structure. The schematic diagram and the experimental setup used for performing this test
are shown in Fig. 19. In this case, to generate a signal having two frequencies using only one FUT a DSB-SC AM signal has been
chosen as excitation. In particular, the carrier frequency has been centered at 359 kHz with a random variation of 20 kHz. It
should be noted that a random change in the carrier frequency helps to prevent interference between the incident and



Fig. 12. Representative vibrational FRFs of the FUT in the 300 and 400 kHz frequency range for the different points labeled in Fig. 11, (Unit: mm/s/V).

Fig. 13. Full ultrasound pressure field at different frequencies: (a) 325 kHz, (b) 362.5 kHz, and (c) 400 kHz.
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Fig. 14. Ultrasound pressure field in the plane P1¼130mmat (a) 325, (b) 362.5, and (c) 400 kHz.

Fig. 15. Ultrasound pressure field in the plane P2¼140mm at (a) 325, (b) 362.5, and (c) 400 kHz.
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reflected waves and avoid the formation of standing waves. As a result, the difference frequency Df acting on the acoustic
microphone can vary from 100 Hz to more than 20 kHz. A ¼00 acoustic microphone type 4939, manufactured by Brüel&Kjær
has been used to map the produced radiation pressure profile and used as a test object located 140mm away from the center
of the transducer itself. The size of the measurement plane selected for the test was 5� 5mm with a spatial resolution of
0.5mm [53]. It should be noticed that the pressure calculated using themicrophone, has to be considered as an average of the
pressure field acting on its membrane. More accurate results can be obtained by using fiber optic microphones having a
sensing element's dimension on the order of a few microns [54].



Fig. 16. Ultrasound pressure field in the plane P3¼150mmat (a) 325, (b) 362.5, and (c) 400 kHz.

Fig. 17. Ultrasound pressure field in the plane P4¼130e150mm at (a) 325, (b) 362.5, and (c) 400 kHz.
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A specific example of the performedmeasurements is shown in Fig. 20, where the radiation pressure fieldmeasured by the
acoustic microphone at Df¼ 372 Hz (i.e., the resonance frequency of the first mode of a test structure to be investigated in
future test planned to validate this technique) is shown [55].

The results indicate that the radiation pressure field has a spot size of ~3mm in diameter (the size of the focal spot is
delimited by the area inwhich the ratio of pressure to the peak value is higher than 0.2), analogous to the dimension shown in
the BEM simulation. In particular, it can be observed that the acoustic spot has a peak value of ~1.2 Pa and it is offset and
located at (1.5, 0) mm when viewed from the front, rather than in the geometrical center. The offset can be attributed to a
misalignment between the FUT and the measuring microphone.



Fig. 18. Quantification of ultrasound radiation force FDf (r, t) acting on a test article 140mm away from the FUT for three frequencies: (a) 325 kHz, (b) 362.5 kHz,
and (c) 400 kHz.

Fig. 19. Radiation pressure mapping using acoustic microphone: (a) Schematic diagram, (b) experimental setup.

Fig. 20. Radiation pressure field at Df¼ 372 Hz in the focal plane. (a) Isometric view; (b): Front view.
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Using Eq. (5), the force distribution in the focal plane of the FUT can be calculated from the results shown in Fig. 20. The
radiation force distribution is shown in Fig. 21, where it is possible to observe that its maximum intensity is equal to 2.5 E�5 N,
similar to the value calculated using the BEM and shown in Fig. 18b.
5. Conclusions

Ultrasonic non-contact excitation of structures for experimental modal analysis would avoid some of the issues such as
mass-loading and coupling effects that characterize traditionally used methods, and it would make possible for high-



Fig. 21. Ultrasound radiation force distribution obtained from the radiation pressure field shown in Fig. 20.
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frequency excitation (i.e., above 40 kHz) on small-sized structures. In this research, a focused air-coupled ultrasonic trans-
ducer is quantified and evaluated for achieving structural excitation and performing a modal analysis. Having a good un-
derstanding of the force applied is essential to assess its Frequency Response Function and calculate the structures' true
dynamic characteristics and modal parameters of interest (e.g., natural frequencies, mode shapes, damping, etc.). The study
includes the evaluation of the force imparted by the transducer on the test object. In this paper, the airborne acoustic pressure
field generated by a focused ultrasound transducer (FUT) is characterized both experimentally and numerically and used for
calculating the acoustic radiation force generated on a test article. Since experimentation has suggested that the FUT's
location and size of the focal point have frequency dependency, the acoustic pressure field generated by the transducer in the
lower frequency range (i.e. 50e80 kHz) has been experimentally mapped with an acoustic microphone and compared with
that calculated by an acoustic BEMmodel based on the Rayleigh Integral. Themodel, using the distributed surface vibration of
the transducer, has then been used to simulate the radiated sound pressure field with excitation in a high-frequency range
(i.e., 300e400 kHz). As operated at those frequencies, the transducer has been found to have an acoustic spot diameter of
~3mm, an extended focal region (i.e., more than 20mm in length) where the pressure is substantially uniform and higher
than 1000 Pa. The proposed method was also shown to be accurate in predicting the direct acoustic force generated by the
FUT as it is excited using a double sideband suppressed carrier amplitude modulation (DSB-SC AM) signal, a method that
allows using ultrasound frequency carrier signals to excite the dynamic response of a structure in the frequency range of
interest for modal analysis. The measured velocity FRFs of a FUT is used in combination with a boundary-element model to
predict pressure distributions of a FUT, and that data was used to determine the input force acting on an excited structure.

Futureworkwill focus on using the theoretically quantified and experimentally verified focused ultrasound radiation force
for modal testing and exciting target test structures. Since frequencies of interest for structural dynamics applications have a
frequency bandwidth from tens of Hertz to up to 100 kHz, the effect of the higher frequencies modulated signals has to be
investigated as well. Starting at a frequency of ~50 kHz, the effects of a parametric array in the radiation force have to be taken
into account in the developed boundary element method model. Those effects were not found to be a factor in the research
performed, but cannot be excluded entirely under other signal generation conditions. Therefore, further studies in this di-
rection need to be implemented. The knowledge gained about the characteristics of the force imparted to the structurewill be
used for acquiring FRFs to obtain modal parameters including structural resonance frequencies, damping, and mode shapes.
Using the proposed approach, it should be possible to use the quantified input force, apply excitation without loading the
structure, and perform excitation over a broad frequency range bymerely sweeping the difference frequency of the AM signal
to the ultrasound transducer.
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