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Abstract: The propagation of surface acoustic waves over a solid plate is highly influenced by
the presence of liquid media on the surface. At the solid-liquid interface, a leaky Rayleigh wave
radiates energy into the liquid, causing a signification attenuation of the surface acoustic wave
amplitude. In this study, we take advantage of this spurious wave mode to predict the characteristics
of the media, including the volume or height. In this study, the surface acoustic waves were
generated on a thick 1018 steel surface via a 5 MHz transducer coupled through an angle beam wedge.
A 3D-printed container was inserted on the propagation path. The pulse-echo time-domain responses
of the signal were recorded at five different volumes (0, 400, 600, 1000, and 1800 uL). With the aid of
parametric CAD analysis, both the position and distance of the entire traveling wave in the liquid
layer were modeled and verified with experimental studies. The results indicated that the average
drop in the reflected wave amplitude due to liquid loading is —62.5% compared to the empty container,
with a percentage of error within 10% for all cases. The localized-time frequency components of
the reflected wave were obtained via a Short-Time Fourier Transform technique. Up to 10% reduction
(500 KHz) in the central frequency was observed due to the liquid volume increasing. The method
discussed herein could be useful for many applications, where some of the liquid’s parameters or
the ultrasonic wave behavior in the liquid need to be assessed.

Keywords: surface acoustic wave; attenuation; leaky Rayleigh wave; Short-Time Fourier Transform
Analysis

1. Introduction

Surface acoustic waves (SAWs) have been widely utilized to detect surface defects in many
structural health monitoring applications. The propagation of SAWs over a thick solid plate is highly
influenced by the presence of liquid on the surface. Therefore, the estimation of the defect location or
depth can be inaccurate since the output signal includes additional wave packets, which is caused
by the presence of liquid on the surface. In this study, we take advantage of these spurious wave
packets to understand the characteristics of the liquid media. At the solid-liquid interface, a leaky
Rayleigh wave is actuated, which radiates energy into the liquid, causing a signification drop in
the SAW amplitude [1-3]. Due to the difference in the acoustic impedance between the solid and liquid
at the interface, a refracted longitudinal wave propagates into the liquid layer until it hits the liquid-air
boundary and returns to the solid surface.

The theory of elastic wave propagation along an interface between two media has been well
studied. For instance, Stonely solved the wave propagation along a solid-solid interface (Stoneley’s
waves) [4], whereas Scholte studied the wave propagation along a solid-liquid interface (Scholte’s
waves) [5,6]. The Rayleigh wave and leaky Rayleigh wave at the solid-liquid interface were studied [6].
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The leaky Rayleigh wave exists at the interface when the longitudinal velocity of the liquid is smaller
than the shear wave velocity in the solid half-space [7,8]. The propagation of surface waves along
the solid-liquid interface, where the liquid velocity is higher than the shear velocity in the solid,
was investigated theoretically and experimentally by Padilla for the existence of a surface wave
at a plastic-liquid interface [9]. The multiple pulsed leaky Rayleigh wave component propagation in
the liquid layer over an aluminum plate was experimentally studied, and the velocity of the pulsed
leaky Rayleigh wave was found to be higher than the Rayleigh wave velocity, while the amplitude of
the pulsed leak Rayleigh components was increased [1].

SAW (or Rayleigh wave)-based devices, which are typically made of anisotropic materials such
as LiNbOj, where the SAW characteristics depend on the orientation, have gained considerable
attention [10]. The sensitivity of SAWs to liquid-loading on the SAW devices has led to a wide range
of applications such as liquid shear viscosity measurement [11], glycerin concentration sensing in
a microfluidic channel [12], early ovarian cancer detection [13,14], particle and cell separation [15-17],
and liquid mixing and pumping in microchannels [18,19]. Other useful applications of SAWs are
quantifying cell growth [20], quantifying bolt tension in bolted joints [21,22], and pH sensing in
cultures [23]. By contrast, only a few applications have taken advantage of the effect of liquid-loading
over a solid material (isotropic) on SAWSs. One possible application would be estimating liquid height
using SAWs. In literature, there are a couple of methods for determining liquid height via using
a single or multiple ultrasonic transducer(s), where the basic principle works on the discrepancy in
the acoustic impedance of the two media. In one of the studies, the liquid height was measured
utilizing two ultrasonic transducers coupled to a tank wall. The first transducer transmits the bulk
shear wave that propagates along the solid member in a zigzag path, and the second transducer
receives the reflected wave from the solid-liquid interface. Based on the attenuated amplitude of
the signal, the acoustic impedance of the liquid can be measured [24]. A non-contact ultrasonic PING
sensor was utilized to measure water height with the aid of a microcontroller to calculate the change in
the arrival times of the echoes from water [25]. Another method measured liquid height by utilizing
three transducers; one transmitter was located between the two echo receiving transducers, and these
transducers were encapsulated to overcome the coupling issue. The measurement was achieved by
moving the transducers along the container wall, and a noticeable difference in the reflected wave
energy was observed when the transmitter moved from the above liquid level to the below liquid
level [26].

The advantages of employing SAWs in detecting surface flaws are that they propagate close to
the free surface of a specimen, are easy to excite and record, and are less complicated compared to other
types of ultrasonic waves [27-29]. The proposed method to measure fluid height via SAWs is simple,
fast, and inexpensive. Moreover, the proposed methodology has the capability to measure a small
amount of fluid on a solid surface, such as a spill from a distance, with a small error. The measurement
can be achieved by exciting the SAW through an off-shelf piezoelectric transducer connected to
the angle beam wedge. The wave reflected from the liquid propagates back towards the transducer,
and the received signal is recorded via an oscilloscope. Performing a thorough analysis of the time
domain response of the received signal determines the arrival time of the leaky Rayleigh wave from
the solid—fluid interface and the arrival time of the reflected wave from the top surface of the fluid.
In the final step, a height equation that is derived from Snell’s law and the fluid proprieties can be
utilized to accurately find the height.

There are two primary aims of this study. The first goal is to investigate the effect of liquid
loading on the propagating SAWs over a solid surface and how the reflected wave from a defect
changes due to the existence of liquid media in the propagation path. The second aim is to investigate
the capability of measuring the liquid level that is present on the specimen’s surface via SAWs.
Understanding how a liquid influences the SAW signal is essential when the SAWs are utilized in
a structural health-monitoring application. It is also vital to estimate the liquid properties if the height
and surface parameters are known.
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2. Methodology

2.1. Operation Principle

When the surface acoustic wave (SAW) arrives at the first point of contact between the liquid
and solid surface, some energy radiates into liquid due to the difference in the acoustic impedance
between the two media. The acoustic impedance strongly depends on the density and velocity of
the medium, where the density is much higher in solids than in liquids.

Z = pc 1)

where Z is the acoustic impedance (rayl/mz), p is the density of medium (kg/m3), and c is the sound
speed through the material (m/s). The reflection coefficient can be expressed in Equation (2):
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Along the liquid-solid interface, the wave propagates as a leaky Rayleigh wave (LRW) with
a higher velocity compared to the SAW (Rayleigh wave), and its amplitude decays, since energy
continues radiating into the liquid [1-3]. Due to the difference in the speed of sound between the liquid
and leaky Rayleigh wave, the wave at the interface is refracted from the solid to the liquid at angle 0,
with respect to the normal axis. Besides, the shear wave cannot be supported in the liquid layer [29].

The leaky Rayleigh wave velocity, which depends on the types of the two materials at the interface,
can be found through experimentation. For example, the speed of sound was experimentally measured
for the air-aluminum interface as 2964 m/s, whereas the SAW for aluminum is 2952 m/s [1]. In this study,
we experimentally obtained the leaky Rayleigh wave velocity, which is presented in the experiment
results section.

The refraction angle 0; can be estimated by substituting the longitudinal wave velocity of
deionized water (Cr,,), the leaky Rayleigh wave velocity (Crr), and the propagation angle of the SAW
(Or) into Snell’s law (see Appendix A).

Once the refracted wave in the liquid reaches the liquid—air boundary, it is reflected with angle
0, with respect to the normal axis at the interface due to the large difference in the speed of sound
for the two media. Hence, no refraction occurs into the air, and Snell’s law can no longer be satisfied.
The critical incident angle of liquid can be obtained by substituting 8,;, = 90° and Cr,, and Cg;, into
Snell’s law (see Appendix A).

If the incident angle from the liquid is higher than the critical angle, the wave will be reflected
entirely at the liquid—air interface, as illustrated in Figure 1a. If the incident angle from the liquid is
equal to the critical angle, the refracted wave travels parallel to the interface between the air and liquid,
as shown in Figure 1b. In this study, as the 01 >> cjitical, the wave will be reflected with angle 0,
which is equal to 04, as illustrated in Figure 1a.
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Figure 1. (a) Schematic representation of a wave traveling in the liquid when the reflected angle at the solid-liquid
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interface is larger than the critical angle; (b) Schematic representation of a wave traveling in the liquid
when the reflected angle at the solid-liquid interface is equal to the critical reflected angle.

2.2. Liquid Height Estimation

The liquid height can be estimated by using the arrival time of the leaky Rayleigh wave (t),
which occurs at the solid—fluid interface, and the arrival time of the reflected wave from the top surface
of the fluid (tg). Besides these values, the theoretical speed of sound for the fluid and the refraction
angle at the interface (01) are used in determining the liquid height.

Since the liquid is held in a finite container, two cases are expected to exist, as shown in Figure 2.
The first case occurs when the propagating wave in the liquid hits the liquid-air boundary and reflects
directly to the solid-liquid interface. By contrast, in the second case, the reflected wave hits the container
edge before reaching the solid-liquid interface. These two cases rely mainly on the ratio of the liquid
height to the particular container dimensions. Based on the calculation of incident angle 6, 03,
and the geometric dimensions of the container, the first case occurs if the height is approximately in
the range of (0 < /1 < 0.86 L). By contrast, the second case occurs if the height is higher than 0.86 L.
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Figure 2. (a) Schematic representation of a wave traveling at a different level of liquid, including
the critical case, which occurs at h < 0.86 L (first case); (b) Schematic representation of a wave traveling
in the liquid when the liquid height is higher than 0.86 L (case 2).

The total distance the propagating wave travels in the media is 51 + Sy as illustrated in Figure 2a.

51 and S, are the distances traveled by the incident wave from the solid-liquid interface (upward)

and liquid-—air interface (downward), respectively, and L is the actual length of the container. Since

the incident angle from the liquid (61) and the reflected angle at the liquid-air interface (6;) are equal,

S1 = 5;. For the experimental tests, the total distance traveled by a propagating wave in a medium can
be expressed as:

S14+ Sy = Cro X (tg—ta) 3)

where tp is the arrival time of the reflected wave from the liquid—air interface, and t4 is the arrival
time of a leaky Rayleigh wave at the solid-liquid interface. For accuracy purposes, both arrival times
should be chosen at the same phase. By substituting S; = S, into Equation (3), we get

251 = CLw X (tB - tA) (4)

From the geometry, the liquid height can be determined as:

©)
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Substituting Equation (4) into Equation (5), we get:

% X (tB - tA) X COS(@l) 6)

h:

As can be observed from Equation (6), the liquid height is a function of Cy,,, the traveling time
and the incident angle at the solid-liquid interface. The derivation of the equations for the second case
can be found in Appendix A.

2.3. Experimental Setup

The pulse-echo technique is utilized in this study, in which an ultrasonic wave is generated
and received through using only one transducer. The generation of a SAW (Rayleigh wave) that
propagates on the free surface of a solid specimen requires using a normal beam transducer, a comb
transducer, or a transducer that is attached to an angle beam wedge placed on the specimen’s surface.
The purpose of the angle beam wedge is to convert the longitudinal wave generated via the ultrasonic
transducer into a Rayleigh wave at the interface between the wedge surface and the specimen’s
surface [30]. Snell’s law should be considered to calculate the appropriate incident angle inside
the wedge to achieve the desired angle of SAW propagation (90°). As illustrated in Figure 3, the angle
beam wedge (ABWML-5T 90, Olympus NDT, Waltham, MA, USA) used in this experiment is made of
plastic (Lucite), with a longitudinal wave velocity of 2700 m/s. By substituting the longitudinal velocity
of the wedge and the theoretical Rayleigh wave velocity for a 1018 steel (2953 m/s) into Snell’s law,
the incident angle inside the wedge is found to be 66.12°.
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Figure 3. (a) Schematic diagram for the experiment setup; (b) The container dimensions used in

this study.

The ultrasonic pulser/receiver (5072PR, Olympus NDT, Waltham, MA, USA) is utilized to excite
a pulse to a 5 MHz transducer (C541-SM, Olympus NDT, Waltham, MA, USA), which is attached to
the angle beam wedge. The received signal can then be amplified before it is transferred to a digital
oscilloscope. The amplifier is built in the pulser/receiver, which can be used to control either the gain
(+dB) or the attenuation (—dB) of the received signal. The pulser/receiver has a low pass filter at 10 MHz
and a high pass filter at 1 MHz. The signal is recorded with 128 averaging to increase the signal-to-noise
ratio with a digital Oscilloscope (TDS2001C, Tektronix, Beaverton, OH, USA). The sampling time



Acoustics 2020, 2 371

rate was kept constant at 25 ps for the 5 MHz transducer in all recorded signals to avoid aliasing.
The pulser/receiver settings are listed in Table 1.

Table 1. The pulser/receiver settings used during the experimental studies.

High Pass Low Pass
Filter (HPF)  Filter (LPF)

100 1 3 1 MHz 10 MHz 30db

PRF(Hz) Energy = Damping (50 ) Amplifier (Gain)

The containers were filled with a precise amount of deionized (DI) water via an Eppendorf

Research Pipette that can hold 0 to 100 uL of liquid. The pipette’s accuracy was verified by dropping
100 uL of DI water onto a sensitive scale (Scaout Pro SP402, Ohaus Inc., Parsippany, NJ, USA),
and the obtained reading on the scale was used for calibration. The 3D-printed containers, which fit
on the specimen’s surface, are made of Polylactic Acid material (PLA). The geometric dimensions
of the container are 10 mm X 22 mm X 8 mm. To measure the actual covered area by the liquid,
the container is fully occupied with liquid (2000 mm?) and then the volume is divided by the height of
the container (10 mm), which gives the area as 200 mm?. The primary purpose of using the container
is to maintain the consistency of the area covered by liquid while recording the signal. Initial sets of
experiments were conducted to verify that placing the container on the free surface of the specimen
had no impact on the propagation of the SAWs. The experiment results confirm that there is no
reflection from the containers, since the interface between the specimen’s surface and the container
has no real area of contact. The distance between the container and transducer was selected to be
77 mm, which ensured that the container was placed beyond the near field distance (N), which can be
estimated using Equation (7).
D?f
ac @)
where D is the transducer diameter, f is the signal frequency, and C is material sound speed. Substituting
D =127 mm (0.5 in), f = 5 MHz, and C = 2953 m/s (Rayleigh wave speed) into equation, the near field
distance (N) will be 68.27 mm. The material properties for DI water, air, the PLA material, and 1081
steel are listed in Table 2.

N =

Table 2. The material properties for deionized (DI) water, air, the PLA material, and 1081 steel.

Deionized Water 1018 Steel Air PLA (25°C)
Density, p (g/cm3) 1 7.870 0.001 1.24
Speed of Sound (m/s) 1480 2953 (C.R.) 330-343 2200~2300 [31]

The experimental procedure is as follows. First, the angle beam wedge is placed on the specimen
surface after applying an ultrasonic couplant between the two surfaces to facilitate the ultrasonic wave
transmission and reception from the wedge on the specimen surface and vice versa. A three-way
C-clamp is used to ensure the wedge remains stationary throughout the experiment and to provide
adequate contact between the specimen surface and wedge. Next, the container is placed on the free
surface of the specimen (1018 Steel) 77 mm from the wedge tip, whereas the edge is 105 mm from
the angle beam wedge. The container area in contact with the specimen is wrapped with a thread sealing
tape to prevent the medium from leaking. The reflected signal from the edge for the empty container is
selected as the reference for the experimental studies. Thirty seconds after filling the container with
DI water, the received signal reflected from the edge of the specimen and the liquid are recorded
separately to assist in the data analysis process. The data collection step is repeated for all the different
liquid volumes investigated.

The entire signal for the empty container is shown in Figure 4. It can be observed from this figure
that reflection from the wedge-specimen interface is present at 29.2 us in the data, and the reflection from
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the specimen edge is at time 99 us. Based on the experimental observation after filling the container
with liquid, the reflection of the wave from the medium will take place right after 80 us. For better
comparison among all cases, we decided to have two separate windows for the received signal shown
on the Oscilloscope, one for the reflection from the specimen edge (RWE) and the other one for
the reflection from the liquid (RWL) as shown in Figure 4.

Echo at the Echo from the edge
2 wedge(29.2us) , . |
> : ! 1
7] | 1 1
20 e 5 : :
5 [N ) 1 1
g . 10 20 30 40 50 60 70 ) 90 : 100 : 110 120
! ! I
2 RWF window ' RW¥ window
-3

Time(us)

Figure 4. The entire signal received for the empty container, including the selected windows for
the reflection from the liquid and the reflection from the edge.

3. Results and Discussion

3.1. The Effect of the Presence of Liquid Media on the Propagation Path of the Reflected Wave from
a Defect (Edge)

It is imperative to study how the wave reflected from the edge is influenced when a small area
of a tested specimen surface is occupied by liquid matter in the propagation path, mainly when
the medium is between the transducer and the defect to be detected. In general, the amplitude of
SAWs significantly attenuates as the liquid interacts with the solid (solid-liquid interaction) due to
the dissipation of the signal energy into the liquid.

The results indicate that the peak-to-peak amplitude of the reflected wave from the edge declines
sharply when 400 pL of DI water is added to the liquid container and slightly decreases or remains
almost constant as the liquid volume increases (Figure 5). This indicates that the change in the amplitude
is more sensitive to the area than to the liquid volume present in the propagation path.
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Figure 5. Cont.
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Figure 5. Time domain response for the reflected wave from the edge for all cases.

The average percentage of the peak-to-peak amplitude drop due to liquid exitance was —62.5%,
as shown in Table 3. The maximum amplitude of the reflected wave from the edge remains constant
in all cases, which occurs at the time of 99.464 us (Tp.rwr). It is important to note that the wave
reflected from the defect (edge or corner in this study) was not affected by the presence of DI water on
the surface. By utilizing Equation (8)—where vy, is the theoretical velocity of the Rayleigh wave in
1018 steel (2953 m/s) and T}, e is the time associated with the maximum reflection at the angle beam
wedge, which is 29.2 ps—the obtained distance was 103.74 mm, where the actual distance between
the transducer and the edge was 105 mm. The reasonably low 1.9% error herein could be due to
the theoretical Rayleigh wave velocity or the measurement accuracy.

(T(P—RWE) - T(P—wedge)) X UR

d = >

®)

Table 3. The percentage drop in the peak-to-peak amplitude of the reflected wave from the edge for
all cases.

Empty 400 uL 600 uL 1000 uL 1800 uL

P-P amplitude (V) 1.90 0.74 0.72 0.70 0.70
% = Sprt X100 - -61.05  —-6211 6316  -63.16

The results further show that wave packets appear before and after the wave reflected from
the edge, and they shift to the right as the volume of liquid increases, as shown in Figure 5. These
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waves are multiple reflections from the top surface of the liquid. The shift in time occurs because
the reflected wave travels longer in liquid as the height of liquid increases.

3.2. The Reflected Wave from the Liquid on the Propagation Path

Figure 6 shows the time-domain responses of the wave reflected from the DI water for all
the volumes investigated. Based on observations of the exact location of reflections from the liquid,
a window between the times of 74 and 98 ps was selected, which covers the region before the RWE.
By choosing this window, not only can the first reflected wave from the liquid be easily detected,
but the behavior of the reflected signal can also be precisely analyzed, for example, the peak-to-peak
amplitude of the reflected wave from the liquid. During the experiments, we carefully analyzed
the obtained time-domain signal of each case. In order to ensure the reflection of the signal was coming
from the top surface of the fluid, we disturbed the top surface with a needle, and it was observed that
the amplitude of the reflection died out. The dotted box (A), the dotted box (B), and the dotted box (C)
in Figure 6. represent the first leaky Rayleigh wave at the solid-liquid interface at the beginning of
the container, the first reflected wave from the top surface of the liquid, and the second leaky Rayleigh
wave at the end of the container, respectively.
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Figure 6. Time domain responses for the reflected wave from the liquid for all cases.

From the results of all the cases, it can be noted that the amplitude of the signal dramatically
changes when the container is filled with 400 pL of liquid around the time of 80.96 us, as seen in
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Figure 6. One can observe that the amplitude of the leaky Rayleigh wave is attenuated as it travels
along the solid-liquid interface in all cases except one case (400 uL). The velocity of the leaky Rayleigh
wave at the beginning of the container can be obtained by utilizing Equation (8), where the maximum
amplitude occurs at the time of 80.96 ps, the actual distance between the transducer and container is
77 mm, and the time at the wedge is 29.2 us. Hence, the velocity obtained is 2975 m/s. The results
further show that the first reflected wave from the top surface of the liquid arrives earlier than the first
leaky Rayleigh wave in the cases of 400 puL and 600 pL, whereas it arrives later than the first leaky
Rayleigh wave in the case of 1000 pL and 1800 pL. The reason for that is that the total distance of
the upward and downward propagating longitudinal waves in the liquid layer for 400 uL and 600 pL
is less than that for the reaming cases (1000 pL and 1800 pL).

3.3. Estimating Liquid Height

The arrival times of the reflected waves from the liquid are listed in Table 4 for clarity.
By substituting these times into Equations (3) and (6), the total traveled distance in the liquid
(51 + Sp) and h are obtained for all cases. The actual liquid height is obtained from the relationship
between the liquid volume and the cross-sectional area of the liquid, which is 200 mm?. The purpose
of this section is to validate the feasibility of the method by comparing the obtained height from
Equation (6) with the actual height of the fluid measured. Additionally, the obtained speed of sound
for water is compared with its theoretical value.

Table 4. Velocity and height measurement.

Actual Height ta tg tc Crw ErrorinCryy  S1+ 52 h Error in h
(mm) (us) (us) (us) (m/s) (%) (mm) (mm) (%)
400 pL 2 80.96 84.19 87.18 1427.5 —3.54% 4.8 2.07 3.7
600 uL 3 80.96 85.51 87.18 1520.1 2.71% 6.7 2.92 -2.6
1000 nL 5 80.96 88.64 87.21 1501 1.42% 114 4.93 -14
1800 nL 9 80.96 96.36 87.22 1347.4 —8.96% 22.8 9.89 9.8/2.7 *

* Represents the calibrated error in hours for the case of 1800 uL as explained in Section 3.3.

The percentage errors in the liquid height for 400 pL, 600 pL, 1000 pL, and 1800 pL are 3.7%,
—2.6%, —1.4%, and 9.8%, respectively. As expected, in the case of 1800 uL, the error is high because
the height is above 0.86 L, so the obtained (S; + S;) is not accurate. This case represents the second
case that is explained in Appendix A.2. To address this issue, the total traveled distance was found
via parametric CAD software (Inventor Autodesk 201), as illustrated in Figure 7, for the critical case,
1000 pL, and 1800 pL. From this figure, one can observe that the total traveled distance (S1 + Sy)
for 1000 pL exactly matches the value found in Table 4. By contrast, for 1800 uL, the total traveled
distance does not exactly match the table. The corrected value for the case of 1800 puL from the figure is
21.31 mm, which gives a Cry of 1383 m/s and height of 9.24 mm. Therefore, the error for 1800 pL is
dramatically reduced to 2.7%.

The error in the height estimation might be caused by several factors, such as the theoretical value
of the speed of sound in water and air, which mainly varies with the temperature, the surface tension
phenomenon, and the estimated area of the liquid container.
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Figure 7. The CAD results for the wave traveling in the liquid, showing the actual total traveled
distance for three cases: the (a) critical case; (b) 1000 uL case, and (c) 1800 pL case.
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3.4. Short-Time Fourier Transform Analysis for Both the Reflected Wave from the Defect (Edge) and the Liquid

The goal of Short-Time Fourier Transform Analysis (STFT) is to determine the effect of fluid
existence and fluid volume on the signal frequency. STFT is a useful technique to convert the time
domain response of the signal into the frequency-time domain for a selected window. The resolutions
of time and frequency are inversely proportional; as the frequency resolution increases, the time
resolution decreases, and vice versa [32]. The longer the window is, the higher the frequency resolution
that will be obtained with a lower time resolution [33]. For this reason, a trade-off between frequency
resolution and time resolution should be carefully implemented depending on which is more important
for a particular study. In this study, we utilized MATLAB (signal processing) to obtain the STFT
for the RWE (Reflected Wave from the Edge) and RWL (Reflected Wave from the Liquid) windows.
The time resolution was set to be 1 ps. The settings for the leakage and overlap are 1% and 99%,
respectively. Figure 8 represents the STFT of the RWE and RWL for all cases. For instance, Figure 8al,b1
show the STFT results for the empty case obtained for the RWE and RWL, respectively. Figure 8a2,b2
show the STFT for 400 pL cases obtained for the RWE and RWL, respectively, and so on. The x-axis
represents the time in ps, and the y-axis represents the frequency in MHz. The light-yellow(-dB),
which is close to 0 dB, represents the dominant frequency components of the signal at a specific time.
If the yellow color becomes darker or changes to blue in a particular region, it indicates that a lower
frequency component of the signal is localized.

= Emply

(b1)

Figure 8. Cont.
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Figure 8. (a) Short-Time Fourier Transform for the reflection from edge/corner in all cases: (al) empty,
(a2) 400 puL, (a3) 600 uL, (a4) 1000 uL, and (a5) 1800 nL; (b) STFT for the reflection from the liquid in all
cases: (b1) empty, (b2) 400 uL, (b3) 600 uL, (b4) 1000 puL, and (b5) 1800 pL.
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From Figure 8al-a5, it can be observed that the central frequency of the RWE for all cases is lower
than in the case of the empty container. A slight change in the fundamental frequency as the volume of
liquid increases can be seen. Besides, multiple reflections from liquid appear before and after the RWE
as the volume of liquid increases. From Figure 8b1-b5, it can be observed the first leaky Rayleigh wave,
at the first edge/corner of the container, with a frequency of 3.5 to 4 MHz, occurs at a time between
80 us and 82 s for all cases except the empty container. The second leaky Rayleigh wave, at the end
edge/corner of the container, appears at a time between 86 ps and 88 ps. The first leaky Rayleigh
wave and the second leaky Rayleigh wave are denoted with solid red arrows and dashed red arrows,
respectively, in Figure 8b2. Additionally, multiple reflections from the top surface of the liquid appear
as the light-yellow color between or after the two Leaky Rayleigh waves based on the liquid volume,
as previously explained in Section 3.2. Note that the first and second Leaky Rayleigh waves occurred
at the same time plots (Figure 8b2-b5).

4. Conclusions

In this paper, the impact of liquid presence on a solid surface on surface acoustic waves (SAWs)
was experimentally investigated. Additionally, with the aid of the fact that when a SAW interacts
with a liquid as it is traveling along the solid surface, some of its energy is transmitted through
the liquid and some energy is reflected, the liquid height can be accurately estimated via analyzing
the time domain response of the received signal. The results show that the peak-to-peak amplitude of
the received SAW signal is dramatically reduced when liquid is present on the solid surface by almost
62.5% compared to the free surface (no liquid). With an increase in liquid volume, the peak-to-peak
amplitude is slightly decreased, which indicates that the SAW is more sensitive to the area being
covered by a liquid than the volume of the liquid. The results further show the capability of utilizing
SAW to precisely measure the liquid height, with a small error that does not exceed 10% in all the tested
cases in this study.
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Appendix A

Appendix A.1 Finding the Refraction Angle

To find the refraction angle at the solid—fluid interface (61), Equation (Al) can be utilized.
The theoretical value of Cr,, at a temperature of 20 °C, Crr, and O are 1480 m/s, 2975.3 m/s, and 90°,
respectively. By substituting these values into Snell’s law, as illustrated in Equation (A1), we get:

Crrsin(01) = Cpysin(OR) (A1)
2975.3 sin(6;) = 1480 sin(90) (A2)
6, = 29.83° (A3)

The critical incident angle of the liquid can be obtained by substituting 8,; = 90°, Cr,, and C;,
into Snell’s law, as in Equation (A4):

Cair sin(Oair) = Crw sin(Opyitcar) (A4)
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343 sin(90) = 1480 sin(Oeiical) (A5)
Ocritical = 13.40° (A6)

Appendix A.2 The Derivation Equation for the Second Case when h > 0.86 L

Equation (6) can no longer be applicable if the incident wave reflected from the liquid—air interface
will hit the container edge at some height before it is reflected toward the solid surface with an incident
angle of 03, and it travels a distance of S3. Therefore, the total distance traveled in the liquid is 51 + S, +
S3, as shown in Figure 2b. The angle 03 is measured by substituting the longitudinal velocity of the PLA
container, which is experimentally determined to be between 2200 m/s and 2300 m/s, depending on
various conditions [31], the velocity of the liquid, and angle 0, into Snell’s law. The obtained angle 03
is 50.7° when using the velocity of 2300 m/s.

The error in the height measurement will be high if Equation (6) is utilized, since the S3 value is
neglected. Hence, a modification of Equation (6) should be implemented to improve the accuracy of
the height measurement. Through analyzing the vector (S1, S, S3) components with trigonometry as
illustrated in Figure 2b, the imaginary part (y) and the real part (x) are derived in terms of 01, 03, and L
as:

y: S1cos0; —Spcos0p—S3sinfz = 0 (A7)

x: Sysinfq 4 Spsinf — S3cos B3 = L — Sz cos O3 (A8)

By substituting S = h/cos01 into the previous equations and solving for S, and S3 in terms of i, 01,
05, and L, we obtain:

) _ h sin O3
y: 5 = cos 01 5 cos 01 (A9)
vi G = L __ " (A10)

sinf; cosB;

Solving the two equations, S3 can be found as:

2h— (L X cot6q)

5 = sin O3

(A11)

If h =10 mm, L = 8 mm, 6; = 29.83°, and 03 = 50.7° and substituting these values into
Equations (5), (A10), and (A11), we get S1, Sy, and S3 equal to 11.52 mm, 4.55 mm, and 7.816 mm,
respectively. It can be observed that S; < Sy + S3, which verifies the fact that Equation (6) cannot be
applicable when /: > 0.86 L. Note that Equation (A11) shows that the height (h) in this case is a function
of S3, whereas it is a function of S, in Equation (A9).
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