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Abstract  

Dry eye disease is a common chronic condition affecting the ocular surface, for 
which tear viscosity measurement plays a vital role in both diagnosis and 
management. However, the characteristically low viscosity and ultra-small volume 
of tear fluid (typically only 4–5 µL) present considerable challenges for accurate 
viscosity assessment, which existing techniques are unable to address adequately.  

In this study, a novel method was proposed and demonstrated for measuring 
the viscosity, this unseen property, of low-viscosity fluids by harnessing sound 
waves to control liquid droplet trajectories. Focused interdigital transducers were 
designed and fabricated to generate surface acoustic waves (SAWs), which induce 
an upward elongation of a sessile droplet positioned at the focal point. Through 
systematic experimental observation of droplet dynamics, optimal parameters for 
effective SAW generation were identified: a frequency of 18.41 MHz, a pulse length 
of 2 ms, a pulse interval of 2 s, and a peak-to-peak voltage of 165 mV. Under these 
conditions, jetting droplet velocities ranged from 0.35 m/s to 0.77 m/s, enabling 
the droplet to reach a glass plate positioned 3 mm above and form a stable liquid 
bridge. 

A series of fluids was tested, including water and glycerol-water solutions at 
volume concentrations ranging from 2% to 40%. Following bridge formation, the 
filament neck thinned under the influence of surface tension until eventual 
breakup. This transient process was captured using a high-speed camera at 20000 
fps, allowing precise measurement of the filament diameter. The half-time for the 
filament to reduce to half its initial diameter was observed to range between 1.20 
ms and 2.25 ms. The Ohnesorge number, which quantifies the relative effects of 
viscosity, inertia, and surface tension, was determined to lie within the range of 
0.0036 to 0.014. A correlation was subsequently established between the 
dimensionless half-time (normalized by the Rayleigh time) and the Ohnesorge 
number. 

Finally, the technique was applied to characterize 2-µL polyvinyl alcohol-
based artificial tear samples. The measured viscosities averaged 1.65 ± 0.88 mPa·s, 
demonstrating the potential of this approach for practical application in the future. 

Keywords: viscosity measurement, surface acoustic waves, surface tension effect, 
liquid bridge, filament breakup 
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1. Introduction  

Dry eye disease (DED) is a common chronic ocular surface disease, affecting an 
estimated 5-50% of the global population [1] . DED patients suffer from ocular 
discomfort and visual disturbance, which severely impacts their quality of daily 
life. However, many people with DED remain unevaluated, undiagnosed, and 
untreated. DED is characterized by alterations in tear film composition and 
instability, resulting in abnormal tear viscosity. Measuring tear viscosity plays a 
crucial role in diagnosing and treating DED [2], as alterations in tear fluid rheology 
can indicate disease severity, differentiate subtypes, and guide personalized 
therapies, such as selecting high-viscosity artificial tears for enhanced symptom 
relief and ocular surface protection. However, current clinical methods for 
diagnosing DED, including slit-lamp examinations, staining tests, and tear breakup 
time assessments, are limited by poor precision, a lack of standardization, 
repeatability issues, invasiveness, and susceptibility to environmental factors, 
which often confound accurate diagnosis and optimal patient care. 

The low viscosity and ultra-small sample volumes (often just 4-5 µL) of tears 
pose significant challenges in measuring their  viscosity. Traditional capillary 
viscometers and rotational viscometers require sample volumes far exceeding 
those typically available from tear collections. A recently developed filament 
extension technique employs two mechanical end-plates to extend a fluid sample 
into a filament. During this process, the filament radius decays to form a liquid  
bridge, which breaks up in a short time [2] , as shown in Fig. 1.1. By observing the 
breakup dynamics, the sample’s extensional viscosity could be extracted from the 
stress balance expression. However, the mechanical operation of these devices can 
induce vibrations that propagate throughout the filament, making repeatable 
readings impractical in low-viscosity fluids. These limitations, including high 
sample volume, invasiveness, and poor precision for biofluids, hinder tear 
rheology analysis in dry eye diagnostics. 

 

In the filament extension technique, forming a stable fluid filament is critical 
for ensuring repeatability and accuracy of the measurements. Surface acoustic 
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wave (SAW) technology has emerged as a new method for manipulating droplets, 
including jetting, mixing, sorting, and atomization [3–5]. SAW propagates along 
the material surface, while the amplitude diminishes exponentially with depth into 
the substrate. It has been reported that the energy of SAWs is confined to a depth 
of three to four wavelengths into the substrate and can be concentrated to a spot 
using focusing transducers. Studies have shown that 20-MHz focused SAWs can 
generate an extraordinary fluid jetting phenomenon (Fig. 1.2) [6] . Since this type 
of energy from SAWs can drive significant jetting, the formation of a stable filament 
can be expected when two end plates hold the liquid or droplet, which forms the 
basic assumption of the present study. 

 

Figure 1.2. Fluid jetting of a water droplet generated by SAWs with a frequency of 20 MHz. The 

process is rapid, occurring at a microsecond scale. Source: [6] . 

 

In this study, I propose using SAWs to induce filament formation, which can be 
used to analyze the rheological properties of low-viscosity fluids in ultra -small 
volumes. As illustrated in Fig. 1.3, a sessile droplet is placed above the surface of a 
piezoelectric substrate and at the center of the paired interdigital transducers 
(IDT), which generate focused SAWs. The droplet is elongated upward, driven by 
the leaky SAWs. A glass plate is placed on the opposing side. Once the droplet 
reaches the opposing glass plate and forms a liquid bridge, the surface tension 
force contracts the filament, leading to uniaxial extensional flow until it breaks up. 
The viscosity of a liquid determines its resistance to flow, which directly influences 
how long a liquid filament can maintain its structure before breaking up. Therefore, 
the dynamics of filament breakup are directly related to the fluid viscosity, which 
can thus be calculated from the relationship between the filament diameter 
variation and time.  

This study contained the following parts: 1) numerical simulation; 2) design 
and fabrication of SAW devices; 3) a parametric optimization  of the excitation to 
form desired liquid bridges; 4) an investigation into the relationship between the 
filament diameter variation and the viscous coefficient; and 5) measurement of the 
viscosity of artificial tears with micro -liter volumes. 
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Figure 1.3. The illustration  of the study design. (a) Surface acoustic waves (SAWs), generated by 

a pair of focused interdigital transducers (IDTs), leak into a sessile droplet. (b)The droplet is 

jetting and elongated upward, driven by the leaky SAWs. A glass plate is placed on the opposing 

side. (c) Once the droplet reaches the opposing glass plate and forms a liquid bridge, the surface 

tension force contracts the filament, leading to uniaxial extensional flow until it breaks up. The 

dynamics of filament breakup are directly related to the fluid viscosity, which can thus be derived 

from the relationship between the filament diameter variation and time. 

2. Theory  

2.1 Principles of Surface Acoustic Waves (SAWs) 

Unlike vibrations that travel through the inside of a solid material, SAWs only move 
along the surface (Fig. 2.1). A typical example is the ripples that spread out when 
something hits the lake or the rolling waves moving across the earth’s surface 
during an earthquake. The usual surface wave is called a Rayleigh wave. The 
amplitude of these waves exhibits exponential attenuation with increasing depth, 
resulting in the confinement of the majority of the acoustic energy within a shallow 
surface layer. 

 

Figure 2.1. The schematic of Rayleigh waves shows the combination of tensile and compressive 
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waves. It should be noted that the waves are confined mainly to the surface. Source: [7]  

As shown in Fig. 2.2, a sessile droplet is resting on a substrate in the path of 
SAWs. Diffraction occurs as SAW radiation encounters the edge of the droplet due 
to the difference between the speed of sound of the substrate �?�æ�Ô�ê and that of the 
fluid  �?�Ù�ß�è�Ü�×. This causes a beam of acoustic energy to enter the droplet at an angle 
defined by the ratio of the two sound speeds called the Rayleigh angle �à�Ë, 

�à�Ë = �=�N𝑎𝑎�O�E�J
�Ö�Ñ�×�à�Ô�Ï

�Ö�Þ�Ì�â
.                            (1) 

This phenomenon is known as leaky SAW. With the speed of sound in the SAW 
device substrate being 3980 m/s and 1495 m/s for water, the necessary Rayleigh 
angle �à�Ë 
N23°. Thus, the contact angle of the droplet must be larger than 23° to 
allow SAWs to leak into the droplet. 

 

Figure 2.2. The schematic of SAWs leaking into a sessile droplet via the �à�Ë due to the difference 

between the speed of sound of the substrate and that of the fluid. The amplitude of the SAWs 

along the substrate surface attenuates exponentially as wave energy is transferred to the droplet. 

2.2 Rheology of viscous fluid 

All liquids comprise molecules. As these molecules move past each other during 
flow, internal friction  develops, resulting in fluid resistance to flow, which is 
measured as viscosity. It is technically defined as the ratio of stress and imposed 
strain rate. In Newtonian fluids, this ratio remains constant; however, in non-
Newtonian fluids, it varies across different strain rates.  

There are two basic types of flow, shear flow and extensional flow. In shear 
flow, fluid components shear past one another (Fig. 2.3a), while in extensional flow, 
the fluid is stretched or elongated, causing its cross-sectional area to change (Fig. 
2.3b). As illustrated in Fig. 2.3a, a shear force F acts on the fluid, yielding a shear 
stress (�ì ), which is defined as the force (F) over a unit area (A). Therefore, the 
upper layer will move at a velocity �Q, while the bottom layer remains stationary, 
forming a shear strain �Û. For a fluid, the constituent components can move relative 
to one another, generating a velocity gradient termed the shear rate or strain rate 
�Û�6:  
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 �Û�6=
𝑑𝑑𝑑𝑑

𝑑𝑑�ë
 (2) 

In Newton’s law of viscosity, there is: 
 �ì = �ß �Û�6, (3) 

where the proportional term �ß is the shear viscosity. 
 

 

Figure 2.3. Illustration of shear flow and extensional flow. 

 
Figure 2.3b shows the uniaxial extensional flow. The stretching of a finite 

volume in the z-axis (red arrows) to an elongated form is a uniaxial extensional 
flow. It can be seen that, through the conservation of volume, the dimensions in 
the xy-plane must contract (indicated by the green arrows). In the case of 
Newtonian fluid, there is a relationship of extensional viscosity �ß�§  with shear 
viscosity �ß: 
 �ß�§= 3�ß. (4) 

2.3 The basics of extensional flow techniques to measure fluid 

viscosity 

The extensional flow techniques employ two mechanical end-plates to extend a 
fluid sample into a filament, allowing for the observation of its behavior as it thins 
to form a liquid bridge and potentially breaks. There are mainly two types of 
extensional flow techniques to measure fluid viscosity: the filament stretching 
extensional rheometer (FiSER) and the capillary breakup extensional rheometer 
(CaBER)  [8,9]. In the FiSER method, an exponential velocity is imposed on the 
upper plate to create a uniaxial extensional flow with constant strain rate, in which 
transient extensional viscosity is calculated from the stress balance relationship of 
the tensile force exerted by the fluid column on the bottom stationary end plate 
and the filament radius at the axial midpoint of the filament. In the CaBER method, 
the rate of the end-plates opening is not controlled. Instead, the end-plates are 
rapidly moved apart to a fixed distance. While FiSER is recommended for 
characterizing viscous polymer solutions, CaBER is more suitable for lower 
viscosity solutions. 
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Figure 2.4 illustrates the basics of capillary break-up. First, I would like to 
introduce the concept of surface tension. In the Young–Laplace equation in 
spherical form, the pressure difference �L across the interface between two static 
fluids, such as water and air, is formulated as, 

 �L=  
F 
�6��

�Ë
, (5) 

where �ê is the surface tension and �4 is the curvature radius. 
For a stable filament beyond a critical aspect ratio (defined by �* / �40 ), the 

surface tension force �21 exerts a contractile stress on a fluid filament, which is 
resisted by �22 . An extensional liquid with high aspect ratio �* / �40  will lead to 
�41 <  �42 and thus �21 >  �22, causing instability and resulting in capillary break-
up and filament collapse.  

 

Figure 2.4. The diagram describes the basics that lead to capillary break-up, where �41 and �21 

are the filament radius and radial pressure, respectively; �42 and �22 are the axial radius and 

pressure, respectively; and �*   and �40  are the height and distal radius of the filament, 

respectively. 

For Newtonian extensional flows, the stress balance of the filament is 
governed by the equation, incorporating both inertia and viscous 
contributions  [10] : 

 �5

�6
�é�4�6(�P)�6 =

�¿(�ç)

�� �Ë(�ç)�.  
F 
��

�Ë(�ç)

F3�ß(

�?�6�Ë�6(�ç)

�Ë(�ç)
) (6) 

The term on the left side of represents fluid inertia, and on the right-hand side 
�(( �P) represents the tensile force in the filament column. �ê is the surface tension, 
and �ß is the viscosity of the fluid. I re-scaled the time by the Rayleigh time-scale 
�ì�Ë and non-dimensionalized the radius with the initial �40, which are: 

 �P�Û= �P/ �ì�Ë, �ì�Ë = 
§�� �Ë�,
�/

��
, �4�Û= �4/ �4�4. (7) 

Here I introduce the Ohnesorge number (Oh number), which assesses the 
effects of viscosity against inertia and surface tension, 

 �1�D= �ß/ 
¥�é�4�4�ê.  (8) 

Incorporating the Oh number, which characterizes the relative importance of 
a fluid's viscosity compared to its surface tension and inertia, Equation 6 is 
transformed into dimensionless filament radius and time as follows:  
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 (
𝑑𝑑�Ë�Û

𝑑𝑑�ç�Û
) �6 
F

�5�6�È�Û

�Ë�Û �@
𝑑𝑑�Ë�Û

𝑑𝑑�ç�Û
�A
F 

�6

�Ë�Û(2�: 
F1) = 0 (9) 

Since the rate of change in �4�Û is negative, taking the negative root only gives: 
𝑑𝑑�Ë�Û

𝑑𝑑�ç�Û
=

�?�:�È�Û

�Ë�Û �H�@1 +
�¼�Ë�Û

�È�Û�.�A
�-
�. 
F1�I, �%=

�<

�5�8�8
(2�: 
F1)   (10) 

Separation of variables yields: 

�@�P�Û=
�?�Ë�Û

�:�È�Û
�H�@1 +

�¼�Ë�Û

�È�Û�.�A
�-
�. 
F1�I

�?�5

�@�4�Û     (11) 

By observing the filament radius dynamics during the break-up process, I 
could obtain another time parameter �P�5/ �6

�Û , when the radius decays to half its initial 
radius. Integrating the above equation gives: 

�P�5/ �6
�Û = �ì

�?�Ë�Û

�:�È�Û
�H�@1 +

�¼�Ë�Û

�È�Û�.�A
�-
�. 
F1�I

�?�5

�@�4�Û�5/ �6
�5     (12) 

For water or low-viscosity fluids, the parameter X is 0.5197, as reported in 
previous studies [11] . The solution of Equation 12 is complex and can be 
approximated by the following equation  [12] : 

 �P�5/ �6
�Û =

�Ä�, �>�Ä�-�È�Û�>�Ä�. �È�Û�.

�5�>�È�Û
. (13) 

where the parameters �-�4, �-�5, and �-�6 could be estimated through the regression 

of Equation 13. Then, based on the relationship of the normalized half-time �P�5/ �6
�Û  

with the �1�D  number, the extensional viscosity of unknown liquid could be 
obtained by: 

 �ß= �1�D
¥�é�4�4�ê. (14) 

3. Numerical Simulation  

3.1 Numerical model 

To investigate transmission of the acoustic field from SAW leaking into a liquid 
droplet , I conducted a numerical simulation to characterize the resulting acoustic 
radiation force acting upon the droplet. The simulation was performed using 
COMSOL Multiphysics 6.3 software, with the elastic wave module and frequency 
domain solver.  

Leveraging the example in the COMSOL application gallery (Application ID: 
139131) [13] , a 2D model mimicking the situation of this study was used for 
simplicity, as shown in Fig. 3.1. The LiNbO3 substrate is modeled by using the 
Piezoelectricity interface to couple electrostatics and solid mechanics. A low-
reflecting boundary condition was employed to minimize wave reflections at the 
bottom, thereby simulating an open domain. In the solid domain, a linear elastic 
and isotropic model was applied; in the liquid domain, a thermo-viscous model 
was employed for the pressure acoustics. A sound soft boundary assigns a 
pressure of zero at the droplet–air boundary. SAWs are generated by applying an 
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alternating voltage (10 Vpp) to the paired IDTs. The perfect-matching layers were 
used as absorbing boundary conditions to simulate infinite domains. 

 
Figure 3.1. The 2D model used in the numerical simulation in COMSOL Multiphysics 6.3. A water 

droplet rests on the surface of the LiNbO3 substrate. Paired IDTs are set on the surface. 

The finite element mesh is generated using the default setting, allowing the 
physics interfaces to determine the meshing sequence. A Frequency Domain solver 
is employed to solve all the physical fields simultaneously. After obtaining the 
acoustic fields, including acoustic pressure �L�5  and acoustic velocity �R�5  in the 
droplet, the acoustic radiation pressure �2�º  acting on the droplet surface is 
calculated as follows: 

�2�º =
�5

�8
�â�4�L�5

�6 
F
�5

�8
�é�4�R�5

�6                            (15) 

where �â�4 is the liquid  compressibility, �é�4 is the density. In the above equation, 
the first term is the acoustic potential energy density and the second term is the 
kinetic energy density.  

3.2 SAWs simulation results 

First, I simulated and compared the propagation of SAWs in the absence and 
presence of a water droplet. As shown in Fig. 3.2a, the paired IDTs could induce 
strong SAWs in the center. In contrast, when a droplet rests on the surface, the 
SAWs' intensity decreases, indicating energy leaking into the droplet (Fig. 3.2b). 
This study also numerically simulated the impact of three common air 
temperatures (10°C, 20°C, and 30°C) on the SAWs. The results, presented in Fig. 
3.2(b-d), show that the acoustic attenuation decreases slightly as the temperature 
increases. This phenomenon occurs because, within this temperature range, the 
changes in the density and sound speed of water are minimal. Consequently, the 
acoustic impedance remains relatively constant, accounting for the observed trend. 
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Figure 3.2. The SAWs simulated without (a) and with (b-d) a droplet at the temperatures of 10 
oC, 20 oC and 30 oC. The frequency is 20 MHz.  

3.3 The acoustic radiation pressure profile along the surface  

Next, the acoustic field inside the droplet generated by the leakage of SAWs was 
compared for three frequencies: 10, 20, and 30 MHz. The radius of the water 
droplet is 1.0 mm. As shown in Fig. 3.3, regardless of the frequency, the SAWs 
generated by the paired IDTs propagate symmetrically into the droplet from both 
sides and converge at its apex, forming a region of high acoustic pressure. 

When the SAW frequency is 10 MHz, the wavelength in water after leaking is 
approximately 150 µm, as shown in Fig. 3.3a. There are about five to six 
wavelengths in the water droplet. As the frequency increases to 20 MHz or 30 MHz, 
an apparent Rayleigh angle of the leaking SAWs can be observed inside the droplet, 
as indicated by the acoustic pressure maps. 
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Figure 3.3. The acoustic pressure maps of SAWs leaking into the water droplet (a) and the 

acoustic radiation pressures along the droplet surface (b). Three frequencies are considered, and 

the radius R0 is 1.0 mm. 

As shown in Fig. 3.3b, the black arrows, normal to the surface, represent the 
direction of the acoustic radiation pressure, while their length represents the 
magnitude of the force. As the frequency increases, the acoustic radiation pressure 
becomes increasingly concentrated at the droplet's apex. At frequency of 10 MHz, 
the acoustic radiation pressure at the apex is smaller than 200 Pa. At frequencies 
of 20 MHz and 30 MHz, the acoustic radiation pressure reached over 600 Pa and 
400 Pa, respectively. For a droplet with a radius of 1.0 mm, the surface tension is 
calculated to be 145 Pa. Therefore, to form a droplet jet upward, the frequency of 
the SAWs should be set above 20 MHz. 
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3.4 The effect of droplet size on the acoustic radiation pressure 

 
Figure 3.4. The acoustic radiation pressures along the surface of droplets with different radii : 

0.75 mm, 1.0 mm, 1.25 mm, and 1.5 mm. The SAW frequency is 20 MHz. 

The droplet's volume significantly influences the internal acoustic field 
distribution and the resulting acoustic radiation force following the leakage of the 
SAWs. As shown in Fig. 3.4, the simulation results indicate that for a droplet with 
a radius of 0.75 mm, a relatively sharp peak in acoustic radiation pressure can be 
formed at the droplet apex. However, when the droplet radius increases beyond 
1.0 mm, the magnitude of the acoustic radiation pressure at the apex decreases by 
50%. Although smaller droplet volumes facilitate jetting generation, droplets with 
a radius above 1.0 mm are more feasible based on practical operational 
considerations.  

4. Experimental Method s 

4.1 SAW device design and fabrication 

In this study, SAWs were generated by a pair of focused interdigital transducers 
(IDTs) fabricated on a 0.5-mm-thick 128° y-x lithium niobate (LN) piezoelectric 
crystal, as described by previous studies  [5,14]. Unlike straight IDTs, paired IDTs 
with circular arcs can concentrate acoustic energy at a specific point or within a 
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confined area. In our experiment, the SAW devices were designed with 25-pair or 
30-pair aluminum IDT fingers of 100 nm thickness (Fig. 4.1). Two arcs were used: 
a 30° arc and a 90° arc. Three operating frequencies �B�æ�Ô�ê were investigated: 10 
MHz, 20 MHz, and 30 MHz. The SAW frequency �B�æ�Ô�ê  and the velocity in the 
substrate (3980 m/s) can decide the width and spacing between the IDT fingers, 
which are one fourth of the SAW wavelength �ã as shown in Table 1. 

Table 1 Designing parameters of IDT fingers 

�B�æ�Ô�ê �ã IDT width Spacing Pairs 
10 MHz �u�{�z���Jm �s�r�r���Jm �s�r�r���Jm 25 

20 MHz �s�{�{���Jm �w�r���Jm �w�r���Jm 30 

30 MHz �s�u�t�ä�x�y�Jm �u�w���Jm �u�w���Jm 30 

 

 
Figure 4.1. Different IDT designs with 35° arc and 90° arc at three frequencies (10 MHz: No. 10-

1 and 10-2, 20 MHz: No. 20-1 and 20-2, and 30 MHz: No. 30-1 and 30-2). 

Due to a lack of fabrication equipment, the SAW devices were fabricated by 
Dingxu Microcontrol Technology Corporation (Suzhou, China). After connecting 
the IDT electrodes to the self-made PCB circuit using conductive silver adhesive, 
the photographs of the SAW devices are shown in Fig. 4.2. The operating 
frequencies of the six SAW devices were determined using a network analyzer 
(Table 2). 
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Figure 4.2. Photographs of the structure of the SAW devices for droplet driving. The upper row 

from left to right: No. 10-1, 20-1, and 30-1; The lower row from left to right: No. 10-2, 20-2, and 

30-2. 

Table 2. Operating frequencies of the six SAW devices 

10-1 10-2 20-1 20-2 30-1 30-2 
10.15 MHz 10.15 MHz 18.41 MHz 18.41 MHz 29.31 MHz 28.95 MHz 

4.2 Experimental setup 

The experimental setup is shown in Fig. 4.3. The driven signal was generated by a 
signal generator (AFG3102, Tektronix Inc., U.S.A.) and amplified by a 55-dB power 
amplifier (A150, ENI, U.S.A.). To visualize the liquid filament induced by SAW, a 
high-speed camera (Revealer S1315M, Agile Device Co., Ltd., China) equipped with 
80W LED illumination and zoom lens (FF 100 mm, F2.8, CA-Dreamer Macro 2, 
Anhui Changgeng Optics Technology Co., Ltd, China) was used. The breakup 
process was observed and recorded at 20,000 frames per second. The resolution 
of the images captured was 768 pixels × 664 pixels. Once the liquid bridge formed, 
it thinned under the effect of surface tension, and the subsequent temporal 
evolution of the filament radius was analyzed. 
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Figure 4.3. The experimental setup. (a) The driven signal was generated by a signal generator 

and amplified by a power amplifier. (b) The liquid bridge break-up process was recorded by a 

high-speed camera with a zoomed lens under LED illumination. (c). An enlarged view of a 2-µL 

droplet resting at the center of the paired IDT fingers. Scale bar: 4 mm. (d). An illustration of 

driven sinusoidal waves. “Burst” run mode was set, and the repetition duration was 2 s. 

Milli second-scale cycles and micro-voltage peak-to-peak amplitudes (Vpp) of the driven 

sinusoidal signals were used to study the effects on liquid behaviors. 

The water droplet with a volume of 3-4 µL was manually placed at the center of 
the SAW device using a micropipette (Dragonlab, 0.1-10 µL, China) as shown in Fig. 
4.3c. Under the experimental setup of this study, the diameter of a 2.0-3.5 µL water 
droplet ranges from 1.8 to 2.5 mm. Then, an opposing glass slide was placed on top 
of the device, with a 3 mm space between them, yielding a high aspect ratio of the 
liquid bridge larger than 1.20. To decrease the damage probability of the SAW 
device, a pulsed wave was used instead of a continuous wave. “Burst” run mode 
was set, and the repetition  duration was 2 s (Fig. 4.3d). Milli second-scale cycles 
and micro-voltage peak-to-peak amplitudes (Vpp) of the driven sinusoidal signal 
were used to study the effects on liquid behaviors. 

4.3 Hydrophobic coating of the SAW device 

The LN substrate is hydrophilic, causing liquid droplets to spread and resulting in 
a low contact angle. Therefore, a hydrophobic layer is needed to cover the device’s 
focal point, allowing the droplet to rest with  a sufficient contact angle. In this study, 
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the center of the paired IDT fingers was coated with a thin layer of Teflon material 
(0.3 µL) by spinning at 1500 rpm and then drying at 65 °C overnight. Figure 4.4a 
shows the differences in the contact angles of water droplets resting on a glass 
without and with a hydrophobic coating. The contact angles of the five droplets in 
Fig. 4.4b were measured to be 103.1° ± 2.3°, which were significantly larger than 
the Rayleigh angle �à�Ë (23°) and met the requirement of this study.  

 

Figure 4.4. The resting water droplets on a glass after being hydrophobically coated with Teflon. 

(a) Top view of the droplets without (left, white arrow) and with (right, yellow arrow) 

hydrophobic coating layer. (b) Side view of a 3.0-µL droplet resting on top of the hydrophobic 

coating layer with a diameter of 2.04 mm. Scale bar: 1 mm. 

4.4 The measurement method of filament radius 

In this study, a single filament break-up event was captured by a high-speed 
camera at 20,000 frames per second (fps), providing a high temporal resolution of 
0.05 ms per frame. Images were first converted to binary, black and white, and 
then the number of pixels corresponding to the narrowest region of the filament 
was measured using a custom MATLAB program (see Appendix). The filament 
diameter was subsequently calculated by applying the pixel-to-length ratio (6.538 
µm per pixel) derived from the calibration scale. 

4.5 Regression method of the parameters 

Following Equation 10, once the dimensionless half-time and the Ohnesorge 
number are obtained experimentally, the denominator is multiplied by the left-
hand side of the equation. A quadratic polynomial is then fitted to the resulting 
data to yield estimates for the three unknown parameters using the software 
Graphpad Prism 9.0.  20
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5. Experimental Results 

5.1 Jetting performance of SAW devices at three frequencies 

Pulsed sinusoidal waves with a 2-ms length were amplified by the power 
amplifier to drive the SAW device for generating SAWs. The six SAWs of different 
frequencies induced different  behaviors of the droplets, as shown in Figure 5.1. 
With the same pulse length (2 ms) and amplitude (165 mVpp), the two 10-MHz 
SAW devices failed to induce noticeable droplet vibration, whereas the two 30-
MHz devices resulted in only a slightly upward movement of the water droplet. In 
contrast, the droplet elongated by more than 4 mm after being stimulated by the 
No. 20-1 device. More strikingly, No. 20-2 generated the most intense jetting 
phenomenon, characterized by a rapidly rising liquid jet that culminated in the 
ejection of multiple secondary droplets. 

Considering that adequate elongation of the water droplet, driven by the SAW 
device 20-1, is sufficient for this study, I proceeded with this device operating at 
18.41 MHz for subsequent experiments. 
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Figure 5.1. Montages of behaviors of water droplets subjected to a 2.0-ms SAW burst at the same 

amplitude (165 mVpp) but with different frequencies. (a) 10.15 MHz; (b) 18.41 MHz; (c) 29.31 

and 28.95 MHz. 

5.2 The effects of driven signal amplitudes on liquid jetting behaviors 

To determine the optimal signal voltage for exciting the water droplet, I adjusted 
the peak-to-peak amplitude of the sinusoidal wave and observed the 
corresponding behavior of the droplet (Fig. 5.2). When a peak-to-peak voltage of 
100 mV was applied, the droplet formed a small mound-like shape with a height 
of 1.5 mm by the end of the 2-ms burst. It then receded under the influence of 
gravity. At 125 mV, a similar mound formation was observed, though with a greater 
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height of 2.0 mm. Although the height was greater, an aspect ratio of 1.1 (for a 1.8 
mm diameter droplet) was still insufficient to achieve the conditions necessary for 
liquid bridge formation. Therefore, I increased the voltage to 165 mV. As a result, 
with the 2-ms excitation, a sharp spike rapidly emerged at the top of the water 
droplet. After the burst ceased, the droplet continued to extend upward, exceeding 
3 mm in height. Driven by inertia, the tip eventually pinched off, ejecting a small 
droplet .  
 This study involved mounting an opposing glass plate above the SAW device 
with a 3 mm spacing distance. This configuration required the droplet to achieve 
an aspect ratio of at least 1.67. Based on the above observations, a peak-to-peak 
voltage of 165 mV was found to be suitable, as it provided sufficient elongation to 
meet the requirement for stable liquid bridge formation. After the power 
amplification, the electrical power applied to the No. 20-1 SAW device was 7 W, as 
displayed on the power amplifier's screen.  
 

 

Figure 5.2. Montages of behaviors of water droplets subjected to a 2.0-ms SAW burst (18.41 MHz) 

at three different amplitudes: 100, 125, and 165 mVpp. 
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5.3 The effect of the hydrophobic property of the opposing surface 

During the initial experiments, I used standard glass slides with hydrophilic 
surfaces. It was observed that when a water droplet was actuated by SAW 
excitation and came into contact with the opposing glass plate above, the droplet 
was entirely adsorbed onto the upper surface due to its hydrophilic nature, as 
shown in the montage in Fig. 5.3. As a result, a stable liquid filament could not be 
formed as desired. Therefore, the hydrophobic property of the opposing surface is 
critical to form a steady liquid bridge between the two surfaces. Initially, an 
attempt was made to coat the glass plate with Teflon material; however, the liquid 
filament would contract entirely and retract back into the parent drop by the 
surface tension force. This issue was ultimately resolved by applying a dust-free 
adhesive tape, which provided a suitable surface for stable bridge formation. 
 

 
Figure 5.3. A montage of the behavior of a water droplet subjected to a 2.0-ms SAW burst when 

using a standard glass slide without hydrophobic coating. After the cessation of the SAW burst, a 

liquid bridge formed. However, the droplet was entirely adsorbed onto the upper surface due to 

its hydrophilic nature. 

5.4 The effects of pulse length on liquid filament behaviors 

In addition to the excitation voltage, the pulse length of the excitation sine wave is 
also a critical factor influencing the energy of the SAWs. A longer pulse length 
results in greater energy delivery. Therefore, to identify the optimal pulse length, 
a parametric study was conducted using three distinct pulse lengths: 1.5 ms, 2.0 
ms, and 5.0 ms.  

As shown in Fig. 5.4, at a 1.5-ms pulse length of the sinusoidal waves, a stub-
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like deformation was created. In contrast, a 2.0-ms pulse length induced a 
significantly high peak of the droplet, resulting in the subsequent formation of a 
liquid bridge and filament. When excited with a pulse length of 5 ms, the water 
droplet rapidly elongated upward and made contact with the glass plate within 2 
ms. However, since the pulse had not yet terminated, the droplet continued to be 
actuated upward by the acoustic radiation force. This resulted in most of the liquid 
being adsorbed onto the upper surface, leading to an uneven distribution. 

Therefore, a pulse length of 2 ms was selected for subsequent experiments. 
This duration is sufficient to ensure the reliable formation of a stable liquid bridge, 
while also minimizing energy dissipation and potential damage to the SAW device, 
as well as extending the service life of the hydrophobic coating. 

 

Figure 5.4. Montages of behaviors of water droplets subjected to 1.5-ms, 2.0-ms, and 5.0-ms SAW 

bursts. A stub-like deformation was created at a 1.5-ms pulse length. A liquid bridge and filament 

could be successfully generated by a 2.0-ms pulse length. An uneven distribution was induced by 

a 5.0-ms pulse length. 

Based on these experimental observations of droplet behaviors, this study 
adopted the following parameters for generating SAWs in subsequent experiments: 
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a frequency of 18.41 MHz, a pulse length of 2 ms, a pulse interval of 2 s, and a peak-
to-peak voltage of 165 mV.  

5.5 The break-up dynamics of liquid bridges driven by SAWs 

Next, I conducted a series of experiments on the actuation of liquids with different 
viscosities using SAWs. The liquid samples included water, as well as glycerol-
water mixtures at volume ratios of 2%, 10%, 16%, 18%, 20%, and 40%. Each 
liquid was tested in three replicates. The volume of the liquid droplet was 2.0 µL. 
For brevity's  sake, the behavior of a single sample for each fluid  type is presented 
in the following section. 

1) Water 

 

Figure 5.5. A montage of the behavior of a 2.0-µL water droplet subjected to a 2.0-ms SAW burst. 

After the cessation of the SAW burst and the formation of a liquid bridge, the surface tension force 

contracted the filament, driving uniaxial extensional flow until the filament broke apart. It took 

1.2 ms for the liquid filament to break up from an initial diameter of 430 µm. 

As shown in the upper panel of Fig. 5.5, the water droplet was elongated until it 
reached the covering glass plate. Subsequently, a liquid bridge formed at the time 
point of 7.5 ms. Then, the liquid bridge contracted to create a filament because of 
the surface tension effect. It took 1.2 ms for the liquid filament to break up from an 
initial diameter of 430 µm. The displacement and velocity of the droplet vertex 
were measured by tracing its position, as shown in Fig. 5.6. For this sample, during 
SAW excitation, the droplet continued to move upward. At ~3 ms, the vertex 
reached the opposing glass plate. The average velocity during the pulse length was 
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0.3596 ± 0.2025 m/s. 

 

Figure 5.6. The displacement and velocity of the water droplet vertex. 

2) 2% Glycerol-water solution  

 

Figure 5.7. A montage of the behavior of a 2.0-µL glycerol/water (2%) droplet subjected to a 2.0-

ms SAW burst. It took 1.25 ms for the liquid filament to break up from an initial diameter of 430 

µm. 

The dynamics of the 2% glycerol-water mixture were similar to those of pure 
water; as seen in Fig. 5.7, the difference is barely noticeable to the naked eye. 
However, quantitative analysis revealed that the filament breakup time for this 
mixture droplet was 1.25 ms, with a diameter of 430 µm. Similar to the above 
water droplet, this 2% glycerol-water droplet continued to move upward within 
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2-ms SAW excitation. At ~3 ms, the vertex reached the opposing glass plate (Fig. 
5.8). The average velocity during the pulse length was 0.3694 ± 0.2006 m/s. 

 

Figure 5.8. The displacement and velocity of the glycerol-water (2%) droplet vertex. 

3) 10% Glycerol-water solution 

When the glycerol volume fraction reached 10%, the filament breakup time of the 
liquid bridge driven by SAW was measured to be 1.55 ms from the diameter being 
430 µm (Fig. 5.9), which is significantly longer than that of the previous two 
samples.  

 
Figure 5.9. A montage of the behavior of a 2.0-µL glycerol/water (10%) droplet subjected to a 

2.0-ms SAW burst. It took 1.55 ms for the liquid filament to break up from an initial diameter of 

430 µm. 
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Similar to the above droplets, this 10% glycerol-water droplet continued to move 
upward after 2-ms SAW excitation. At ~2.5 ms, the vertex reached the opposing 
glass plate (Fig. 5.10). The average velocity during the pulse length was 0.3890 ± 
0.1907 m/s. 

 
Figure 5.10. The displacement and velocity of the glycerol-water (10%) droplet vertex. 

4) 16% Glycerol-water solution 

 
Figure 5.11. A montage of the behavior of a 2.0-µL glycerol/water (16%) droplet subjected to a 

2.0-ms SAW burst. It took 1.6 ms for the liquid filament to break up from an initial diameter of 

430 µm. 

The glycerol concentration was further increased to 16%. At this concentration, 
the filament breakup time of the liquid bridge increased to 1.6 ms from the 
diameter being 430 µm (Fig. 5.11). In contrast to the aforementioned droplet 
behavior, the 16% aqueous glycerol droplet moved upward at an increased speed 
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and made contact with the upper glass plate approximately 2 ms after motion 
initiation  (Fig. 5.12). The average velocity during the pulse length was 0.6263 ± 
0.2934 m/s. 

 

Figure 5.12. The displacement and velocity of the glycerol-water (16%) droplet vertex. 

5) 18% Glycerol-water solution 

 
Figure 5.13. A montage of the behavior of a 2.0-µL glycerol/water (18%) droplet subjected to a 

2.0-ms SAW burst. It took 1.65 ms for the liquid filament to break up from an initial diameter of 

430 µm. 

Next, the glycerol concentration was subsequently increased from 16% to 18%. At 
this concentration, the filament was observed to undergo breakup over a period of 
1.65 ms, starting from a diameter of 430 �Jm until its final rupture  (Fig. 5.13). 
Similar to the behavior of the 16% aqueous glycerol droplet, the 18% aqueous 
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glycerol solution droplet contacted the upper glass plate in approximately 1.8 ms 
(Fig. 5.14). The average velocity during the pulse length was 0.7749 ± 0.4411 m/s. 

 

Figure 5.14. The displacement and velocity of the glycerol-water (18%) droplet vertex. 

6) 20% Glycerol-water solution 

 
Figure 5.15 A montage of the behavior of a 2.0-µL glycerol/water (20%) droplet subjected to a 

2.0-ms SAW burst. It took 1.85 ms for the liquid filament to break up from an initial diameter of 

430 µm. 

When the glycerol concentration was increased to 20% and 40%, the breakup 
times of the liquid filament increased significantly. From an initial diameter of 430 
�Jm until rupture, the process took 1.85 ms and 2.25 ms, respectively (Fig. 5.15 and 
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5.17). Similar to the behavior of the 18% aqueous glycerol droplet, the 20% and 
40% aqueous glycerol solution droplets also contacted the upper glass plate in 
approximately 1.8 ms (Fig. 5.16 and 5.18). The average velocities during the pulse 
length were 0.6090 ± 0.3008 m/s and 0.7047 ± 0.4629 m/s, respectively. 

 

Figure 5.16. The displacement and velocity of the glycerol-water (20%) droplet vertex. 

7) 40% Glycerol-water solution 

 

Figure 5.17. A montage of the behavior of a 2.0-µL glycerol/water (40%) droplet subjected to a 

2.0-ms SAW burst. It took 2.25 ms for the liquid filament to break up from an initial diameter of 

430 µm. 20
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Figure 5.18. The displacement and velocity of the glycerol-water (40%) droplet vertex. 

5.6 The curve of filament diameter versus time before breakup 

Next, the dynamics of filament break-up were analyzed. From the images captured 
by the high-speed camera, a moment when the liquid bridge neck was still 
relatively thick was selected. The diameters at all subsequent time points were 
measured, resulting in the data presented in Fig. 5.19. 

 
Figure 5.19. The variation curves of filament diameter over time. 

Starting from a filament diameter of 120–150 pixels, the measured diameter 
exhibited an oscillatory decline over approximately 100–300 frames. This 
oscillation is attributed to the inertial effects resulting from the droplet motion 
actuated by the surface acoustic wave. Beyond a diameter of 60 pixels (430 µm), 
all the droplets no longer displayed oscillatory behaviors and instead 
demonstrated a stable thinning process. Therefore, this specific moment was 
selected as the starting point for the subsequent analysis of the breakup process. 
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The data from three repeated trials for each liquid were averaged to obtain the 
curve of filament diameter versus time prior to breakup, as shown in Fig. 5.20. As 
can be seen from this figure, the curve for the 2% glycerol-water mixture is clearly 
distinguishable from that of pure water. As the glycerol concentration increases 
further, the temporal curves of the samples become increasingly distinguishable. 
This provides an essential foundation for subsequent viscosity extraction. 

 
Figure 5.20. The curve of filament diameter versus time prior to breakup. The data from three 

repeated trials for each liquid were averaged. 

5.7 The relationship of normalized half-time with the Oh number 

According to the curve data in Fig. 5.20, the time point at which the filament 
diameter decreased to half of its initial diameter is defined as �P�5/ �6 . Then, a 
dimensionless half-time variable �P�5/ �6

�Û   was normalized by the Rayleigh time �ì�Ë . 
Table 3 summarizes the physical parameters of the seven liquid samples for 
subsequent analysis. Among these, the surface tension coefficient, density, and 
viscosity were obtained from the literature , respectively  [15,16].  

Table 3 Physical properties of the fluids used in this study 

Fluid 
(volume 
fraction)  

�ê 
 (�0/ �I ) 

Density 
(kg/m 3) 

Viscosity 
(Pa�xs) 

�ì�Ë (s) �P�5/ �6
�Û  �4�4 

(mm) 
Oh 

number 

Water 

(100%)  

0.07275 1000 0.001 0.003362 0.275107 0.9369 0.0038303 

Glycerol 

(2%) 

0.07281 1002.6 0.00095 0.003365 0.278578 0.9369 0.003623 

Glycerol 

(10%) 

0.07313 1025.9 0.001219 0.003397 0.361377 0.937 0.004597 

Glycerol 

(16%) 

0.07348 1043.4 0.001496 0.003356 0.347319 0.962 0.005507 20
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