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Abstract	
In	this	paper,	we	propose	a	microscale	liquid	oscillator	using	electrowetting-on-dielectric	(EWOD).	Specifically,	

a	mesoscale	 liquid	bridge	 (LB)	between	 two	horizontal	 surfaces	with	EWOD	 is	considered.	When	EWOD	 is	

applied,	the	solid	surface	becomes	more	hydrophilic,	and	hence	the	contact	angle	(CA)	is	reduced.	Following	

the	activation	of	EWOD,	 the	LB	can	remain	connected	or	 it	can	break	 into	either	symmetric	or	asymmetric	

shapes	depending	on	the	initial	liquid	volume	and	wettability	of	the	two	surfaces.	The	LB	dynamics	activated	

by	EWOD	is	studied	using	the	multi-body	dissipative	particle	dynamics	(MDPD)	method.	Our	numerical	results	

show	that	the	behavior	of	an	LB	under	EWOD	can	be	interpreted	via	three	modes.	In	the	first	mode,	the	LB	does	

not	break	after	applying	EWOD.	 	 In	 the	second	mode,	 the	LB	breaks	and	does	not	re-form.	The	third	mode	

happens	when,	depending	on	the	interplay	of	the	volume	of	the	liquid	and	CA	manipulation,	the	LB	continuously	

breaks,	recoils,	and	re-forms.	For	asymmetric	cases,	it	was	observed	that	the	LB	may	completely	detach	from	

one	surface	and	may	not	re-form	the	LB	again.	It	was	also	observed	that	decreasing	the	wettability	of	a	surface,	

for	 cases	 with	 a	 continuous	 breaking/reformation	 behavior,	 increases	 the	 connecting	 time	 interval	 and	

decreases	 the	breaking	 time	 interval	 in	one	break/re-form	cycle.	The	results	provided	 in	 this	 investigation	

facilitate	fundamental	understanding	of	LB	dynamics	and	their	application	for	the	design	of	microscale	liquid	

oscillators	using	EWOD.	
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1.	Introduction	

Microfluidics	combines	both	the	science	and	the	technology	of	manipulating	and	controlling	fluids	in	

small	scales,	usually	in	the	range	of	microliters	to	picoliters	[1].	Digital	microfluidics	is	an	attractive	

branch	 of	 microfluidics,	 providing	 a	 platform	 for	 lab-on-a-chip	 systems	 [2][3].	 By	 using	 various	

techniques	to	modify	different	characteristics	of	fluids	and	surfaces	such	as	wettability,	droplets	are	

successfully	moved,	mixed,	separated	or	stored	on	a	platform	with	a	set	of	microscale	devices	[2][3]	

[4].	The	tendency	for	wetting	of	a	surface	can	be	modified	by	various	approaches	such	as	introducing	

roughness	[5]	or	changing	chemical	properties	of	the	surface	[6][7][8].	The	surface	morphology	and	

chemical	 properties	 provide	 certain	 boundary	 conditions	 which	 guide	 the	 liquid	 to	 the	 most	

energetically	minimized	position,	and	hence	shape	the	desired	configuration	[9][10].	A	downside	of	

chemical	and	topographical	patterns	is	their	fixed	nature,	which	means	that	these	patterns	cannot	be	

modified	after	construction	[11].	

	

	 The	wettability	of	a	surface	can	also	be	modified	by	artificially	increasing	the	energy	of	a	surface	

using	 an	 electrostatic	 force	 between	 the	 surface	 and	 liquid	 [12][13].	 Unlike	 chemical	 and	

topographical	patterns,	 electrostatic	 forces	provide	a	great	degree	of	 switchability	and	 long	 term	

durability	 [14][15].	 This	 technique,	 commonly	 called	 electro-wetting	 (EW),	 was	 introduced	 by	

Lippmann	 in	 1875	 [11].	 To	 limit	 current	 and	 bypass	 electrolysis	 in	 the	 liquid	 at	 high	 actuation	

voltages,	 the	 conductive	 liquid	 and	 the	 metallic	 electrode	 should	 be	 separated.	 This	 has	 been	

addressed	via	electrowetting-on-dielectric	 (EWOD)	by	Berge	 [16].	By	using	EWOD,	 the	droplet	 is	

controlled	by	the	applied	voltage	at	the	electrode	just	below	the	substrate	surface.	By	applying	the	

voltage,	a	charge	at	the	liquid-solid	interface	is	created	and	the	surface	tension	is	 locally	reduced.	

This	generates	a	flow	in	the	direction	of	low	surface	tension,	and	consequently,	the	contact	angle	(CA)	

of	the	liquid	is	modified	to	a	reduced	value.	To	fully	utilize	the	potential	of	EWOD	and	to	deal	with	

more	complex	situations,	various	improvements	and	developments	such	as	optoelectrowetting	have	

been	sought	[17].	

	

	 Given	EWOD’s	precise	controllability,	accurate	modification	of	values	of	CA	for	a	liquid	droplet	

on	a	surface	can	be	accomplished.	It	has	been	shown	that	by	applying	different	voltages,	different	

CAs,	reduced	to	less	than	20º	can	be	achieved	[18][19].	Although	EWOD	is	still	a	new	technique,	there	

have	been	extensive	investigations	on	this	topic	due	to	its	potential	for	both	scientific	and	industrial	

applications.	 By	 way	 of	 fundamental	 investigations,	 firstly,	 various	 experiments	 on	 the	 relation	

between	CAs	and	applied	voltages	have	been	carried	out	[18][19].	EW-induced	droplet	spreading	
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and	 detachment	 in	 conventional	 ambient	 [20][21][22]	 and	 oil	 environments	 [23]	 for	 stationary	

configurations	 have	 been	 investigated.	 The	 effect	 of	 voltage	 magnitude	 on	 the	 advancing	 and	

receding	CAs	was	also	studied	[24].	Controlling	the	CA	of	liquid	drops	on	different	surfaces	via	EWOD	

was	proven	to	be	effective	to	control	the	permeability	of	porous	structures	[25]	and	to	assist	bubble	

detachment	from	a	liquid	film	[26].	It	was	also	shown	that	by	controlling	the	applied	voltage	between	

two	surfaces	of	a	wedge,	the	position	and	shape	of	liquid	drops	confined	in	the	wedge	can	be	precisely	

controlled	[27].	An	interesting	recent	experiment	also	showed	that	by	choosing	specific	parameters	

in	a	precisely	designed	configuration,	the	angle	of	ballistic	ejection	of	liquid	drops	can	be	accurately	

manipulated	via	electrostatic	forces	[28].	

	

	 EWOD	 has	 also	 found	 numerous	 practical	 applications	 from	 smart	 optics	 [29]	 to	 energy	

harvesting	[30]	and	liquid	resonators	[31].	Shortly	after	the	introduction	of	EWOD	in	1993	[16],	it	

was	 employed	 in	 cameras	 to	 change	 the	 focal	 length	 of	 lenses	 [32].	 By	 taking	 advantage	 of	

manipulating	the	air-water	interface	via	EW,	a	centimeter-sized	boat	without	complicated	propulsion	

mechanisms	was	invented	[33].	Because	of	the	precisely	controllable	nature	of	EW,	reconfigurable	

optofluidic	 slits	without	mechanically	moving	 parts	 have	 also	 been	 realized	 [34].	 EW	has	 shown	

extensive	applicability	in	three-dimensional	digital	microfluidics	such	as	accurate	manipulation	and	

mixing	 of	 different	 droplets	 with	 various	 chemical	 properties	 [35].	 While	 the	 above-mentioned	

applications	have	used	EW	in	an	actuation	manner,	a	similar	application	showed	the	capability	of	this	

phenomenon	for	harvesting	energy	in	small	scale	geometries	[30][36].	

	

	 As	mentioned	before,	by	applying	EWOD	via	a	voltage	difference	between	the	upper	and	lower	

surfaces,	the	solid	surfaces	become	more	lyophilic	via	an	electrostatic	force	applied	on	the	liquid-

solid	 interfaces.	 This	 dynamic	 force	 consequently	 reduces	 the	 CA	 of	 the	 droplet	 and	 causes	 the	

droplet	to	deform.	By	removing	the	applied	voltage	on	the	system,	the	liquid	would	recoil	and	tend	

to	recover	its	original	configuration.	If	the	potential	energy	within	the	liquid	droplet	corresponding	

to	the	surface	tension	is	sufficient,	the	droplet	may	detach	from	the	surface	[22][28].	On	the	other	

hand,	if	the	process	is	happening	in	a	confined	environment	the	droplet	may	jump	from	one	surface	

to	another,	which	has	been	recently	demonstrated	[35].	Another	potential	configuration	is	a	capillary	

bridge	between	two	surfaces	[27][11][37].	If	a	liquid	bridge	(LB)	forms	between	two	horizontal	EW	

surfaces,	the	meniscus	of	the	bridge	can	be	modified	by	applying	a	voltage	between	the	upper	and	

lower	walls,	and	the	LB	may	break	[38].	After	bridge	breaking,	the	applied	voltage	appears	mainly	

across	the	gap	reducing	the	electric	field	at	the	liquid/solid	interfaces,	and	the	liquids	on	each	surface	
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would	recoil.	Depending	on	the	maximum	recoiling/jumping	height,	the	two	liquid	parts	may	touch	

each	other,	and	the	bridge	formation	and	disruption	may	continue.	

	

	 Although	 there	 has	 been	 an	 experimental	 investigation	 on	 the	 behavior	 of	 an	 LB	 under	

electrostatic	 forces	 [38],	 there	 is	 no	 comprehensive	 analysis	 of	 this	 phenomenon.	 An	 LB	 under	

electrostatic	forces	may	change	its	shape	and	form	a	neck	somewhere	between	the	upper	and	lower	

surfaces.	 Depending	 on	 the	 original	 wettability	 of	 the	 upper	 and	 lower	 surfaces,	 the	 LB	 can	 be	

symmetric	or	asymmetric.	Hence,	by	introducing	EW,	an	LB	may	form	a	symmetric	or	asymmetric	

neck	and	may	break.		

	 The	 present	 investigation	 deals	 with	 a	 mesoscale	 LB-EWOD	 system	 to	 shed	 light	 upon	 the	

different	break	mechanisms	and	modes	of	 the	LB,	 and	 to	provide	 fundamental	understanding	on	

different	stages	of	this	phenomenon.	To	model	a	mesoscale	LB,	the	multi-body	dissipative	particle	

dynamics	(MDPD)	method	is	used.	Simulation	details	and	features	of	MDPD	are	elaborated	in	section	

2.	 Then,	 the	 investigated	 configuration	 and	 its	 geometrical	 specifications	 are	 given	 in	 section	3.	

Section	4	provides	an	in-depth	illustration	and	discussion	on	the	various	modes	and	styles	of	the	

breakup	or	re-configuration	of	the	bridge.	Finally,	section	5	gives	conclusions	and	remarks	regarding	

the	implications	of	these	processes	for	the	application	of	EWOD.	

2.	MDPD	Simulation	

2.1.	Governing	Equations	

MDPD	is	an	extension	to	the	mesh-free,	coarse-grained	molecular	dynamics	(MD)	dissipative	particle	

dynamics	(DPD)	simulation	approach	[39].	Unlike	DPD,	MDPD	is	capable	of	simulating	unconfined	

geometries.	 In	 this	method,	 a	 cluster	 of	 several	molecules	 forms	 each	 particle.	 This	method	 also	

includes	Brownian	motions	within	the	simulation,	which	are	crucial	at	these	small	scales.	The	length	

and	time	scales	 in	MDPD	are	between	atomistic	and	continuum	approaches	[40][41],	which	 is	an	

advantage	of	this	method.	Ghoufi	and	Malfreyt	[42]	have	shown	that	the	computational	cost	of	MDPD	

is	20	times	lower	than	MD	simulation	to	achieve	the	same	real	time.	

	 To	model	the	motion	of	each	MDPD	particle	or	“bead,”	Newton’s	second	law	is	used	as	follow:	

	 (1)	
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where	 	, 	and	 	denote	the	ith	bead’s	position,	velocity,	and	total	force,	respectively.	The	external	

body	force	exerted	on	each	particle	is	incorporated	into	the	model	by	parameter	 ,	which	can	be	

neglected	here	because	of	the	particle	size	and	operating	condition	[43][40][44].	The	conservative	

force	 ,	dissipative	force	 	and	random	force	 	are	given	by	[41][45]:	

	 (3)	
	 (4)	

	 (5)	

where	the	subscript	 	stands	for	neighbor	particles	to	the	particle	 	(i.e.,	 ,	see	for	instance	Fig.	

1c).	 Also,	 ,	 ,	 	and	 .𝐴"#	and	𝐵 	are	 the	 attractive	 and	 repulsion	

force	amplitudes	with	weighting	functions	of	𝜔' 	with	two	different	cut-off	radii	𝑅) 	and	𝑅* = 0.75𝑅) ,	

where		𝜔'0𝑟"#, 𝑅)3 = max01 − 𝑟"#/𝑅), 03.	𝛾	and	𝜑	are	 the	dissipative	and	random	force	amplitudes.	

Stability	conditions	require	that	𝜔< = √𝜔>	and	𝜑? = 2𝛾𝑘B𝑇	where	𝑘B	is	Boltzmann	constant	and	𝑇	

is	 the	 temperature	 of	 the	 system.	 The	 parameter	𝜃"# 	is	 sampled	 from	 a	 Gaussian	 white	 noise	

distribution	with	unit	bandwidth,	and	∆𝑡	is	the	time	step.	 	Warren	proposed	an	empirical	density-

dependent	conservative	force	formula	with	cut-off	range	 .	The	local	density-function	is	given	by	

[46]:	

	 (6)	

More	explanations	of	forces	and	parametric	values	of	MDPD	can	be	found	in,	e.g.[47].	

2.2.	Fluid-Structure	Interaction	

In	 our	 MDPD	 implementation,	 the	 substrate	 particles	 are	 assumed	 to	 be	 frozen	 for	 simplicity	

[48][49],	but	their	interaction	with	the	fluid	is	considered.	As	shown	above,	forces	between	beads	

are	soft	and	short-range	interactions	[50].	This	allows	large	time	steps	for	the	interaction	of	particles	

within	the	system.	However,	unlike	the	hard	potentials	 in	MD,	the	soft	 interaction	between	beads	

would	not	prevent	fluid	beads	from	penetrating	into	walls	[51].	To	prevent	penetration	of	the	fluid	

beads	into	the	solid	part	of	the	system	and	to	ensure	the	no-slip	boundary	condition,	the	bounce-back	

treatment	has	been	implemented	in	this	work.	A	simple	mathematical	manipulation	for	bounce-back	

boundary	condition	for	a	flat	horizontal	wall	can	be	written	as	follow:	

	 (7)	
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where	
	 (9)	

	 In	the	above	equations	the	subscripts	 ,	 ,	 	and	 	denote	modified,	old,	predicted	and	solid	

wall,	respectively.	Also,	the	parameter	 	is	the	vertical	component	of	 	which	is	used	to	calculate	the	

parameter	 [51].	Note	that	the	above-mentioned	equations	(Eqs.	8	and	9)	are	the	parametric	form	

of	a	straight	line	in	3D.		

To	change	the	interaction	of	the	fluid	with	solid	walls	for	different	static	or	dynamic	behaviours,	only	

one	interaction	parameter	is	modified.	This	parameter	is	usually	the	attraction	force	amplitude	in	the	

conservative	force,	i.e.	 ,	between	fluid	and	solid	beads,	 	[47].	Hence,	the	rest	of	the	interaction	

parameters	 for	 the	 solid/fluid	 particles	 remain	 constant.	 The	 parametric	 values	 used	 in	 this	

investigation	and	their	representative	values	in	the	physical	domain	have	been	tabulated	in	Table	1.	
Table	1.	Parametric	values	used	in	MDPD	simulation.	

Parameter	 Symbol	 DPD	values	 Physical	values	for	
water/glycerol	mixture	[52]	

Particle	mass	 	 1.0		 	
System	energy		 	 1.0	 ---	
Cut-off	radius	of	attractive	force	 	 1.0	 ---	
Cut-off	radius	of	repulsive	force	 	 0.75	 ---	
Attraction	parameter	(liquid-liquid)	 	 -40	 ---	
Repulsion	parameters	 ,	 	 25	 ---	
Amplitude	of	random	force	 	 6.0	 ---	
Time	step	 	 0.01	 	
Fluid	bead	density	 	 6.10	 	
Liquid-vapor	surface	tension		 	 7.30	 	
Liquid	kinematic	viscosity	 	 7.45/6.1	 	

	

2.3.	Dimensional	Analysis	

The	MDPD	parameters	used	in	the	present	investigation	are	provided	in	Table	1.	Properties	of	the	

working	 fluid	 are	 expressed	 in	 the	dimensionless	 form	with	 the	 transformation	 to	 physical	units	

given	below.	Assuming	the	fluid	density,	kinematic	viscosity,	and	surface	tension	in	SI	unit	are	 ,	 	

and	 ,	respectively,	the	conversion	length	 ,	mass	 ,	and	time	 	are	obtained	using	the	

following	formulae:	
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	 (10)	

	 (11)	

	 (12)	

	 In	Table	1,	the	last	three	rows	( ,	 	and	 )	are	devoted	to	the	values	of	fluid	density,	kinematic	

viscosity	 and	 surface	 tension	 in	 the	 DPD	 and	 physical	 units.	 For	 example,	 by	 considering	 a	

water/glycerol	mixture	with	wt	%	of	59	as	the	working	fluid	[52],	the	DPD	unit	length	can	be	then	

calculated	as	:	

	 (13)	

which	 results	 in	 a	 physical	 length	 of	 	for	 the	 unit	 length	 in	 non-dimensional	 “DPD	

units”.	By	following	the	same	notion,	the	unit	time	and	mass	are	calculated	as	 	and	

.	These	values	are	much	 larger	 than	the	unit	values	 in	MD	simulations	[53].	 It	

should	be	mentioned	that	by	decreasing	the	viscosity,	density,	and	surface	tension	of	the	fluid	in	the	

above	equations,	the	unit	length	of	each	DPD	can	be	decreased	to	the	order	of	nanometers.	

3.	Configuration	and	Solution	Algorithm	

An	LB	between	two	horizontal	plates	is	considered	in	this	investigation.	In	EWOD	experiments,	the	

inner	surfaces	of	metallic	plates	are	covered	by	a	thin	layer	of	dielectric	materials,	e.g.,	SU-8,	to	avoid	

electrolysis,	followed	by	a	hydrophobic	layer,	e.g.,	Polytetrafluoroethylene	[54][55].	The	upper	and	

lower	plates	are	then	connected	via	an	applied	voltage.	Depending	on	the	wetting	properties	of	the	

upper	 and	 lower	 surfaces,	 the	 initial	 configuration	 of	 the	 bridge	 can	 be	 either	 symmetric	 or	

asymmetric.	The	schematic	of	two	LB-EWOD	systems	is	shown	in	Fig.	1.	By	closing	the	electric	circuit,	

the	LB	in	Fig.	1a	deforms	symmetrically,	and	the	LB	in	Fig.	1b	deforms	asymmetrically.	For	sufficient	

applied	voltage,	the	LBs	may	break	in	a	symmetric/asymmetric	fashion	corresponding	to	the	form	of	

the	original	bridge.		Once	the	bridge	breaks,	the	applied	voltage	is	mainly	manifest	across	the	gap	due	

to	the	very	low	dielectric	constant	of	air	or	vapor	filling	the	gap	compared	to	the	liquid.		This	results	

in	 a	 reduction	 in	 the	 effect	 of	 electric	 field	 on	 wettability	 at	 the	 liquid/solid	 interface.	 	 This	

investigation	 models	 similar	 configurations	 and	 phenomena	 by	 applying	 switchable	 wettability	

criteria	on	the	upper	and	lower	surfaces	by	changing	 	in	the	MDPD	simulation.	Figure	1c	shows	
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the	solution	algorithm	for	modelling	the	LB	between	two	surfaces	under	investigation.	The	details	of	

this	algorithm	will	be	given	 later	 in	Sec.	4.2.	The	LB’s	height,	 i.e.,	 the	gap	between	 the	horizontal	

surfaces,	is	 	DPD	length	(or	 	µm),	and	the	three	 		
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Fig.	1.	Schematic	of	the	liquid	bridge	and	its	disruption	due	to	electro-wettability	phenomenon.	(a)	

Symmetric	and	(b)	asymmetric	induced	electro-wetting.	(c)	The	solution	algorithm	of	MDPD,	and	the	

present	LB-EWOD	models.	The	LB-EWOD	examples	in	(c)	include	the	configuration	and	dimensional	

parameters	of	the	present	MDPD	simulation,	and	two	cases	when	𝐵H = 0	and	𝐵H = 1.		

	

dimensions	 of	 the	 upper	 and	 lower	 plates	 in	 MDPD	 simulations	 are	 kept	 constant	 at	 ,	

respectively,	 for	 all	 of	 the	 case	 studies.	 These	 dimensions	 are	 shown	 in	 Fig.	 1c.	 Three	 different	

numbers	of	MDPD	beads	for	the	liquid	phase,	i.e.,	liquid	volumes	𝑉,	are	considered	for	each	scenario.	

The	number	of	liquid	and	solid	beads	in	each	case	are	given	in	Table	2.	
	

Table	2.	Number	of	liquid	and	solid	particles	in	each	case.	

Case	Number	 Liquid	beads/volume,	V	 Solid	beads/volume,	V	

Case	1	 5,508/2,684	µmJ	

42,320/20,625	µmJ	Case	2	 9,792/4,772	µmJ	

Case	3	 13,328/6,522	µmJ	

	

4.	Results	

4.1.	Validation	

For	 validation	 purpose,	 the	 effect	 of	 on	 the	 CA	 of	 a	 static	 droplet	 on	 a	 horizontal	 flat	wall	 is	

reported.	 Figure	 2	 provides	 a	 thorough	 illustration	 of	 this	 effect.	 The	 inset	 figures	 show	 liquid	

droplets	on	lyophilic	or	lyophobic	surfaces.	Figure	2	shows	excellent	agreement	between	the	present	

results	 for	 the	contact	angle	of	a	droplet	and	the	reported	MDPD	study	by	Chang	et	al.	 [56].	As	a	

reference	 for	wettability	 characteristics	 of	 the	 surfaces	 considered	 in	 the	 following	 analyses,	 the	

corresponding	CA	for	each	 	has	been	also	provided	in	Table	3.		

Table	3.	CA	versus	 	for	a	liquid	droplet	on	a	solid	surface	using	the	MDPD	method.	

	 CA	 	 CA	

-10	 167±5.7	 -30	 81±2.2	

-15	 147±4.1	 -35	 55±1.5	

-20	 126±4.0	 -40	 26±1.0	

-25	 107±3.8	 	 	

40 40 3´ ´

sA !

sA !

sA !

sA ! sA !
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Fig.	2.	Comparison	of	the	contact	angle	of	a	droplet	on	a	wall	using	the	present	MDPD	method	and	provided	

data	by	Chang	et	al.	[56].	

	

4.2.	Symmetric	LB	

In	this	section,	a	comprehensive	analysis	of	symmetric	LB-EWOD	is	provided.	As	mentioned	before,	

three	different	volumes	 for	 the	 liquid	phase	are	considered	 for	each	parametric	 study,	which	are	

given	in	Table	2.	After	assigning	an	initial	 	value	on	each	surface,	a	final	 	value	is	assigned	to	

each	surface	to	modify	the	LB	meniscus	and	possibly	break	the	bridge.	Hereafter,	the	superscript	 	

and	 	for	 	represents	the	initial	and	final	 	values,	respectively.	Figure	3,	which	represents	the	

analysis	of	the	symmetric	EWOD	system	in	Fig.	1a,	shows	examples	for	different	modes	of	LB	and	its	

response	to	a	sudden	change	of	 	value	on	both	surfaces.	These	modes	result	from	the	interplay	of	

,	 	and	 LB	 volume	 as	will	 be	 discussed	 later.	 From	 	to	 	DPD	 time	 units	 the	

values	for	wettability	of	the	upper	and	lower	surfaces	are	kept	at	 .	 	should	be	large	enough	to	

ensure	convergence	to	a	steady	state.	Then,	the	dynamic	process	begins	at	 	by	switching	

the	 	to	 .	A	new	variable,	 ,	is	defined	for	the	LB	breakup	or	reformation.	 	means	that	

the	LB	is	intact,	whereas	 	indicates	breaking	of	the	bridge.	In	order	to	determine	 ,	we	divide	

the	space	between	the	parallel	plates	into	𝑁 = 15	vertical	bins	( DPD),	then	the	average	local	

density	is	calculated	within	each	bin.	If	this	average	local	density	approaches	zero	in	any	of	these	

bins,	 the	 LB	 is	 considered	 broken,	 i.e., .	 This	 approach	 was	 adopted	 from	 local	 density	
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calculations	 in	 molecular	 dynamics	 [57][58].	 If	 the	 LB	 breaks,	 the	 electric	 field	 is	 dramatically	

reduced	at	the	liquid/solid	interface,	and	 	changes	back	to	 ,	causing	the	liquid	to	recoil	(see	

for	instance	Fig.	1c).	The	periods,	𝜏) 	(when	 )	and	𝜏M	(when	 ),	are	calculated	within	each	

loop	with	the	same	value	 .	This	will	be	discussed	later.		

	

Generally	speaking,	there	are	three	modes	for	the	behavior	of	a	symmetric	LB	under	the	influence	of	

EWOD.	These	three	modes	are	shown	in	Figs.	3a-c	based	on	the	LB’s	center	of	mass	(CM)	while	EW	

is	applied.	The	corresponding	CAs	are	reported	in	Fig.	4.	If	a	low	voltage	is	applied	or	if	the	initial	CA	

is	already	very	low,	the	modified	contact	angle	causes	a	marginal	change	on	the	meniscus	of	the	LB,	

and	hence	the	LB	will	not	break	(Mode	1	in	Fig.	3a).	However,	if	the	applied	voltage	is	enough	the	CA	

significantly	changes	and	finally	the	LB	breaks.	This	happens	in	Figs.	3b	(Mode	2)	and	3c	(Mode	3).	

In	Fig.	3b	the	volume	of	the	liquid	and/or	the	initial	CA	on	each	surface	hinders	the	LB	reformation	

after	the	disruption.	These	two	parameters	of	the	system	provide	a	favorable	situation	in	Fig.	3c	for	

LB	reformation	after	the	disruption.	Therefore,	in	Fig.	3c	the	LB	continues	to	break	and	re-form	with	

a	certain	period.	Supplementary	Movie	1	shows	the	time	history	of	the	LB	for	Mode	3	(Fig.	3c).	While	

the	previous	three	modes	have	been	analysed	after	getting	a	stable	LB	for	 	on	each	surface,	it	is	

also	possible	that	by	applying	a	specific	 	on	the	surfaces,	the	LB	would	not	be	stable	between	two	

surfaces.	This	 is	mainly	because	of	the	small	volume	of	the	 liquid	and	mainly	happens	for	Case	1,	

which	has	5,508	liquid	beads.	The	CM	evolution	of	a	sample	case	for	this	scenario	are	illustrated	in	

Fig.	3d,	but	it	is	not	considered	as	one	of	the	LB	modes	since	it	is	not	a	stable	LB.	Figure	4	serves	as	a	

companion	to	Fig.	3	and	provides	information	regarding	local	dynamic	CA	of	the	LB	with	respect	to	

the	lower	horizontal	wall	versus	time.	Note	that	the	errorbar	in	Fig.	4	gives	the	standard	deviation	

for	the	contact	angle	at	100	time	steps	around	mean	time,	and	this	change	is	due	to	the	random	force.	

As	can	be	seen	from	Fig.	4b	and	4c,	before	LB	breaking,	the	contact	angle	reaches	its	minimum	value.	

The	break	dramatically	 reduces	 the	 electric	 field	on	 the	 solid/liquid	 interface,	 i.e.,	𝐵H = 1	and 	

returns	to .	Hence.	the	CA	suddenly	increases,	and	the	upper	and	lower	liquids	recoil.	If	the	

separated	liquid	parts	on	upper	and	lower	walls	later	connect	to	each	other,	which	happen	in	Fig.	4c,	

the	bridge	forms	again,	CA	decreases,	and	the	cycle	continues.	
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Fig.	3.	Center	of	mass	(CM)	for	different	models	of	the	electro-wetting	bridge.	(a-c)	Modes	1	to	3,	

respectively.	(d)	Example	unstable	liquid	bridge	for	high	original	CA.	The	CM	position	shown	as	red,	
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blue,	and	green	curves	are	for	the	complete	bridge	and	the	upper	and	lower	portions	of	the	droplet,	

respectively.			

	

	 	

	 	
	

Fig.	4.	Dynamic	contact	angles	for	different	models	of	the	electro-wetting	bridge.	(a-c)	Modes	1	to	3,	

respectively.	(d)	Example	unstable	liquid	bridge	for	certain	original	CAs.	

	

The	mode	map	of	each	case	is	provided	in	Fig.	5.	The	unstable	LBs	for	Case	1	have	been	shown	with	

dark	diamond	in	Fig.	5a.	It	is	worth	mentioning	that,	although	Mode	3	can	be	observed	in	Case	1	with	

	(𝜃" = 107°)	and	 	or	 	(𝜃O = 55°	or	26°),	due	to	the	fewer	number	of	particles	

compared	with	Case	2	and	3,	and	lower	energy	compared	with	more	hydrophobic	initial	conditions	

(e.g.	 	(𝜃O = 126°)	in	Case	1),	the	two	separated	parts	of	the	LB	on	each	surfaces	cannot	meet	

each	other	as	periodically	as	in	other	cases.	Accordingly,	these	cases	have	not	been	included	in	the	
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analyses	for	height	at	break,	 ,	and	transfer	ratio,	 ,	shown	later.		The	behaviors	of	Cases	2	and	3	

are	very	similar	to	each	other.	Hence,	one	map	is	provided	for	both	cases	(Fig.	5b).	In	Fig.	5b,	most	of	

the	continuous	break	and	reformation	cases	(Mode	3)	happen	when	the	EW	provides	a	final	 	

(𝜃O = 26°).		

	
Fig.	5.	Modes’	maps	for	three	different	cases.	(a)	Case	1	and	(b)	Case	2	and	3.	Blue	square	indicates	Mode	1;	

Red	delta	indicates	Mode	2;	Green	circle	indicates	Mode	3;	Black	diamond	indicates	unstable	liquid	bridge.	

	

	 The	period	for	bridge	breaking	and	reformation	in	Mode	3	shows	a	strong	correlation	to	bridge	

height.		In	order	to	generalize	the	present	results,	different	LB	heights	or	plate	spacings	(𝐻RB	from	10	

to	20	DPD	length)	are	considered,	but	the	ratio	of	the	cube	of	bridge	height	to	volume	is	kept	constant	

at		𝐻RBJ /𝑉 = 0.253.	The	initial	and	final	contact	angles	in	the	test	case	in	Fig.	3c	and	4c	are	considered	

here.	The	droplet	dynamics	for	these	conditions	are	always	in	Mode	3.	The	intact	bridge	period	 ,		

broken	period	 ,	and	the	total	duration	of	each	cycle	 	are	reported.	They	monotonically	increase	

with	𝐻J	as	shown	in	Fig.	6.	This	correlation	suggests	the	ability	to	expand	the	results	to	other	scales	

for	similar	operating	conditions,	e.g.,	operation	contact	angles.		

The	 process	 of	 bridge	 breaking	 can	 also	 be	 characterized	 by	 the	 how	 the	 liquid	 is	 distributed	

following	bridge	breaking.			We	describe	this	distribution	by	the	break	height	 	and	transfer	ratio	

	The	break	height,	 ,	is	defined	as	the	distance	from	the	bottom	plate	where	the	bridge	initially	

breaks,	and	the	transfer	ratio	 	is	defined	as	the	ratio	of	liquid	transferred	to	the	lower	surface	after	

bridge	breaking	over	the	total	initial	volume	of	the	LB.	Figure	7	provides	break	height	 	and	transfer	
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ratio	 	versus	 	(and	the	corresponding	initial	CA)	for	LBs	showing	Mode	3	dynamics.	Because	of	

the	symmetric	nature	of	the	EWOD	system	for	these	cases,	the	break	height	is	almost	always	at	the	

middle	of	the	two	surfaces	and	the	transfer	ratio	is	around	0.5.	However,	due	to	the	low	volume	of	

the	liquid	in	Case	1,	randomness	has	a	substantial	effect	on	the	LB,	and	hence,	the	break	height,	and	

transfer	ratio	show	some	asymmetry.		

	
Fig.	6.	Period	of	complete	bridge,	𝜏) ,	bridge	break,	𝜏M ,	and	one	cycle,	𝜏T ,	for	Mode	3	using	different	liquid	

bridge	height,	𝐻RB .	For	all	cases,		𝐻RBJ /𝑁 = 0.253	and	 	(𝜃" =81°)	&	 	(𝜃O =26°)	as	

shown	in	mode’s	map.	

	

 To	provide	a	visual	illustration	regarding	the	somewhat	random	behaviour	of	Case1,	a	case	study	

with	 	(𝜃" =107°)	and	 	 	(𝜃O =	26°)	is	considered	in	Fig.	8,	which	shows	the	center	

of	mass	versus	 time.	As	seen	 in	 this	 figure,	 the	LB	rupture	and	re-formation	 is	not	as	periodic	as	

previous	examples	provided	in	Fig.	3.	This	is	likely	due	to	the	lower	volumes	of	separated	liquids	on	

each	surface	and	the	lower	potential	energy	provided	in	this	case	( 	(𝜃" =107°))	compared	

with	 the	 case	 having	 	(𝜃" =126°)	 both	 of	 which	 increase	 the	 influence	 of	 the	 random	

fluctuations	in	force.	
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Fig.	7.	Break	height,	H’,	(a)	and	mass	ratio,	R,	(b),	for	Mode	3	using	different	cases	and	 .	Red	square,	

green	triangle,	and	blue	diamond	are	for	Case	1	to	3,	respectively.	For	all	cases,	 (𝜃O = 26°)	as	

shown	in	mode’s	map.	

	
	

	

Fig.	8.	Center	of	mass	(CM)	for	Case	1	using	 (𝜃" = 107°)		and	 (𝜃O = 26°).	(a)	shows	the	

different	 behavior	 of	 liquid	 bridge	 at	 different	 times	 due	 to	 the	 effect	 of	 randomness	 originating	 from	 the	

smaller	number	of	liquid	beads	compared	with	other	cases.	(b)	shows	a	detailed	illustration	of	the	cycles.	

4.3.	Asymmetric	LB	

If	the	material	properties	of	the	upper	and	lower	surfaces	are	different,	the	surface	wettability	and	

consequently	 the	 initial	 and	 final	CAs	of	 the	 liquid	on	upper	and	 lower	surfaces	of	 the	LB-EWOD	
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system	are	also	different.	Hence,	an	asymmetric	LB	is	formed	between	the	two	surfaces	and	it	breaks	

in	an	asymmetric	fashion.	This	phenomenon	has	been	schematically	shown	in	Fig.	1b.	The	parameter	

space	 of	 the	 asymmetric	 LB	 is	 much	 larger	 due	 to	 the	 additional	 degree	 of	 freedom	 in	 surface	

wettability.	 Hence,	 the	 investigation	 of	 asymmetric	 LB-EWOD	 has	 been	 limited	 to	 five	 sub-cases	

provided	in	Table	4.	

	

Table	4.	Wettability	parameters	for	upper	and	lower	surfaces	used	for	asymmetric	investigations.	

Case	Number	 lower	wall	
/ 	

upper	wall	
/ 	

lower	wall	
/ 	

upper	wall	
/ 	

Sub-case	1	

-10/167°	 -15/147°	

-15/147°	 -20/126°	

Sub-case	2	 -20/126°	 -25/107°	

Sub-case	3	 -25/107°	 -30/81°	

Sub-case	4	 -30/81°	 -35/55°	

Sub-case	5	 -35/55°	 -40/26°	
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Fig.	9.	Center	of	mass	(CM)	for	two	different	asymmetric	case	studies	(a,c),	and	an	illustration	of	one	cycle	for	

each	case	(b,d).		

	 	

Similar	 to	 symmetric	 cases,	 these	 asymmetric	 cases	may	 break	 the	 bridge	 permanently,	 or	may	

continuously	break	and	re-form	the	LB.	Samples	of	CM	time	histories	are	given	in	Fig.	9a	and	9c	for	

two	case	studies.	The	detailed	illustration	of	one	cycle	for	each	case	has	been	provided	in	Fig.	9b	and	

9d.	In	these	two	examples,	a	lower	CA	has	been	assigned	to	the	upper	wall	and	a	higher	CA	has	been	

assigned	to	the	lower	wall.	It	can	be	seen	from	the	inset	figures,	in	both	cases,	that,	since	the	upper	

wall	 is	more	hydrophilic	compared	with	the	lower	wall,	the	upper	wall	holds	more	liquid	and	the	

bridge	breaks	in	a	completely	asymmetric	configuration.	As	can	be	seen	in	both	figures,	the	small	

amount	of	liquid	on	the	lower	wall	may	separate	from	the	surface	and	form	a	satellite	droplet.	This	
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can	be	clearly	seen	in	the	inset	in	Fig.	9b.	When	the	LB	breaks,	the	electric	field	on	the	solid/liquid	

interface	decreases	and	the	initial	CA	is	restored	on	each	surface,	and	therefore	the	liquid	recoils	from	

the	upper	surface	and	again	may	form	a	bridge	between	the	two	surfaces.	Supplementary	Movie	02	

shows	the	time	history	of	a	LB	while	it	breaks	and	re-forms	for	the	case	given	in	Fig.	9a.	If	the	volume	

of	the	liquid	or	the	initial	CA	of	the	liquid	on	the	surface	is	not	favorable	for	bridge	formation,	the	

liquid	 may	 attach	 to	 the	 upper	 surface	 and	 may	 not	 form	 an	 LB.	 For	 geometric	 and	 material	

parameters	used,	this	happens	for	all	sub-cases	of	Case	1,	which	only	has	5,508	beads.	Similar	to	Fig.	

3d,	in	these	scenarios	the	initial	LB	is	not	stable,	and	hence	this	is	not	included	within	the	available	

modes.	The	cases	and	their	associated	dynamic	mode	have	been	summarized	in	Table	4.	

	

Table	5.	Different	modes	of	bridge	behavior	for	studied	asymmetric	cases.	

											Sub-case	Number	

	

Case	number	

Sub-case	1	 Sub-case	2	 Sub-case	3	 Sub-case	4	 Sub-case	5	

Case	1	 ---	 ---	 ---	 ---	 ---	

Case	2	 Mode	3	 Mode	3	 Mode	3	 Mode	3	 Mode	3	

Case	3	 Mode	1	 Mode	1	 Mode	3	 Mode	3	 Mode	3	

	

	 In	Fig.	10,	the	effect	of	LB	height,	𝐻RB ,	on	the	period	of	the	oscillatory	system	dynamics	is	reported	

for	 the	 asymmetric	 system,	with	𝐻RBJ /𝑉 = 0.253	for	 Sub-case	 4	 for	 case	 3.	 	 The	 figure	 shows	 the	

periods	 	𝜏) ,	𝜏T	and	𝜏) 	vs	𝐻RBJ .	Mode	3	was	observed	for	all	 the	simulations	considered	 in	this	

figure,	and	the	periods	are	linearly	increasing	with	𝐻RBJ .	The	periods	are	smaller	and	have	larger	

variability	compared	with	the	symmetric	data	presented	in	Fig.	6.	Also,	since	asymmetric	case	studies	

are	 more	 unstable,	 they	 may	 not	 follow	 a	 similar	 behavior	 of	 the	 symmetric	 ones,	 and	 hence	

decreasing	trends	is	often	seen	for	break	and	complete	bridge	periods	in	Fig.	10.	The	values	of	break	

height	and	transfer	ratio	for	the	asymmetric	systems	are	given	in	Fig.	11.	Because	of	the	asymmetric	

nature,	the	break	height	 	is	generally	small	and	often	approximately	zero,	 .	Likewise	 	

for	almost	all	case	studies	as	shown	in	Fig.	11b.	In	some	cases	in	Fig.	11a, 	is	not	equal	to	zero,	but	

the	 amount	 of	 liquid	 between	 the	 lower	 surface	 and	 the	 breakpoint	 is	 marginal	 and	 does	 not	

substantially	affect	the	value	of	 .	This	phenomenon	illustrated	in	the	insets	of	Fig.	9b	and	9d.	
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Fig.10.	Period	of	complete	bridge,	𝜏) ,	bridge	break,	𝜏M ,	and	one	cycle,	𝜏T ,	for	Sub-case	4	with	different	height,	
HLB,	and		𝐻RBJ /𝑁 = 0.253.			
	

	
Fig.11.	Break	height	(a)	and	mass	ratio	(b)	for	Mode	3	in	Case	2	and	3	with	wettability	given	in	Table	5.	Green	

triangles	and	blue	diamonds	are	for	Case	2	and	3,	respectively.	

	

5.	Conclusion	
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𝐴"#
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𝐴"#$ = −15	(𝜃, =147°)
𝐴"#
, = −35	(𝜃, = 55°)
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A	microscale	liquid	oscillator	is	proposed	using	EWOD.		MDPD	simulations	have	been	conducted	for	

both	symmetric	and	asymmetric	LBs	with	EWOD.	By	changing	the	wettability	characteristics	of	the	

upper	and	lower	surfaces,	the	LB’s	meniscus	deforms.	It	was	shown	that	depending	on	the	modified	

wettability	of	the	surfaces,	the	LB	may	or	may	not	break.	Three	different	dynamic	modes	for	evolution	

of	both	symmetric	and	asymmetric	LBs	with	respect	 to	EWOD	have	been	realized.	 Increasing	 the	

initial	value	of	CA,	i.e.	increasing	 ,	increases	the	duration	of	time	for	which	the	bridge	is	complete	

and	decreases	the	duration	for	which	it	is	broken.	The	total	time	duration	for	one	cycle	is	also	changed	

for	different	values	of	 .	 It	was	shown	that	LBs	between	plates	with	similar	wettability	usually	

rupture	symmetrically,	while	for	asymmetric	LBs	rupture	mainly	happens	nearer	the	surface	with	

lower	wettability.	Similar	behaviour	is	seen	in	the	ratio	of	liquid	left	on	each	surface	after	rupture.	

Satellite	droplets	have	been	observed	in	asymmetric	cases.	These	droplets	form	from	a	small	amount	

of	liquid	on	the	surface	with	low	wettability,	which	jumps	away	from	the	surface	when	the	wettability	

of	the	surface	returns	to	its	original	value	after	the	LB	breaks.	The	data	provided	in	this	investigation	

can	help	to	understand	the	fundamental	physics	behind	the	effects	of	EW	between	parallel	surfaces.	

The	results	also	provide	design	guidance	for	a	microscale	liquid	oscillator	using	EWOD.	
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