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Liquid Droplet Trajectories: Harnessing Sound to Measureb
the Unseen \

Zixuan Li

ShenzhenMiddle Schoo| ShenzhenGuangdong Province, P. Rhlv \Q
Abstract
sngl/for

OSIS and

Dry eye disease is a common chronic condition affecting t
which tear viscosity measurement plays a vital rolq i

management. However, the characteristically low viscos;j Iume

of tear fluid (typically only 4-5 pL) present conside RS TS accurate

viscosity assessment, which existing techniques a@ dgesdadequately
In this study, a novel methodwvas proposed agd d $Or measuring

the viscosity, this unseen property,of low-vis fluids by Marnessing sound
waves to control liquid droplet trajectories. d int Igpl transducers were
oustic s (SAWSs), which induce

designed and fabricated to generate syrf
an upward elongation of a sessile dr %}

sitjppRed at the focal point. Through
systematic experimental observati oplet ‘ﬂcsoptlmal parameters for
effective SAW generation were id@d afr cy of 18.41 MHz, a pulse length
of 2 ms,a pulse interval of 2 s, pealo- voltage of 165 mV. Under these
conditions, jetting droplet ve, ran from 0.35 m/s to 0.77 m/s, enabling
the droplet to reach a glas pg%) 3 mm above and form a stable liquid

bridge \
A series of fluidsWgs testegf including water and glycerolwater solutions at
volume concentrat s ranging Wm 2% to 40%. Following bridge formation, the

filament neck E%! undesthe influence of surface tension until eventual

o

breakup. Thig t ent proRgss was capturedsing a high-speedcamera at 20000
fps, aIIowmg&emse urement of the filament diameter. The haiine for the
filament to reduce s initial diameter was observed to range between 1.20
& hnesorge nural) which quantifies the relative effects of
ViSCOSIty®R \ surface tension, was determined to lie within the range of
00 6 o 0 A correlation was subsequently established between the
hsioy s alft|me (normalized by the Rayleigh tim@ and the Ohnesorge
mber
lly, "the technique was applied to characterize-uL polyvinyl alcohol-
(L artificial tear samples. The measured viscosities average63.+ 0.88mPa-s,
Q onstrating the potential of this approach for practical applicationn the future.

‘.V Keywords: viscosity measurement, surface acoustic waves, surface tension effect,
liquid bridge, filament breakup
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Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

1. Introduction b

Dry eye disease (DED) is a common chronic ocular surface disease, affectin
estimated 550% of the global population[1]. DED patients suffer fromocul
discomfort and visual disturbance which severelyimpacts their quality of de
life. However, many people with DED remain unevaluated, undiag

untreated. DED is characterized by alterations in tear film compo%#ana\Q
instability, resulting in abnormal tear viscosity. Measuring tear vis ty Plays

crucial role in diagnosing and treating DED?2], as alterations in te he Iog&‘
can indicate disease severity, differentiate subtypes, and QN '
therapies, such as selecting higtviscosity artificial tears for

relief and ocular surface protection. ldwever, current
diagnosing DED, including slHamp examinations, staini

time assessments, are limited by poor precisigff, ck ,
repeatability issues, invasiveness, and susceptib 0 egfN@npnental factors,
which often confound accurate diagnosis and aI patien

The low viscosity and ultra-small sample es (o just-5 L) of tears
pose significant challenges in measurin Visco aditional capillary
viscometers and rotational viscomete hJUire samp®™volumes far exceeding

Nions ecently developedilament

those typically available from tear
extensiontechnique employs two |caI es to extend a fluid sample
into a filament. During this proce e fil radius decay® form a liquid

bridge, which breaks up in aﬁtlme&] a own in Fig. 1.1By observing the
breakup dynamics, thesam xtensidga wscosﬂy could be extracted from the

stress balance expressidi mechanlcabperatlon of these devices can
induce vibrations thgt ghout the filament,making repeatable
readings |mpract|cal ow-v C |ty fluids. These limitations, includinghigh

sample volume

ivenags, d poor precision for biofluidshinder tear
e@nosﬂcs.

t= U'Ztevent t= 0'4tevent t= O'Stevent t= O'Btevent

In the filament extension technique, forming a stable fluid filament is critical
for ensuring repeatability and accuracyof the measurements Surface acoustic

| Page 1 Zixuan Li, Shenzhen Middle School



| Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

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 diminishesexponentially with depth into \
the substrate It has been reported that the energy of SAWs confined to a dep%

of three to four wavelengths into the substrateand can be concentrated to

using focusing transduces. Studies have shown tha0-MHz focused SA

generatean extraordinary fluid jetting phenomenon(Fig. 1.2)[6]. Smce?@m Q
of energy from SAWs can drive significant jetting, the formation of a stable¥fila \
can be expected when two end plates hold the liquid or droplet formhn&
basic assumption of the present study.

\&eq‘lency of 20 MHZThe

In this study, | proposeusing andu ment formation, which can be
used to analyze the rheologicg pro erties wviscosity fluids in ultra-small
2sessilEdroplet is placed above the surface af
piezoelectric substrate and e cent f the paired interdigital transducers
(IDT), which generate AWNQe droplet is elongated upwarddriven by
the leaky SAWs. A s platgfis, placed tme opposing side. Once the droplet
reaches the oppost g ass p and forms a liquid bridgthe surface tension
force contracts @ ding to uniaxiaéxtensional flow until it breaks up.

The viscos |t 0 uid de mines its resistance tow, which directly influences
how long id fllar%an maintain its structure before breaking uplherefore,
eakup are directly related to the fluid viscosity, which

the dynamics offil t
can &abe c a from the relationship between the filament diameter
variatjornand j

hIS stu ained the following parts: 1) numerical simulation; 2) design
@ n Of SAW devices;)3a parametric optimization of the excitation to

m desir§@ liquid bridges; 4) an investigation into the relationship between the

% fllam diameter variation and the viscous coefficient; and bmeasurement of the

(L wssélty of artificial tearswith micro -liter volumes.
‘.\/Q N}

| Page 2 Zixuan Li, Shenzhen Middle School
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Opposing glass plate b

Opposing glass plate

Piezoelectric substrate (LiNbO,) |l Piezoelectric (LiNbO;) | Pi ic substrate (LiINbO;)

Figure 1.3. Theillustration of the study design. (apurfadgacodsti s), generated by
a pair of focused interdigital transducers (IDTs), le "\sessil droplet(b) The droplet is
jetting and elongatedupward, driven by the leaky A glas, tp is placethempposing
side. (c) Once the droplet reaches the oppogi plate a ms a liquid hitiegeurface
tension force contracts the filament, leadin niaxi sional flow untilit breaks up The
dynamics ofilament breakup are directl to the scosity, which can thus be derived
from the relationship between the filar@amete ion ariine.

2. Theory \Q <

*
2.1 Principles c@ AdNstivaves (SAWSs)
Unlike vibrations that tr hr@ the inside of a solid materialSAWs only move
pi

It
along the surfaceqCidne.1). | example is the ripples that spread out when

something hjt ke olling waves moving across the earth’s surface
during an% akepThe Bsual surface wave is called a Rayleigh wav@he

amplitude of these s)xhibits exponential attenuation with increasing depth,
resulg g in’the contin nt of the majority of the acoustic energy within a shallow

surfaceNgyer. Q
4

% * o w Tensile Tensile
.

X Compressive
y —t—s — .
A » = »
\" | 1 il I - .‘\‘ e 10 T T b o V‘\
£ A & +
4 - . +
I
l “~

Figure 2.1 The schematicof Rayleigh waveshowsthe combination oftensileand compressive
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Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

waveslt should be noted that the waves ameonfined mainlyto the surfaceSource]7]

As shown in Fig2.2, a sessile dropleis resting on a substrate in the path of b
SAWs. Diffraction occurs as SAW radiation encounters the edge of the droplet
to the differencebetweenthe speed of sound of the substrate?,. ¢ and that of
fluid 73y egkhis causes a beam of acoustic energy to enter the droplet a@

defined by the ratio of the two sound speeds called the Rayleigh angla‘i;?~

d= = NO B! ;@Q
}gh

This phenomenon is known as leaky SAWVith the speed of sb@lhe
ar;@
angle a: N23°.Thus, the contact angle of the droplet must r eriha to

gle

device substrate being 3980 m/s and 1495 m/s for water, the
allow SAWsto leakinto the droplet. .

Figure2.2 The schematic dBA Qg intoa@ile droplet via thea: due to the difference

betweenthe speed of sou 3 ub’%and that of the fluid. The amplitude of the SAWs
along the substrate surf tes gxponeMially as wave energy is transferred to the droplet.
2.2Rheology & visc ust

All liquids ¢ @'mole eS. As these molecules move past each other during
flow, inter&iction elops, resulting in fluid resistance to flow, which is
measured asvisco iFtechnically defined as the ratio of stress and imposed
straipQlate.eIn mn fluids this ratio remains constani however, in non
Newton™n flyj ’maries across differenttrain rates.
ere ar® tjvg basic types of flow, shear flow and extensional flow. In shear

Yui mpadnents shear past one anotheffFig. 2.3a), while in extensional flow,
retched or elongated, causing its crossectional area to changé€Fig.
2.3b illtstrated in Fig.2.3a, a shear force F acts on the fluidjielding a shear
str (1), which is defined as the forceK) over a unit area Q). Therefore, the

el layer will move at a velocity Q while the bottom layer remains stationary

ing a shear strain UFor a fluid, the constituent components can move relative
to one another, generating a velocity gradient termed thshear rate or strain rate
L6
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A X @

o (2 E
In Newton'’s law of viscosity, there is: \
i= R(B ( (b,
where the proportional term 3 is the shearviscosity. s

Figure 2.3 lllustration of shear flowand extensional fI@

Figure 2.3b shows the uniaxial ex%gl flow. &tretching of a finite
n

volume in the zaxis (red arrows) to gatgekformis a uniaxial extensional
flow. It can be seen thatthrough ervatl volumethe dimensions in
the xy-plane must contract {(ndeefled by t en arrows). In the case of
ionshi

Newtonian fluid, there is a relti ip of 5|onal viscosity [38with shear
viscosity 3 g)
3

(4)

2.3The basms\%% t&smn flow techniques to measure fluid
viscosité
The extensidaN\#OwW

fluid sample 1M a fil

to forga a liquid b
ext al flo

chnues employ two mechanical enplates to extend a

allowing for the observation ofits behavior as it thins

e ,And potentially breaks. There are mainly two types of

Iques to measure fluid viscositythe filament stretching

extegsional er (FISER) and the capillary breakup extensional rheometer
BER) [S,g]%(the FiISERmethod, an exponential velocity is imposedon the
er pTa?:sreate a uniaxial extensional flow with constant strain rate, in which

transjent eyensional viscosity is calculated fronthe stress balance relationship of

(L: D the t S|Ie force exerted by the fluid column on the bottom stationary end plate

e filament radius at the axial midpoint of the filamentinthe CaBER method,
Qate of the endplates opening is not controlled Instead,the end-plates are
idly moved apart to a fixed distance While FISER is recommended for
characterizing viscous polymer solutions, CaBER is more suitable folower
viscosity solutions.

| Page 5 Zixuan Li, Shenzhen Middle School



| Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

Figure 2.4 illustrates the basics of capillary breakup. First, | would like to
introduce the concept of surface tensionlin the Younglaplace equation in
spherical form, the pressure difference L across the interfacebetweentwo static \

fluids, such as water and air, is formulated as, (b
L= F2, @
E
where é is the surface tension and 4 is the curvature radius. Q
For a stable filament beyond a critical aspect ratigdefined by */ 48), th \
surface tension force 21 exerts a contractile stress on a fluid fila , which

resisted by 22. An extensional liquid with high aspect ratio */ @vm m

4 < & andthus 21 > 22, causing instability and resultin@aplllar

up andfilament collapse. R ,/b
o \'e

Figure 2.4 The diagramdescribeghe b at lea pillary breaup, where 41 and 21
are the filament radius and radie%fsure, respe ¥i?2 and 22 are the axial radius and

pressure, respectively; and* a are t@eight and distal radius of the filament,
respectively. .

For Newtonian Xnal fI())v%the stress balanceof the filament is
governed by the uati incorporating both inertia and viscous

contributions [10]0
5 ~ g _ ? 669
Loy e@— &5 Fag F3RED (6)

The term oW the @e ofepresents fluid inertia, andon the right-hand side
(P pre§ents the tgngile force in the filament column € is the surface tension,
and&the vi of the fluid.l re-scaled the time by the Rayleigh timecale
g agd nonc% Onalized the radius with the initial 40, which are:

P= Pig ie= 8=, 40= 44, (7)

D
L 4
% Itge | \ntroduce the Ohnesorge number(Oh number), which assesses the

of viscosity against inertia and surface tensign

Q(l/ @ 1D= 3 ¥é4,e 8)
‘.V Incorporating the Oh number which characterizesthe relative importance of

a fluid's viscosity compared to its surface tension and inertiaEquation 6 is
transformed into dimensionless filament radius and time as follows:

| Page 6 Zixuan Li, Shenzhen Middle School



| Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

(= J FSE“@—AF—(z F1) =0 (9)

Snce therate of change in 49is negative, taking the negative root onlygives: \b
xEV_ 2:E0 -
xgu~  gU

Separation of variables yields

’ 0= [
@F= Lo+ ZAFLI @ Q 1)\Q

By observing the filament radius dynamics during the bre ocess
could obtain another time parameter Fé,’ & When the radius deca éto alf its ryvl

gD ~ < (5.
H®+ EA F11, % EQZ. F1) (1

radius. Integrating the above equation gives:

567280

Ble= 1y —g @+ —A Fll (12)
For water or low-viscosity fluids, the paramet reported in
previous studies[11]. The solution of Equation e and can be

approximated by the following equation [12]:

A >A EU>
Fua— —@— (13)

where the parameters -4 -5 and -4C stimat ough the regression
of Equation 13. Then,based on the r atr shrp x hormalized halttime F§’6
with the 1D number, the exte I Vis of unknown liquid could be

obtained by:

3. Numerical Si IOQ

3.1Numeri odel

To mvestrga% smigsion Of the acoustic field from SAWeaking into a liquid
droplet | condUcte ugperical simulation to characterize the resulting acoustic

radi fqrce @pon the droplet. The simulation was performed using

CO Multl 6.3 softwareyith the elastic wavemodule and frequency

domﬂn solv

% e example inthe COMSOL application galleryApplication ID:

131) ii%‘a 2D modelmimicking the situation of this study was usedfor
% sim hown in Fig. 3.1The LiNbQ substrate is modeled by using the

(L ectrrcrty interface to couple electrostatics andolid mechanics.A low-
Q rr |ng boundary condition was employed to minimize wave reflections at the
offem, thereby simulatingan open domain.In the solid domain, a linear elastic

‘.V and isotropic model was applied; in the liquid domain, a thermaiscous model

was employed for the pressure acousticsA sound soft boundary assigns a
pressure of zeroat the droplet—air boundary. SAWsare generated by applyingan

| Page 7 Zixuan Li, Shenzhen Middle School
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alternating voltage (10 Vpp) to the paired IDTsThe perfect-matching layers were

used as absorbing boundary condition$o simulate infinite domains.

Q
& »\‘f

Figure 3.1 The2D model used in the numerical simulation COMSO %y /3

droplet rests on the surface of tHeNbQ; substrate Paired IDTs ar th su
The finite element mesh is generated using t It gAtting, aIIOW|rtge
physics interfacesto determine the meshing sequen req omain solver

is employed to solve all the physical fields sig™ taneous r obtaining the
acoustic fields, including acoustic pressure .@o aco veI00|ty R in the
droplet, the acoustic radiation pressure Qcting droplet surface is

calculated as follows:

2 = —5 (15)
where &, is the liquid compreSS|b|I enS|ty In the above equation,
the first term is the acousti t|a| en nsity and the second term is the

kinetic energy density. %
3.2SAWs simulati uIts)&

First, | simulated pa the propagation oSAWs in the absence and
presence of a &ople shown in Fig. 3.2athe paired IDTs could induce
strong SAW: i@ cent ntrast, when a droplet rests on the surface, the
SAWS'int ecr , indicating energy leaking into the droplet (Fig. 3.2b).
This study also gally simulated the impact of three common air
tempatures (1H C, and 309@n the SAWs. The results, presented in Fig.
e acoustic attenuation decreases slightly as the temperature

3.2(b-d
jncreases. T%enomenon occurs because, within this temperature range, the
L 4 ». . ..
%ges the ¥ensity and sound speed of water are minim&onsequently, the
: ustic &e}ance remains relatively constamnaccounting for the observed trend.
(\9‘\/ S

| Page 8 Zixuan Li, Shenzhen Middle School
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(1/
('\/Q

Figure 3.2 Thx@mulate ithout (a) and wit(b-d) a dropletat the temperatures of 10

oC, 20°C a The fig cy is 20 MHz.
3& Thgacougti lation pressure profilealong the surface
Nextgthe ac Id inside the droplet generated by the leakage ®AWs was
pared for e frequencies: 10, 20, and 30 MHZhe radius of the water
Iet i m.As shown in Fig. 3.3,agardless of the frequency, the SAWs
gene y the paired IDTs propagate symmetrically into the droplet from both

S|des nd converge at its apex, forming a region of high acoustic pressure
henthe SAW frequency is 10 MHz, the wavelength imater after leaking is
%ommately 150 pym, as shown in Fig. 3.2 There are about five to six
elengths 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.

Page 9 Zixuan Li, Shenzhen Middle School
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Figure 3.3, Theacoustic pressure maps of SA g int ater drogégtand the
acoustic radiation pressurealong the droplet )Three f ncies are considergahd

the radius RO is 1.0 mm.

direction of the acoustic radiation e their length represents the
ency the acoustic radiation pressure
ed att oplets apeRt frequency of 10 MHz,
the acoustic radiation pex is smaller than 200 P&t frequencies
of 20 MHz and 30 pQtlc diation pressure reacheser 600 Pa and

As shown in Fig. 3.3b,he bla & o the surface, represent the
ssur

magnitude of the forceAs th
becomes increasingly con

400 Pa, respectivelyFoNadro ith a radius of 1.0 mm, the surface tension is
calculated to be Thegfor o form a droplet jet upward, the frequency of

the SAWsshiuI eta MHz.

| Page 10 Zixuan Li, Shenzhen Middle School
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3.4The dfect ofdroplet size on theacousticradiation pressure E

Figure 34. The acoustic radiatio S urealo@we surface of droplets with differemadii:
0.75 mm, 1.0 mm, 1.25 mm‘ equency is 20 MHz.

The droplet's v %Ilcantl influences the internal acoustic field

distribution and the tic radiation force following the leakage of the
SAWS. As shown né lation results indicate that for a droplet with
a radius of Q YI'QR r%

formed at.LhA

sharp peak in acoustic radiation pressure can be
1.0 mm, the m

wever, when the droplet radius increases beyond
e acoustic radiation pressure at the apex decreases by
SOWﬁough s
a radi abov
conséfleratio

oplet volumes facilitate jetting generation, droplets with
0

mmare more feasible based on practical operational

ntal Methods

le study, SAWs were generated bya pair of focused interdigital transduces
s) fabricated on a 0.5mme-thick 128° y-x lithium niobate (LN) piezoelectric
crystal, as described by previous studies[5,14]. Unlike straight IDTs, pairediDTs
with circular arcs can concentrate acoustic energy at a specific point or within a

(\/3 4YSAW device design and fabrication

| Page 11 Zixuan Li, Shenzhen Middle School
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confined area.ln our experiment, the SAW devicewere designed with 2-pair or

30-pair aluminum IDT fingers of 100 nm thickness (Fig. 4.1). Two arcs were used: b
a 30° arc and a 90° arcThree operating frequencies B, swere investigated: 10

MHz, 20 MHz, and 30 MHZThe SAW frequency B. s sand the velocity in tlm
substrate (3980 m/s) candecide the width and spacingbetweenthe IDT finge

which are one fourth of the SAW wavelengthéa as shown in Table 1.

Table 1 Designing parameters of IDT fingers Q \Q
)

B.oa a IDT width Spacing Hairs
10 MHz u{znd srr srr F al R
20 MHz s{{n wrnd wrnd \ 2
30 MHz sutaxyJ uwml uwml 30

O

WQW arcat three frequencies (10 MHZ2No. 10
d 30WMHzNo. 301 and 3062).

Figure4.1 Different IDT d 5°

1 and 102, 20 MHz No. amd 202¢an
Due toa Iack%brica ion ¥guipment, the SAW devicewere fabricated by

Dingxu Microc ec Corporation (Suzhou, China)After connecting
the IDT elec (%o e S§fmade PCB circuit using conductive silver adhesive,
the photoﬁ&s of SAW devices are shown in Fig.2. The operating
frequepcies of thefs eviceswere determined using a network analyze
(Taw&z ¢

| Page 12 Zixuan Li, Shenzhen Middle School
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Figure 4.2 Photographs of the structure of the SAW dev

icea f
from left to right: No. 101, 201, and 301; Thelower row fr%
30-2.

Table 2 Operating frequencies of SAW
10-1 10-2 20-1 1 30-2
10.15 MHz 10.15MHz  18.41 MHz M7 MHz 1MHz  28.95 MHz

4.2Experimental setup %EI) Q
N

The experimental setup is shown 3. g en signal was generated by a
signal generator (AFG3102, nixnc., U.Sw) and amplified by a 5#B power
amplifier (A150, ENI, U.S. isualiz(tpe liquid filament induced by SAW, a
high-speed cameraRe 2. 5 gile Device Cq.Ltd., China) equipped with
80W LEDiIIuminatiov%zoo I(?lSQGF 100 mm, F2.8, CADreamer Macro 2,
Anhui Changgeng Op®Ms T logy Co., L@hing was used The breakup

process was obs and«gcorded at 20,000 frames per secoiithe resolution
of the imagei dw pixels 664 pixels.Once the liquid bridge formed,

it thinned uydeMthe gffect™Nof surface tension, and the subsequent temgbd
evolution of th fila?@jius was analyzed.

| Page 13 Zixuan Li, Shenzhen Middle School
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Figure 4.3 The experimental setupja) iven SI  of as generated by a signal generator
and amplified by a pwer amplifier. The I|qU|d B brealup process was recorded by a

high-speed cameravith a zoome synder illuminatioc). An enlarged view of a-pL
droplet resting at the centes o ﬁ?ge@cale bar: 4 mm(d). An illustration of
driven sinusoidal wave \r m was setand the repetition duration was 2 s.
Millisecondscale cycles nd mlwge peakto-peak amplitudes (Vpp) of the driven

sinusoidal signat werezged 1o studyW{e effects on liquid behaviors.

The water dr of 34 uL was manually placedat the center of
the SAW devge |ng micpipettéDragonlab, 0.1-10 uL, Ching as shown in Fig.
4.3c. Under thedexp Isetup of this study the diameter of &.0-3.5 yuL water
drop ranges frorfl» .5 mm.Then, an opposing glass slide was placed on top
oft vice, m spacbetween them yieldinga high aspect ratioof the

Ilquuybrldge a han 1.20. To decrease the damage probability of the SAW
|oe aspulsedyfiave was used instead of @ntinuous wave.“Burst” run mode
set %&e repetition duration was 2 s (Fig. 4.3d). Millisecondscale cycles
and ro- ltage peak-to-peak amplitudes (Vpp) of the driven sinusoidal signal

(L Were ed to study the effects on liquid behaviors.
Q w .3Hydrophobic coating of the SAW device
‘.V The LN substrate is hydrophili¢ causing liquiddroplets to spreadand resulting in

a low contact angleTherefore,a hydrophobic layer is needed to cover the device’s
focal point, allowing the droplet torest with asufficient contact angleln this study,

| Page 14 Zixuan Li, Shenzhen Middle School
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the center of the paired IDT fingers was coated with a thin layer of Teflon material
(0.3 W) by spinning at1500 rpm and thendrying at 65 °C overnight Figure 4.4a
shows the differencesin the contact angles of water droplets resting on a glas\
without and with a hydrophobic coating.The contact angles of the five droplets{b
Fig.4.4b were measured to bel03.1° £ 2.3°, which were significantly larger t

the Rayleigh angle a:(23°) and met the requirement of this study

Figure4.4. Therestingwater dropletson I@(er bein rophobically coatedvith Teflon
(a) Top view of the droplets Witho%, whiteg#fopv) and with (right, yellow arrow)
hydrophobic coating layer(b) Side jiew o 3.0-uL @ et resting on top of the hydrophobic

Scale@ 1 mm.

thQ& of filament radius

coating layerwith a diameter of

4.4Themeasure

In this study, a single 'ameQeakup event was captured by a highspeed
camera at 20,000gaMes pekrsecOnd (fps)providing a high temporal resolution of
0.05 ms per fr ) ag% first converted to binary, black and white,and
then the n%: f piyels Cresponding to the narrowest region of the filament
was measure®d usindNg Cystom MATLAB program (ségpendix). The filament

diameger was subgedpefTtly calculated by applying the pixeb-length ratio (6.538
um #ENQIXS) de@ Om the calibration scale.

%415R.egr£s\pn method of thearameters

\p

owing ation 10, once the dimensionless hatime and the Ohnesorge
num are obtained experimentally, the denominator is multipliedby the left-
ha ide of the equation. A quadratic polynomial is then fitted to the resulting

rgphpad Prism 9.0

Q(L % o yield estimates for the three unknown parametersising the software

Page 15 Zixuan Li, Shenzhen Middle School



Liquid Droplet Trajectories: Harnessing Sound to Measure the Unseen

5. Experimental Results b

5.1Jettingperformance of SAWevices athreefrequencies (b"

Pulsed sinusoidal waveswith a 2-ms length were amplified by the p
amplifier to drive the SAW device for generatingAVs. The sixSAWSs ofedi
frequenciesinduced different behaviors of the droplets, as shown in Fi
With the same pulse length(2 ms) and amplitude (165 mVpp), the
SAW devices failed to induce noticeable droplet vibrationyhere @
MHz devices resulted in only &lightly upward movement of th
contrast, the droplet elongatedby more than4 mm after bein
No. 201 device. More strikingly, No. 22 generated the

R

ul ted
t inr;QJettlng
phenomenon, characterized by a rapidly rising I|qU|d in the

ejection of multiple secondary droplets
Considering thatadequate elongation of the wa opI& by the SAW
e

device 201, is sufficientfor this study, | procee W|th this
18.41 MHz for subsequenexperiments.

operating at
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Figu&Mmtag %viors ofwater dropletssubjected to &.0-ms SAVburst at the same
ampligd 165 ut with different frequencieg&) 10.15 MHz; (b) 18.41 MHz; (c) 29.31
nd 28.95 MH%

D,

.ZT%ects oflriven signalamplitudeson liquid jetting behaviors

% To de¥ermine the optimal signal voltage for exciting the water droplet, adjusted
the)@eakto-peak amplitude of the sinusoidal wave and observed the

Q rc%ﬁsponding behavior of the droplet(Fig. 5.2) When a peakto-peak voltage of
‘.V 1% mV was applied, the droplet formed a small mountike shape with a height
of 1.5 mm by the end of the2-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, | increased the voltage to 165 mV. As a resul
with the 2-ms excitation, asharp spike rapidly emerged at the top of the wa
droplet. After the burst ceased, the droplet continued to extend upward, exc %
3 mm in height. Driven by inertia, the tip eventually pinched offejecting a:
droplet. %

This study involved mounting an opposing glass plate above the S

with a 3 mm spacing distanceThis configuration required the dro t achle
an aspect ratio of at least 1.6/Based on the above observatlon ak to- 91(
voltage of 16 mV was found to be suitable, as it provided s elo to

meet the requirement for stable liquid bridge format| power

amplification, the electricalpower applied to the No. 20 dexy @W, as
displayed on the power amplifier's screen % E ‘V

%,
QQ

Figure5.2 Montagesof behaviors of water droplets subjected to a 21 SAW bursf18.41 MHz)
at three differentamplitudes: 100, 125, and65 mVpp.
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During the initial experiments, | used standard glass slides with hydrophilic
surfaces. It was observed that when a water droplet was actuated by w
excitation and came into contact with the opposing glass plate above, the

was entirely adsorbed onto the upper surface due to itsyldrophilic ngtu S
shown in the montage in Fig5.3. As a result, a stable liquid filament co Q
S face

5.3The effect othe hydrophobic property of the opposing surface b

formed as desired.Therefore,the hydrophobic property of the opposi

critical to form a steady liquid bridge betveen the two surfac pially, a&
attempt was made to coat the glass plate witfieflon material; hovsgvgr,the li m%
filament would contract entirely and retract back into the drop h
surface tensionforce. This issue was ultimately resolved Iy| udtree
adhesive tape, which provided a suitable surface for st dg

hhavior ofa water droplet subjected to 2.0oms SAWburst when

Figure5.3 A montag%

usin%ndard sife without hydrophobic coatingfter the cessation of the SAW byt

quuid}rid efo %vever,the droplet was entirely adsorbed onto the upper surface due to
@ygroEpilic rw

5.4TM etfects opulse lengthon liquid filament behaviors

(L% In @on to the excitation voltage, the pulséength of the excitation sine wave is

critical factor influencing the energy of the SASVA longer pulselength
Q ts in greater energy delivery. Therefore, to identify the optimal pulséength,
‘.V a parametrlc study was conducted using three distinct pulskengths: 1.5 ms, 2.0

ms, and 5.0 ms
As shown in Fig. 54, ata 1.5ms pulse length of the sinusoidal waves, a stub
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like deformation was created In contrast, a 2.8ms 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 pulselength of 5 ms, the water \

droplet rapidly elongated upward and made contact with the glass plate within%

ms. However, since the pulse had not yet terminated, the droplet continued, t

actuated upward by the acoustic radiation force. This resulted in most of t d

being adsorbed onto the uppesurface, leading to an uneven distributiov Q
Therefore, a pulselength of 2 ms was selected for subsequent exp&ime \

This duration is sufficient to ensure the reliable formation of a stabl@id brid&

while also minimizing energy dissipation and potential damage tt@ SA ice,
aswell as extending the service life of the hydrophobic coatirQ '\,

(S

Qv
Figur&5™. Montages of behaviors ofwater dropletssubjected tal.5ms, 2.0ms, and 5.emsSAW

(L burgg A stublike deformation was created & 1.5-ms pulse length. Aquid bridge and filament

d be successfully generated ®2.0-ms pulse lengthAn uneven distribution wasinduced by
ms pulse length.

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

5.5Thebreak-up dynamicsof liquid bridges driven bySAW

Next,| conducted a series of experiments on the actuation of liquids with d @\
viscosities using &Ws. The liquid samples included water, asell as

water mixtures at volume ratios of 2%, 10%, 16%, 18%, 20%, and %/{?ach
liquid was tested in three replicates.The volumeof the liquid drople

For brevity's sake, the behavior of a singleamplefor eachfluid ty es nte

in the following section. N (l/
1) Water . @Q

havior of 20-uL water droplet subjected to a 2:ths SAW burst
W burst and the formation of a liquid bridgesurfacetensionforce
drivinguniaxial extensional flow until thefilament broke apart It took
dgilament to break up frommn initial diameter 0f430 um

After&(ie.ssatio
contracteMthe fj
2 m€ for the

how e upper panel of Figh.5, the water droplet was elongated until it
reached th§ covering glass plat&Subsequently, diquid bridge formed at the time
pomt f 7.5 ms.Then, the liquid bridge contracted tocreate a filament because of
the rface tension effect. It took 1.2 ms for the liquid filament to break upom an
Qﬁl diameter of 430 um. The displacement and velocity of the droplet vertex
e measured by tracing its position, as shown in Fig. 5.6or this sample, during
SAW excitation, the droplet continued to moveupward. At ~3 ms, the vertex
reached the opposing glass platd.he average velocity during the pulse length was
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0.3596+ 0.2025m/s.

’ The displacement of the vertex (mm)
o velocity (m/s) s
1.0 -2

SAWs

o 6o
[} [ 00 @
o 0" o o [
@ 0’30@ owo °o°omo Q w
0000
jo & 00 ® I I 0 Q N
¢

-
n
w

o
(6]
1
T
-

(-]
%o
o

o
o
1

o

1 2 3

The displacement of the vertex (mm)
4
A
(s/w) Ayoolap

Time (ms)

Figure5.6. The displacement and velocif thewater drople@x. E

2) 2% Qycerol-water solution

L 4
&
ighlire5.7. age of the behavior of a 2l glycerol/water (2%) droplet subjected to a 2:0
% ms S burgtt took 1.25 ms for the liquid filament to break up froran initial diameter 0f430

um

Q(L @ynamics of the 2% glycerelvater mixture were similar to those of pure
('\/ r; as seen in Fig5.7, 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 0of430 um. Similar to the above
water droplet, this 2% glycerolwater droplet continued to move upward within
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2-ms SAWexcitation. At ~3 ms, the vertex reached the opposing glass plaf€ig.
5.8). The average velocity during the pulse length wa®.3694 + 0.2006 m/s. b

The displacement of the vertex (mm)

o velocity (m/s) v Q

“

-
o
T
N

/50
<
2

The displacement of the vertex (mm)

Figure5.8 The displacement and velocitf theglycem@x (2%) ;Eop el vertex.

3) 10% Qycerol-water solution O
When the glycerol volume fraction re 0% filament breakup time of the
liquid bridge driven by SAWwas o be sfrom the diameter being

430 um (Fig. 5.9), which is sign¥ ly Io@wan that of the previous two

samples. Q
. \Q) &O

Figure 5.9.A montage of the behavior of a 2|0 glycerol/water (10%) droplet subjected to a
2.00ms SAW burstt took 155 ms for the liquid filament to break up froman initial diameter of

430 pm
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Similar to the above droplets, this 10% glycereWwater droplet continued to move

upward after 2-ms SAWexcitation. At ~2.5 ms, the vertex reached the opposing
glass plate(Fig. 5.10) The average velocity during the pulse length wa.3890 +

0.1907 m/s.

B

E

x 1.5 ‘

o) The displacement of the vertex (mm)

%’ o velocity (m/s)

>

£10

5 L SAWs %

g

€ 0.51

[] o )

(%) 00 0 Oo|/® o

© c® 00

3- oo £5° a0 @ o 00 0

) °°00 @wo 0

.'5 00- T

2 0 1

= Time (ms)
Figure5.10 The displacement and velocityf theglycer, r(

4) 16% Qycerol-water solution

&' otV

(1/
('\/Q

Flgur 11

*QO

0)(’ &
S

lOO/;i droplet vertex.

montage of the behavior of a 2fL glycerol/water (16%) droplet subjected to a

2. (}m SAW burstit took 16 ms for the liquid filament to break up froman initial diameter of

glycerol concentration was further increased to 16%. At this concentration,
the filament breakup time of the liquid bridge increased to 1.6 mdrom the
diameter being 430 um (Fig. 5.11). In contrast to the aforementioned droplet
behavior, the 16% aqueous glycerol droplet mowtupward 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 wa8.6263 +

0.2934 m/s.
B3
£
< 1.5 - 3
) The displacement of the vertex (mm)
E o velocity (m/s)
>
<
£10 2 2
5 R SAWs _ o
- e g <
5 . 3
£ 0.5 °ou o “o ° L1 %Q
(7] oo 00 o —
o )
© oo, 00 0o o
.'5 0-0'| T T N
é 0 1 2 3
Time (ms)
Fgure 5.12 The displacement and velocityf theglycer, r (16%) droplet vertex.

5) 18% Qycerol-water solution

"\/Q

13

montage of the behavior of a 2fL glycerol/water (18%) droplet subjected to a
2. (}m SAW burst. It took 15ams for the liquid filament to break up froran initial diameter of

1.65 ms, starting from a diameter of 430Jdn 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 wad.7749 + 0.4411 m/s.

£ (b.\
£
< 1.5 , 3
) The displacement of the vertex (mm)
E o velocity (m/s)
= <
210 2 8 \Q
% SAWSs 8, @ &
- <
5 e © '§ Q
g 0.5+ 00 % % -1 0y W
g |e o Y
e Q
M) *
50 0‘r° T T ‘b
2 0 1 2 3 4
= .
Time (ms) %

Fgure 5.14 The displacement and velocity of the gly r (18%) droplet vertex.
6) 20% Qycerol-water solution O

AN
(OQ Q

v

L 4
% FigurQo‘.lSA montage of the behavior of a 2|fL. glycerol/water (20%) droplet subjected to a

(L 2. SAW burst. It took 85 ms for the liquid filament to break up froran initial diameter of

en the glycerol concentration was increased to 20% and 40%, the breakup
times of the liquid filament increased significantly. From an initial diameter of 430
Jn until rupture, the process took 1.85 ms and 2.25 ms, respectivellyig.5.15and
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5.17). Similar to the behavior of the B% aqueous glycerol droplet, the20% and
40% aqueous glycerol solution droples also contacted the upper glass plate in
approximately 1.8 ms(Fig. 5.16 and 5.18)The average velociesduring the pulse \
length were 0.6090 £ 0.3008 m/s and 0.7047 + 0.4629 m/s, respectively. (b

The displacement of the vertex (mm) Q
o velocity (m/s)

SAWSs

=%
a
w

—
o
]
v
1
N
190[3A

The displacement of the vertex (mm)
o
n
1
3
8
&5

l/
Figure 5.16 The displacement and velocityf thegILwater (roplet vertex.

7) 40% Qycerol-water solution

s SAW burst. It tooR.25ms for the liquid filament to break up froran initial diameter of
430 pm

Q(L re’5.17. A montage of the behavior of a 2|0 glycerol/water (40%) droplet subjected to a
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Figure 5.18The displacement and velocitf theglycerolw.
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5.6The curve of flament diameter ve u@mf kup

Next,the dynamics of filament breakup were a
by the high-speed camera, a moment
relatively thick was selected. The dia
measured, resulting in the data prese

at
¥ Fi

? 200+
o
=
£ 150+
S
g
3 100+
T
g 50
=
= :
LL 0 !
O’ 1% 00 300 400 500
& Q Frames
/

%re 5.],9.The(%tion curve of filament diameter over time.
L 4
rting ?’a

filament diameter of 126-150 pixels, th

ed by the surfaceacoustic wave. Beyond a diamete
he droplets no
demonstrated a stable thinning processTherefore, this
selected as the starting point for the subsequent analysis

longer displayed oscillatory behavios and

ed Frgmythe images captured
the leﬁﬂndge neck was still
all sub®quent time pointgere

Water
Glycerol (2%)
Glycerol (10%
Glycerol (16%
(18%
— Glycerol (20%
Glycerol (40%

— Glycerol

)
)
)
)
)

e measured diameter

n oscillatory decline over approximately 1086300 frames. This
osqljation is attributed to the inertial effects resulting from the droplet motion

r of 60 pixe(@30 um),
instead
specific moment was
of the breakup process.
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The data from three repeated trials for each liquidvere averaged to obtain the
curve of filament diameter versus time prior to breakup, as shown in Fi$.20. As
can be seerfrom this figure, the curve for the 2% glyceroclater mixture is clearly \
distinguishable from that of pure water. As the glycerol concentration increa;éb
further, the temporal curves of the samples become increasingly distinguis ¢
This providesan essentialfoundation for subsequent viscosity extraction. $

?‘@Q

repeated trials for each liquidvereaverag

Figure 5.20.The curve of filament diarfle sus@&r to breakughe data from three

N Valize@haltime with the Oh number

According to the curv Fi&g), the time point at which the filament
diameter decreasel am of js initidt diameter is defined as B ¢. Then, a

dimensionless half-gme Yariabg#t2 s was normalized by the Rayleigh time ig.
Table 3 summarfgshthe %sic parameters of the seven liquid samples for

subsequent r@i&Am se, the surface tension coefficient, density, and
viscosityv)‘& inegr from¥he literature , reectively [15,16].

5.7Therelationship g

R Tabw cal properties of the fluids used in this study
Fy« * e NIfsity Viscosity g (s) R 4, Oh
kg/m3)  (Paxs) (mm) number

1000 0.001 0.003362 0.275107 0.9369 0.0038303

GIy@I 0.07281 1002.6 0.00095 0.003365 0.278578 0.9369 0.003623
0)

Ui cerol 0.07313 1025.9 0.001219 0.003397 0.361377 0.937 0.004597

0%)
Glycerol 0.07348 1043.4 0.001496 0.003356 0.347319 0.962 0.005507
(16%)
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