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PRINCIPLES OF MICROFLUIDIC ACTUATION BY
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■ Abstract Development and optimization of multifunctional devices for fluidic
manipulation of films, drops, and bubbles require detailed understanding of interfa-
cial phenomena and microhydrodynamic flows. Systems are distinguished by a large
surface to volume ratio and flow at small Reynolds, capillary, and Bond numbers are
strongly influenced by boundary effects and therefore amenable to control by a variety
of surface treatments and surface forces. We review the principles underlying common
techniques for actuation of droplets and films on homogeneous, chemically patterned,
and topologically textured surfaces by modulation of normal or shear stresses.

1. INTRODUCTION

Commercial interest in microfluidic devices for simultaneously propelling dif-

ferent liquids through individually addressable channels has grown considerably

over the past decade (Thorsen et al. 2003). Such parallel operation accelerates

automated synthesis and analysis of small liquid samples, significantly minimiz-

ing reagent volume and cost. Device manufacture has benefited from advances in

silicon processing and MEMs technology to widespread use of inexpensive elas-

tomeric polymers for surface patterning and encapsulation. Microfluidic devices

are being used for such diverse applications as DNA microarrays, drug screening,

optical display technologies, tunable fiber optic waveguides, thermal management

of semiconductor devices and lasers, clinical and forensic analysis, and environ-

mental monitoring.

Most fluidic devices generate internal flow through microchannels in glass

or silicon using electro-osmosis (Stone et al. 2004), electrohydrodynamics (Bart

et al. 1990), magnetohydrodynamics (Jang et al. 2000), centrifugation (Duffy

et al. 1999), or pressure gradients (Pfahler et al. 1990). Driving mechanisms

based on surface stresses, however, are particularly effective for free surface flows,

given the large surface to volume ratio intrinsic to microscale systems. Controlled

modulation of fluid-fluid or fluid-solid boundaries has been demonstrated using
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426 DARHUBER � TROIAN

electrowetting (Lee et al. 2000, Pollack et al. 2000), dielectrophoresis (Jones et al.

2001, 2004), thermocapillary (Darhuber et al. 2003b), and Marangoni stresses

(Gallardo et al. 1999). Two distinct advantages of systems based on external flow

are direct accessibility to liquid samples and a reduced contact area generating less

friction at solid boundaries. The main disadvantage is evaporative loss, which can

be minimized by encapsulation or by lowering the operating temperature. Irrespec-

tive of the driving mechanism, current emphasis is on development of inexpensive,

robust, and portable units.

Development and optimization of fluidic devices based on free surface flow

requires a fundamental understanding of interfacial phenomena and the influence

of surface energy modulation. Most underlying interfacial phenomena were qual-

itatively understood by the end of the nineteenth century; however, to this day

there remain many systems for which quantitative descriptions are still lacking.

Interest in this subject today is focused on discrete or continuous microscopic con-

trol of small-scale systems. Experimental capabilities have been greatly extended

through development of new techniques for chemical and topological patterning of

substrates involving photolithography, selective material deposition and etching,

or surface micromachining. Integrated microscale sensors and detectors have also

enhanced the usefulness of these devices.

Predictions for the shape and speed of droplets and films require accurate models

for the forces affecting the advance of the triple-phase contact line. This neces-

sitates consideration of the difference between dynamic and static contact angles

(Cox 1986, Dussan 1979, Shikhmurzaev 1997), contact angle hysteresis (Chen

et al. 1991; Johnson & Dettre 1964, 1965), line tension (Rowlinson 1983), and the

stress singularity caused by the no-slip condition (Cox 1986, Dussan 1976, Huh

& Scriven 1971). Line tension is only significant for system sizes below about

10−2 µm (Adamson 1990) and is usually negligible in microscale flows. Hysteretic

effects, however, greatly influence droplet mobilization because a critical force is

required to overcome contact line pinning due to chemical, topological, or adsorp-

tive defects. For contact line motion, the dynamic advancing contact angle, θ , must

exceed a minimum value, θA, greater than its static value, θs , i.e., θ > θA ≥ θs .

Likewise, the dynamic receding contact angle must satisfy θ < θR ≤ θs (Chen

et al. 1991; Johnson & Dettre 1964, 1965). For a two-dimensional (2D) droplet

with speed U , the hysteresis is characterized by θA(U ) − θR(U ). The noninte-

grable stress singularity at a moving contact line can be relieved by slip conditions

(Greenspan 1978, Navier 1823), where the slip velocity is proportional to the

local shear rate, by a precursor layer formed by evaporation/condensation pro-

cesses at the contact line, or by adsorption of a molecular film (de Gennes 1985).

Molecular dynamics simulations were recently used to explore the origin and dy-

namic response of the slip length (Barrat & Bocquet 1999, Priezjev & Troian

2004, Thompson & Troian 1997); these results have yet to be incorporated into

continuum models.

This article provides an overview of physical mechanisms based on modulation

of normal and shear stresses for fluidic actuation on homogeneous, chemically
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MICROFLUIDIC ACTUATION BY SURFACE STRESSES 427

patterned, or topologically textured surfaces. The majority of flows are investi-

gated within the lubrication approximation (Leal 1992), for which the geometric

aspect ratio, ǫ2 = (h/L)2 ≪1, and the dynamic ratio, ǫ · Re≪1, where Re is the

Reynolds number. Not included here is a description of electrokinetic phenom-

ena, nor particle or droplet migration by electromechanical body forces such as

dielectrophoresis (Jones et al. 2001). Additional issues relating to intermolecu-

lar forces, line tension, multiphase flow, evaporation and segregation, microscale

mixing phenomena (Ottino & Wiggins 2004), or device fabrication are also not

considered. In sections 2 and 3, we examine the influence of capillary forces on

the static and dynamic behavior of films and droplets in response to chemically or

topologically modified surfaces. Sections 4 and 5 are devoted to liquid actuation

by variation of the fluid-fluid or fluid-solid interfacial tension.

2. STATIC CAPILLARY PHENOMENA

The equilibrium shape, h(x, y), of an isothermal liquid droplet of constant volume,

V , resting on a flat solid (in an ambient vapor phase of negligible density) is deter-

mined by minimizing the total free energy, E−pV , which includes all contributions

from body, surface, or line forces. Here, p is the total pressure within the liquid

phase. The surface contribution is given by γlv Alv + γls Als + γsv Asv , where γi j

and Ai j denote the interfacial tensions and contact areas between the liquid-vapor

(lv), liquid-solid (ls), and solid-vapor (sv) boundaries. The Young-Laplace equa-

tion specifies the pressure drop across a curved liquid-vapor interface according to

−γlv∇s ·n=−γlv(1/R1 + 1/R2), where R1,2 represent the local principal radii of

curvature characterizing the lv interface. In a gravitational field, mechanical equi-

librium requires thatγlv(1/R1+1/R2)+ρgz = const , whereρ is the liquid density,

g is the gravitational constant, and z is the vertical distance from the solid surface

z = 0. For small slopes, both |∂h/∂x |2 ≪ 1 and |∂h/∂y|2 ≪ 1 and the surface

gradient, ∇s =∇−n(n·∇), simply reduces to (∂/∂x, ∂/∂y), where n is the outward

oriented unit normal at the lv interface. In this limit, the capillary pressure simpli-

fies to p= −γlv(∂2h/∂x2+∂2h/∂y2). The angle of contact, θs , at the three-phase

boundary is specified by the Young-Dupré condition, γlv cos θs = γsv −γls . In this

article, the term nonwetting refers to angles θs >π/2, partially-wetting to angles

θs <π/2, and completely wetting to θs =0. In general, the computation of liquid

shapes on textured surfaces can lead to complicated analytic expressions; how-

ever, the availability of software packages like Surface Evolver (Brakke 1992)

greatly simplifies the numerical computation of minimum energy surfaces subject

to complex surface or volumetric constraints.

2.1. Droplet Shapes on Chemically Patterned Surfaces

A partially wetting droplet of characteristic dimension L resting on a flat and

chemically homogeneous substrate assumes the shape of a spherical cap provided

Bo = ρgL2/γlv ≪ 1. For Bo � 1 [or equivalently L � ℓc =
√

γlv/ρg, where ℓc
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428 DARHUBER � TROIAN

is the capillary length (typically 1–3 mm)], hydrostatic forces flatten the droplet

shape and the apex height is a nonmonotonic function of volume (Finn 1986). In

the absence of evaporative or compositional effects, these configurations are stable.

By contrast, liquid dispensed in the shape of a long and slender ribbon can undergo

a Rayleigh instability if the contact lines are free to move. Davis (1980), using a

hydrodynamic analysis, and Sekimoto et al. (1987), using energy-minimizing ar-

guments, examined the linear stability of infinitely long liquid rivulets subject to

various boundary conditions at the contact lines. For immobile lines, a liquid rib-

bon is unconditionally stable provided θs <90◦ (Davis 1980). For 90◦ < θs <180◦,

the ribbon is linearly stable to longitudinal disturbances of wavenumber k provided

(k R)2 > 3/4, where R is the unperturbed radius of curvature. Roy & Schwartz

(1999) used energy minimization to examine the stability of liquid ribbons within

hollow wedges or circular and ellipsoidal cylinders. For a given substrate geom-

etry and contact angle, stability is guaranteed provided the unperturbed meniscus

pressure is an increasing function of the liquid cross-sectional area.

Well developed surface treatments exist for patterning surfaces like gold, sili-

con, or glass into regions of mixed wettability. The surface energy can be modified,

for example, by selective adsorption of self-assembling monolayers consisting

of alkylthiol or chlorosilane molecules (Maoz & Sagiv 1984). The critical sur-

face tension of perfluorinated coatings is among the lowest measured (Shafrin &

Zisman 1960), producing water contact angles up to 119◦ on flat and smooth sur-

faces. The large contrast in contact angle between uncoated (θs =θint) and coated

(θs =θext) regions helps confine liquid films or droplets to the more wettable regions

of a substrate. The Young-Dupré equation does not hold if a contact line coincides

with the boundary (B) differentiating the regions characterized by θint from θext.

In this case, θB can assume any value between θint and θext, depending on the

liquid volume and boundary geometry. This effect, which is known as canthotaxis

(Langbein 2002), can also occur along sharp edges between planes of equal surface

energy.

Gau et al. (1999) and Darhuber et al. (2000a) investigated the static conforma-

tion of liquid ribbons and droplets on chemically heterogeneous surfaces. Figure

1a,b illustrates the equilibrium shapes on a partially wetting rectangular stripe for

the case θext = 180◦ and θint = 60◦ or 30◦. With increasing volume, the droplet

elongates along the stripe for θint =30◦, whereas it develops a bulge for θint =60◦.

Brinkmann & Lipowsky (2002) found that elongated ribbons of essentially con-

stant cross-section only form if θint < arc cos(π/4) ≈ 38◦ and θext ≥ 90◦ for

sufficiently large volumes. Gau et al. (1999) observed the formation of a single

bulge for completely wetting liquids and sufficiently large volumes, i.e., θB > 90◦

(Figure 1c). Moreover, a corner formed by the intersection of two wettable stripes

can induce a bulge (Figure 1d ,e), which can be eliminated by smoothing the corner

(Figure 1 f,g). In general, liquids on chemically structured surfaces can undergo

abrupt shape transitions with increasing volume. Brinkmann & Lipowsky (2002)

computed bifurcation diagrams and stability limits for a number of interesting

surface patterns.
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MICROFLUIDIC ACTUATION BY SURFACE STRESSES 429

Figure 1 (a,b) Simulation results of sessile droplets of volume V = 0.1–1.6 µm3 on a

rectangular microstripe of dimensions 1 µm × 8 µm. Exterior contact angle θext = 180◦;

interior contact angle (a) θint = 60◦ and (b) 30◦ (Darhuber et al. 2000a). (c) Ribbons of

water condensed from the vapor phase on hydrophilic microstripes about 50 µm in width.

Above a critical volume such that θB > 90◦, a bifurcation from uniform cross-section to a

single bulge occurs, unlike a Rayleigh instability. [Reprinted with permission from Gau et al.

(1999). Copyright AAAS.] (d,e) Top (contour) and side views of a liquid ribbon on a half loop

pattern measuring 10 µm in length with θint =45◦ and θext =135◦. Liquid accumulates near

the corners (Darhuber et al. 2000a). (f,g) Top and side views of a 10 µm wide liquid ribbon

on a rounded corner pattern with θint =0◦ and θext =180◦. When the inner radius of curvature

(indicated by the circle) is made to equal the microstripe width, bulges are eliminated for

moderate fill volumes, and the liquid height profile becomes uniform (Darhuber et al. 2000a).

For a prescribed set of interfacial energies, the pattern feature size, such as the

width w of the microstripes shown in Figure 1, can be used to control the liquid

shape for w ≪ ℓc. As a consequence of the equilibrium condition of constant

mean curvature, the characteristic liquid thickness scales as h ∼ w2 because

∂2h/∂x2 + ∂2h/∂y2 ∼ h/w2 = const . The length scale w also determines the

lateral scale governing the drop-off in film height near boundaries or nonwetting

defects (Darhuber et al. 2001a). Incorporation of line tension or disjoining pressure

effects will introduce additional length scales, which can modify the equilibrium

conformations and stability limits on chemically decorated surfaces.

2.2. Droplet Shapes on Topologically Textured Surfaces

Textured surfaces can be categorized into those that have sharp corners and edges

and those whose slopes and curvatures vary smoothly with position. Concus &

Finn (1974) first studied the equilibrium shape of a finite volume of liquid inside

a wedge with opening angle β, where the contact angles on the two intersecting

half planes are θ1 and θ2. For the symmetric case θ1 = θ2 and small opening angle

β < π−2θ1, there is no stable equilibrium shape because the liquid is continuously

wicked along the wedge. Nonwetting liquids for which 2θ1 > π +β instead form a
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430 DARHUBER � TROIAN

Figure 2 (a) Contour plots of the equilibrium shape of sessile droplets on a corru-

gated surface with increasing volume (Huh & Mason 1977). (b) Glycerol/water droplet

(diameter 6 cm) on an hexagonal array of hydrophobic defects of thickness 0.5 µm,

diameter 400 µm and pitch 707 µm (Cubaud & Fermigier 2001). (c) Liquid bridge

formed by a droplet between two nonwetting intersecting surfaces. (d,e) Water droplet

on a (d) smooth (θ = 109◦) and (e) rough (θ = 174◦) alkylketene dimer substrate

with a fractal dimension of 2.29. [Reprinted with permission from Onda et al. (1996).

Copyright Am. Chem. Soc.]

spherical bridge as shown in Figure 2c. Gibbs (1906) realized that sharp edges and

steps can also be used to confine liquids and pin contact lines. Mori et al. (1982)

demonstrated that liquid spreading can be inhibited by step heights as small as

60 nm on cleaved mica.

Huh & Mason (1977) examined droplet shapes for partially wetting liquids on

a corrugated surface, s(x, y)= εl sin(πx/ l) sin(πy/ l), by a perturbation analysis

of the Young-Laplace equation. As shown in Figure 2a for θ = 40◦, even small-

amplitude corrugations (ε = 0.05) can induce pronounced distortion from axi-

symmetry. The droplet equilibrium center positions coincide with local minima

of the doubly grooved surface. Similar polygonal shapes are adopted by liquid

droplets on surfaces patterned by an array of nonwetting defects (Figure 2b) or

arrays of cylindrical pillars (Krupenkin et al. 2004). In these examples, the surface

protrusions are more than two orders of magnitude smaller in diameter than the

droplets.

Surface textures with large geometric aspect ratios can generate super-wettable

or super-nonwettable substrates. As shown in Figure 2d ,e, the contact angle θ of

a water droplet on a hydrophobic waxy surface can be increased from 109◦ to

174◦ by roughening the surface. As a consequence of air entrapment in crevices,

only a fraction of the supporting solid is in direct contact with the liquid phase.

For a liquid film on a mesh or screen where f1 is the area fraction of liquid in

contact with the mesh and f2 the area fraction in contact with air, Cassie & Baxter

(1944) showed that cos θ = f1 cos θ1 − f2. Ollivier (1907) first reported this

effect for water droplets on hydrophobic powders; lotus leaves and duck’s feathers

(Moilliet 1963) repel rain droplets for the same reason. Nowadays, synthetic, highly
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MICROFLUIDIC ACTUATION BY SURFACE STRESSES 431

water-repellent surfaces, called superhydrophobic or ultrahydrophobic (Busscher

et al. 1992, Kunugi et al. 1993), can be fabricated from different materials including

silicon nanoposts (Krupenkin et al. 2004) or aligned carbon nanotubes coated with

a hydrophobic layer of poly(tetrafluoroethylene) (Lau et al. 2003).

3. DYNAMICAL CAPILLARY PHENOMENA

Spatial variations in the capillary pressure can be used to pump small liquid vol-

umes over sizeable distances. Common manifestations include liquid imbibition

into closed or open channels and droplet propulsion between tilted substrates. In

this section, both “passive” and “active” capillary techniques, which are well suited

to microfluidic applications, are reviewed.

3.1. Capillary Wicking in Enclosed Channels

The general equation for the position of a gas-liquid interface, L(t), advancing

with time t inside a vertical capillary of cross-sectional area Ac and perimeter

Pc is given by −Le
2 ln(1 − L/Le) − Le L = f γlv Pc cos θ t/µ, where µ is the

liquid viscosity, f is a geometric coefficient depending on the conduit geom-

etry, and Le = γlv Pc cos θ/(ρg Ac) is the final equilibrium height determined

by the balance of surface tension and gravity (Langbein 2002, Lucas 1918).

For L(t) ≪ Le, Washburn (1921) confirmed by analysis and experiment that

L(t) = (2 f γlv Pc cos θ t/µ)1/2. The Washburn equation also describes the advance

of the liquid for all times into horizontal capillaries or capillaries of arbitrary orien-

tation in microgravity conditions. Corrections involving entry and inertial effects

at early times or dynamic contact angles are described by Middleman (1995). The

negative capillary pressure at the moving front caused by the meniscus curvature

is responsible for the advance of the liquid. The t1/2 scaling is a direct conse-

quence of the fact that the pressure gradient driving the flow is independent of the

length of the liquid column L(t). Krotov & Rusanov (1999) compared wicking

rates in capillaries of circular, triangular, and circular-triangular shapes of equal

cross-sectional area and found that the rate of penetration is highest for the latter

geometry.

3.2. Capillary Spreading Along Surface Grooves

Microscopic roughness can significantly enhance the wicking capability of sur-

faces. Raphaël (1989) studied the capillary rise of liquid along a semicircular and

completely wettable groove of radius R. In the absence of van der Waals forces and

liquid surface curvature along the spreading direction within the lubrication limit,

the governing equation for the film thickness, h(x, t), reduces to a nonlinear diffu-

sion equation in the similarity variable η = x/
√

(γlv R/µ)t provided gravitational

drainage is negligible. Summ et al. (1980) and Mann et al. (1995) investigated the

spreading of liquids along a V groove with opening angle β and found that the
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liquid front advances with the Washburn-like scaling, L ∼ [γlvh0 K (β, θ ) t/µ]1/2,

where h0 is the liquid height at the entry to the groove and K (β, θ ) is a geomet-

ric factor. Excellent agreement was obtained between experiment and theory. A

more detailed and rigorous analysis of flow in horizontal V grooves using simi-

larity methods was provided by Romero & Yost (1996) and Weislogel & Lichter

(1998).

Capillary wicking is integral to the technology of heat pipes (Faghri et al. 1993),

which can sustain axial heat fluxes up to 20 kW/cm2 (Dunn & Reay 1978), and

hot-spot mitigation for cooling of high-power semiconductor devices and lasers.

The efficiency of liquid wicking at even smaller length scales has led to significant

interest in channels formed by carbon nanotubes or polymeric nanofibers coated

with biosensitive molecules (Neimark et al. 2003).

3.3. Capillary Spreading on Wettable Microstripes

Wicking phenomena in open conduits is not limited to concave liquid shapes.

Liquid films spontaneously advance along narrow wettable stripes of width w,

according to the Washburn scaling L ∼ t1/2. Darhuber et al. (2001a) examined

a hydrodynamic model for the isothermal, capillary spreading of a liquid rib-

bon with small aspect ratio emanating from a square reservoir pad in the limit

h ≪ w ≪ L(t), as sketched in Figure 3a. The equation governing the evolu-

tion of the film height, h(x, y, t), is given by ∂h/∂t −∇ ·
[

h3∇ p/(3µ)
]

= 0 ,

where p = −γlv(∂2h/∂x2 + ∂2h/∂y2) is the capillary pressure and h3∇ p/(3µ)

is the volumetric flow rate per unit width. For w ≪ L and away from the ad-

vancing front, ∂p/∂y ≈ ∂3h/∂y3 ≈ 0 because the transverse flux vanishes at

the stripe edge. To excellent approximation, the transverse profile is a parabola,

h(x, y, t)=hc(x, t)(1−4y2/w2), where hc =h(x, y =0, t) is the maximum thick-

ness along the stripe centerline. The dominant contribution to the pressure gradient

is therefore ∂p/∂x = −γ ∂3h/∂x∂y2 = 8γ (∂hc/∂x)/w2. The evolution equation

reduces to a second-order nonlinear diffusion equation for hc. A similarity solution

can be obtained in the transformed coordinates �=hc/h0 and η= x/
√

Dt , where

D = (64/35)γlvh3
0/(µw2) and h0 is the film thickness at the stripe inlet (Figure 3a).

Consequently, the liquid advances according to L(t) ∼
√

Dt (or equivalently

d L/dt ∝ L−1). The length scale that appears in the coefficient D is given by

the ratio h3
0/w

2, in contrast to the capillary radius R in the Washburn problem.

The experimental results shown in Figure 3c confirm that the propagation speed

decreases as L−1 when the liquid front has advanced sufficiently far downstream

that the streamwise curvature is negligible. For sufficiently large reservoir pads,

such that the inlet height remains constant, the film height scales as h0 ∼ w2

(Darhuber et al. 2001a) and the speed of advance as d L/dt ∼ w4/L(t). This re-

lation between the inlet height and the feature size establishes a much stronger

(quartic) dependence of the propagation speed on the length scale w, as confirmed

by experiment (Figure 3d). By contrast, Washburn’s equation for enclosed chan-

nels predicts d L/dt ∼ R/L(t).
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Figure 3 (a) Diagram of hydrophilic reservoir pad and confining stripe geometry for studies

of isothermal capillary spreading. Inlet position at x = 0 (Darhuber et al. 2003a). (b) Self-

similar solutions for the normalized film thickness profile, �(η) = h/h0, of a spreading

rivulet. Dotted line, numerical solution; solid line, approximate analytic solution (Darhuber

et al. 2001a). (c) Measurements of the propagation speed of silicone oil rivulets (µ=20 mPa s)

with distance. Solid lines; power law fits with exponents indicated for 500 ≤ w ≤ 800 µm

(Darhuber et al. 2001a). (d) Measurements of the propagation speed versus stripe width, w,

at fixed position x = 10 mm from the inlet. Solid lines: power law fits for two experimental

runs (Darhuber et al. 2001a).

The contribution to the pressure gradient due to the transverse interfacial cur-

vature strongly depresses the film thickness in many spreading and coating flows

at low Ca. For example, liquid confinement to a narrow stripe sharply decreases

the controlling length scale (
√

γlv/ρg → w) and dynamic scaling (Ca2/3 →Ca1/3)

for the entrained thickness in dip-coating processes (see Appendix).

3.4. Propulsion by Capillary Pressure Gradients

Instead of the spontaneous flow described above, active manipulation can be

achieved by establishing either a difference in the surface tension or the radius

of curvature at the ends of a liquid plug. In the simplest example, droplets bounded

by nonparallel surfaces can be moved on demand with a prescribed speed and

direction. Hauksbee (1712) described the motion of a wetting droplet sandwiched

in-between flat and nonparallel plates (Figure 4a). He observed that the liquid

moved toward the converging end with increasing speed. In the same fashion,

a plug in an open conical tube migrates toward the cone tip (Bouasse 1924)

for wetting liquids. Weislogel (1997) investigated a similar effect in capillary

tubes whose interior surfaces were partially coated to induce differences in con-

tact angle. A bislug consisting of two immiscible liquids of different surface

tension within a capillary behaves analogously. Marangoni (1871) reported the

A
n

n
u
. 
R

ev
. 
F

lu
id

 M
ec

h
. 
2
0
0
5
.3

7
:4

2
5
-4

5
5
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/1

5
/0

6
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



434 DARHUBER � TROIAN

Figure 4 (a) A liquid plug with θ < 90◦ (θ > 90◦) moves toward (away from) the

narrow gap region. (b) A self-propelled bislug (γ12 = 18.0 mN/m) of ethylene glycol

(γ1 = 47.7 mN/m) and silicone oil (γ2 = 20.3 mN/m) in a 1 mm diameter glass capillary.

[Reprinted from Bico & Quéré (2002) with permission from Cambridge Univ. Press.]

spontaneous motion of a water-carbondisulfide bislug in a glass capillary. Bico

& Quere (2002) recently conducted an experimental study of liquid bislugs in

capillary tubes including consideration of film entrainment (Figure 4b). Bislug

motion requires that one of the liquids be completely wetting. The difference in

capillary pressure driving the motion for completely wetting menisci is �p =
2
R

(γ1 − γ12 − γ2), where γ1,2 is the surface tension of the liquids in the slug and

γ12 is the mutual interfacial tension.

An electronically addressable method of propelling small liquid plugs for mi-

crofluidic applications was developed by Sammarco & Burns (1999). The capillary

pressure at the advancing (A) and receding (R) ends of the plug is tuned by acti-

vating heating resistors (whose width is smaller than the droplet length) embedded

within the supporting substrate. The speed of a plug of length L subject to a temper-

ature difference between the advancing and receding droplet edges, �T = TR−TA,

moving through a horizontal capillary of diameter d in the absence of an external

pressure gradient, is given by U = f b d cos θR (�T −�Tmin)/(µ L). Here, the

constant b is defined by γlv = a − bT , f is a geometric factor, and �Tmin is the

minimum thermal difference required for droplet mobilization due to contact angle

hysteresis, i.e., θA − θR �= 0. Makihara et al. (1999) devised a photonic switch

based on this method of thermocapillary propulsion. Light propagating through a

waveguide is deflected by the presence of a gas bubble or oil plug in a liquid-filled

channel, which is actuated by thermocapillary pumping.

4. PROPULSION BY SUBSTRATE ENERGY GRADIENTS

The direction and speed of droplets along a solid substrate can be controlled by

modulating the interfacial energy between the solid and liquid phases by means of

chemical surface composition gradients or electrowetting. The propulsion mech-

anism relies on the difference in contact angle between the advancing and trailing

ends. The region near the moving contact lines provides the source of energy for

propulsion, in contrast to droplet migration on homogeneous surfaces, where this

region is mostly dissipative.

4.1. Motion on Chemically Nonuniform Surfaces

Greenspan (1978) developed a lubrication model for the motion of a small viscous

droplet on either chemically homogeneous or heterogeneous surfaces. He was
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interested in capillary spreading and retraction, the distortion of biological cells

owing to surface contamination, and the creeping motion of a cell or droplet

on chemically graduated surfaces. For small equilibrium contact angles, θs , he

assumed that the contact line (cl) advances with velocity vcl = κ(θ − θs) n̂ and

invoked a slip condition along the liquid-solid interface of the form v(z = 0) =
α/(3h)(∂v/∂z), where the coordinate axis ẑ is perpendicular to the substrate. Here,

θ is the dynamic contact angle, n̂ the outward unit normal vector to the contact

line in the plane of the substrate, and α a constant of order 10−10 cm2. Neglecting

contact angle hysteresis and disjoining pressure effects, he showed that

∂h

∂t
+

γ

3µ
∇ ·

[

h(h2 + α)∇(∇2h)
]

= 0. (1)

Greenspan solved this equation for the case of a droplet slowly spreading on a

chemically graduated surface characterized by θ (x̃) = (1− λ̃x̃) θ0, where λ̃ ≪ 1.

Nondimensionalization of Equation 1 by (x̃, ỹ) = (x/R0, y/R0), h̃ = h/(θ0 R0),

t̃ = κθ0t/R0, and ṽ = v/(κθ0), where R0 is the initial droplet radius and θ0 is

the initial static contact angle, causes the time-dependent term to scale linearly

with the small parameter ǫ ≡ 3µκ/(θ2
0 γlv). From a perturbation expansion of the

height profile, he concluded that to zero order the droplet maintains a spherical

cap shape and moves with an average speed U = κθ0 R0λ = −κ R0(dθ/dx). The

droplet therefore migrates toward regions of smaller contact angle or equivalently

regions of greater adhesion. The liquid viscosity does not explicitly appear in this

expression because h0 is a surface of constant curvature, i.e., ∇ p=0. The droplet

only moves by virtue of the imposed contact line condition for vcl .

Brochard (1989) used a force balance at the liquid-solid interface to derive an

expression for the motion of a 2D droplet along a substrate with a variation in the

spreading coefficient, d S/dx = dγsv/dx − dγls/dx �= 0. Within the lubrication

limit, the droplet speed was determined to be

U = (SB − SA)

/



3µ

B
∫

A

1

h
dx



 =
1

3µ〈h−1〉
d S

dx
. (2)

The second equality requires that d S/dx = const ; A and B designate the position

of the receding and advancing contact lines, respectively. To avoid the divergence

in 〈h−1〉 at the contact lines where h =0, Brochard introduced a cutoff length xmin

of molecular dimension. From the Young-Dupré equation, S can be expressed as

γlv(cos θ − 1), which yields U = −γlv sin θ/(3µ)(1/〈h−1〉) (dθ/dx). Both models

therefore predict that the droplet speed is proportional to dθ/dx ; however, because

the opposing force due to contact angle hysteresis is neglected, these predictions

only provide an upper bound on the speed.

Chaudhury & Whitesides (1992) and Daniel & Chaudhury (2002) prepared sur-

faces with graduated surface energy by grafting a monolayer of decyltrichlorosilane

with decreasing surface density on glass and silicon substrates. Water droplets de-

posited on these surfaces spontaneously move uphill against the force of gravity
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Figure 5 (a) Image sequence (�t = 0.1 s) of a reacting, self-propelled n-alkane droplet

containing perfluorodecyltrichlorosilane on a 3 mm wide hydrophilic stripe. [Reprinted with

permission from Dos Santos & Ondarçuhu (1995).] (b–d) Schematic diagram and photographs

of droplet propulsion (olive oil) caused by asymmetric irradiation of an azobenzene photo-

isomerizable monolayer. UV (365 nm) light converts 90% of the monolayer to a cis confor-

mation with a higher dipole moment (lower θ ); subsequent irradiation by blue light (436 nm)

reverts the monolayer to the trans conformation (higher θ ). [Reprinted with permission from

Ichimura et al. (2000). Copyright AAAS.]

toward regions of lower contact angle. The contact angle decreased by about 60◦

over a distance of 1 cm. Despite the fact that the contact angle hysteresis ranged

from 10–20◦, droplets of ethylene glycol (µ≈20 mPa s) advanced with speeds up

to 2 mm/s. Ichimura et al. (2000) coated a quartz substrate with a self-assembled

monolayer containing photochromic azobenzene groups. Upon UV irradiation,

the molecules transform from a planar trans configuration, which exposes the hy-

drophobic backbone, to a twisted cis configuration, in which the polar azo groups

are exposed. The orientational change increases the value of γls , which produces

a corresponding change in the liquid contact angle (Ishihara et al. 1982). Ichimura

et al. (2000) also demonstrated that asymmetric irradiation of a substrate can be

used to propel a droplet (Figure 5b–d).

Gradients in the interfacial energy, γls , can also be generated dynamically by

a moving droplet containing a dissolved reagent that adsorbs to the substrate.

Bain et al. (1994) and Dos Santos & Ondarçuhu (1995) examined self-propulsion

of alkane droplets containing a perfluorinated carboxylic acid or perfluorodecyl-

trichlorosilane, which adsorbs onto the glass during motion. The trailing monolayer

renders the surface hydrophobic. Droplet speeds in excess of a few centimeters

per second were obtained in such “autophobic” (Hare & Zisman 1955) systems.

A small solid object can be propelled along a liquid surface in the same fashion

by creating inhomogeneities in the spreading coefficient along its perimeter. The

net force on the object due to surface tension variations is given by F =
∮

C
γlvtndl,

where tn is the unit vector tangent to the liquid-vapor interface and normal to the

three-phase contact line C . A well-known example of this effect is the dance of

camphor scrapings on water, a phenomenon that puzzled observers for centuries
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until van der Mensbrugghe properly explained the effect in 1869 (Rayleigh 1890).

There is a renewed interest in camphor boats (Marcelin 1925) as a means of

chemo-mechanical energy conversion (Nakata et al. 1997).

4.2. Electrocapillary Phenomena

Electrocapillarity refers to the modification of the interfacial tension at a fluid-fluid

boundary by the presence of electrical charges. Lippmann (1875) constructed a

capillary electrometer that contained a mercury-electrolyte (Hg-el) meniscus in a

capillary tube subject to an externally applied voltage V . This apparatus was used

to explore changes in the interfacial tension, γHg,el, as a function of V . With increas-

ing voltage, he observed that the curves γHg,el(V ) were approximately parabolic in

shape, first increasing toward a maximum and then decreasing. From thermody-

namic considerations, Lippmann (1875) and Helmholtz (1882) derived the relation

(∂γHg,el/∂V )µ =−σ , where σ represents the surface charge density and the sub-

script µ denotes conditions of constant chemical potential. This relation essentially

describes the reduction in surface tension due to Coulombic repulsion of the sur-

face charges. Assuming the differential capacitance of the electrical double layer,

C =∂σ/∂V , is a constant, it follows that γHg,el(V )=γ 0
Hg,el −C(V−Vpzc)2/2. Here,

γ 0
Hg,el designates the maximum interfacial tension obtained for an uncharged inter-

face and Vpzc is the applied voltage corresponding to the point of zero charge (pzc).

The spreading of electrolyte droplets on mercury is also affected by application

of an external potential. Burdon & Oliphant (1927) reported that distilled water

spread only very slowly on mercury, inorganic bases spread not at all, but very

dilute acidic solutions spread very rapidly to a certain size and then stopped.

Measurements indicated that the final contact area correlated with an approximate

value of 1 elementary charge per nm2. Droplets can be made to spread further or

contract to a given size by applying an external voltage.

Möller (1908), Kabanov & Frumkin (1933), and Smolders (1961) conducted

contact angle measurements of gas bubbles at mercury-electrolyte interfaces and

found that the curves θ (V ) resembled the electrocapillary curves for γHg,el(V ).

They argued that a change in the interfacial energy proportional to CV 2/2 would be

accompanied by a decrease in cos θ , according to the Young-Dupré equation. Sub-

sequent studies using solid metal electrodes, silver iodide, and surface-modified

quartz confirmed that the contact angle of bubbles depends on the surface charge

density and assumes its maximum value at the pzc (Billet et al. 1976, Kabanov &

Frumkin 1933, Laskowski & Kitchener 1969). The modification of contact angles

by electrical charge effects is called electrowetting.

Fokkink & Ralston (1989) and Chatelier et al. (1995) present theoretical models

for contact angles of electrolytes on charged and ionizable surfaces using the

Guoy-Chapman theory of electrical double layers. They calculated the change in

γls caused by a surface charge density for an infinite system, i.e., in the absence of

a contact line. The Young-Dupré equation was then used to compute the modified

contact angle assuming no change in γlv and γsv . Digilov (2000) and Chou (2001)
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were concerned that the presence of a contact line at a charged surface might

induce effects not accounted for by this simple substitution. Digilov concluded

that the applied potential causes polarization of the interface and the three-phase

contact line, which reduces both the interfacial tension and the line tension. Chou

modeled a 2D electrolyte droplet embedded in an immiscible electrolyte medium

and residing on a solid substrate. He assumed constant surface charge densities

on the interior (σ1s) and exterior (σ0s) solid surfaces. From minimization of the

total free energy with respect to the position of the contact line and the droplet

shape, he derived the modification in contact angle due to charge effects, namely

γ01 cos θ = γ0s −γ1s + (σ0s −σ1s) ϕ(θ ), as well as the general equation describing

the droplet shape. Here, γi j denotes the interfacial tension between phases 0, 1,

and s (solid) in the absence of electrostatic interactions, and ϕ(θ ) is the electrical

potential at the contact line, for which Chou provided approximate solutions in the

limits κ0/κ1 →1 or κ0/κ1 →0. According to his derivation, any deviation from a

simple wedge shape at the contact line occurs beyond a distance corresponding to

the Debye screening lengths κ−1
0,1 .

4.2.1. ELECTROWETTING ON DIELECTRIC SUBSTRATES Solid electrode surfaces are

often rough and chemically heterogeneous due to oxide layers and contaminant

residues from the fabrication process, which can compromise reproducibility. If,

however, an electrolyte solution is kept separated from the electrode surface by a

thin, chemically inert, and electrically insulating (dielectric) layer, electrochemical

reactions and specific adsorption are largely suppressed. This is advantageous for

microfluidic applications as a large number of different liquids, electrolytes, and

electrode materials can be used to generate qualitatively similar behavior.

In one of the first experiments of electrowetting on dielectric layers, Dahms

(1969) measured the change in capillary rise of an electrolyte in a thin polyethy-

lene tube as a function of the voltage applied across the tube wall. He showed that

the presence of surface-active alcohols, which adsorb on the solid, greatly reduces

the variation in γls with increasing voltage. Chudleigh (1976) was interested

in the charge transfer from an electrolyte droplet to a thin polymer foil under

high electric fields as a means of information storage and measured a reduction

in the contact angle with applied voltage for different electrolytes. Vallet et al.

(1996, 1999) conducted a number of experiments with sessile droplets of water

or aqueous polymer solutions on thin (12–50 µm) polymer films. A voltage was

applied between a small wire inserted into the droplet and a counter electrode

beneath the insulating layer, as sketched in Figure 6a. For low voltages it was

found that cos θ (V ) = cos θ (V = 0) + ǫ0ǫr V 2/(2dγlv), where d is the insulator

layer thickness, ǫ0 is the permittivity of vacuum, and ǫr is the relative permittivity

of the dielectric layer. Figure 6b,c illustrates that an applied potential decreases the

contact angle. Above a critical voltage, the contact angle saturated at a fixed value;

further increases in V produced ionization phenomena manifest by light emission

at the contact line (Figure 6e). Vallet et al. (1996) observed the ejection of fine

droplets along the contact line of pure water at sufficiently high fields, and from a
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Figure 6 (a–c) 0.1 mM KNO3 sessile droplet with Pt wire on substrate consisting of

(1) a hydrophobic layer of Teflon AF1600, (2) an electrically insulating layer (Parylene

C or polyimide), and (3) an indium-tin-oxide counter-electrode. Applied voltage is (b)

0 and (c) 200 V. [Reprinted with permission from Welters & Fokkink (1998). Copyright

Am. Chem. Soc.] (d) Computed surface charge density, σ , of a perfectly conducting

liquid wedge with θ =60◦. [Reprinted with permission from Kang (2002). Copyright

Am. Chem. Soc.] (e) Side view of a droplet on a 50 µm thick PTFE film at a voltage

of 950 V (marker length 1 mm). The luminescence originating near the contact line is

attributed to air ionization. Spectroscopic measurements show that the luminescence

wavelength depends on the gas composition of the atmosphere and occurs in bursts of

less than 100 ns duration. [Reprinted with permission from Vallet et al. (1999).] ( f–h)

Splitting of a droplet sandwiched between an electrode array and a transparent cover

plate by electrowetting (applied voltage 25 V, gap size 70 µm, drop volume 0.2 µl).

[Reprinted with permission from Cho et al. (2003). Copyright IEEE.]

simplified linear stability analysis (Vallet et al. 1999) concluded that the maximally

unstable wavelength is roughly proportional to the thickness of the dielectric layer.

Thinner (of order 100 nm), pinhole-free insulator layers with a high dielec-

tric breakdown field allow a reduction in the driving voltage (20–80 V) required

for a significant modulation in contact angle. Arrays of individually addressable

electrodes enable spatial modulation of contact angles θs(x). As discussed in sec-

tion 4.1, contact angle gradients can be used to drive droplets with speeds on

the order of 3–25 cm/s, and also be used to split (Figure 6 f –h), merge, or mix

droplets with very low power consumption (Cho et al. 2003, Pollack et al. 2000).

The rapid change in droplet shapes induced by electrowetting has been utilized

for tunable optical lenses (Berge & Peseux 2000), switchable mirrors (Lea 1986),

and optical displays (Roques-Carmes et al. 2004). Electrowetting in combination

A
n

n
u
. 
R

ev
. 
F

lu
id

 M
ec

h
. 
2
0
0
5
.3

7
:4

2
5
-4

5
5
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/1

5
/0

6
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



440 DARHUBER � TROIAN

with superhydrophobic surfaces allows for even greater variability in contact angle

(Krupenkin et al. 2004). To our knowledge, there are no hydrodynamic models

describing droplet propulsion by electrowetting.

Several groups have attempted to explain the origin of the change in contact

angle with applied potential using thermodynamic and electromechanical consid-

erations. Following the derivation of Vallet et al. (1999), Kang (2002) considered a

perfectly conducting droplet at constant potential V resting on a thin dielectric layer

of thickness d deposited on a grounded electrode. He assumed the droplet profile

in the vicinity of the contact line was a wedge with contact angle θ = (1 − p/q)π ,

where p and q are positive integers. Solution of Laplace’s equation, ∇2φ = 0,

for a conducting wedge leads to a surface charge density σ that diverges at the

contact line according to |σ/σ0|∼ (d/ l)β , where l is the distance from the contact

line, σ0 =ǫ0V/d , β =α/(α+1), and α= p/q (see Figure 6d). The corresponding

divergence in the electric field is believed to cause air ionization and saturation of

the contact angle at high fields (Figure 6e).

Instead of assuming that the droplet profile can be approximated by a solid

wedge, Buehrle et al. (2003) balanced the electrical normal stress, ǫ0 E2/2, at the

air-liquid interface with the capillary pressure for a perfectly conducting droplet.

They assumed that the surface slope far from the contact line was given by θ (V ), as

defined above. Numerical results based on energy minimization calculations show

that the contact angle at the solid surface is equal to θ (V =0), i.e., the Young-Dupré

angle. Moreover, there develops a weak singularity in the droplet curvature at the

contact line, which is reflected in the divergence of the surface charge density.

Interestingly, Chou (2001) realized that a proper balance in the normal stress

requires both the electrostatic and capillary contribution, but he concluded that the

wedge approximation suffices on length scales smaller than the Debye screening

length κ−1. Kang et al. (2003) recently included double-layer effects and balanced

the Maxwell stress and osmotic pressure in an electrolyte droplet disregarding the

contribution from the capillary pressure. A complete description for an electrolyte

droplet on an insulating layer subject to an external potential, including the effects

of electrical double layers, Maxwell stresses, disjoining pressure, and capillary

pressure, is still lacking. Such a description introduces at least two length scales,

d and κ−1, which can be of comparable magnitude.

5. ACTUATION BY SURFACE SHEAR STRESSES

Gradients in the interfacial tension of a fluid-fluid interface (e.g., ∇γlv) develop

in the presence of nonuniformities in the surface temperature (thermocapillary

flows), chemical composition (Marangoni flows), or charge density (electrocapil-

lary flows). These give rise to a surface shear stress, τ , which drives flow toward

regions of higher interfacial tension. The interfacial shape and velocity profile is

determined by the coupling of the Navier-Stokes (NS) equations with the equa-

tions for heat, mass, and charge transfer. For microscale flows with small geometric
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aspect ratio and small Re and Bo numbers, the Peclet and Biot numbers also tend

to be small and thermal variations across the film thickness are negligible. The NS

equations and heat transfer equation then decouple and the flow profiles or shapes

are simply determined from the thermal distribution applied to the substrate. This

decoupling is generally not possible for Marangoni flows arising from compo-

sitional or charge nonuniformities because the local surfactant or surface charge

concentration is coupled to the flow speed. The NS equations must be solved si-

multaneously with the convective-diffusive equation for surfactant transport along

the interface and in the bulk phase, an equation of state relating the surface tension

to the surface concentration, and an adsorption-desorption equation describing

mass exchange between the interface and bulk fluids. For this reason, problems

involving the transfer of neutral or charged surface-active species are much more

difficult to analyze and control.

5.1. Microfluidic Streaming by Thermocapillary Stress

In experiments on Bénard convection, Volkoviski (1935) first observed that liquid

films tend to spread toward the cooler side of a substrate. Hershey (1939) discussed

how variations in surface tension generated by evaporation of a volatile mixture

caused similar liquid migration. He designed a controlled experiment to monitor the

spatial variation in film height caused by a prescribed variation in temperature along

a thin film. Within the lubrication limit and neglecting capillary pressure, he derived

the velocity profile corresponding to the balance of thermocapillary and hydrostatic

forces under steady conditions, namely µv = z∇γlv + ρg(z2/2−hz)∇h, where

z =h(x) defines the position of the air-liquid interface. For a shallow pool of liquid,

the corresponding film shape, h(x), satisfies the equation 3γlv − ρgh2 = const .

Hershey estimated that the cooler side of a horizontal water film 200 µm in

thickness and subject to a temperature difference �T = 1◦C (corresponding to

�γlv =0.15 mN/m), would be elevated by 90 µm. For most liquids ∂γlv/∂T <0,

although there exist interesting exceptions (Glinski et al. 1993). Ludviksson &

Lightfoot (1971) were interested in explaining the origin of so-called super-

meniscus films, i.e., film climbing beyond the equilibrium capillary length. They

examined the spontaneous spreading of thin, nonvolatile films on a vertical wettable

substrate subject to a linear temperature decrease (i.e., constant thermocapillary

stress τ = ∂γlv/∂T · ∇T ). Their interferometric profiles for the film shape and

speed were compared with a simplified lubrication analysis (capillary pressure and

contact line effects excluded). The average flow speed up the plate was computed

to be U =hτ/(2µ) − ρgh2/(3µ), in good agreement with experiments.

The capability of guiding thermocapillary flow by chemical surface patterning

provides a powerful method for controlled fluidic delivery. Thermal gradients can

be generated by means of substrate embedded microheaters or by radiative heat-

ing from above (Hitt & Smith 1993, Schatz et al. 2002). Darhuber et al. (2003a)

examined the horizontal thermocapillary spreading of Newtonian liquids ema-

nating from a small reservoir pad onto a wettable microstripe subject to a linear
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temperature decrease. The dimensionless equation for the maximum (centerline)

film thickness is given by

∂h

∂t
+

∂

∂ξ

(

h2

µ

)

−
192

35
ND

∂

∂ξ

(

h3

µ

∂(γ h)

∂ξ

)

+
64

105

∂

∂ξ

[

h3

µ

∂

∂ξ

(

γ
∂2h

∂ξ 2

)]

= 0,

(3)

where γ (ξ ) and µ(ξ ) are the position-dependent surface tension and viscosity. The

second term represents the longitudinal (ξ̂ -axis) flux due to the thermocapillary

force; the third and fourth terms represent smaller flux contributions arising from

the interfacial curvature along the transverse (for a parabolic cross-sectional shape,

as in section 3.3) and longitudinal axes. Here, the dimensionless streamwise and

transverse coordinates are scaled by ℓ = h0(3Ca)−1/3 (Troian et al. 1989) and w,

respectively, where Ca = µ0U0/γ0, U0 = 2h0τ/5µ0, and the subscript 0 speci-

fies parameter values at the stripe inlet position ξ = 0. The remaining parameter,

ND = (ℓ/w)2, signifies the competition between the dynamic length scale, ℓ, which

determines the longitudinal extent of capillary deformation near the moving front

for an infinitely wide film, and the pattern feature size w. Experimental mea-

surements for a wide parameter range show excellent agreement with numerical

solutions of Equation 3 (Darhuber et al. 2003a). In the limit ND → 0 (i.e., chemi-

cally homogeneous surface), thermocapillary-spreading films undergo a fingering

instability caused by the formation of a capillary ridge at the advancing front. This

ridge is linearly unstable and produces the characteristic patterns shown in Figure

7m–p, where the wavelength λ ∼ ℓ (Troian et al. 1989). Analyses of the rate of

energy dissipation show that the fingering is caused by a combination of the higher

flow mobility at the tips and a Rayleigh-type instability associated with the large

curvature of the capillary ridge (Kataoka & Troian 1997, Spaid & Homsy 1996).

For spreading on patterned surfaces, no such instability will occur provided w < λ

(Kataoka & Troian 1999).

Thermocapillary streaming therefore provides a reliable method of flow control

that can also be used to convect small particles or biological material. For tech-

nological applications, an appealing feature of this transport method is that the

driving force only depends on differences and not the absolute value of the ap-

plied temperature. Evaporation of the liquid film or thermal damage to biological

material can be minimized by reducing the overall operating temperature.

5.2. Thermal Actuation of Droplets on Solid Surfaces

The propulsion of small droplets by thermocapillary forces necessitates a partially

wetting surface to prevent the formation of precursor (de Gennes 1985) or trail-

ing films that can cause cross-contamination. The number of available surface

treatments for converting wettable to partially wettable substrates that are smooth

and homogeneous (to avoid hysteresis) is somewhat limited. Nonetheless, a num-

ber of groups have examined droplet migration by thermocapillary forces both

experimentally and theoretically (Brochard 1989; Brzoska et al. 1993; Chen et al.
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Figure 7 (a–e) Image sequence showing the thermocapillary splitting of a dodecane droplet

on a partially wetting stripe (w = 1000 µm, �ttotal = 8.5 s). The voltage applied to the

embedded microheaters (electrical resistance 155 �) was 2.5 V (Darhuber et al. 2003b).

(f–i) Image sequence of dodecane droplet propelled by thermocapillary forces. Intersecting

orange stripes designate partially wetting regions (w = 1000 µm, �ttotal = 104 s) (Darhuber

et al. 2003b). (j–l) Dodecane droplet turning a 90◦ corner (�ttotal = 164 s) (Darhuber et al.

2003b). (m–p) Evolution of fingering instability at the leading edge of a silicone oil film

advancing on a chemically homogeneous substrate (silicon wafer) due to thermocapillary

forces (applied shear stress τ =0.18 Pa, �ttotal = 17 min, instability wavelength λ ≈ 500 µm)

(Cazabat et al. 1990).

2004; Darhuber et al. 2003b,c; Ford & Nadim 1994; Smith 1995; Yarin et al. 2002).

Brochard (1989) studied the migration of 2D droplets driven by a small thermal

gradient. A similar force balance as used for chemically graduated surfaces (sec-

tion 4.1) was used to describe droplet motion subject to spatial variations in γlv , γls ,

and γsv . Depending on the relative strength of the driving forces at each interface,

the droplet can move toward or away from the cooler end of the substrate. When

contact angle hysteresis is explicitly incorporated into the model (Brzoska et al.

1993), droplet motion is only possible above a critical droplet radius (neglecting

thermal variations in γsv and γls) for a given thermocapillary stress. Above this

critical value, the flow speed increases linearly with the droplet radius R and ap-

plied thermal gradient ∇T . These predictions were confirmed by experiments with

silicone oil droplets (2 � R � 10 mm) moving on a hexadecyltrichlorosilane-coated

silicon wafer (11 � θs � 13◦) subject to |∇T | < 1◦C/mm. In their model Ford &

Nadim (1994) relieved the stress singularity at the contact line by incorporating

a Navier slip condition and examined larger thermal gradients by allowing sur-

face deformation beyond a cylindrical cap. The droplet speed then depends on the

Navier slip coefficient, which is exceedingly difficult to measure experimentally.

Smith (1995) conducted a full hydrodynamic analysis in the lubrication limit for
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a 2D droplet subject to a constant thermocapillary stress. He assumed the speed

of the contact lines depended on the contact angles according to vcl = K (θ − θA)3

and vcl = K (θR −θ )3 and used a Navier slip condition at the liquid-solid boundary.

His steady-state solutions exhibit thermocapillary recirculation within the droplet,

which influence the advancing and receding contact angles. Yarin et al. (2002)

examined the thermocapillary migration of axisymmetric alkane droplets clinging

to a partially wettable cylindrical fiber. Experimental results for droplet position as

a function of time were compared with a simplified model that neglects capillary

pressure and contact angle hysteresis but includes the variation of viscosity with

temperature, an effect not included in the previous models. Chen et al. (2004)

recently measured the depinning force and minimum droplet radius required for

droplet mobilization on partially wetting surfaces, as well as the dependence of

the droplet speed on radius, thermal gradient, and liquid material parameters. The

results are in good agreement with Ford & Nadim’s (1994) model for nonconstant

thermocapillary stress.

Higher droplet speeds and better directional control can be achieved by com-

bining thermocapillary propulsion with chemically defined pathways and large

but localized thermal gradients. Darhuber et al. (2003b,c) recently used electroni-

cally addressable microheater arrays embedded within a glass substrate to propel

droplets of various liquids (including water) along a network of partially wettable

microstripes (see Figure 7). Such active control allows different thermal distri-

butions to be activated on demand for various fluidic manipulations. Sequential

activation of microheaters is used for droplet transport from one location to an-

other as shown in Figure 7 f –l. Application of a sawtooth-like temperature profile

will split a droplet (Figure 7a–e) or rivulet into a sequence of smaller droplets

due to film rupture at the hot spots. The same principle can be used to trap or

release liquid drops from a cold spot or to trigger or quench site-specific chemical

reactions. Addressable heating arrays can also be used to apply combinations of

streamwise and transverse thermal gradients for efficient mixing in microscale

geometries. Darhuber et al. (2004) also examined convective mass transfer in ther-

mocapillary flows on patterned substrates. Three important mixing regimes, based

on analogues of purely diffusive dynamics, Rhines-Young shear-augmented diffu-

sion, and Taylor-Aris dispersion, were investigated for possible use in microscale

devices.

5.3. Flow Actuation by Marangoni Stresses

In contrast to thermocapillary propulsion, it is much more difficult to manipulate

droplet motion on a solid substrate by varying the surface chemical composition of

the liquid film. Small droplets, however, can be “actively” propelled within a liquid

film or bulk liquid phase. In this section, we briefly review the mechanisms gov-

erning Marangoni-driven transport along with some experimental demonstrations.

“Passive” flow retardation effects or shape deformations accompanying surfactant

transport and adsorption at interfaces in drops or bubbles are not discussed.
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Quincke (1888) conducted experiments involving the migration and oscillation

of air bubbles in a layer of distilled water held between two horizontal glass plates.

Releasing a stream of alcohol with a flow rate of a few cm3/hr near a large 2-cm

gas bubble caused the bubble to move toward the alcohol source and to oscillate

with a period of 1–3 s. Higher flow rates induced higher oscillation frequencies. By

momentum conservation, the Marangoni stress that is directed toward the region

of higher surface tension (less alcohol) causes the bubble to migrate toward the

opposite end (alcohol enriched). Droplet propulsion can also be achieved by prox-

imity to a film of lower surface tension. Figure 8a–d shows an example of a droplet

of hexadecane (γlv =27.0 mN/m) deposited near a miscible film of polydimethyl-

siloxane (PDMS; γlv = 20.0 mN/m) on a partially wettable silicon wafer. As the

spreading PDMS film approaches the hexadecane, the droplet is propelled forward

by a Marangoni stress. Karlsson et al. (2002) reported Marangoni-induced flow

through a lipid bilayer nanotube (diameter 100–300 nm) connecting two surface-

immobilized lipid bilayer vesicles (diameter 5–25 µm). Mechanical deformation

of one vesicle from a spherical to ellipsoidal shape (characterized by a higher

surface to volume ratio and increased membrane tension) induces flow of lipid

molecules from the undeformed to the deformed vesicle through the nanotube

interior (see Figure 8).

Figure 8 (a–d) Propulsion of a droplet of hexadecane (volatile, γlv = 27.0 mN/m,

µ = 3.0 mPa s) by a spreading film of PDMS (nonvolatile, γlv = 20.0 mN/m,

µ = 20 mPa s) on a dodecyltrichlorosilane-coated silicon wafer. Optical interference

images (width 2 mm) recorded at t = 0, 8, 24, and 60 s (Darhuber & Troian, unpub-

lished). (e) Schematic illustration of two substrate-immobilized lipid bilayer vesicles

(diameter 5 – 25 µm) with surface tension σa < σb connected by a lipid bilayer nanotube

(diameter 100 – 300 nm). Two carbon fibers are used to deform vesicle ‘b’ into an el-

lipsoidal shape causing an increase in the vesicle’s surface tension, which is presumed

to induce Marangoni-driven flow of lipid restoring the system to equilibrium. ( f–h)

Image sequence showing transport of a small liposome (position denoted by black

arrow) within a lipid bilayer nanotube of length 32 µm. [Reprinted with permission

from Karlsson et al. (2002). Copyright Am. Chem. Soc.]
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In microfluidic applications, surface tension gradients can spontaneously arise,

for example, during droplet splitting or coalescence, mixing of samples, or chemi-

cal reactions. Typically, the gradients generated during contact of dissimilar liquids

are much larger than corresponding thermocapillary variations. Deposition of bio-

logical liquids, which often contain surface-active material, onto a liquid film with

higher γlv will generate Marangoni stresses that can cause rapid film thinning and

rupture. It is therefore important to understand the basic phenomena governing

this class of flows.

Levich (1941) outlined the thermodynamic basis for the shear stress condition at

an interface containing surface-active molecules, which reduce the surface tension

in proportion to the local concentration. In addition to capillary pressure, there can

develop a tangential stress τ = ∇sγlv = (dγlv/dŴ) · ∇sŴ. The surfactant surface

concentration, Ŵ(x, t), is governed by the equation (Scriven 1960)

∂Ŵ

∂t
+ ∇s · (Ŵus) + Ŵ(∇s · n)(u · n) = Ds∇s

2Ŵ. (4)

The surfactant flux depends on the tangential component of the surface velocity,

us = (I − nn) ·u, the mean curvature of the interface, ∇s · n, and the surfactant

(surface) diffusion coefficient Ds . Soluble surfactants require specification of the

interfacial adsorption/desorption kinetics relating the surface concentration Ŵ to

the bulk (B) concentration c, thereby coupling Equation 4 to the bulk convection-

diffusion equation ∂c/∂t +u·∇c = DB∇2c. For thin film flows on a flat substrate,

the variation in liquid thickness is determined from

∂h

∂t
− ∇ ·

(

h3

3µ
∇ p −

h2

2µ
∇γlv

)

= 0. (5)

Equations 4 and 5 are coupled through the dependence of the surface tension

on surfactant concentration, γlv[Ŵ], and the surface velocity us = h∇γlv/µ −
h2∇ p/(2µ).

Active control over the speed of droplets or solid particles convected within a

thin liquid film can be enforced by electrochemical modulation of ∇sγlv . A voltage

applied between two electrodes positioned near opposite ends of a thin aqueous

film was used to modulate γlv by tuning the active state of soluble surfactants

with redox-active head groups (Figure 9b). A droplet of a nematic liquid crystal

was convected along a 1 mm deep aqueous film of Fc(CH2)11−N+(CH3)3Br− by

applying a voltage difference of 0.6 V (Gallardo et al. 1999). Speeds of 4 mm/s

were achieved with �γlv = 22 mN/m.

Equally large changes in the dynamic surface tension of liquids are possible

by UV exposure of aqueous solutions containing photosensitive surfactants. As

shown in Figure 9c,d , active release of droplets from a pendant array is trig-

gered by selective exposure of droplets to UV light. This release is not caused by

Marangoni effects but by the sharp reduction in surface tension upon UV exposure,

which causes the Bond number, ρgR2/γlv , to increase above the critical value for

drop detachment. Spatial modulation of the illumination intensity, however, could
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Figure 9 (a) Time-lapse image (�t =2 s) of a liquid crystal droplet convected by an aqueous

film containing an electroactive surfactant. A potential difference of 0.6 V was applied to

Pt electrodes at the south and east ends of the trajectory shown. [Reprinted with permission

from Gallardo et al. (1999). Copyright AAAS.] (b,c) Light-activated capillary release of

droplets of an aqueous (0.1 M NaCl, 0.16 mM SDS) solution of a photosensitive azobenzene

surfactant. (b) An array of five pendant droplets formed at the tips of glass capillaries. (c) After

illumination with UV light, the surface tension of two drops becomes too low to support the

drop weight. [Reprinted with permission from Shin & Abbott (1999). Copyright Am. Chem.

Soc.] (d,e) Experimental setup for electrocapillary propulsion of Hg droplets. Copper clamps

(C) are used to suspend two platinum electrodes (B) into 45 cm3 of a 10 mM KNO3 solution

in a 10 cm long glass container (A). A watch glass (E) contains the droplet of mercury of

initial diameter 11 mm. (e) Droplet shapes corresponding to electric currents of 0, 10, and

20 mA (Christiansen 1903).

provide actively tunable Marangoni stresses as a function of position and time.

Such concepts can be extended to droplet actuation or propulsion of floating par-

ticles in analogy to techniques described in section 4.1.

5.4. Electrocapillary and Electrochemical Marangoni Flows

Chemical reactions at interfaces can generate variations in interfacial tension al-

though these phenomena are also difficult to control. Paalzow (1858) and Bernstein

(1900) describe the irregular motion and oscillations of a mercury droplet in an

acidic electrolyte in proximity to a dissolving potassium dichromate crystal. In

one experiment Bernstein (1900) centered a small mercury droplet inside a glass

capillary filled with dilute sulfuric acid. When the diffusing front of Cr2O2−
7 ions

from a small Cr2O7K2 crystal positioned at one end of the capillary reached the

center of the tube, the mercury drop moved toward the crystal. The motion was

attributed to the reduction and spatial inhomogeneity in γHg,el due to oxidation of

the mercury by the diffusing ions. Homogenizing the ion concentration by stirring

caused any motion or oscillation of the mercury drop to cease. Bernstein’s interest

in this system was fuelled by what he thought was a striking analogy between the

drop migration in a concentration gradient and the locomotion of primitive organ-

isms. He presented a simple theoretical model for motion caused by variations

in the capillary pressure and contact angles of mercury on the glass surface but

A
n

n
u
. 
R

ev
. 
F

lu
id

 M
ec

h
. 
2
0
0
5
.3

7
:4

2
5
-4

5
5
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/1

5
/0

6
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



448 DARHUBER � TROIAN

neglected Marangoni stresses. Propulsion methods such as these, however, remain

largely unexplored for fluidic applications.

The phenomena described in section 4.2.1 result from electrically generated

normal stresses that modify the equilibrium conformation of sessile electrolyte

droplets. External electric fields, however, can generate both normal and tan-

gential stresses, which cause variations in the interfacial tension at a fluid-fluid

boundary, thereby generating flow. Erman (1809) and Christiansen (1903) first

described the migration of a mercury drop in an electrolyte subject to an electric

field. Figure 9d,e shows Christiansen’s experimental setup and the significant dis-

tortion in droplet shape observed with increasing electrical current. Levich (1962)

presented a first-order model for the migration velocity of an ideally polarizable,

spherical liquid metal droplet of radius R in a weak electric field E . The droplet

speed was estimated to be U = σ E R/(2µel + 3µHg + σ 2/κel), where µel and

µHg are the viscosities of the electrolyte and liquid metal and κel is the electrolyte

conductivity. This velocity is orders of magnitude larger than typical speeds for

electrophoretic actuation of solid particles. For a solid particle, the viscous motion

of the liquid decays within the electrical double layer of thickness, d , whereas

for a liquid metal droplet, the velocity field persists over a distance comparable

to the droplet radius R, leading to a mobility increase by a factor of R/d . This

propulsion method is not limited to mercury droplets in electrolytes. The speed

of an emulsion droplet of conductivity κem can be derived in similar fashion to

give U = σ E R/[2µel + 3µem + σ 2(1/κel + 2/κem)] ≈ κem E R/σ , where the

approximation holds for a small emulsion conductivity κem. Beni et al. (1982)

constructed a (“continuous electrowetting”) system based on mercury/electrolyte

actuation capable of generating droplet speeds on the order of 10 cm/s using

only 1 V.

6. CLOSING REMARKS

Microfluidics is not a unified field, but rather one where diverse applications de-

mand diverse solutions. This article describes a number of methods available for

fluidic manipulation and control of free surface flows on uniform or textured sur-

faces by application of normal and shear stresses. As the surface to volume ratio

increases, the dynamics of droplets and thin liquid films constitutes a class of mov-

ing boundary flows increasingly sensitive to boundary effects and surface forces.

The boundary phenomena associated with movement of the contact line (contact

angle hysteresis, dynamic contact angles, disjoining pressure, line tension, and

slip), need to be resolved at the molecular level and incorporated into continuum

hydrodynamic models. Currently, “hybrid” approaches are being examined as a

way of coupling molecular dynamics and Navier-Stokes simulations to provide an

accurate description of surface effects from micro- to mesoscopic length scales

(O’Connell & Thompson 1995, Nie et al. 2004).

Experimental investigation of the molecular behavior requires metrology meth-

ods suited to smaller length scales. Many high-resolution tools for surface science
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require vacuum conditions, which are incompatible with the presence of almost

any liquid. Existing metrology techniques are better adapted to the investigation

of thin films, rather than to small-scale structures of high-aspect ratio. The re-

duced interaction volumes also significantly decrease signal levels. These exper-

imental difficulties will necessitate development and adaption of high-resolution

techniques for probing the conformation and dynamics of liquids on patterned

surfaces.

For these reasons, the field of microfluidics is among the fastest-growing areas

in fluid mechanics. The synergy created by the confluence of microfabrication,

hydrodynamics, and physical chemistry offers exciting opportunities for scientific

progress across multiple disciplines.
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APPENDIX

Dip-Coating of Chemically Patterned Substrates

The deposition of a liquid film on a chemically patterned surface can be achieved by

withdrawing the substrate from a liquid reservoir at constant speed. For small Ca,

withdrawal of a substrate containing a wettable microstripe entrains a liquid film

Figure 10 (a) Surface Evolver simulation of equilibrium capillary rise height for glycerol

on a hydrophilic stripe (θint = 5◦ and w = 312 µm) patterned on a hydrophobic substrate

(θext = 95◦) (Darhuber et al. 2000b). (b) Measurements of the entrained film thickness,

h∞, versus the vertical withdrawal speed, U , on an isolated hydrophilic stripe (dimensions

49 µm × 4 mm) from a glycerol reservoir (Darhuber et al. 2000b).
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whose thickness is typically in the micron range (Darhuber et al. 2000b). Neglect-

ing gravitational drainage, the equation governing the dimensionless centerline

height, h̄(x̄), of the liquid ribbon is given by

h̄3

[

(

w

xs

)2
∂3h̄

∂ x̄3
+

∂3h̄

∂ x̄∂ z̄2

]

= 3KCa
xsw

2

h3
∞

(1 − h̄). (6)

Here, K is a constant of order one, h∞ is the entrained thickness far from the

reservoir, w is the width of the wettable stripe, and xs represents the characteristic

streamwise length scale. This length scale, which decreases linearly with w, is

set by the radius of curvature in the static meniscus region (since Ca ≪ 1) or

equivalently by the equilibrium height of capillary rise for a liquid on a wettable

microstripe (Figure 10a). The streamwise and lateral coordinates are therefore

scaled by xs and w, respectively. For xs ∼ w, the right-hand term of Equation 6

yields the dynamic scaling h∞ ∼wCa1/3. This equation differs considerably from

the expression for film entrainment on homogeneous substrates, h∞ ∼ ℓcCa2/3

(Derjaguin 1943, Landau & Levich 1942), and predicts the formation of very thin

liquid ribbons. Experimental data confirm the reduced entrainment exponent 1/3

(Figure 10b) as well as the linear dependence on stripe width (Darhuber et al.

2000b). Liquid deposition on chemically patterned substrates has been used to

fabricate microlens and colloidal arrays (Biebuyck & Whitesides 1994, Xia et al.

2003).

The Annual Review of Fluid Mechanics is online at http://fluid.annualreviews.org
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