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Open droplet microfluidic platforms offer attractive alternatives to closed microchannel devices, including lower fabrication

cost and complexity, significantly smaller sample and reagent volumes, reduced surface contact and adsorption, as well as drop

scalability, reconfigurability, and individual addressability. For these platforms to be effective, however, they require efficient

schemes for planar drop transport and manipulation. While there are many methods that have been reported for drop transport,

it is far more difficult to carry out other drop operations such as dispensing, merging and splitting. In this work, we introduce

a novel alternative to merge and, more crucially, split drops using laterally-offset modulated surface acoustic waves (SAWs).

The energy delivery into the drop is divided into two components: a small modulation amplitude excitation to initiate weak

rotational flow within the drop followed by a short burst in energy to induce it to stretch. Upon removal of the SAW energy,

capillary forces at the center of the elongated drop cause the liquid in this capillary bridge region to drain towards both ends of

the drop, resulting in its collapse and therefore the splitting of the drop. This however occurs only below a critical Ohnesorge

number, which is a balance between the viscous forces that retard the drainage and the sufficiently large capillary forces that

cause the liquid bridge to pinch. We show the possibility of reliably splitting drops into two equal sized droplets with an average

deviation in their volumes of only around 4% and no greater than 10%, which is comparable to the 7% and below splitting

deviation obtained with electrowetting drop splitting techniques. In addition, we also show that it is possible to split the drop

asymmetrically to controllably and reliably produce droplets of different volumes. Such potential as well as the flexibility in

tuning the device to operate on drops of different sizes without requiring electrode reconfiguration, i.e., the use of different

devices, as is required in electrowetting—therefore makes the present method an attractive alternative to electrowetting schemes.

Keywords: microfluidics, drop, splitting, acoustics, transport

1 Introduction

Open platforms in which discrete sessile drops are transported

and manipulated on a two-dimensional planar substrate offer

an attractive alternative to their conventional continuous flow

one-dimensional closed microchannel counterpart. Not only

are individual drops useful as compartmentalized carriers or

reactors isolated from the surrounding matrix, these open drop

microfluidic platforms also offer scalability, reconfigurability,

and individual addressability of unit operations on a chip-scale

device in a manner similar to traditional benchtop chemical

or biochemical processes.1–3 In addition to the requirement

of substantially lower nanoliter to picoliter volumes—an im-

portant consideration when costly samples and reagents are

employed, open drop platforms also reduce interfacial con-

tact with surfaces, thus minimizing undesirable surface ad-

sorption, which is a typical problem arising from electrostatic

interactions in systems involving biomolecules,4 and surface

contamination of samples. Besides enabling a wide range of

1 Micro/Nanophysics Research Laboratory, RMIT University, Melbourne,

VIC 3000, Australia.

* E-mail: leslie.yeo@rmit.edu.au

platforms for point-of-care medical diagnostics,5,6 the ability

to transport and manipulate drops on such platforms also finds

useful applications in display technology and optics, among

others.7,8

Central to these open microfluidic platforms is the ability to

rapidly and precisely transport and manipulate individual ses-

sile drops on a substrate, although at the expense of overcom-

ing the resistive forces associated with viscosity, contact line

pinning and surface energy.9 Among these fundamental ma-

nipulations on planar substrates are drop dispensing (or cre-

ation), transport (or actuation), merging (or coalescence), and

splitting (or cutting),10 although drop dispensing and splitting

appear to be the most complicated given the energy cost, i.e.,

the surface free energy, associated with the disruption of inter-

molecular bonds and the subsequent creation of surface area

during these operations.

One way to carry out such drop surgical operations is to

alter its surface free energy by manipulating its wettability.

This can be done, for example, by chemically or physically

modifying the substrate with patterns of opposing hydrophilic

(expansion) and hydrophobic (contraction) regions adjacent

to each other or by translating a drop into hydrophobic ob-
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Fig. 2 Schematic illustration showing the laterally-offset

interconnected IDT design for drop splitting using a pair of

opposing SAWs, as indicated by the arrows. The device dimension

is 17 mm × 24 mm and its thickness is 0.5 mm.

of the drop being trapped. As such, we employ a pair of SAWs

laterally offset with respect to the position of the parent drop

so that both exist flush against the other by using the electrode

configuration shown in Figure 2; similar offset IDTs have been

used previously to drive azimuthal recirculation and hence mi-

crocentrifugation within the drop.29,37 The drop is therefore

subject to irradiation from both sides; the electrodes—1-µm

thick aluminium interdigital transducer (IDT) structures with

aperture widths of 3 mm were patterned using standard pho-

tolithography and wet etch techniques onto 0.5-mm thick 128o

Y–X single crystal lithium niobate substrate (Roditi Ltd., Lon-

don, UK). The gap and width of the IDTs are specified by

the SAW frequency, which, post-fabrication, was identified

by measuring the reflection parameter S11 using a vector net-

work analyzer (VNA; ZNB4, Rohde & Schwarz, Germany).

To center the drop between the opposing IDT structures with-

out requiring substrate patterning or surface preparation, we

mounted a liquid dispenser (PV820, World Precision Instru-

ments, Sarasota, USA) to dispense a drop of adjustable vol-

ume (maximum error of ±3%) at a position fixed between the

IDTs. Between each experimental run, however, we clean the

substrate surface by flushing with acetone, isopropyl alcohol

and DI water, followed by drying using a nitrogen gun.

Initial results show that while it is possible to generate

drop translation in opposite directions by driving these later-

ally segregated SAWs continually from both ends, this design

alone was however insufficient to cause the drop to split. This

is because the continuous application of SAW energy beyond

the critical power required to sufficiently elongate and hence

split the parent drop also causes undesirable partial jetting

of the drop.38 Additionally, symmetry breaking of the SAW

irradiation into the drop as a consequence of the laterally-

offset IDTs drives an internal rotational flow within the drop,

as demonstrated previously.29,37 While this internal rotational

flow actually helps suppress the jetting to some extent, it also

consequently suppresses the elongation of both ends of the

drop necessary for splitting. As such, it is necessary to con-

fine the acoustic energy giving rise to both the jetting and ro-

tation. Fortunately, the hydrodynamic time scales associated

with both phenomena are sufficiently distinct such that we are

able to split the energy input into the drop in the form of a sinu-

soidal SAW whose amplitude is modulated by a carrier wave-

form with two arbitrary-time-period components, as shown in

Figure 3. The first component, hereafter referred to as the ro-

tational component, comprises a small amplitude excitation V1

that while inadequate to produce jetting in the drop or to ini-

tiate translation by overcoming the contact line pinning, how-

ever allows the generation of a weak internal rotation over a

period t1—typically tens of milliseconds. This is followed

by the second component, hereafter known as the splitting

component—a sharp step increase in the excitation amplitude

of the carrier signal V2 over a period t2. This splitting com-

ponent provides the additional energy to overcome the rota-

tional inertia to initiate translation in the horizontal direction

and hence elongate the drop in opposite directions. If the elon-

gation is sufficient at the point when the SAW irradiation is

relaxed, capillary stresses cause the center of the elongated

drop to neck such that the drop assumes a skewed dumbbell-

like shape. Further drainage of the liquid from the neck under

these forces then causes it to pinch into split droplets, which

occurs over the Rayleigh time length scale.

We employ a 20 MHz amplitude modulated SAW corre-

sponding to a wavelength, λSAW, of approximately 200 µm

(that this is smaller than the substrate thickness implies that

bulk waves through the thickness of the substrate are weak

compared to the SAW, and, moreover, the choice of 128o Y–X

lithium niobate cut suppresses spurious bulk waves, includ-

ing Lamb waves and plate modes; the attenuation length of

the SAW on the substrate along the direction of its propaga-

tion is approximately 2 mm39) for the demonstration using a

pair of coupled signal generators (SML01, Rohde & Schwarz,

Munich, Germany; 33503A, Agilent, Santa Clara, CA, USA)

together with an amplifier (ZHL-1-2W, Mini-Circuits, Brook-

lyn, NY, USA); the SAW substrate vibration displacement

u was determined using a Laser Doppler Vibrometer (LDV;

MSA400, Polytec GmbH, Waldbronn, Germany) from which

the power input into the drop can be derived:40

P =
1

2
ρω2cSAWd

∫

∞

0
|u|2 dx, (1)

where ρ is the density of the drop with diameter d, and ω is

the SAW frequency. As such, the relative energy inputs for

the two components in the power delivery scheme can be de-
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phase, that the input SAW energy ER is only adequate to drive

internal rotational flow within the drop and is not sufficient

to overcome its surface free energy. Nevertheless, this initial

flow aids in suppressing the undesirable effect of jetting that

would arise when a sessile drop is directly commenced with

sharp excitation of energy, similar to that of ES (i.e., if t1 = 0).

We note that for a given initial parent drop size—

characterized here by its radius RM, the energy associated with

the splitting component ES appears to be independent of its ro-

tational counterpart ER beyond a critical time period tc, com-

mensurate with the hydrodynamic time scale associated with

the jetting process. In other words, there needs to be sufficient

time for the application of low amplitude rotational energy to

suppress the drop jetting via compression (i.e., t1 > tc). As

long as this holds, the requisite energy input ES for drop split-

ting is relatively independent of ER; as such, ES was observed

to be independent of the initial energy state of the drop, but de-

pendent on its initial dimension. This is conceivable for ideal

drop splitting because ES does not play a direct role in the

actual splitting event; instead it only acts to stretch the drop

beyond a critical elongation magnitude at which the capillary

forces are unable to restore the drop to its original state when

the SAW input energy is removed. This leads the capillary

bridge spanning the two elongated ends of the drop to thin

and eventually to pinch, as illustrated by the fourth frame in

Figure 4.

Given that ER merely supplies the energy to drive internal

circulation within the drop and does not play a direct role in

its elongation or splitting, the difference in surface energies

between the parent drop and the daughter droplets is then ES,

i.e.,

γAM +ES = 2γAD, (2)

where γ is the surface tension, and, AM = 2πR2
M and AD =

2πR2
D are the surface areas of the parent drop and a daugh-

ter droplet, respectively, assuming the drop and droplets to

be hemispherical. In the above, we have also assumed that

the splitting leads to two daughter droplets of equal size—

not unreasonable as will be observed below—and that exter-

nal heating and viscous dissipation effects are negligible given

the large Laplace number Re2/We∼ ρR0γ/µ2 ∼ 105, which is

a measure of the relative contributions between capillary and

viscous heating effects. Re ≡ ρULR0/µ and We ≡ ρU2
LR0/γ

are the Reynolds and Weber numbers, respectively, which will

be discussed in more detail below; here, µ is the viscosity

of the liquid, R0 and L0 the neck radius of curvature and the

longitudinal stretch of the capillary bridge, respectively, at the

instant when the SAW excitation is relaxed (as depicted by the

fourth frame in Figure 4), and UL is the characteristic velocity

scale associated with the SAW-induced inertial streaming flow

that acts to elongate the drop towards the formation of the cap-

illary bridge, obtained by measuring L0 over the period of t2
using the kymograph. Conserving the mass between the par-

Slope = 2

Fig. 5 Logarithmic dependence of ES on the radius of the parent DI

water drop RM. ES was measured directly using the LDV (open

circles) as well as by subtracting the rotational energy ER, obtained

through particle image velocimetry measurements, from the total

energy E, measured using the LDV (filled circles). The value of the

y-intersect of the regression line is approximately 0.20 mJ.

ent drop and the daughter droplets then requires RM = 21/3RD,

which, in turn, leads to

ES = 2πR2
Mγ

(

22/3 −1
)

∼ R2
M. (3)

This is not just qualitatively consistent with our observa-

tion of the dependence of ES on the parent drop size; the pre-

dicted quadratic scaling can be seen in Figure 5. To obtain the

data for ES in Figure 5, the input power to the drop P associ-

ated with just the splitting phase was determined from Equa-

tion (1) using the surface displacement data obtained with the

LDV and multiplied by t2. To verify the values we obtain for

ES, we also subtracted ER from the total energy E supplied

to the drop. The former was obtained by assuming a rigid

body for fluid circulation during the drop rotation phase such

that ER ≈ Iω2, wherein I is the moment of inertia for a rigid

hemisphere and ω is the angular speed of the fluid in the drop,

measured by tracking 10 µm fluorescent particles seeded in

the flow field. The latter, on the other hand, was calculated

using Equation (1) with the LDV surface displacement data

obtained over the entire duration associated with the rotational

and splitting components. The average value of the y-intercept

for the regression lines of 0.20 mJ deviates only slightly from

the theoretical slope 2πγ
(

22/3 −1
)

= 0.27 mJ.
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Symmetric       Splitting

No Drop Breakup

Λ0  

A                        B

                          C
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  I       IV

   

Fig. 6 (A) Phase map showing the different drop splitting behaviors observed for DI water droplets across a range of volumes (0.5–6 µL) as a

function of the input power P to the device and the total time over which the SAW energy associated with the splitting component in Figure 3

is applied t2. Regime I (black inverted triangles): no splitting (insufficient input power and hence elongation of the parent drop); Regime II

(white circles): ideal splitting into two daughter droplets; Regime III (green squares): non-ideal splitting in which one or more satellite

droplets are produced in addition to the two daughter droplets; Regime IV (yellow diamonds): oversupply of input power, resulting in droplet

translation, reflection and coalescence, possibly followed by a resplitting event. (B) Collapse of the data in Regime II upon rescaling with the

Weber number We ≡ ρU2
LR0/γ and a dimensionless aspect ratio Λ0 ≡ L0/R0, depicting that splitting (i.e., the boundary between Regimes I

and II) occurs at a constant value of the critical Weber number. Sample size: n = 150. (C) Difference in the volumes of the symmetrical

daughter droplets produced during the splitting events in Regime II for the range of parent drop volumes between 2 and 4.5 µL, characterized

as a percentage of the total volume, for the case in which the splitting is driven with (open squares) and without (filled squares) the

amplitude–modulated carrier waveform. Sample size: n = 115.
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3.2 Splitting Regimes

The phase map in Figure 6A illustrates how the power asso-

ciated with the splitting energy component ES = PSt2 leads to

different splitting regimes for parent DI water drop volumes

between 0.5 and 6 µL. As expected, splitting does not oc-

cur until sufficient energy is applied, defined by the boundary

between Regimes I and II. The collapse of the data seen in

Figure 6B by rescaling the energy with respect to the Weber

number We (which captures the relative contributions between

the inertial stress imposed on the parent drop through the in-

ternal fluid streaming generated within it to elongate the drop

and the capillary stress embodied by the drop’s surface energy

which acts to retard the elongation) and a dimensionless as-

pect ratio Λ0 ≡ L0/R0, then reveals that drop breakup occurs

over a constant critical Weber number of approximately 0.64.

Below this critical value, the inertia from the SAW induced

streaming is inadequate to produce a sufficient stretch Λ0,

and hence a sufficiently large enough capillary bridge pres-

sure γ (1/R1 −1/R0) to effectively drive the drainage of the

liquid within the bridge towards both ends of the elongated

drop such that it pinches; R0 and R1 being the principal radii

of curvature of the neck at the instant when the SAW excita-

tion is relaxed. Instead, the negative capillary bridge pressure

characterized by R1 < R0 results in the retraction of the liquid

from both longitudinal ends of the drop back into the capillary

bridge, expanding R0 outward axially until the elongated drop

contracts to its original RM drop footprint—its initial lowest

surface energy state and shape. The constant critical We value

also suggests then that it is the energy (i.e., the area under

the curve in Figure 6A) rather than the power that is the im-

portant parameter in determining the splitting behavior of the

drop: the same result is expected for higher powers and shorter

times t2, or vice versa, if the energy and the physical proper-

ties of the liquid remain constant, at least for the conditions

we examine.

Above the critical Weber number (Regimes II–IV), the suf-

ficiently elongated drop with R1 > R0 results in a positive cap-

illary bridge pressure that dictates drainage of the liquid from

the high pressure capillary bridge into the longitudinal ends

of the drop. As a consequence, R0 decreases as the pressure

within the capillary bridge increases, resulting in the drop as-

suming a dumbbell-like shape, until capillary instabilities ul-

timately drive its collapse. The point of failure of the capil-

lary bridge determines the final outcome of the splitting pro-

cess and, in particular, is determined by the aspect ratio of

the drop, i.e., Λ0, and consequently ES. At moderate en-

ergies such that the Weber number is just above the critical

value (Regime II), a small value of Λ0 ensues such that the

relatively short capillary bridge leads to complete drainage of

the liquid to the protrusions at both ends, thus resulting in an

ideal split of the parent drop into two daughter droplets. An

    0 ms        24 ms      25 ms          40 ms

Fig. 7 Droplet coalescence using a pair of focused IDTs with a

resonance frequency of 30.3 MHz to drive the translation of the

droplets toward the focal point of the SAWs. Here, a ramp-up in the

input power to 0.1 W is employed. After their coalescence, which

occurs in the 1 ms between the second and third frames, additional

SAW energy is applied to center the drop at the focal point of the

IDTs. The scale bar denotes a length of approximately 1.5 mm.

increase in the energy, for example by increasing t2 at con-

stant input SAW power (Regime III), however, causes further

elongation of the parent drop, L0, and hence the length of the

capillary bridge to a point which it becomes susceptible to in-

stabilities that resemble Rayleigh-Plateau instabilities in the

thinning of the axisymmetric liquid bridges.41,42 As a conse-

quence of these instabilities, the liquid bridge pinches at mul-

tiple points associated with the wavelength of the instability,

thus resulting in the formation of satellite droplets in between

the two daughter droplets. Λ0 increases with ES and hence

a greater number of satellite droplets are produced as the en-

ergy supplied in the splitting component is increased, as seen

in Figure 6A. The size of the satellite droplets generated, on

the other hand, depends on the volume of the liquid bridge,

in particular the lateral dimension R0. At yet higher powers

(Regime IV), the large energy input causes the split droplets to

translate by Eckart streaming to the opposing IDT followed by

their subsequent reflection, which may lead to recoalescence

and their tendency to resplit.

Whilst this could constitute one way to drive the merging of

droplets, a better and more reproducible method for merging

droplets is to employ focused IDTs at both ends to translate

two droplets toward each other such that their collision with

sufficient energy results in their coalescence and hence merger

at the focal point of the SAWs,29 as shown in Figure 7. This

ability to merge or simply align a drop at the focal point of

the SAW can be quite useful for positioning the initial par-

ent drop such that it is exactly centered between the two op-

posing IDTs, which is necessary for ideal splitting and which

becomes increasingly difficult for parent drops below 0.5 µL.

To ascertain the accuracy, reliability, and reproducibility of

the proposed SAW splitting technique, we compare the vol-

umes of the two daughter droplets that are produced over a

large number of sample runs of n = 115, carefully minimiz-
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ing losses due to evaporation although such effects are typ-

ically negligible over the short experiment times, especially

for droplet volumes above 1 µL.43 Figure 6C shows the pos-

sibility of precise and reproducible splitting with the present

amplitude-modulation scheme: across the range of parent

drop volumes between 2 to 4 µL, we obtain average deviations

between the volumes of the split droplets of around 4.3%, with

a single deviation not exceeding 10%. This is comparable to

electrowetting, in which a maximum deviation of 7% was ob-

tained for parent drop volumes between 1.2 and 3.2 µL.44 In

the absence of amplitude-modulation of the carrier waveform,

we however see in Figure 6C the large discrepancies and vari-

ation in the sizes of the daughter droplets that are produced,

therefore underlining the importance of the role of the carrier

signal modulation, particularly in suppressing jetting effects

and hence the consequent loss of liquid.

3.3 Effect of Physical Properties

Having explored the splitting dynamics for DI water drops,

we now briefly turn to an investigation of the effect of the liq-

uid’s physical properties on the splitting process. To allow for

variations in both viscosity and surface tension, we employed

ethanol and glycerol solutions of varying concentration. In

addition, we also heated the DI water as well as added surfac-

tant to a glycerol solution. The various liquids used and their

physical properties are summarized in Table 1. In particular,

the larger the surface tension, the larger the surface free en-

ergy and hence the restoring capillary stress that is required

to overcome the elongation and hence pinch the drop. On the

other hand, the more viscous the fluid, the greater the viscous

retardation of the fluid which opposes its flow both during the

elongation of the parent drop—thus opposing the inertial en-

ergy provided by ES to attain a sufficient stretch Λ0—as well

as during the drainage of the capillary bridge into the protru-

sions at both ends.

Since the Weber number defined above does not account

for viscous effects, the threshold energy above which the split-

ting event occurs can no longer be adequately characterized by

the critical Weber number in Figure 8A. Instead, the capillary

bridge thinning dynamics must be accounted for by coupling

the Weber number with the Reynolds number,45 which cap-

tures the relative contributions between the inertial and vis-

cous stresses associated with the flow in the capillary bridge.

Concomitantly, in Figure 8B we have recast our data into such

a parameter—a critical Ohnesorge number Oh ≡ We1/2/Re ≡
µ/(ργR0)

1/2, from which we note the onset of splitting occurs

below a critical value of approximately 0.01 across the liquids

tested.

The Ohnesorge number can also be defined as the ratio

between the inertial (Rayleigh) and viscous time scales as-

sociated with the thinning dynamics of the capillary bridge,

Table 1 Physical properties of the test liquids used.

µ γ ρ t2
(Ns/m2) (N/m) (kg/m3) (ms)

DI water 21oC 0.0010 0.0728 1000 13.0

40oC 0.0065 0.0696 992.2 10.0

Ethanol 3.3% 0.0013 0.0562 987.1 10.0

7.2% 0.0016 0.0443 974.1 8.6

11.2% 0.0020 0.0361 959.4 7.8

17.1% 0.0023 0.0308 942.9 7.3

23.6% 0.0024 0.0278 924.3 7.1

31.6% 0.0024 0.0266 903.6 7.0

Glycerol 10% 0.0012 0.0720 1030.0 15.0

20% 0.0016 0.0713 1060.9 25.0

30% 0.0022 0.0706 1090.4 30.0

40% 0.0033 0.07058 1118.4 45.0

20% Glycerol– 0.0058 0.0411 1055.9 20.0

Tween 20 (0.075%)

i.e., Oh ≡ Tv/TR, wherein TR ∼
(

ρR3
0/γ

)1/2
∼ 10−3 s and

Tv ∼ µR0/γ ∼ 10−5 s are the Rayleigh and viscous time

scales, respectively; we observe that the former is consistent

with the 1 ms order duration over which the capillary bridge

pinches in Figure 4. Given that Oh ≪ 1 or Tv ≪ TR, we

note that the thinning of the capillary bridge is essentially

inertially-dominated, i.e., the liquids behave as inviscid fluids

given their low viscosities, reminiscent of those found in the

stretching of liquid bridges, e.g., using a capillary breakup ex-

tensional rheometer (CABER),41 as well as those using SAW

jets.42

The above consistently reinforces our previous assertion in

Section 3.1 that ideal drop splitting is dependent only on the

capillary thinning dynamics that is initiated upon the removal

of the input energy to the drop, and independent of ES and the

elongation of the drop, provided that the drop is sufficiently

stretched beyond the point at which it can be restored to its

original shape by capillary forces. This claim is further sup-

ported, in fact, by replacing the characteristic velocity UL as-

sociated with the elongation flow induced by the energy com-

ponent ES in the Weber number with the characteristic veloc-

ity associated with the necking Un ≡ R0/TR (measured using

a kymograph across the contracting capillary bridge). Doing

so leads to the collapse in the data in Fig. 8A to a constant

value of the critical necking Weber number Wen ≡ ρU2
n R0/γ ,

as seen in Fig. 8C.

4 Asymmetric Splitting

Beyond splitting of a parent drop into two symmetric daughter

droplets (Figs. 4 and 6), it is also possible to controllably split

the drop asymmetrically by supplying the IDTs with differ-
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&0 

No Drop Breakup

Drop Splitting

&0 

A                  B                  C

&0 

Fig. 8 (A) Critical values of the Weber number We ≡ ρU2
LR0/γ at the onset of splitting for a 3 µL drop as a function of a dimensionless

aspect ratio Λ0 ≡ L0/R0 for the liquids tabulated in Table 1 (white circles: DI water at 21oC; black triangles: DI water at 40oC; blue inverted

triangles: glycerol solutions of different concentrations; yellow squares: ethanol solutions of different concentrations; white diamonds:

glycerol–Tween 20 solution). Sample size: n = 130. Collapse of this data can be seen in (B) by rescaling with a critical Ohnesorge number

Oh ≡ µ/(ργR0)
1/2 or (C) by rescaling with a critical necking Weber number Wen ≡ ρU2

n R0/γ , wherein Un ≡ R0/TR is the characteristic

necking velocity.

BA

Slope = 1

C

Fig. 9 Asymmetric splitting of a DI water drop into droplets with (A) 1:2 and (B) 1:5 volume proportions; dotted circles represent the initial

position of the parent drop prior to splitting. (C) Dependence of the volume ratio between the smaller daughter droplet and the parent drop it

was split from VD1/VM on the difference between the IDT impedances (open circles; left axis) and input power (filled circles; right axis).
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ent input powers. Although the opposing 20 MHz IDT pairs

were ostensibly identical, it was necessary to compensate for

the sensitivity of each IDT’s impedance to variations in their

finger and gap widths. These were individually measured by

isolating the opposing IDT with the use of α-gel, which then

provided values of the IDT’s S11 frequency spectra. Once cal-

ibrated, we were able to drive known ratios of input energy

across the device from the two IDTs. Weighting the input

power in favour of one IDT over the other leads to a longi-

tudinal shift in the location at which the capillary bridge of

the elongated drop forms away from the center, resulting in a

corresponding spatial shift in the location where the necking

occurs. This then results in an asymmetric partitioning of the

drainage of the capillary bridge, therefore producing daughter

droplets of different sizes.

Example daughter droplets with 1:2 and 1:5 volume propor-

tions generated through such an asymmetric splitting scheme

are shown in Figs. 9A and 9B. Figure 9C in fact shows a linear

dependence of the ratio of the volumes of the smaller daughter

droplet to that of the parent drop VD1/VM on the ratio of the

IDT impedances Z1/Z2 for a 3 µL DI water drop at room tem-

perature, confirmed by a similar trend in the ratio of the SAW

powers from each IDT P1/P2 (as measured using the LDV),

shown in the same plot. It can also be seen from Figure 9C that

the greater the droplet asymmetry, i.e., the further the value of

VD1/VM from 0.5, the larger the difference in the input energy

to the IDTs that is required, i.e., P1/P2 increasingly deviates

from a value of 1 where both the input energy to the IDTs are

identical. Asymmetric splitting with daughter droplet volume

proportions VD1 : VD2 of 1:5, 1:4, 1:3, 1:2, 2:3, and 4:5 (corre-

sponding to VD1/VM values of 0.166, 0.2, 0.25, 0.333, 0.4, and

0.44, respectively) were successfully conducted in this man-

ner on a single device, without necessitating different elec-

trode configurations for each variation in the droplet volume

proportions as is required in electrowetting.

5 Conclusions

Here, we have reported a comparable and alternative platform

to electrowetting schemes for carrying out drop manipula-

tions such as merging and splitting on a planar microfluidic

device using modulated SAWs generated from both ends of

the device using a pair of laterally offset transducers. In par-

ticular, a two-component carrier waveform for the 20 MHz

SAW is employed. The initial component consists of a small

modulation amplitude over longer times compared to the hy-

drodynamic time scale associated with drop jetting—typically

tens of ms—that initiates rotational streaming within the par-

ent drop while the subsequent component consists of a sharp

burst—typically 10 ms—with a large modulation amplitude

such that the inertial stresses arising from the streaming within

the drop causes it to elongate. The final splitting of the drop

however requires the energy associated with the second com-

ponent, which scales quadratically with the dimension of the

parent drop, to lie above a threshold energy level, which can

be described by a critical Ohnesorge number, such that capil-

lary stresses lead to the formation of a liquid bridge between

the two ends of the elongated drop, which upon relaxation of

the SAW excitation, drains and hence pinches to form a split

droplet pair. Above the critical Ohnesorge number, however,

there is insufficient inertial stress to adequately elongate the

drop such that the capillary pressure of the liquid bridge is in-

sufficient to cause it to drain, and the drop simply retracts. We

show that drops across a volume range between 0.5 and 6 µL

can be symmetrically split to reproducibly produce droplets

of equal size with around 4.3% deviation, on average, and not

exceeding 10%. This favourably compares with the 7% up-

per limit in the splitting efficiency of electrowetting schemes.

Unlike electrowetting, however, the size of the drops are not

dependent on the electrode dimension and hence drops of dif-

ferent volumes can be manipulated on the same device with-

out having to resort to the fabrication of separate devices with

different electrode configurations. Further, the splitting can

be tuned by applying different input powers or by varying the

excitation periods for both energy components. Indeed, we

have demonstrated the possibility for asymmetric splitting to

controllably and reproducibly produce droplets with different

sizes simply by applying different energy levels to both IDTs.
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