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ARTICLE INFO ABSTRACT
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The accurate determination of the transfer function of ultrasound transducers is important for their design and
operational performance. However, conventional methods for quantifying the transfer function, such as hy-
drophone measurements, radiation force balance, and pulse-echo measurements, are costly and complex due to

:afet}tl' it specialized equipment required. In this study, we introduce a novel approach to estimate the transfer function of
Ensitivl . . . . s

Acoustic Ztreaming ultrasound transducers by measuring the acoustic streaming velocity generated by the transducer. We utilize an
Reciprocity experimental setup consisting of a water tank with a millimeter scale, an ink-filled syringe, and a camera for

recording the streaming phenomenon. Through streaming velocity measurements in the frequency range from 2
to 8 MHz, we determined the transfer function of an unfocused circular transducer with a center frequency of 5
MHz and a radius of 5.6 mm. We compared the performance of our method with hydrophone and pulse-echo
measurements. At the center frequency, we measured a transmit efficiency of 1.9 kPa/V using the streaming
approach, while hydrophone and pulse-echo measurements yielded transmit efficiencies of 2.1 kPa/V and 1.8
kPa/V, respectively. These findings demonstrate that the proposed method for estimating the transfer function of
ultrasound transducers achieves a sufficient level of accuracy comparable to pulse-echo and hydrophone

measurements.

1. Introduction

The characterization of the pressure field transmitted by ultrasound
transducers is a critical aspect of their design process. This process is
crucial for validating models, optimizing design parameters, evaluating
the manufacturing process, and investigating acoustic phenomena that
may affect the transducer’s behavior in practice [1]. Furthermore,
pressure field characterization is essential to facilitate the maintenance
of transducers used in various applications, particularly in the medical
field. As the operating characteristics of ultrasound transducers tend to
change over time and usage with an average lifespan [2], concerns may
arise regarding the effectiveness and safety of these transducers [3].
Therefore, it is imperative to establish test routines to periodically
evaluate the performance of ultrasound transducers and ensure their
compliance with national and international standards [4].

An important aspect in assessing the performance of an ultrasound
transducer is determining its transmit transfer function, also known as
transmit efficiency, which is a frequency-dependent quantity defined as

* Corresponding author.
E-mail address: D.SimoesdosSantos@tudelft.nl (D.S. dos Santos).

https://doi.org/10.1016/j.apacoust.2024.109863

the ratio of the output acoustic pressure at the transducer’s surface to the
input voltage on its electrodes [5]. Various methods have been proposed
to estimate the transmit efficiency of the transducer, with the standard
approach involving the use of a calibrated hydrophone to record the
time-varying acoustic pressure generated by the transducer at specified
locations using an xyz-positioning stage. Although this method is
convenient, it can be costly as hydrophone calibration needs to be per-
formed annually at an accredited laboratory [6-8]. Another common
technique for measuring the acoustic output of ultrasound transducers is
the use of radiation force balances. This method measures the acoustic
radiation force produced when ultrasound is incident upon an absorbing
target [9]. However, this technique has its drawbacks, as it is expensive,
challenging to operate, and highly sensitive to noise and vibrations [10].

Alternative methods for estimating the transducer transfer function
are based on the reciprocity technique [11]. Dang et al. [12] introduced
a model-based approach that employs three transducers in a pitch-catch
configuration and only requires electrical measurements such as voltage
and current. This method enables the determination of both the
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magnitude and phase of the transfer function. However, this is a rela-
tively complex and time-consuming process that involves the use of
three distinct setups, requiring careful realignments between changes in
setup. Lopez-Sanchez et al. [13] proposed a simplified version of the
aforementioned method, which uses a single pulse-echo setup and relies
solely on electrical measurements to determine the magnitude and
phase of the transfer function. However, this method has a drawback as
the magnitude of the transfer function is somewhat affected by the
settings of the driving source at lower frequencies. Van Neer et al. [5]
proposed a method that employs a pulse-echo setup along with complex
electrical impedance measurements. This method can determine the
absolute transfer function with a high degree of accuracy and is rela-
tively straightforward. However, it requires the use of an impedance
analyzer, which is an expensive device that may not always be acces-
sible. Matte et al. [7] proposed an alternative method for estimating the
absolute transfer function by using an uncalibrated hydrophone
together with pressure field simulations. This method requires an iter-
ative algorithm to match the measured levels of harmonics with the
simulated harmonic distortion coefficient. A limitation of this approach
is that it considers only the second harmonic in the calculations, which
results in a sharp increase in estimation error at high-pressure levels.

Recently, a few studies have investigated the transmit characteriza-
tion of transducers through a phenomenon called acoustic streaming.
Acoustic streaming refers to the steady flow induced by the ultrasound
transducer in the propagating medium [14]. By measuring the streaming
velocity, which is directly related to the acoustic power emitted by the
transducer, it becomes possible to estimate the acoustic pressure
generated by the transducer. Hariharan et al. [15] and Slama et al. [16]
utilized acoustic streaming to characterize high-intensity focused ul-
trasound (HIFU) transducers, while Tan et al. [17] applied it to char-
acterize an ultrasonic thruster. To track the acoustic streaming motion
and predict the intensity field of the transducer, these studies utilized
particle image velocimetry (PIV). Although this approach successfully
characterized the acoustic output of the transducers, it’s important to
note that it involves complex experimental setups and requires sophis-
ticated algorithms to solve the seeding particle velocity.

In this paper, we introduce a streaming-based method for deter-
mining the transmit transfer function of ultrasound transducers. The key
advantage of our approach is that it offers a simpler setup compared to
the previous studies that utilize PIV to track streaming motion. Instead,
we employ ink as a tracer and use a digital camera to measure the
induced streaming velocity in water. To validate the effectiveness of the
proposed method, we compared its performance with two other well-
established methods: hydrophone and pulse-echo measurements [5,18].

2. Theory

Acoustic streaming refers to the consistent movement or steady flow

Irar? [
12.(0,0,7) = ai/ o220
neJo

of a fluid induced by the propagation of acoustic waves. This is a non-
linear effect that can be described using the general equations of hy-
drodynamics, namely the continuity Eq. (1) and the Navier-Stokes Eq.
(2).
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where p is the pressure, p the density, v the velocity, and ¢ and 7 are,
respectively, the bulk and the shear viscosity coefficients of the fluid
[14,19]. By combining Eq. (1) and (2), we obtain:

d(pv)
ot

4
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The phenomenon of acoustic streaming can be divided into two
components: a linear oscillation component, which is dominated by the
fluid’s compressibility, and a steady flow component, which is governed
by the fluid’s viscosity. In this context, it is assumed that the time scales
of the harmonic oscillations and the steady flow differ significantly from
each other [20]. To implement this idea, Nyborg [21,22] introduced
expansions of the pressure, density, and velocity in terms of successively
higher-order approximations:

p=po+p+p2
P =potpitp “
v=0+v +1v,

where the subscript 0 denotes the state of the undisturbed fluid, 1
represents the first-order approximations that oscillate in time with
frequency w, and 2 indicates the second-order approximations that are
time-independent [20,23]. The term v, is the streaming velocity that we
seek. Using the higher-order approximations and taking the time
average of Eq. (3), Nyborg obtained a governing equation for the
acoustic streaming, which may be written as:

F:—Vp2+<C+;—tr]>VVuz—r]V><V><vz (5)
with
F = py((vi-V)ui +vi (Vo)) (6)

and the symbol (X) denotes the time average of X at a fixed point in
space [19,22]. Note that F depends only on first-order quantities and is a
known function, while the right-hand side of Eq. (5) contains unknown
second-order terms. This means that the force F is equivalent to an
external force driving the second-order system.

For an exponentially attenuating plane wave, this force is called the
acoustic radiation force F,,4 and can be expressed as:

20l
Frad = TA

)

where « is the absorption coefficient, I, is the local time-average
acoustic intensity, and c is the longitudinal sound speed in the me-
dium [24-271].

Nowicki et al. [28,29] obtained the solution for the axial component
of the streaming velocity for the case of a plane acoustic wave generated
by an unfocused circular transducer, which is given by:

s):|ds ®

e

where r is the radius of the transducer, I, is the time-averaged intensity
at the surface of the transducer, and s is the integration variable on the
propagation axis z.

Eq. (8) establishes a relationship between the streaming velocity and
the acoustic intensity at the transducer surface. Therefore, by measuring
the velocity of the streaming flow along the axial axis, one can calculate
the acoustic pressure generated at the surface of the transducer, pro-
vided the medium properties and the transducer effective radius are
known. It is important to note that this analysis is based on the
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assumption that the streaming jet maintains a steady, laminar flow
within an infinite medium. This implies that there is no interaction be-
tween the acoustic beam and the surrounding walls, thereby eliminating
the presence of an acoustic boundary layer in the problem. Under these
conditions, the flow dynamics are primarily governed by a balance be-
tween the effects of viscosity, inertia, and the acoustic radiation force
[30].

3. Materials and methods
3.1. Acoustic streaming measurements

Fig. 1(a) depicts the experimental setup used for generating acoustic
streaming, comprising a circular transducer (V309, Olympus NDT,
Waltham, MA, USA), placed in a water tank labeled with a millimeter
grid to enable distance measurement. The transducer used in the
experiment had a center frequency of 5 MHz and an effective radius of
5.6 mm, which was determined by comparing the simulated radiation
pattern of a piston model with experiments [31]. To drive the trans-
ducer, we employed an arbitrary function generator (AWG; 33521A,
Agilent Technologies, Inc., Santa Clara, CA, USA), which was configured
to generate a sine wave burst with a peak amplitude of 0.2 V into a 50 Q
load. This burst had a duty factor 7 of 0.7 and operated at a pulse
repetition frequency PRF of 100 Hz. The excitation frequency f ranged
from 2 to 8 MHz, incrementing in steps of 1 MHz. The number of cycles n
applied for each excitation frequency was determined by:

The AWG output was then amplified by a 50 dB power amplifier
(2100L, ENI, Inc., Rochester, NY, USA) and connected to the transducer.
To measure the voltage at the transmitting transducer at various fre-
quencies, a digital oscilloscope (DSO-X 2022A, Agilent Technologies,
Inc., Santa Clara, CA, USA) was utilized.

To track the axial streaming velocity, we injected 10 ml of ink
(Quink, Parker Pen Company, Boulogne-Billancourt, France) into the
water using a syringe and recorded the resulting flow using a digital
camera (PowerShot SX620 HS, Canon, Inc., Ota, Japan) at a rate of 30
frames per second. Special care was taken to avoid external vibrations
and to ensure that the ink jet flowed undisturbed along the axial axis of
the transducer. Multiple videos were recorded at each excitation fre-
quency to minimize variability and random errors. The recorded videos
were transferred to a computer for processing, and the streaming ve-
locity was measured by analyzing sequential frames from the videos. To
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account for optical refraction effects in the readout of the millimeter
scale, a comparison was made between the size of the millimeter scale
immersed in water and behind the water tank wall. We observed a factor
of 0.56 difference between the two cases, which was then utilized to
correct for refraction in the streaming velocity measurements. To pre-
vent acoustic reflections, we placed an ultrasound absorber at the wall of
the water tank, directly in front of the transducer.

The time-averaged intensity I74 at the transducer surface was then
calculated using Eq. (8) with a = 2.5x% 1074 Np/cm/Msz, n =1 mPa-s,
and ¢ = 1470 m/s for water at 20 °C.

Next, the peak pressure po at the surface of the transducer was
calculated by:

2pcl
Po = (\/ pTTA>

where p is 997 kg/m°>.
Once the peak pressure was obtained for each excitation frequency,
we calculated the transmit transfer function T; of the transducer by:

10)

po(@)

V(w) an

T,(w) =

where V is the peak voltage measured over the transducer.

For reciprocal transducers, the transmit and receive transfer func-
tions are related by the complex spherical wave reciprocity [11]. Using
the expression derived by van Neer et al [5,18], the receive transfer
function T, of a circular transducer can be expressed as:

T, () _ 2-Z(w)-A 12)
T)(w) p-c

where Z is the electrical impedance of the transducer and A = a7 is its
surface area.

3.2. Hydrophone measurements

Fig. 1(b) depicts the experimental setup utilized for obtaining the
transmit transfer function via hydrophone measurements, which is
described by van Neer et al [5]. A calibrated hydrophone (SN3800,
Precision Acoustics Ltd., Dorchester, UK) with a diameter of 0.2 mm was
positioned 160 mm away from the transducer surface. An xyz-stage was
used to ensure proper alignment. The transducer was excited with a 1-
cycle sine wave with a peak amplitude of 5 V generated by an AWG
(33250A, Agilent Technologies, Inc., Santa Clara, CA, USA) with the

(@)  Syringe
AWG
Ink Water tank Hydrophone
i —e(b) —| Oscilloscope
A4 Q«\«\ Gnq ‘ |
Amplifier N EE=
|
5 A
—1— @
FeEH
Transducer I =
|Streaming = Flat plate
\ E
Oscilloscope = »
2 X
\ —e(C)
400 mm
z

Fig. 1. Experimental setup for transmit transfer function estimation with different methods (not drawn to scale). (a) Acoustic streaming. (b) Hydrophone mea-

surements. (c¢) Pulse-echo measurements.
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output impedance set to 50 Q. Both the voltage at the transmitting
transducer and the output voltage of the hydrophone were digitized by
an oscilloscope (DSO-X 4054A, Agilent Technologies, Inc., Santa Clara,
CA, USA) and transferred to a computer for processing. The transmit
transfer function of the transducer derived from hydrophone measure-
ments was calculated by:

Viyar (@)

Ti(w) = V((U)'Th_vdr(w)'D(w)'a(w) (13)

where Vg is the Fourier transform of the voltage produced by the
hydrophone, V is the Fourier transform of the voltage measured over the
transducer, Ty is the transfer function of the hydrophone, D is the
diffraction correction function for the transducer [32], and « is the
attenuation.

3.3. Pulse-echo measurements

Fig. 1(c) shows the experimental setup for deriving the transmit
transfer function from pulse-echo measurements according to the
method introduced by van Neer et al [18,33]. Prior to conducting the
pulse-echo measurements, the complex electrical impedance of the
transducer submerged in water was recorded using an impedance
analyzer (4294A, Agilent Technologies, Inc., Santa Clara, CA, USA). As a
reflector, we used a cylindrical steel plate with a diameter of 200 mm
and a thickness of 80 mm placed at a distance of 160 mm from the
transducer. The transducer was driven using a 1-cycle sine wave with a
peak amplitude of 5 V generated by an AWG (332504, Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) with the output impedance set to
50 Q. Both the transmitting voltage measured over the transducer and
the received echo signal were digitized by an oscilloscope (DSO-X
4054A, Agilent Technologies, Inc., Santa Clara, CA, USA) with its input
impedance set to 1 MQ. The transmit transfer function derived from
pulse-echo measurements was calculated by:

@
.
.

I
[

z (mm)
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Vopen ((U) p-c
T,(0) = \/2~Z(w)-A-V(w)'D w)-a(w)R a4

where Vi, is the Fourier transformed open circuit voltage over the
transducer (in reception), p is the density of the medium, c is the sound
speed in the medium, Z is the electrical impedance of the transducer, A is
the area of the transducer, V is the Fourier transform of the voltage over
the transducer (in transmission), D the diffraction correction function
for the transmitting transducer to the flat plate and back [32], a is the
attenuation, and R is the reflection coefficient of the reflector (0.94 for
steel).

4. Results

Fig. 2(a) shows the graph just after the ink is injected into the water
but before the ultrasound transducer is turned on. The ink jet is situated
at an axial of 55 mm from the transducer. Since no streaming is gener-
ated, the ink jet sinks to the bottom of the tank in a straight line. In Fig. 2
(b — d) the transducer is activated, and the acoustic streaming generated
is clearly visible in the tracer. As time goes by, the wavefront of the
streaming moves away from the transducer and its displacement can be
easily tracked with the scale behind it. By analyzing the ink displace-
ment at multiple frames, the instantaneous streaming velocity can be
measured.

Fig. 3 shows the comparison between the streaming velocities ob-
tained from simulations and measurements along the axial line, utilizing
a 5 MHz excitation. Based on the measured streaming velocities, we
estimate a source peak pressure of about 30 kPa at the transducer sur-
face, which was subsequently used in the simulations. Notably, the
measured and simulated velocities demonstrate a good agreement
within the range of 100 to 200 mm, where the velocity stabilizes. The
slightly lower values measured at 40 and 80 mm are likely due to both
inertia [30] and suboptimal alignment between the camera and the di-
rection of the ink jet.

In Fig. 4, the measured electrical impedance of the transducer when

Z (mm)

Fig. 2. Streaming flow moving the ink jet at different instants in time with a 5 MHz excitation. (a) Time = 11.67 s. (b) Time = 13.33 s. (c) Time = 15.00 s. (d) Time
= 16.67. The scale on the back indicates the axial distance from the transducer surface.
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Fig. 3. Simulated and measured streaming velocity along the axial axis with a
5 MHz excitation and a source peak pressure of 30 kPa. The error bars represent
the mean values + one standard deviation of the measured values.
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submerged in water is shown. As observed, the impedance magnitude
demonstrates a gradual decrease across frequencies. A magnitude of
approximately 40 Q is measured near the center frequency of the
transducer.

The transmit and the receive transfer functions of the transducer
derived using the various methods are shown in Fig. 5(a and b),
respectively. At the central frequency of 5 MHz, the transmit efficiency
estimated from streaming measurements is 1.9 kPa/V. Comparatively,
via hydrophone and pulse-echo measurements, we obtained transmit
efficiencies of 2.1 kPa/V and 1.8 kPa/V respectively. Regarding the
receive transfer function, we measured a sensitivity of 8.0 uV/Pa
through streaming measurements, 9.0 uV/Pa through hydrophone
measurements, and 7.7 uV/Pa through pulse-echo measurements at 5
MHz. Overall, the transfer functions obtained from acoustic streaming
are in agreement with pulse-echo measurements. At lower frequencies,
however, they tend to have lower values compared to hydrophone
measurements.

5. Discussion

Hydrophone, pulse-echo measurements, and radiation force balances
are standard methods for quantifying the acoustic output of ultrasound
transducers. However, these approaches often come with drawbacks
such as high costs, complexity, and the requirement for frequent cali-
bration or specialized equipment. In this paper, we introduce an alter-
native method for evaluating the transfer function of ultrasound
transducers utilizing acoustic streaming. By measuring the axial
streaming velocity generated by the transducer, we can estimate its
acoustic power (similar to the approach of a radiation force balance),
and further provide a means to calculate its absolute transmit efficiency.
By incorporating impedance measurements, we can determine the
receive sensitivity of the transducer, assuming the reciprocity principle.
In addition to its inherent simplicity and cost-effectiveness, the proposed
method offers the potential to characterize transducers in various en-
vironments without requiring extensive modifications to the measure-
ment setup, as long as the medium properties and the effective radius of
the transducer are known.

In this study, all water parameters were based on values reported in
the literature on ultrasonic waves in water [34,35], except for the speed
of sound, which was directly measured. Similar values for water prop-
erties have been used in previous studies involving acoustic streaming in
water [29,36-38]. Note that, it is assumed in this context that the
addition of ink did not alter the inherent properties of the water. Should
the experiment be conducted in a different medium, the work of
Moudjed et al. may offer valuable insights into establishing a relation-
ship between the streaming velocity in various liquids and the velocity
obtained in water [30].

(b) :
14 ><106I

Hydrophone

= == == Pulse-echo
& Streaming

-
N
T
s

-
o

o

Receive sensitivity (V/Pa)

0 . . . .
4 6 8

Frequency (MHz)

N

Fig. 5. Transducer transfer function derived from different methods. (a) Transmit efficiency. (b) Receive sensitivity. The error bars represent the mean values + one
standard deviation of the streaming measurements. The shaded areas represent the uncertainty of the hydrophone calibration.
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To obtain reliable measurements, it is important to address key as-
pects of the setup and minimize potential sources of error. First and
foremost, external vibrations must be prevented to avoid disturbances in
the water and the resulting streaming flow. Within our setup, we
observed that certain devices, such as the amplifier, the AWG, and the
computer, generated significant vibrations. To minimize their impact,
we isolated the water tank on a separate bench, effectively reducing the
influence of these vibrations. Additionally, it is crucial to acknowledge
that the pumping action of the syringe inherently creates vibrations that
can disrupt the streaming flow. To mitigate any unwanted displacement
caused by the pumping, we secured the syringe in a holder and ensured
that only the needle was submerged in the water, minimizing distur-
bances to the system. Another potential source of vibration is the push-
button of the camera used for recording the streaming. To eliminate
manual disturbances, we opted for remote triggering of the camera.

The estimation of the streaming velocity is susceptible to various
types of errors. Firstly, it is essential to ensure precise alignment and
propagation of the tracer along the axial axis during measurements, as
the streaming velocity equation is applicable solely to the axial line. This
is particularly important because the side view photos shown in Fig. 2 do
not provide information about the lateral position (along the x-direc-
tion) of the streaming flow. To address this, incorporating a camera with
a top view can be highly beneficial. Secondly, it is worth noting that the
approach used for velocity estimation, which involved a scale affixed to
the wall of the water tank, is prone to refraction effects and parallax
error. Parallax arises when there is a misalignment between the camera,
the tracer, and the scale, resulting in inaccuracies. We estimated the
refraction correction by measuring a ruler placed on the axial axis. To
minimize parallax error, we ensured that the camera was positioned
perpendicular to the grid and directly in front of the location where
velocity was being estimated. If the streaming velocity is estimated at
various positions along the axial line, as in Fig. 3(a), it is advisable to
adjust the camera position accordingly to avoid any angled perspectives.
Lastly, it is important to measure the streaming velocity a few seconds
after activating the ultrasound transducer. This is done to ensure that the
flow reaches a steady state and to minimize the influence of inertia on
the measurements [15,16]. Note that we conducted velocity measure-
ments at longer intervals after activating the transducer (30 and 45 s)
and observed no changes in streaming velocities. This suggests that the
flow reached a steady state. Alternatively, the steady-state time could be
predicted through numerical calculations, as presented by Hariharan et
al [15].

The performance of the proposed method was evaluated by
comparing it with hydrophone and pulse-echo measurements. Overall,
all three methods provide satisfactory accuracy for absolute transfer
function measurements. The transfer functions shown in Fig. 5 demon-
strate a similar trend for all three methods, both in transmit and receive
modes. Particularly at 5 MHz, they exhibit a relatively good level of
agreement, indicating that they are interchangeable and that the se-
lection of the method should be based on specific requirements and
practical considerations. When comparing the transmit efficiency
derived from streaming measurements with pulse-echo measurements at
5 MHz, an error of 5.5 % is observed, while an error of 9.5 % is obtained
when comparing streaming with hydrophone measurements (the un-
certainty of the hydrophone calibration is +17 %). At lower frequencies,
the streaming and pulse-echo methods diverge slightly from the hy-
drophone measurements. Lower frequencies pose challenges as the
streaming velocities become low and the ink dissolves in water over a
long period of time, making accurate measurements difficult. At higher
frequencies, the slight differences between the curves are probably
caused by the inaccuracy of estimation of the attenuation coefficient.

6. Conclusion

This paper demonstrates a novel approach for estimating the abso-
lute transfer function of an ultrasound transducer by measuring the
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velocity of the acoustic streaming it generates. The method was evalu-
ated and compared with hydrophone and pulse-echo measurements. The
results showed that our method yields similar outcomes, with an error of
9.5 % compared to hydrophone measurements and an error of 5.5 %
compared to pulse-echo measurements at the center frequency. The
proposed approach offers an alternative solution for characterizing ul-
trasound transducers and opens up possibilities for characterization in a
wider range of scenarios, particularly in situations where traditional
equipment is not accessible due to cost or complexity constraints. In a
clinical or industrial environment, the pressure field produced by an
ultrasound transducer can be estimated with nothing more than a small
water tank, a ruler, and a stopwatch.
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