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ABSTRACT: Effective manipulation of liquids on open surfaces without external energy input is
indispensable for the advancement of point-of-care diagnostic devices. Open-surface microfluidics
has the potential to benefit health care, especially in the developing world. This review highlights
the prospects for harnessing capillary forces on surface-microfluidic platforms, chiefly by inducing
smooth gradients or sharp steps of wettability on substrates, to elicit passive liquid transport and
higher-order fluidic manipulations without off-the-chip energy sources. A broad spectrum of the
recent progress in the emerging field of passive surface microfluidics is highlighted, and its promise
for developing facile, low-cost, easy-to-operate microfluidic devices is discussed in light of recent
applications, not only in the domain of biomedical microfluidics but also in the general areas of
energy and water conservation.
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1. INTRODUCTION
The field of microfluidics has advanced by leaps and bounds
since the early 1990s, when Manz et al. first developed a
miniaturized version of the total analytical system (TAS) with
flow-through microfluidic channels.1 Owing to their inherent
high surface-to-volume ratio, such systems enable working with
small quantities of fluid samples and reagents with high
spatiotemporal resolution and short processing times at reduced
footprint and improved cost. Such features make these systems
highly suited for many biological, chemical, and medical
applications.2 Ensuring the appropriate flow of sample fluids
and transport of reagents and analytes through these devices is a
vital task that has traditionally been achieved by invoking several
driving mechanisms,3 such as capillarity, pressure gradient,
electrokinetic means, centrifugal force,4 acoustic mechanism,5

or magnetic force.6 Whitesides, in a seminal article about the
future of microfluidics,2 concluded that much of the world’s
technology requires the manipulation of fluids, and extending
those manipulations to small volumes, with precise dynamic
control over concentrations, while discovering and exploiting
new phenomena occurring in fluids at the microscale level, must,
ultimately, be very important. Since then,7 a tremendous
amount of research has been performed on engineering novel
microfluidic and liquid-manipulation technologies. Despite
these efforts, major pain points of conventional flow-through
microfluidic platforms still exist, e.g., channel clogging by
bubbles,8 fouling by solid debris,9 unwanted interaction of
biological samples with channel walls, and nonspecific surface
adsorption, that all need to be mitigated. Also, 3-D
configurations of these devices require expensive and elaborate
fabrication processes (lithography,10 deep reactive-ion etching
or DRIE,11 micromachining,12 etc.), which are both time-
consuming and costly. Most conventional microfluidic systems
are based on embedded or closed-channel configurations, where
microchannels are fabricated in a rigid substrate (e.g., silicon,
glass, PMMA, etc.)13 or soft elastomers, like poly-
(dimethylsiloxane), a.k.a. PDMS.14 In most of these cases,
liquids flow at low Reynolds numbers, eliciting purely diffusion-
driven mixing, which is often inadequate for many biochemical
protocols. Besides, there are operational difficulties because of
reliance on several off-chip components required for liquid
transport (i.e., pumps, actuators, energy source for pumps, etc.);
such dependencies inhibit the possibility of using these devices
at points of care with unskilled operators and at affordable cost.
To fill this need, surface microf luidics has emerged as a promising
liquid-handling platform and subgenre of microfluidics. Unlike
conventional flow-through microfluidic devices, their open-
surface counterparts are meant for transporting and manipulat-
ing liquid microvolumes on open substrates and not in a closed-
channel configuration.
One important attribute of surface microfluidics is the

wettability of the surface (the substrate), which implies the
affinity of the surface toward a particular liquid (and the other
way around). Interaction between the substrate and the liquid
arises from polar and dispersive forces.15,16 Depending on the
surface energy and the roughness of the substrate as well as the
surface tension of the liquid, the substrate may display affinity
(hydrophilicity) or repellency (hydrophobicity) to the liquid.
Surfaces may exhibit extreme wettability behaviors: complete
spreading of the liquid occurs on superhydrophilic surfaces that
have high surface energy and roughness features, whereas
superhydrophobic surfaces exhibit extremely low adhesion and

easy roll-off of liquid droplets dispensed on them.17 Tuning of
the surface wettability may be achieved through different surface
modifications, including etching, deposition, coating, chemical
functionalization, etc.18

Surface forces are predominant at small length scales,
especially when solids interact with aqueous liquids (water has
relatively high surface tension). Therefore, wettability plays an
important role in microscale flows. This engenders a strong
interrelationship between wettability and microfluidics (see
Figure 1). Microfluidics and wettability are correlative and
mutually reinforcing fields. Several attributes of open-surface
and flow-through microfluidic flows can be harnessed for
developing functionalized surfaces of desired wettability. For
example, microfluidic maneuvering of droplets and bubbles can
generate microenvironments for synthesis of composite micro-
and nanoparticles of desired surface properties19 and produce
emulsions in a microfluidic environment,20 which upon
subsequent curing, can create porous materials and foams of
tunable bulk and surface structures.21 Microfluidic flows also
lend to the development of novel materials with distinct surface
properties, e.g., spinning of microfibers and nonwoven
materials,22,23 or leveraging microscale spray and film spreading
to develop slippery liquid-infused porous (SLIP) surfaces.24

Often, microfluidic approaches are employed to make
interfacial-property measurements25−27 and wettability tuning
is adopted to gain insight into microfluidic-flow behavior.28,29

For a comprehensive review on the role of microfluidics on the
synthesis of functional surfaces and characterizing surface
properties, the reader is referred to two excellent articles30,31

and a book.32 The present review article highlights the
complementary attributes of the interrelationship between
microfluidics and wettability, focusing on the origin of
wettability induced flows on open-surface microfluidic plat-
forms.
Manipulating small volumes of liquids on open surfaces offers

several advantages over closed-channel systems; most of the
common problems cited above for embedded microfluidic
systems are dispelled by using surface microfluidic platforms,
where the liquid is handled on a rigid or flexible,33 porous,34,35 or
impervious substrate, or even on an immiscible liquid film.36

Surface microfluidic flow takes place at a length scale
comparable to or below the capillary length of

the liquid. At these scales, the surface tension of the liquid (γlg)
can be harnessed as a dominating force for actuating passively
(i.e., without any external energy input) liquid microvolumes.
Recent material and process advancements across the academic
community and industry on surface coatings37 have facilitated
control over liquid/surface interactions. Facile microfabrication
techniques have been developed for surface microfluidic
platforms, bringing down the time and cost requirements for
developing rapid prototypes. A typical PDMS-based micro-
fluidic device takes a minimum of one day13 for fabrication,
provided all the steps (designing mask, fabrication of mask
template, curing PDMS) are performed in-house, which is not
the norm in the majority of academic laboratories or points of
need. On the contrary, a surface microfluidic device can be
prototyped in less than 2 h, from design to final product.33 This
has stimulated renewed research interest in the microfluidics
community toward exploring innovative and better lab-on-chip
technologies, particularly for affordable healthcare solutions.38

To date, the most widely used technique of complex liquid
manipulation on surfaces for lab-on-chip applications is
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electrowetting on dielectric (EWOD). EWOD is not a passive
mode of transport, as it relies on off-chip components and
external electric power. In an open-surface configuration,
electrodes are patterned on primarily silicon wafers and covered
with a dielectric and hydrophobic layer. Voltage (AC/DC) is
applied to the electrodes from an off-chip source; this locally
creates a surface tension gradient, thus generating a net
unbalanced force responsible for manipulating aqueous
droplets. A detailed account of EWOD is provided by Nelson
and Kim.39 EWOD, as well as other active modes of liquid
manipulation on open surfaces, like opto-electrowetting
(OEW),40 magnetic41,42 and acoustic5 actuation, are beyond
the scope of this review.
Surface tension-driven flow is a viable alternative of the

aforementioned active transport strategies.43 Generating liquid
transport and controlled manipulation on surface microfluidic
platforms without a pump or other on/off chip dependencies,
has been a critical challenge for a host of point-of-care (POC)
devices. The salient factors in this regard are (i) controlling the
direction of liquid in quanta of moving droplets, and (ii)
attaining the desired transport volume and speed (or volumetric
flow rate) along the required transport distance. For achieving
droplet directional transport, a surface with anisotropic
wettability may be preferred. Attaining the desired fluid speed
and distance warrants the generation of appropriate wettability
contrast, with proper extent and gradient on the substrate. The
droplet velocity is also affected by the fluid’s viscosity, as well as
any surface defects and acting gravity forces. To help balance
these factors and to increase the overall droplet travel speed,
appropriate strategies of capillary-driven transport must be
explored.Wettability patterning, i.e., generating spatially varying
surface wettability (in the form of discrete domains or in a
continuous gradient), and/or creating spatial anisotropy in the
liquid, either through thermal or chemical anisotropy, may be
leveraged to create a net unbalanced capillary force, which can
be used to actuate spontaneous droplet motion on a horizontal
surface or even short distances uphill against gravity. The
concept is based on altering the local surface energy at different
parts of the surface, so that a net unbalanced surface-tension
force ensues on any small liquid volume placed on the substrate.
This net surface-tension force can be directed to move the
droplet to a desired location on the surface for further processing
or analysis. Additionally, one needs to pay attention to the
repeatability in the fluid motion and durability of the surface.
Does the droplet consistently travel to its target destination, and
does it continue to do so reliably over time? This attribute is
critical for lab-on-a-chip and sensor applications.
To influence the liquid/solid interactions and achieve

controlled and passive liquid transport, several methods have
been deployed, as discussed in the next section. A rapidly
emerging and effective means of achieving this goal harnesses
spatial domains of different wettabilities laid on a given solid
surface. Engineering patterns of wettable and nonwettable
regions on open surfaces, a process known as wettability
patterning, offers promise in designing passive surface micro-
fluidic devices, capable of not just transporting liquids without
active power input, but also achieving complex fluidic tasks.
Such surfaces comprise of juxtaposed regions of (super)-
hydrophilic and (super)hydrophobic domains that are separated
by wettability contrast lines. Liquids up to a critical volume,
dispensed on the wettable domains, can be kept confined by the
wettability transition lines; the liquid storage capacity of such
wettability confined tracks depends on the track area, and the

surface energy of the surrounding hydrophobic region.44 By
changing the shape (e.g., rectangular, triangular) of the
hydrophilic domain, one can fabricate surface tension confined
(STC) tracks45 to transport liquid or even self-propel droplets,33

thereby achieving passive transport, a phenomenon elaborated
later in this review. Wettability gradients, texture gradients, as
well as track-shape gradients are used in the literature to
transport liquid passively on surfaces.
While the study and application of capillary-driven transport

on surfaces featuring spatial wettability gradients is relatively
new, most published studies have involved ideal surfaces, such as
silicon, and most have been chemistry-based. A few papers have
documented the application of spatially heterogeneous surface
wettability, either in the form of smooth gradient or as sharp step
contrast on metallic substrates.46−48 Moreover, very few
researchers have focused on the use of topographical
modification alone (without the aid of chemical coatings) to
create a surface-tension gradient capable of controlling droplet
movement. It is important to note that chemical coatings tend to
break down over time due to thermal cycling, abrasion, and
environmental fouling.49−53 Thus, the creation of microfluidic
circuits based either in part or solely on topographical variation
of the surface microscale roughness has significant appeal.
Moreover, considering that capillary-driven surface micro-
fluidics without active pumping requirement occupies a
significantly lower chip footprint, this approach can be
effectively deployed to build low-cost, disposable microfluidic
devices. For such applications, the chemical attributes of surface-
wettability tuning have to be durable enough only to survive
their shelf life and deployment; for example, for single-use
applications, long-term durability against sustained fluid trans-
port is not a point of concern. This widens the opportunity of
chemical functionalization as an additional tool for creating the
desired wettability patterns.54,55 Many different types of
wettability engineering exist, including surface texturing through
etching, deposition, or microfabrication, and chemical function-
alization for attaining the desired degree of water affinity, liquid
mobility, and specific bioanalytical attributes. Each wettability
engineering strategy to achieve passive transport of liquid
(primarily water) is discussed here in brief; however, the most
common and arguably the easiest two types, viz., wedge-shaped
wettability confined tracks and wettability gradients, are
elaborated because of their sparse prior coverage in the
literature.
This review is intended to draw attention from the wider

microfluidics community to this aforementioned passive, liquid
manipulation technique on solid surfaces. It summarizes the
salient features of wettability patterning to achieve surface-
tension-driven transport of liquid droplets and their complex
manipulations (e.g., metering, merging, splitting, mixing, or even
complex 3-D transport) on surface microfluidic platforms,
without any elaborate off-chip integration. The purpose of this
review is not to highlight problems associated with the existing
microfluidic liquid-actuation techniques but to advocate the
promises and evaluate the opportunities of harnessing capillary-
driven passive liquid transport and manipulation for next-
generation microfluidic devices that could benefit from this
approach. The review is structured into four major sections: (1)
capillarity and surface microfluidics, highlighting the major
concepts and fundamentals, (2) passive liquid-transport
mechanisms on open surfaces, (3) applications for lab-on-chip
and beyond (e.g., energy and water conservation), and finally
(4) challenges and future directions, identifying existing barriers
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and providing a possible roadmap to overcome the unresolved
issues as well as exemplifying novel applications in this emerging
field. The goal is to integrate such facile platforms to produce
multifunctional microfluidic tools performing biological and
chemical tasks toward the next-generation POC diagnostic
devices and applications beyond lab-on-chip.
As such, this review focuses on flat surfaces or simple three-

dimensional substrates that are modified topographically, or
modified both topographically and chemically, to create surface
tension gradients or discrete domains of contrast wettability to
move liquids in miniscule quanta (in the range of nano- to
microliter volumes) and flow rate (∼microliters per second).
Figure 2 illustrates the salient domains of applications of

capillary-driven liquid transport on surface-microfluidic plat-
forms, which are reviewed in this article.
More specifically, in this review, we consider research articles

where

• A droplet is not subjected to any external energy input,
e.g., vibration, electrowetting, electrostatic or magnetic
means, or even when such forces exist, they are not driving
fluid transport. Papers describing dynamic control using
external energy input are not reviewed.

• A droplet is deposited onto a surface at low momentum,

implying a lowWeber number ( , whereU
denotes droplet initial velocity, L the characteristic
dimension, and ρ and γ the liquid density and surface
tension, respectively).

• The system is isothermal (except if indicated otherwise),
and the majority of the work is concerned with water
droplets deposited onto the patterned surface.

• Only spontaneous motion is demonstrated; gravity-
assisted flows are excluded unless they provide a novel
insight into droplet kinematics on a surface featuring
gradient or contrast wettability.

Figure 1. Mutual relationship between microfluidics (left quadrant) and wettability (right quadrant). For attributes of microfluidic flows offering a
number of enabling technologies for surface engineering, see upper quadrant. The lower quadrant elucidates different modes of liquid microvolume
transport realized by leveraging wettability engineering. The current review focuses primarily on the latter aspect.

Figure 2. A few salient domains of open-surface microfluidic
applications on wettability engineered surfaces.
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• Passive liquid transport is demonstrated experimentally;
papers reporting exclusively theoretical or numerical
modeling studies are excluded.

2. ORIGIN OF CAPILLARY-DRIVEN LIQUID
TRANSPORT

As already pointed out, surfaces may have intrinsic or artificially
imposed positive or negative affinity to the fluid based on the
energetic interaction between the solid with the liquid. It is
common practice to represent this interaction in terms of the
equilibrium contact angle θeq of a sessile droplet deposited on a
flat surface. The contact angle is measured between the tangent
drawn along the liquid−air interface at the triple contact line
(the intersection of solid, liquid, and gas phases) and the
substrate toward the liquid phase (see Figure 3i). At equilibrium,
the interfacial tension forces (γlg, γsl, and γsg, where γlg is the
surface tension of the liquid, and γsg and γsl are the solid/gas and
solid/liquid interfacial energies) balance each other at the triple
line to dictate the shape of the drop and, in turn, the equilibrium
contact angle θeq, which appears in Young’s equation cos θeq =
(γsg − γsl)/γlg. Depending upon the affinity of the surface to
water, the surface may be broadly classified as superhydrophobic
(θeq > 150°), hydrophobic (90°< θeq < 150°), hydrophilic (10° <
θeq < 90°), and superhydrophilic (θeq < 10°); see Figure 3ii.
While the equilibrium contact angle is representative of the

wettability of a surface, it also provides valuable insight about the

transport behavior of the droplet on this surface. A droplet on a
surface of homogeneous wettability spreads (or resists spread-
ing, if the material is not wettable) equally in all directions on the
surface. On the contrary, on a surface that has spatially
nonuniform wettability, directional preference may be observed
for droplet transport. For example, a droplet deposited on a
wettability contrast line (WCL: a line separating two semi-
infinite domains with sharp wettability contrast) would
experience a net unbalanced capillary force in the direction of
the more wettable domain, thus undergoing directional
transport; see Figure 3iii.
The simplest mechanism of capillary transport of a liquid on a

solid surface is spreading. After a liquid droplet is placed on a
surface, the condition for spreading (or not) is predicated by the
spreading parameter S = γsg − (γsl + γlg).56 The liquid spreads on
the surface when S is positive, while the fluid resists wetting the
surface for negative S. The tendency of the liquid to wet or bead
on a surface is attributed to the minimization of the system’s
surface energy. Figure 3iv shows a schematic of nonwetting (top,
S < 0) and complete wetting (bottom, S > 0) of a droplet on a
solid surface in gaseous surroundings. For homogeneous
surfaces with S > 0, unrestrained spreading exhibits radial
symmetry about the point of liquid deposition.
When a liquid droplet of radius Ro and volumeΩ is deposited

on a smooth solid surface, where S > 0 (implying a high surface
energy), the droplet spreads on the surface. Although simple in

Figure 3. Basic concepts of wettability. (i) Contact angle and the origin of the Young−Laplace equation. (ii) Shape of liquid droplets on surfaces with
different degrees of wettability: (a) superhydrophobic, (b) hydrophobic, (c) hydrophilic, and (d) superhydrophilic. (iii) Capillary-driven reshaping of
a water droplet deposited at the wettability contrast line (WCL) between the hydrophobic and hydrophilic regions on a flat substrate. Representative
simulation results are shown, where a droplet is deposited on a flat surface featuring a sharp wettability contrast line. (iv) Spreading criterion parameter
S for a liquid on a solid surface. (v) Depiction of the microscopic and macroscopic contact angles during liquid spreading; the microscopic contact
angle θm ensues from surface-energy criteria, and accounting for local fluctuations, relates with θeq; the apparent dynamic contact angle θap, also known
as the advancing contact angle θA frommacroscopic measurements, differs from θm because of the warping of the liquidmeniscus from the competition
between the surface tension and viscous forces. Adapted with permission from ref 57. Copyright 2009 American Physical Society. (vi) Schematic
representation of the precursor film at the advancing liquid front. Adapted with permission from ref 57. Copyright 2009 American Physical Society.
(vii) Directional transport of liquid (in blue) along 2-D superhydrophilic straight tracks surrounded on either side by superhydrophobic strips, which
prevent the fluid from lateral spreading. The entire surface is placed horizontally, thus gravity is not a factor.
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appearance, the phenomenon of spreading involves remarkable
complexity. For droplet sizes below the capillary length λc of the
liquid, spreading of the droplet is influenced by the hydro-
dynamics of the liquid under a curved meniscus as well as the
molecular interactions of the liquid with the solid. Therefore, the
underlying theory should adequately describe the macro-,
micro-, and nanoscale phenomena at play to predict the wetting
behaviors relevant to microfluidic applications. Throughout the
literature, the liquid/solid contact line equilibrium has been
described in terms of Young’s equation, but the multiscale
feature of contact angle as described by Bonn et al.57 is worth
noting in this context; Figure 3v. Theoretically, the microscopic
contact angle is determined purely by the surface energy balance
at equilibrium. For a spreading droplet, the shape of the
spreading edge of the liquid is represented by the advancing
contact angle θA. The interface near the advancing liquid front,
where the driving surface tension and the opposing viscous
forces contend, is highly curved and θA is larger than the
equilibrium contact angle θeq. A closer look at the spreading

reveals that a thin precursor film of thickness of the order of a
single molecular layer to several nanometers wets the solid ahead
of the liquid bulk around the droplet footprint, which is followed
by a radial spreading front of the liquid meniscus; see Figure 3vi.
Intuitively, the spreading of the liquid precursor film is governed
by the minimization of the total surface energy (of the solid−
liquid system), and hence, is dependent on the value of S. On the
other hand, the subsequent spreading of the droplet meniscus
takes place primarily due to the Laplace pressure (arising out of
the curvature of the droplet/gas interface) and gravity (for
droplets larger than the capillary length λc of the liquid, the finite
height of the droplet lends a driving force aiding the spreading).
This latter mode of spreading, therefore, does not depend on
surface wettability, but rather on the hydrodynamic parameters
(e.g., fluid viscosity, surface tension, and droplet volume). For a
droplet dispensed gently on a flat surface, the liquid meniscus
spreads radially at a pace that can be deduced through a balance
between the available surface and gravitational potential energy
and the viscous dissipation occurring near the contact line and

Figure 4. Liquid spreading and Laplace pressure basics: (i) Schematic showing spreading of a liquid droplet on a porous substrate (a, classical wicking)
and a solid impermeable substrate with shallow micronano roughness structures (b, hemiwicking). For both cases, spreading distance varies with time
as x ∼ t0.5. (ii) Tuning the curvature of a liquid droplet to vary its Laplace pressure. (a) Circular hydrophilic patches of diameter d, surrounded by a
hydrophobic background confining liquid droplets of different volumes. The radius of curvature for each case is different, although the hydrophilic
patch area is the same. This causes a variable Laplace pressure, which scales with the curvature of the droplet. (b) Representative plot showing how
Laplace pressure changes with liquid volume placed on a hydrophilic disk of constant diameter, as depicted in (a). (iii) Young−Laplace pumping (from
left to right) between wettability confined droplet pairs of different curvatures, which are connected by an open-surface wettable track, leading to liquid
transport from the larger (volumewise) droplet to the smaller one (a), and from the smaller droplet to the larger (b). Adapted with permission from ref
68. Copyright 2011 The Royal Society of Chemistry. (iv) Liquid morphology on wettability confined straight rectangular tracks; for subcritical liquid
volume per unit length of the track, semicylindrical liquid morphology is observed (I and II); local bulges appear (III and IV) when the liquid volume
exceeds a critical value. Adapted with permission from ref 71. Copyright 2002 American Institute of Physics.
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the droplet bulk. For a simple Newtonian liquid of dynamic
viscosity μ, the temporal spread of the meniscus R(t) and the
spreading rate Ṙ(t) classically follow the relations deduced by
Tanner58 for small droplets (typically, for Ro < λc) and Lopez et
al.59 for large droplets (typically, for Ro ≥ λc), as given by

(1)

and

(2)

Equation 1 is known as the Hoffman−de Gennes law. Brochard-
Wyart et al.60 and Redon et al.61 showed that for the
intermediate regime of droplet sizes (i.e., λc ≤ Ro < 10 λc)
both capillary forces and gravity compete to drive the spreading,
and the temporal spreading behavior deviates from the simple
power law, yielding

(3)

All expressions in eqs 1 −3 are predicated on the droplet
spreading on a thin precursor film (already formed ahead of the
spreading meniscus) on a smooth surface. Spreading on rough
surfaces is found to differ, as reported first by Cazabat and
Stuart;62 for surface roughness features significantly smaller than
the droplet diameter, the temporal variation of the spreading
radius differs from eq 1−3 during a significant part of the
spreading (except for the early and late phases) and follows a
power law relation R(t) ∼ tn, with n varying between 0.25 and
0.4. Microfluidic applications often involve flow of biological
samples, which are mostly non-Newtonian in nature. Intuitively,
the hydrodynamics of spreading of such fluids should differ from
the classical Hoffman−de Gennes law. However, Rafai ̈ et al.63
reported that spreading behavior of a liquid having shear-
dependent viscosity did not deviate strongly from Tanner’s law
(i.e., n = 0.1). For more details on spreading, the reader is
referred to Bonn et al.57 Fluid spreading may also be steered in a
particular direction by guiding the liquid along a wettable (e.g.,
hydrophilic or superhydrophilic) track confined by nonwettable
(e.g., hydrophobic or superhydrophobic) domains, as shown in
Figure 3vii.
Capillary forces arise as the liquid/solid system attempts to

attain minimum energy configuration. Such forces induce
passive flow of the liquid and can be broadly classified as
wicking or hemiwicking or Laplace-pressure driven. Wicking is
observed in a porous substance made up of a hydrophilic
material. Liquid imbibes through the pores of the substrate
during wicking, thus minimizing the total surface energy of the
system (Figure 4i(a)). When a textured wettable surface is
exposed to a wetting liquid, a film propagates through the
crevices of the surface features without fully immersing them
(Figure 4i(b)). This phenomenon is known as hemiwicking and
differs from classical wicking (where the liquid flows through
capillary pores and not on the surface).64 The propagating liquid
front in both wicking and hemiwicking situations follows a x ∼
t0.5 power law, which ensues by a balance between the surface
tension and the resisting viscous forces. Such spreading is more
commonly known asWashburn spreading because it is governed
by Washburn’s law65

(4)

where x denotes the position of the liquid-spreading front, t the
duration of spreading from the onset, rpore the hydraulic radius of
the pores, and μ the liquid viscosity. This model assumes
uniform cylindrical pores, negligible gravitational effects,
chemical homogeneity of the solid surface, and an unlimited
reservoir volume (that supplies the spreading liquid).66 It can be
easily deduced from eq 4 that the velocity of a hemiwicking front
declines with time (∼t−0.5). Several other spreading models have
been proposed in the literature, taking into account the inertial,
gravity, viscous and surface tension forces;57 nevertheless, the
fundamental trend of decreasing spreading velocity with time
persists for all these models.
It is well-known that the curvature of a droplet imposes a

pressure discontinuity across the curved interface; this pressure
jump is more commonly known as the Laplace pressure and
scales with the liquid surface tension γ as well as the local
interface curvature. For an implicitly defined surface F(x,y,z) of a
liquid, the curvature is related to the droplet surface geometry by

, where Hess(F) represents
the Hessian of the surface F.67 For a spherical cap shape of the
sessile droplet, the Laplace pressure difference Δp across the
curved surface is ∼γκ ∼2γlg/R. Figure 4ii(a) shows a schematic
of various liquid volumes placed on hydrophilic patches of
diameter d and surrounded by a hydrophobic background. Such
a wettable area surrounded by a nonwettable region on the
surface is also referred to as a surface-energy trap (SET) as it
confines liquid deposited on it by virtue of the surface energy
difference between the wettable and nonwettable regions. The
wettability confined droplets conform to different radii of
curvature (R1,2,3,4), depending upon the liquid volumes and the
patch diameter. The plot in Figure 4ii(b) shows how the Laplace
pressure inside these drops varies with the droplet volume,
considering zero gravity, d = 2 mm and γlg = 72 mN/m (water).
Clearly, the highest Laplace pressure corresponds to the case
where the droplet radius of curvature R is minimum (case 2, half
sphere). Implementing this principle, when two liquid volumes
of unequal curvature are connected by a wettable track on a
substrate (Figure 4iii), liquid from the volume with the smaller
radius (not necessarily the smaller volume) gets transported to
the volume with larger radius by virtue of the Laplace pressure
differential.68,69 Typical volume flow rates attained with this
Young−Laplace pumping mechanism is of ∼O(0.1 mL/h) and
the time scales of transport are of ∼O(10 s).68,70
It is clear from the above discussion that capillary forces on

wettability confined liquids can arise out of the curvature of the
liquid. The shape of the liquid meniscus on a wettability
confined region (e.g., a wettable area surrounded by a
nonwetting background) of a substrate depends on the shape
of the geometric wettability confinement and the wettability
contrast between the two regions. In the simplest configuration
of wettability confinement created on a rectangular, narrow strip
of wettable region surrounded by a nonwettable background, the
confined liquid takes a semicylindrical shape (Figure 4iv) as long
as the dispensed liquid volume is small. However, the cylindrical
shape gets disturbed and local bulges develop in the liquid
strip44,71 if the liquid volume Ω per unit length of the wettable
track of width δ exceeds a critical value Ω/δ3 (Figure 4iv). This
critical value has been found to depend on the wettability
contrast between the wettable track and the nonwetted
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background,71 and the liquid bulge plays a pivotal role in
generating Laplace pressure-driven flow on tapered wettable
tracks of monotonically varying δ along the tracks.33,72,73
Laplace-pressure driven flow can also occur by artificially

creating spatial nonhomogeneity of local surface energy of the
sessile liquid, or the underlying solid substrate. Broadly
classifying, there are two major techniques of tuning the Laplace
pressure affecting the drop: (1) by inducing surface tension
gradient in the liquid (Figure 5i), and (2) by inducing surface

energy gradient on the substrate itself (Figure 5ii). In the former
case, the liquid/gas surface tension is tuned by creating a
chemical74 or thermal75 gradient along the interface, thus
inducingMarangoni stresses. For the latter case, the local surface
energy of the substrate is altered by creating a gradient of surface
composition76,77 or fabricating contrast wettability patterned
tracks33,45,78 of varied geometry.
One important factor toward realizing capillary-driven liquid

transport on open surfaces is the feasibility and ease of rendering
the desired wettability on the target regions of the substrate. The
intrinsic wettability of a surface can be modified by altering the
surface energy of the substrate, whether by applying different
coatings or by treating with appropriate chemicals to modify the
terminal groups present on the surface. Imparting micro- and
nanoscale roughness features can also alter the surface
wettability from its intrinsic value. Often, a practical means of
wettability engineering leverages both these strategies in tandem
to create extreme wettability contrasts or gradients. Details of
surface fabrication strategies have already been extensively
discussed in several excellent review articles,79−82 and are
therefore, kept out of the scope of the current review.
Nonetheless, two broad surface modification techniques, viz.,

via chemical route and physical route, are discussed below for
the sake of completeness.
As already pointed out, the wettability of a substrate depends

on the chemical composition of the material. The terminal
groups present on the substrate determine its surface energy,
which in turn controls the surface wettability through the altered
polar and dispersive components of its interaction with a liquid
dispensed on it.15,16 Functional groups on the surface can render
the surface hydrophilic (e.g., hydroxyl, carbonate, per-oxy,
etc.82), or hydrophobic (e.g., alkyl or per-fluoroalkyl silanes,
etc.81). Wettability patterning is also possible by selectively
modifying the surface functional groups. A brief (and
nonexhaustive) account of salient chemical modification
techniques is presented in Table 1.
Surfaces can also be engineered to have a specific wettability

bias through physical modification, e.g., through altering surface
roughness and microstructuring. These modifications lead to
different wetting states−the Cassie−Baxter and Wenzel states81
− of liquids when they come in contact with the surface.
Patterned-wettability surfaces are realized through heteroge-
neous physical modification of the surface. A few standard
fabrication techniques are summarized in Table 2.
In summary, significant progress has been made in the area of

wettability engineering over the past 30 years. One of the largest
advances has been in the area of nanofabrication and
micromanufacturing, as well as in surface characterization,
which has spurred even greater possibilities in terms of
developing sharp contrasts and gradients of surface wettability
on a large variety of surfaces (see Table 3). While the costs of
developing these surfaces and durability in different microfluidic
environments (e.g., in the presence of analytes, surfactants,
contaminants and ions in the liquid sample) remain unclear, the
methods outlined in Table 3 have opened up the possibility for
tailoring the wettability gradient to specific droplet sizes and in
many cases, faster droplet travel speeds (>60 mm/s) and long
overall migration distances (> ∼10 mm). Table 4 summarizes
the outcome of wettability engineering in terms of liquid
transport features, like droplet speed and travel distance.
The subsequent sections elaborate on how such approaches

can be deployed to achieve passive transport of liquids on open-
surface microfluidic platforms.

3. PASSIVE LIQUID-TRANSPORT MECHANISMS
This section highlights some major mechanisms of passive
liquid-transport strategies devised and reported by various
research groups. It first unravels the mechanisms of capillary-
driven passive liquid transport on different surfaces. An account
of recent advancements in passive liquid transport techniques on
various types of surfaces is provided in the next subsection, with
the subsequent two subsections discussing the attributes of
complex liquid manipulation tasks achieved through passive
surface microfluidics. Alongside, a brief outline of the salient
surface fabrication strategies to realize each type of transport is
provided. Each transport type is also put in the context of the
respective state-of-art by highlighting the current limitations in
terms of characterization and the future research opportunities it
creates.
3.1. Modes of Passive Liquid Transport

3.1.1. Wicking. The earliest elements of passive surface
microfluidics were demonstrated by the Whitesides group and
relied on the wicking properties of paper. Although wicking in
paper and fibrous assemblies (e.g., fabrics) has been explored for

Figure 5. Passive liquid-transport mechanisms driven by surface-energy
differentials: (i) Thermal (a) and chemical (b) surface tension
gradients in the liquid promote fluid actuation. In (a), a temperature
gradient on the substrate changes the local surface tension at the
advancing (right) and receding (left) edge of the liquid volume. (b)
Surfactants can alter local surface tension chemically, hence mobilizing
the droplet by the differential capillary force between the advancing
(right) and receding (left) front. γlgR and γlgA denote the liquid surface
tension at the receding and advancing front, respectively. (ii) Droplet
actuation by patterning the wettability of the substrate. (a) Substrate
with spatially gradual wettability changes. The droplet moves from the
hydrophobic (left) to the hydrophilic region (right). (b) Droplet
actuation by a sharp wettability contrast line on the underlying solid.
The property of the substrate suddenly shifts from hydrophobic to
hydrophilic at the wettability contrast line. Note the distorted shape of
the droplet at the onset of transport.
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centuries, its application in surface microfluidics was not
reported until 2007, when Martinez et al.130 demonstrated the
capability of wicking tracks on paper to transport liquids
specifically for microfluidic applications. They reported the
fabrication and operation of a paper-based microfluidic device

that was capable of performing several lab-on-chip tasks. The
treated paper unidirectionally wicked the liquid from a
pseudoinfinite reservoir. The basic principle was to confine
the liquid on paper (which is intrinsically hydrophilic) by
selectively depositing hydrophobic wax on the surrounding areas

Table 1. Chemical Modification Approaches for Altering Solid-Surface Wettability

summary advantages/limitations

UV Irradiation
• requires photocatalyst-functionalized surface (e.g., TiO2, ZnO)

34 • high-resolution (∼1 μm) patterned wettability achievable using collimated UV light83

• can enhance the hydrophilicity of the surface84 • scalable fabrication
•wettability patterning can be achieved through selective irradiation using photomasks34 • wettability change may often be reversed in the dark or high temperature85 or

prolonged storage in air86

Plasma Treatment
• surface gets oxidized and becomes (super)hydrophilic87 • method is scalable and can be used on a wide range of surfaces

• durability of the wettability modified surfaces is an issue88

• challenging to create patternedwettable surfaces, as themask requires openings for the
plasma to penetrate81

Molecular Grafting
• imparts functional groups onto the surface89 • surface can be easily functionalized when it contains carboxyl (−COOH) or hydroxyl

(−OH) groups; otherwise, pretreatments are required• specific functional groups can be grafted on a surface to alter the wettability
• chemical vapor deposition, liquid deposition, and microcontact printing are example
methods of molecular grafting

• patterned wettability by using a mask or laser ablation33

Printing
• various materials can be printed on the substrate, for example, ink, polymers, wax, etc.90 • process is scalable

• resolution is usually down to the microscale
• printing on hydrophobic materials is challenging
• precise wettability patterning is challenging

Spray Coating
• spraying hydrophobic materials is a facile and scalable technique for creating
hydrophobic surfaces; for example, spray-coating of anatase−polymer nanocomposite
on paper, glass, metal of fibrous surface33,34

• process is scalable
• patterned wettability can be achieved by spraying materials that can be functionalized;
for example, anatase TiO2-coated superhydrophobic surface can be patterned using
UV radiation and photomasking34

Table 2. Physical Modification Approaches for Altering Solid-Surface Wettability

Summary Advantages/Limitations

Chemical Etching
• possible to create roughness on the surface by using strong acid or base33 • process is scalable
• transforms the hydrophilic surface (like metals) into superhydrophilic surface78 • prepared roughness features are hierarchical
• may be followed up by surface-grafting of hydrophobizing chemicals (e.g., silanes) to
render the surface superhydrophobic91

• wettability patterning is possible using protective masks33

3D Printing
• creates 3D structures on different materials by solidifying polymers90 or metals • surface finish is an issue
• predefined structures can be achieved • resolution is generally ∼O(20 μm),90 however, with dielectrophoresis-assisted

(DEP) printing, finer resolution can be achieved92• wettability can be controlled by properly choosing the printing materials
• wettability patterning can be achieved

Reactive Ion Beam Etching
• creates structure on surfaces (say silicon wafer) covered with a photoresist93 • sophisticated and costly equipment is required, not scalable
• used for high-resolution design • not versatile for any surface

• wettability patterning can be achieved
Laser Ablation

• High-power laser beam can ablate different materials to alter wettability • process is scalable
• High-resolution design can be engraved by using femto- or picosecond lasers95 • method can be used for most materials, for example, on spin-coated graphene ink

films on flexible polyethylene terephthalate94

• single-step, maskless laser etching on graphene-based surface to tune electrical
conductivity, surface morphology, and surface wettability96

• by controlling the scanning speed and rate, wettability patterning can be achieved
• heat affected zone (HAZ) is a known issue

Electrodeposition
• electrophoretic deposition of nanoparticles leads to formation of hierarchical roughness
structure, leading to altered wettability97

• low-temperature deposition possible
• easy controllability of surface structure and wettability

• deposition on metallic98 as well as nonmetallic substrates, like PET and fibers,97 is
possible

Electrospinning
• electric-field-induced generation and laying of continuous polymeric ultrafine fibers on
target surface99,100

• large range of materials, including polymers, composites, carbon, metals, and their
oxides can be electrospun

• desired wettability is achieved by leveraging the intrinsic wettability of the fibers and the
roughness features of the fiber mat

• enhancing wettability tuning possible with postspinning treatment
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either by photolithographic technique or using a desk-jet printer.
Their device conformed to the World Health Organization’s
ASSURED (Affordable, Sensitive, Specific, User-Friendly, Rapid
and Robust, Equipment-Free, and Deliverable to end user)
standard for diagnostic devices intended for developing
countries. Paper-based microfluidic devices relying on wicking
for transport can perform several low-cost biological and
chemical diagnostics. The liquid transport is laminar and can
be approximated by 1-D Washburn flow. The wicking
mechanism, however, has a major limitation in terms of
transport speeds. A simple scaling analysis using eq 4 indicates
that, on a rough surface with average rpore ∼ 0.1−1 μm, a liquid
droplet (e.g., water, μ ∼0.001 Pa s, γlg = 72 mN/m) would take
O(∼10−100s) to traverse a distance of O(∼1 cm) by
hemiwicking. In most paper-based microfluidic devices, contrast
wettability patterning has been used to confine the liquid and
transport it by wicking in a specific direction. Besides paper,
wicking-based passive transport was recently explored on woven
fabrics as well.131 On fabric-based wicking devices, threads of
different wettability are interwoven to directionally transport the
liquid. Wicking-based transport in paper has been the focus of

several seminal reviews;38,66,132 thus, the reader is referred to
those for further details.
In the classical Lucas−Washburn (L−W) expression (eq 4),

the liquid spreading (liquid rise or capillary rise for vertical
spreading) is proportional to the square root of time. However,
during experiments, it has been found that the height of the
capillary rise decreases with time due to external factors like
evaporation, swelling of the fibers, and gravity. Liu et al.133 used
an evaporation model proposed by Fries et al.134 to estimate the
capillary rise height as

(5)

where ρ, γlg, and μ are the liquid density, surface tension, and
viscosity, respectively.Whereas, ϵ0,K0,Rc, δ, andW are the initial
porosity, permeability, capillary radius, thickness, and width of
the paper strip, respectively. The static contact angle is θ, and t is
time. The evaporation rate is calculated as

(6)

Table 4. Summary of Gradient−Surface Outcomes

ref travel distance droplet speed

101 droplet moved ∼15 mm on the gradient; entire gradient length was traveled on 10 mm-long gradient, velocity varied between ∼50 mm/s and ∼70 mm/s
For 15 mm gradient, speed was 20 mm/s to ∼160 mm/s.

103 2.5 mm 62.5 mm/s
104 approximately 0.9−2.0 mm front edge, 72.5 mm/s
106 2.5 mm in one case mean velocity 62.5 mm/s obtained from photographs (at distance Δx = 2.5 mm and

interval Δt = 0.04 s)
107 with applied vibration, mean droplet velocity was 2.2 ± 0.2 cm/s
72 ∼9 mm wide range of droplet volumes was transported, and droplet velocity as high as 0.5 m/s on

wedge-shape gradient
108 travel distance ∼9 mm for 10 μL droplet max velocity around 70 mm/s
109 no motion no motion
110 as droplet was vibrated, it moved rapidly down the wetting gradient

droplets (10 μL) moved with speeds in excess of 200 μm/s.
111 spreading of advancing edge ∼3.8 mm speed of advancing edge ∼0.015 mm/s
112 in one case, the droplet center moved ∼3 mm maximum velocity ∼14.6 mm/s
48 between 0.5 and 1.5 mm
113 droplet traveled ∼8 mm ∼7 mm/s
73 spreading mode, travel greater than 20 mm
114 converging radial gradient (a) 1.5 μL droplet, dispensed within 1.5 mm of the center, average speed of 3.0 cm/s;

5 μL droplet traveled 2.5 mm toward center (b) 3.0 μL droplet, dispensed within 2.0 mm of the center, average speed of 4.0 cm/s;
effect of droplet size on self-mobility studied at different locations within the
gradient region

(c) 4.0 μL droplet, dispensed within 2.5 mm of the center, average speed of 2.5 cm/s;
(d) 5.0 μL droplet, dispensed within 2.5 mm of the center, average speed of 2.5 cm/s.

115 8 μL droplet traveled ∼11−12 mm ∼18 mm/s for 8 μL droplet
116 around 6 mm travel for a 3 μL droplet 22.5 mm/s
93 droplet impact only no net lateral transport
117 2.1 mm travel (receding edge) travel velocity ∼2.1 mm/s (estimate).
118 maximum travel displacement: ∼37.5 mm; curved pathways demonstrated Mean velocity of 75 mm/s for 5.2 mm displacement
119 greater than ∼20 mm; curved pathways demonstrated as high as ∼80 mm/s
120 data not provided droplet movement observed on 10° tilted samples
121 travel distances as large as 3.5−4.0 mm typically ∼3−12 cm/s (calculated); instantaneous peak speeds greater than 10 cm/s

calculated
122 no motion no motion
123 spreading length of ∼5 mm observed. Increased to 10.7 mm for double-

gradient wrinkled surface.
not found

124 travel of ∼3.85 mm 4.8 cm/s in one case
125 spreading ∼9.6 mm initial peak speed: ∼17.5 μm/ms (or 17.5 mm/s) for spreading length of 9.6 mm
127 receding edge estimated to travel 11.4 mm not found
128 ∼1.2 mm in one case (estimate) ∼10 cm/s
129 1.75 ± 0.25 mm not provided
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where φ, pw, Va, and Lv are the relative humidity (RH), liquid
saturation pressure, ambient flow velocity, and latent heat of
vaporization, respectively. The solution of this equation was
described in detail by Patari and Mahapatra135 who also
considered the effect of gravity during the capillary rise. During
the wicking process, the fibers absorb the liquid and the fibers
swell. Thus, the swelling process modifies the capillary radius,
permeability, and porosity. Schuchardt and Berg136 modified the
classical L−W equation to incorporate the swelling effect. The
modified expression for the capillary rise is given as

(7)

where R0 denotes the preswell capillary radius and a the swelling
rate.
While the aforementioned theories of wicking have been used

extensively in different applications, one should keep in mind
their limitations. The classical Lucas−Washburn expression was
developed for liquid flow through capillary tubes. Later, the
capillary rise formulation was modified by incorporating the
effects of evaporation (from the surface) and swelling (of the
fibers).137 However, all modifications were based on the basic
assumptions for a capillary tube, with the fiber orientations in a
porous substrate, e.g., fabric or paper, not being considered.
Models capable of addressing time-dependent variation of
porosity, permeability, and dynamic contact angle are lacking in
the literature. Detailed fluid-flow analysis, considering non-
woven thin materials, is required for overcoming the design
challenges of paper-based microfluidic devices.
3.1.2. Transport Driven by Spatial Variation of Surface

Energy.Asmentioned in the previous subsection, this transport
mechanism relies on tuning the local surface energy gradient in
the liquid (Figure 5i) or the substrate underneath the liquid
(Figure 5ii); the latter may be achieved by varying the local
wettability of the substrate, either gradually (gradient wett-
ability) or sharply (step contrast wettability).

3.1.2.1. Transport Due to Liquid Surface-Tension Gradient.
As described in Figure 5i, surface tension gradient in a sessile
droplet can induce directional transport toward the higher local
surface tension in the liquid. For a sessile droplet, the driving
capillary forces arise due to the difference in the contact angles at
the front (θf) and the rear (θr) ends of the droplet. The two

angles differ because the difference in the surface tension of the
liquid (due to thermal or chemical gradient on the liquid
surface) induces a difference in the solid/gas (γsg) and the solid/
liquid (γsl) interfacial tensions between the front and the rear of
the droplet. For a circular or near-circular droplet footprint of
radius R on the surface, the driving capillary force may be
expressed as138

(8)

where φ denotes the polar angle measured on the droplet
footprint from its center. The spatial gradient of surface tension
on the liquid/gas interface can either arise due to local
heterogeneity of chemical composition or temperature.139

Cira et al.74 observed that evaporation from a two-component,
miscible, liquid mixture created spatial heterogeneity in liquid
surface tension, thus leading to spontaneous liquid transport.
When such droplets were deposited on glass, evaporation from
one droplet altered the liquid-to-gas surface tension in the
vicinity, thus affecting the mobility of a neighboring droplet.
Diguet et al. demonstrated a novel chromocapillary effect,
whereby selectively illuminating spots with light of different
wavelengths, they moved 3 μL droplets floating on a water film
with speed up to 300 μm/s.140 The aqueous solution contained a
surfactant that exhibited wavelength-dependent polarity upon
illumination; by shining localized, bicolor concentric illumina-
tion, a chromocapillary trap developed, which moved the
droplet as the illumination spot moved. Xiao et al.141

demonstrated Marangoni flow driven by light-induced iso-
thermal changes in interfacial tension to realize droplet transport
at speeds up to 10.5 mm/s. They also demonstrated complex
forms of transport of solvent droplets, like merging, using guided
illumination. Akin to the chemical surface gradients, temper-
ature gradients locally alter the surface tension from the leading
to the trailing edges of the droplet, thus creating an unbalanced
capillary force. For example, surface tension of water at 20 °C is
∼72 mN/m, whereas at 90 °C it is ∼60 mN/m. This property
was explored by Darhuber et al.,76 who fabricated a
thermocapillary microfluidic droplet actuator, which relied on
integrated microheater arrays to control the substrate temper-

Figure 6. Passive droplet transport driven by liquid surface-tension gradients. (i) (a) Transport of silicon oil droplet by thermocapillary mechanisms.
(b) Respective migration velocity, distance, and surface area of the droplet with time. Adapted with permission from ref 143. Copyright 2019 American
Chemical Society. (ii) Droplet motion driven by combined thermocapillary and composition-induced Marangoni stresses. The left and right columns
are from two independent experiments at viewing angles of 20° and 3°, respectively. Adapted with permission from ref 144. Copyright 2011 American
Institute of Physics.
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ature with high spatial resolution. They also used a similar
concept of thermocapillary actuation to split a droplet from a
film.142 Dai et al.143 showed the silicon oil motion due to the
thermocapillary action on a horizontal substrate (see Figure 6i).
Chakraborty et al.75 exposed a chemical wettability gradient
surface to elevated temperatures and reported that the droplet
movement intensity increased with temperature differences on
the substrate.
The combined effect of chemically induced Marangoni

stresses with thermocapillarity was shown to propel droplets
with velocities as high as∼40mm/s, which is significantly higher
than the transport speed (∼1 mm/s) from thermocapillary
action alone.144 An example of droplet motion is shown in
Figure 6ii. Chakraborty et al.75 used significantly lower thermal
gradients (0.08−0.20 °C/mm), which lowered the input energy
requirement. Although this mechanism requires an active
component (external energy supply), the ability to operate at
low voltages makes this technique a convenient alternative for
manipulating droplets. A combination of bicomponent droplet
and thermocapillary actuation was explored by Zhao et al.,144

who concluded that by encapsulating an aqueous droplet with a
long-chain alcohol (heptanol in this case), one could thermally
mobilize the droplet on a hydrophobic surface. By applying a
thermal gradient to this two-component system, the alcohol
evaporated at different rates at the front and the back of the
droplet, creating a thermocapillary force, which eventually
mobilized the droplet. Transport velocities were of ∼O(0.1
mm/s) for the binary droplet and transport distances were
limited to ∼1 mm. Linke et al.145 harnessed the Leidenfrost
effect146 on a heated rachet surface to self-propel droplets. This
self-propelling effect was further studied by Lagubeau et al.,147

who explained that the vapor escaping below the levitating
Leidenfrost droplet provided a thrust due to the presence of
asymmetric rachet-like structures. Droplet velocities of ∼O(10
cm/s) were reported. Although the above transport mechanism
is passive, the capillary force is not dominant for this particular
case. The viscous force exerted by the vapor flow between the
droplet and the underlying rachet substrate induces the droplet
movement.145 A detailed discussion on thermocapillary
migration and the Leidenfrost effects is beyond the scope of
this review.

3.1.2.2. Transport Due to Surface Wettability Gradient. As
depicted in Figure 5ii, a gradient in surface wettability develops a
net unbalanced force on a sessile droplet, which causes the liquid
to move toward the region of higher wettability.138,148−150

Gradient wettability on the surface can be created either by
inducing a smooth transition from nonwettable to wettable
property or by deploying wettability steps of gradually varying
extents well below the capillary length, thus creating a stepwise
wettability variation for directional transport of droplets.
In a seminal study, Chaudhury and Whitesides77 demon-

strated how harnessing surface energy gradient (by inducing
spatially varying wettability on a silicon wafer through unequal
deposition of a hydrophobizing silane vapor) could be leveraged
to propel liquid droplets passively on a surface (Figure 7i). They
were able to induce upwardmotion of small water droplets (1−2
μL). On a gradient-wettability surface, a droplet is actuated by
imbalanced surface-tension forces acting on opposite sides of the
droplet edge given by dFY = γlg(cos θA − cos θR) dx, where θA
and θR denote the advancing and receding contact angles,
respectively. The resulting Young’s force (FY) acting on the
droplet is obtained by integrating this expression over the entire

Figure 7. Liquid transport driven by underlying surface wettability gradient. (i) Uphill motion of a 1 μL drop dispensed on a surface-tension gradient
surface inclined by 15° to the horizontal. Reproduced with permission from ref 77. Copyright 1992 American Association for the Advancement of
Science. (ii) Motion of a 2 μL glycerol/water droplet on a surface pattern with varying fraction of hydrophilic-to-total area of the plate. Radius of
dispensed droplet is 0.78 mm. Reproduced with permission from ref 112. Copyright 2011 American Chemical Society. (iii) For long-range and large-
volume droplet transport, three types of gradient surfaces were created. (a) Droplet self-propulsion on annular path. (b) Droplet self-propulsion on
straight path, (c) Droplet self-propulsion on “S” shape path. Reproduced with permission from ref 118. Copyright 2017 Springer Nature.
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droplet width. If θA < θR, the droplet will move from the receding
to the advancing end. For a gradient surface with contact angle
changing from 97° to 25° over 1 cm, droplet motion was
observed on both a horizontal and a tilted surface (15° to the
horizontal), with the hydrophobic (HPB) end lower than the
hydrophilic (HPL) end.77 The same group further demon-
strated that the capillary-driven transport on the gradient
wettability surface can also be combined with other activemodes
(vibration in one case) to create ratcheting motion.151 Ito et al.
reported tunable gradient surfaces, where the magnitude of the
wettability gradient was tuned by altering the photodegradation
via controlled UV exposure to generate different extents of
droplet motion.152

Bliznyuk et al.112 took an interesting approach in fabricating a
stripe-patterned gradient surface to transport liquid droplets, as
shown in Figure 7ii. They fabricated substrates with alternate

hydrophilic and hydrophobic stripes and varied their relative
widths in such a way that the effective fraction of hydrophilic-to-
total area increased along the plate. Figure 7ii shows a glycerol
droplet moving on a striped silicon wafer (hydrophilic)
patterned with 1H,1H,2H,2H-perfluoro-decyltrichlorosilane/
PFDTS (hydrophobic). In all such cases, viscosity opposes the
capillary force. Besides, surfaces exhibit contact angle hysteresis,
providing an additional energy barrier for droplet mo-
tion.77,151,153 By summarizing existing descriptions for droplet
motion on gradient wettability surfaces, droplet velocity is
generally determined by the balance of the driving capillary and
opposing viscous forces.77,138,151 A first-order approximation of
droplet velocity by accounting for the gradient driving force and
the opposing viscous force, but neglecting hysteresis, is given by

Figure 8. Capillary-driven directional transport of liquid on wettability confined flat tracks: (i) surface tension confined (STC) tracks created with
printed wax on a superoleophobic fluoroacrylic/carbon nanofiber composite coating. Hexadecane droplets self-propelled along the straight
horizontally placed track via capillary action. The stationary beaded droplet reveals the repellent nature of the surface outside the strip. Reproduced
with permission from ref 45. Copyright 2012 Royal Society of Chemistry. (ii) Top-viewmorphology of the liquid bulge, approximated as an ellipsoid of
finite footprint on the wedge-shaped superhydrophilic track, moving along the horizontal track that is surrounded by superhydrophobic area. (iii)
Time-lapsed images (top view) of water transport along a wedge-shaped superhydrophilic track on a horizontal metal substrate. The white bar at the
top denotes 10 mm. (iv) Origin of the driving capillary force on the liquid bulge moving along a wedge track. Reproduced with permission from ref 33.
Copyright 2014 Royal Society of Chemistry. (v) Liquid-front location (x) at different time instants (t) shows influence of viscosity on the transport
rate. Transport of a 50% glycerol−water mixture (viscosity∼5.6 times that of pure water) shows similar, but sluggish transport; Cm indicates the mass
fraction of glycerol in the water solution. (vi) Dimensionless front location (X), for the dimensional data shown in (v), plotted against dimensionless
time (T), showing a universal nature of spreading under different values of liquid viscosity and surface tension. Spreading regimes I, II, and III indicate
typical spreading behaviors of X ∼ T0.5, X ∼ T, and X ∼ T0.1, respectively. Reproduced with permission from ref 162. Copyright 2018 American
Chemical Society.
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(9)

where the term d cos θ/dx denotes the spatial gradient
(smoothed over the length-scale of the stripes) of wettability.
Bliznyuk et al.112 made some other useful observations about the
methodology used in testing droplet kinematics on gradient
surfaces. For example, they noted that the droplet deposition
protocol on a gradient surface is important. Movement of both
advancing and receding contact lines is induced after a droplet’s
connection with the dispensing needle and the surface is
ruptured. The velocity enhancement can be qualitatively
explained by considering the neck, which connects the droplet
volume to the liquid reservoir in the supplying needle as a
constrained spring. Once the neck breaks, the spring potential
energy is released154 and gets converted into kinetic energy,
leading to rapid droplet elongation. They found that once the
velocity peak had passed, droplet motion was controlled by the
balance of three forces, inertial, viscous, and capillary, resulting
in an overall decline in the measured velocities to a fewmm/s, in
agreement with other publications.77,155 This highlights the care
required for producing experimental droplet kinematic data that
can be compared against previous works. Other aspects that
require care include whether the front or rear contact line is used
to determine the droplet kinematics. Liu et al.118 furthered the
development of the stripe-based gradient on silicon by
introducing a nanograss with no additional coatings and noted
that a HPB coating provides an inherent barrier in wettability
gradient design by constraining the range fromHPB to SHPB, or
approximately CAs in the range 100−150°,118 dramatically
limiting the droplet transport distance. They noted that to
enlarge the gradient length, an intrinsically superhydrophilic
(SHPL) surface is more appropriate. Their wetting gradient had
CAs ranging from 15.5° to 166° (a range >150°), and the area
fraction was varied between 0 and 1 along the gradient length.
These surfaces induced spontaneous droplet motion (slip
mode), where in one case, a droplet traveled ∼37.5 mm;118
this is one of the longest travel distances reported to date for
gradient surfaces (see Figure 7iii). To further investigate droplet
self-propulsion, Liu et al. derived a force balance consisting of
the gradient driving force, resistive hysteresis and viscous drag.
They used this model to determine the maximum droplet travel
distance for different silica stripe lengths. Because their gradient
was discrete, the forces acting on dynamic droplets were defined
at points that interfaced adjacent wetting regions. Their model
predictedmaximum travel distances of∼8.5 mmwhen the stripe
length was 1.5 mm and the gradient wetting range corresponded
to CAs from 39.4° to 166°. For a stripe-length-to-droplet-radius
ratio of 0.83, a mean velocity of 75 mm/s was observed with
maximum travel distance of 5.2 mm.
Dos Santos and Ondarc ̧uhu156 demonstrated that by

depositing droplets of n-alkanes containing chlorosilane on
glass (hydrophilic), the trailing end of the droplet released a thin
chlorosilane film, which subsequently rendered the glass
substrate hydrophobic. This created an unbalanced capillary
force giving rise to, as the authors described, free-running
droplets moving with velocities of ∼O(1 cm/s). Zorba et al.
used a femtosecond laser-based technique to alter wettability
(contact angles in the range 66−107°) of silicon by physical
texturing only, without using any chemical functionalization of
the surface.157 Several other research groups used variants of the
above techniques of chemical patterning and physical texturing

of substrates to achieve passive liquid transport. The interested
reader may find some related articles elsewhere.48,73,106,158

3.1.2.3. Transport Due to Wettability Contrast in Discrete
Domains. Contrast wettability patterned substrates have also
been used to induce rapid passive transport; see the simple
example in Figure 5ii(b). The major difference between the
transport mechanisms on surfaces with gradient wettability and
those of contrast wettability is that, in the former, there is a
spatially gradual change of the surface energy of the substrate,
whereas in the latter, there is a step change of surface energy
from one domain to the other forming well-defined wettability
contrast lines. Such wettability contrast lines may be
appropriately used to confine the liquid strategically. Confining
the liquid is important because confinement restricts the
intrinsic tendency of the liquid to spread radially and instead
imparts a directionality to the flow. Dahruber et al.159 patterned
the substrate with alternate lyophobic (liquid repelling) and
lyophilic (liquid loving) tracks to confine the liquid on the latter.
Liquid transport demonstrated by researchers on wettability
patterned surfaces has harnessed both hemiwicking and Laplace
pressure-driven flow. The latter depends on the characteristic
length scale of the wettable patches on the surface and the local
liquid volume (section 2). Schutzius et al.45 fabricated
anisotropic wetting patterns on a superoleophobic surface
(fluoroacrylic copolymer + carbon nanofibers-CNF) using
wettable paraffin wax. The liquid meniscus exhibited Wash-
burn-type transport, recording velocities up to 3.1 cm/s. Their
facile and top-down patterning approach provided promise for
passive handling of low surface-tension liquids. Figure 8i shows
the behavior of two identical hexadecane droplets (27.5 mN/m)
placed one outside the wax-coated area (beaded, left) and the
other (top middle) on the wax line at three different instances;
the liquid advancement along the STC track is clearly seen.
Ghosh et al.33 reported a facile technique of developing a

versatile surface-microfluidic platform, comprising a wedge-
shaped superhydrophilic track laid on a superhydrophobic
background on glass, metal, polymer film, or paper substrates
(Figure 8ii). The approach harnessed Laplace-pressure
gradients to induce rapid liquid flow along the track. When a
μ volume liquid droplet was deposited at the narrow end of the
track (Figure 8iii), it traversed toward the wider end on its own.
Liquid deposited on the track formed an asymmetric liquid
bulge that displayed progressively decreasing net curvature (κ)
toward the wide end of the track. This created a Laplace pressure
gradient within the changing liquid volume, achieving rapid
passive transport. Velocities of ∼O(10 cm/s) and flow rates as
high as ∼O(100 μL/s) were achieved with this system. These
liquid transport speeds were by an order of magnitude higher
compared to wicking or hemiwicking-based techniques.45

Ghosh et al.33 also made a scaling argument for the pressure
gradient, expressed as

(10)

where denotes the Laplace pressure gradient in the direction
of transport x, θavg the average apparent contact angle formed by
the bulk liquid on the wettability contrast line, δ(x) the local
hydrophilic track width at the location of the droplet, and α the
included angle of the diverging track (Figure 8iv). For more
details, see Ghosh et al.33 This transport mechanism is versatile
and substrate-independent, as long as one can fabricate the
contrast wettability, i.e., (super)hydrophilic−(super)-
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hydrophobic patterns. Rapid passive transport has been attained
on substrates made of paper and plastic, as well as metal.78 Apart
from rapid transport, higher-order designs made from the wedge
tracks also enabled passive, complex manipulation (section 3.2)
of small liquid volumes. Huang et al. further used this principle
to achieve underwater passive transport of nonpolar organic
liquids.160

It has been stated that high “science-to-mass” ratio micro-
fluidic devices will play an important role in scientific space
exploration.161 Relying only on capillary forces, wettability
confined tracks enable gravity-independent liquid transport,
making it an attractive technology for passive (independent of
active liquid actuation components) reduced-gravity or zero-
gravity applications. Additional research is needed, nonetheless,

Figure 9. Passive transport on three-dimensional structures found in nature: (i) Multiexposed photograph (frames captured 1.6 s apart) of a
millimetric, barrel-shaped drop of silicone oil (viscosity 5 mPa s) on a tapered copper wire. Reproduced with permission from ref 165. Copyright 2004
Cambridge University Press. (ii) Transport of a clam shell-shaped droplet on a conical spire structure. (iii) (a) Appearance and surface spine structures
of the cactus, and (iii) (b) mechanism of fog collection on the cactus relying on the Laplace pressure gradient. Reproduced with permission from ref
170. Copyright 2012 Springer Nature. (iv) Fast droplet transport in a semiopen configuration of a splayed spine of cactus Gymnocalycium baldianum.
Droplet moving continuously on a spine with splayed capillary microtube array composed of overlapping tilted-up scales from the tip to the base of the
spine serving water self-gathering. Reproduced with permission from ref 174. Copyright 2015 Springer Nature.
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to identify the existing usage/pain points and how one can
carefully design experiments to address various challenges using
wettability patterned passivemicrofluidics. By varying the design
parameters (wedge angle α and length L) of the track, one can
tune the total distance of liquid transport, velocity, and flow rate
as required to accomplish specific lab-on-chip operations. Sen et
al.162 presented a generalized description of the capillary-driven
transport of liquids of different viscosities and surface tension on
such a superhydrophilic wedge-track laid on a superhydrophobic
background. They found that for more viscous liquids, the
transport rate becomes sluggish (see Figure 8v), but the overall
flow trend remains similar. They further identified that when the
spreading length x and the time t were nondimensionalized,
respectively, as X = x/L (L being the length of the track) and T =
γlgt/μL (γlg and μ being the liquid surface tension and viscosity,
respectively), the nondimensionalized X−T curves overlapped
for fluids of widely varying viscosity and surface tension. The
capillary-driven transport followed three distinct regimes
(marked as I, II, and III in Figure 8vi). Regime I resembled
the early stage spreading of unconfined viscous droplets through
hemiwicking, yielding Washburn spreading characteristics (i.e.,
X ∼ T0.5); the second regime displayed a linear trend (i.e., X ∼
T), ensuing from a balance between the driving capillary force
and the viscous resistive force; the third spreading regime
followed a density-augmented Tanner spreading trend (i.e., X ∼
T0.1), which arises when the spreading film thickness becomes
thin enough so that the dissipation at the contact line dictates
the spreading behavior. Such mode of capillary-driven transport
on wedge-shaped wettability confined tracks was not restricted
only to water droplets; the principle was also harnessed to
transport low surface-tension liquids with γlg as low as 23.8 mN/
m.163 For a surface immersed in water, a similar design with
opposite contrast of wettability (i.e., a superhydrophobic wedge-
track laid on a superhydrophilic background) was shown to
induce capillary-driven transport of air bubbles dispensed
underneath the wettability patterned surface.164 Unlike the
spreading of liquid droplets on a wedge track, propagation of the
air-bubble front, however, showed a linear temporal variation; a
scaling argument revealed that the spreading velocity for the
bubble on the superhydrophobic wedge track arises from an
inertia−capillary force balance and varies as the inverse of the
square root of the track width.

3.1.2.4. Transport along Three-Dimensional Conical
Structures. Laplace pressure-driven directional transport has
also been realized on three-dimensional structures. A large
number of these works have leveraged the Laplace pressure
gradient that is developed on a wetting liquid droplet on a
conical surface165 to effect droplet motion from the tip (region
of higher curvature) toward the cone base (region of lower
curvature), as shown in Figure 9i. It is important to note that
droplets can reside on a slender fiber in two different stable
morphologies depending on the size of the droplet and the
wettability of the cone, viz., an axisymmetric barrel shape and an
asymmetric clamshell shape.166−168 In a barrel shape, the liquid
volumewraps completely around the fiber, while in the clamshell
configuration, the droplet partially covers the cone. The
substrate curvature gradient results in a Laplace pressure
differential between the two opposite sides of the droplet. The

resulting unbalanced force,169 , as

shown in Figure 9ii for a clamshell-shaped droplet, drives the
droplet in the direction where the substrate curvature decreases
(α denotes the semiapex angle of the cone, R1 and R2 the local

substrate curvature radii at the two ends of the droplet, and R1’
and R2’ the curvature radii at the rear and front contact lines of
the droplet, respectively). In a barrel configuration, the droplet
wraps round the whole cone, and thus, the radii of curvature at
the front and rear contact lines match with the local substrate
curvatures at the two ends of the droplet (thus R1 = R1’ and R2 =
R2’). This phenomenon is responsible for liquid transport on
some biological structures, like cactus spines.170 Based on the
above biological structures, artificial systems consisting of
bioinspired fibers and needles have been manufactured and
used for fast water droplet collection and transport171 (Figure
9iii). Akin to droplet transport on the outside of a cone,
capillary-driven transport inside semiclosed conduits of tapered
cross section has also been observed where the driving axial
Laplace pressure gradient originates from the spatial variation of
the curvature of the liquid conduit.172 The same principle is
harnessed to realize droplet transport in the beaks of Phalaropes
and other types of shorebirds173 or on splayed cactus spines of
Gymnocalycium baldianum that feature cone-like structure
covered with tilted scales174 (Figure 9iv).
Capillary-driven droplet transport on open surfaces is a

mature field in experimental interfacial science, where fluid
transport has been successfully demonstrated on various
wettability engineered surfaces. Admittedly, the durability of
such wettability modifications remains contentious. Certain
transport features have also remained elusive to this date. For
example, the literature still lacks a comprehensive demonstration
of purely capillary-driven rapid transport of droplets that do not
leave behind a residual liquid film. The existing studies of such
transports have deployed dielectric,39 magnetic,41 or gravity
forces.175 In contrast, for purely capillary-driven flows,151 the
transport velocity has been very low. Besides, plenty of ground
must be covered in the area of numerical modeling of open-
surface fluidic transport. Salient challenges in this context lie in
the description of dynamic contact angle and incorporation of
contact angle hysteresis at the three-phase contact line. Often,
drop shapes are nonaxisymmetric on rough surfaces, rendering
prediction of the contact-line velocity challenging. To the best of
the authors’ knowledge, no work exists for multiscale modeling
capable of resolving the surface roughness features at the micro
and nanoscales, while at the same time capturing fluid transport
at the millimeter scale on an open surface. Although there are
several works on droplet coalescence on an open surface, and
capillarity-aided droplet-splitting upon impact,33 droplet split-
ting during capillary-driven transport remains rare.176

3.2. Liquid Transport on Various Types of Surfaces

3.2.1. Flat Surfaces. Liquid manipulation studies have
primarily focused on surfaces where the wettability modification
has been brought about through chemical functionalization,
micro- and nanoscale roughness features, or a combination of
both.33,45,72,73,77,78,159,162,163 Roughness induced on such
surfaces were random, which originated from mechanical or
chemical etching and/or depositions of nanocomposites. A
detailed account of liquid transport on such surfaces has already
been provided in section 3.1.
3.2.2. Topographically Engineered Surfaces. In contrast

to the wettability engineered flat surfaces discussed in the
previous section, several works have focused on generating
spatial variation of wettability through imparting topographic
features of specific patterns. One of the simplest examples of a
topographic gradient is manifested by fixed-pitch microgrooves
located adjacent to a flat uniform region on a surface (Figure 10,
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pattern i), whereas, the topographic gradients demonstrated by
Shastry et al.102 consisted of square micropillars with silane and
Teflon coatings; Figure 10, pattern ii. It is important to note that
droplets moved on these gradients only with forced vibration,
but the authors argued that their analytical work could be used to
determine the gradient steepness required to overcome contact
angle hysteresis (CAH) for spontaneous droplet motion.102 The
authors derived a CAH-corrected net force for the droplet, given
by

(11)

where γlg is the liquid surface tension, dϕ/dx the variation of the
surface area fraction in the x-direction, C a dimensional
constant, and θi is Young’s intrinsic CA. Here, the first term
on the right-hand side corresponds to the gradient driving force,
and the next two terms correspond to the hysteresis force.
Equation 11 leads to the calculation of a CAH force that
increases as a function of gradient position from ∼20 μN to
∼200 μN, 6 mm away. The driving force also increased while
moving along the gradient, yielding a maximum value between
10 and 20 μN before decreasing to zero. Other designs were
comprised of a hole-to-pillar density gradient109 (Figure 10,
pattern iii) coated with a silane monolayer. The pillars had
diameters of 20−30 μm and were randomly placed across the
surface. The surfaces were characterized using 6 or 9 μL droplets
and had CAs > 140°. In the hole structured regions, 6 μL or
smaller droplets did not move at all, and this was attributed to
strong pinning and suction at points of sealed air cushions within
holes.109

Xu et al.122 demonstrated gradient surfaces like those shown
in Figure 10, patterns iv and v, with the holes and pillars having a
square cross-sectional shape. While these appear to be the only
gradient surfaces of their kind, spontaneous motion was not
reported for either gradient.122 Nonetheless, the authors
measured critical tilt angles and proposed a novel adhesion
energy model for these surfaces.
Yang et al.103 demonstrated the first topographic version of

Figure 10, pattern vi, based on chain-configuration grooves,
where the gradient direction was parallel to the microgrooves.
Others have referred to similar patterns as stripe pattern
gradients.112 These gradients included a coating to increase the
surface hydrophobicity. The authors noted that this micro-
grooved structure sets up a Laplace pressure gradient acting as a
droplet transport-inducing mechanism.103 They also inves-
tigated different stripe pattern interfaces (Figure 10, pattern vii)
labeled as connecting (vii-A), separating (vii-B), and over-
lapping (vii-C) configurations.103 Spontaneous motion was
reported on patterns vii-A and vii-C, but droplets got stuck at the
gap on vii-B, as this increased the CAH. The stripe pattern
structures in this work had a line width of 5 μmand stripe lengths
of 500 and 1000 μm. More interestingly, the authors deduced
the gradient driving force from a different perspective. The
Laplace pressure wasΔP = γlg (1/r1 + 1/r2), with r1 and r2 being
the two radii of curvature of the droplet surface. They noted that
the droplet motion occurs from the induced Laplace pressure
whenever the droplet is positioned across an interface of two
regions of different roughness, such that the actuating force is
given by

Figure 10. Liquid transport on linear-gradient surfaces using topography: (i) stepwise gradient: microgrooves adjacent to a flat uniform region, (ii)
square micropillar arrays of varying dimensions,102 (iii) hole-to-pillar density gradient,109 (iv) square micropillar linear-array wedges,122 (v) square
microhole wedges,122 (vi) biphilic surface inducing droplet motion along hydrophobic strips,103,112 (vii) microstructural interface geometries
associated with pattern (vi),103 (viii) linear variable-pitch microgrooves,48,104 (ix) double gradient with overlapping microgrooves,108 (x) periodic
microgrooves (10 μm pitch) plus silane coating with droplet motion parallel to grooves,113 (xi) linear micropillar variable-pitch rows, (xii) gradient
micropillar array on silicon with a fluoropolymer coating,107 (xiii) micro/nanopatterned surface created using a stainless steel mesh and
electrochemical gradient,117 (xiv) biphilic condensing surface with hydrophobic microlines on a hydrophilic substrate,128 (xv) different cross-sectional
views associated with pattern (viii).48,105,121

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00045
Chem. Rev. 2022, 122, 16752−16801

16770

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(12)

where Aeff is the droplet’s cross-sectional area that corresponds
to the maximum height, and r1, r2 and r1′, r2′ represent the radii
of curvature of the two distinct regions on which the droplet
simultaneously lies on its right-hand and left-hand sides (Note:
The projection of the area Aeff is orthogonal to the direction of
droplet movement). Yang et al. offered a simplified form of this
equation by noting that on their stripe-based gradient r2 = r2′,
resulting in

(13)

Four different gradient surfaces were investigated, each with the
same change in area fraction. The surfaces included photoresist
AZ 6112, Teflon, Parylene C, and PPFC. The authors used the
PPFC sample to discuss forces acting on the droplet during
motion.
Sun et al.105 demonstrated the design in Figure 10, pattern viii

on a silicon substrate, where the gradient direction was
perpendicular to the microgrooves. This surface was coated
for increased hydrophobicity, but the coating itself did not form
a gradient. The gradient’s cross-sectional structure was similar to
Figure 10, pattern xv(A). The direction of droplet motion on
such surface depends on whether the droplet is in the Cassie−
Baxter (CB)177 or Wenzel (W)178 state. Based on CB theory, a
CB droplet should move toward a region of increased
microgroove pitch (higher area fraction), whereas a W-state
droplet should move toward a region of reduced microgroove
pitch.105 Spontaneous motion was not observed on pattern
(viii). Sun et al. also produced Figure 10, pattern v, which
demonstrated the spontaneous slip mode attributed to the CB
state.105 For their stripe pattern gradient, the four groups of line
widths were 200, 100, 50, and 20 μm, and the channel widths
were 200, 100, 70, and 40 μm, while the stripe length was ∼3
mm. On this stripe-based gradient, a 10 μL water droplet was
shown to move∼6 mm in 1.5 s, giving an average velocity of∼4
mm/s.105

Yang et al.106 demonstrated spontaneous droplet motion on a
stripe-based gradient (Figure 10, pattern v) on silicon coated
with Teflon.106 An equation for droplet velocity was derived
from a force balance consisting of gradient and viscous forces,
which predicted an average velocity of 62.6 mm/s, whereas the
measured velocity was 62.5 mm/s. They found the driving and
resistance forces at an area fraction interface of 0.25 and 0.5 to be
4.91 μN and 2.46 μN, respectively.
Lai et al. used the design in Figure 10, pattern ix, which

combined a stripe-based topographic gradient and a surface
coating energy gradient, thus producing a double-gradient
surface.108 Their stripe pattern had overlapping microgrooves
(pattern vii-C) identical to those tested in ref 103, resulting in a
slightly more gradual change in the surface energy as compared
with the stripe patterns produced in refs 105 and 106.
Spontaneous droplet travel distances on pattern (ix) surface
without a coating, with a coating, and with a combined structure
and coating were found to be approximately 2.5, 6, and 9 mm,
respectively; the peak droplet velocity was ∼70 mm/s.108 Lai et
al. also derived a droplet force balance using a quasi-steady
model including a CAH-corrected driving force and the
hydrodynamic force based on the wedge approximation. They

used a CAH-corrected driving force, which for a spheroidal
droplet shape is

(14)

where a is the long axis and b the short axis of the footprint
ellipse.
Sommers et al. demonstrated a gradient design on a copper

substrate, as shown in Figure 10, pattern viii, which was the first
time on metal,48 and had variable spacing, fixed channel width,
and no additional coating. For a 2 mm droplet, this type of
gradient demonstrated spontaneous slip mode motion with a
span between 0.5 and 1 mm. Chandesris et al.113 studied
spontaneous droplet motion on a surface energy gradient
superimposed onto microgrooves having a pitch of 10 μm, as
described in Figure 10, pattern x. The local CA on their surface
ranged from 22° to 104°. 60 μL droplets were used in the tests,
which is considerably larger than most other studies. For
horizontal tests, peak droplet velocities of ∼60 mm/s for the
patterned substrate and ∼64 mm/s for the smooth substrate
were obtained, with travel distances of 18 and 14 mm,
respectively. Droplets were also found to spontaneously move
uphill, even at 90° inclination. This is only one of a handful of
works73,113 where a passive gradient could promote upward
vertical droplet motion. Chandesris et al.113 also derived a new
gradient driving force expression based on an elongated droplet,
given by

(15)

where Fcircle is the gradient driving force for a droplet having a
circular footprint and L denotes the elongated length. The
model was used to predict the droplet velocity and provided
good agreement with measured data.113

Dorri et al.115 used electrodeposition chemistry to produce a
mixture of copper nanoparticles and nanodendrite structures to
form a wettability gradient. Spontaneous droplet motion was
only observed with the addition of a thiol coating. Reyssat et
al.107 produced a micropillar gradient surface with a
fluoropolymer coating. Spontaneous droplet motion was not
observed; however, droplet migration toward the hydrophilic
side was observed with applied forced vibration; see Figure 10,
pattern xii. Hou et al.117 demonstrated the fabrication of a
micro/nanopatterned gradient using a one-step cathodic
deposition method onto a stainless-steel mesh substrate; see
Figure 10, pattern xiii. The resulting gradient surface modified
with 1-dodecanethiol was strongly SHPB, and the authors
reported that CA measurements were not possible. An 8 μL
droplet demonstrated spontaneousmotion on this surface with a
speed of ∼18 mm/s over an estimated travel length >10 mm.
Tokunaga and Tsuruta demonstrated a fixed-pitch micro-

grooved surface with HPB line widths and HPL channels;127 see
Figure 10, pattern xiv. To set up the HPB line widths and HPL
channels, a thermal oxide layer was grown on the silicon with a
mask that led to a HPB line width wider than the HPL channel
width at one end of the substrate and the reverse on the other
end. In a condensing environment, the condensate droplets
moved at a microscale from a HPB line to a HPL channel; at the
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macroscale, the HPB line width and HPL channel-width
variation set up the spontaneous sweeping of larger droplets.
A 10 μL droplet for example moved spontaneously with the rear
end traveling ∼10 mm.
Misiiuk et al. prepared a gradient type, as shown in Figure 10,

pattern viii, using laser etching, which promoted a nanoscale
line-edge roughness supporting a SHPB wetting state at one end
of the gradient.129 As first reported in ref 105, this style of
gradient also displayed bimodal transport of liquid droplet
depending upon the surface contamination. When the surface
was cleaned, theWenzel wetting state was promoted, resulting in
spontaneous spreading. Once a hydrocarbon overlayer had
naturally formed on the surface, the CB state was promoted,
resulting in spontaneous slip movement.129

Whereas the previous gradients were generally linear by
design, other researchers have focused on radial gradients. A
topographic radial gradient presented by Khoo et al. (similar to
Figure 11, pattern i) consisted of topographic wedges pointed
radially outward.104 This gradient showed spontaneous droplet
spreading toward the center of the radial pattern when a droplet
was deposited on the surface. Two gradients were tested, one
having 20 wedge-shaped features and the other 40 features. For
the former surface, droplet velocity and travel distance on the
front and rear edges were found to be 72.5 and 52.5 mm/s and
1.5 mm and 1.25 mm, respectively, for a 1.1 μL droplet. On the
surface with 40 wedge shapes, a 0.4 μL droplet was tested, and
the front and rear edge velocities were much smaller, showing a
maximum speed at both edges just over 2.75 mm/s.104

Sun et al. produced a converging topographic gradient like
that shown in Figure 11, pattern ii,105 with a cross-section similar
to Figure 10, pattern xv(A), and a uniform silane coating to
reduce wettability. The authors noted that droplets did not
move spontaneously on this gradient despite the combined
effect of both coating and topographic gradients; nonetheless,
this work remains one of the earliest attempts at achieving
droplet motion on a radial gradient. Li et al. fabricated a
converging compound gradient consisting of microscale grooves

configured similar to Figure 11, pattern iii.114 It is noted that the
wedges in that pattern are magnified to clarify their shape,
whereas in ref 114 a close-up image was needed to show this
shape. Droplets moved spontaneously on this surface toward the
HPL center; the observed velocity of a 3 μL droplet was up to 40
mm/s. A 1.5 μL droplet would reach the center of the gradient if
placed 1.5 mm from the center with an average velocity of 30
mm/s. The same measurements were carried out for 4 and 5 μL
droplets, both showing the same speed and travel distance of 25
mm/s and 2.5 mm, respectively. Droplet motion was also
studied on an array of wedges by Khoo et al.72 (similar to Figure
11, pattern iv) with reported droplet velocities reaching 0.5 m/s.
Zamuruyev et al. presented a converging topographic

gradient116 that was similar to Figure 10, pattern vi, but with
the microgrooves converging to a point in a radial pattern. The
lines appeared to overlap in places (Figure 10, pattern vii(C)),
and like other similar patterns, the converging gradient induced
spontaneous droplet motion. Zamuruyev et al. found that upon
coalescence, droplets could transition from the Wenzel state to
the CB state, and they noted that this characteristic was
important for self-cleaning.116 This work investigated both dry
and condensing wetting characteristics. For the dry surface,
maximum droplet velocity and travel distance were found to be
∼22 mm/s and just over 6 mm, with the measured values of
driving, CAH and viscous forces being ∼7.8, ∼5.8, and ∼2 μN,
respectively.
Li et al.93 presented a radial gradient, similar to Figure 11,

pattern v, that could be tuned to spontaneously converge a
droplet toward theHPL center, pin the droplet, or spread it away
from the center. A key novelty of that work was that the
microgrooves were undercut, thus creating re-entrant structure,
thereby enhancing the effective wetting state.179 For a 1 μL
hexadecane droplet, a travel length ∼2.6 mm was observed
(droplet center measurement).
Liu et al. developed a radial gradient fabricated on silicon, like

that shown in Figure 10, pattern vi, but wrapped around in a
circular shape.118 Spontaneous droplet motion (slip mode) was

Figure 11. Liquid transport on radial gradients and/or compound surfaces created using surface topography directional asymmetry and/or chemical
coatings: (i) radial gradient with topographic wedges pointing radially outward (droplet motion to center), (ii) radial variable-pitch microgroove
rings,104 (iii) converging radial wedges,114,116 (iv) array of parallel microscale wedges,72 (v) tunable radial gradient (converging/diverging) with re-
entrant structure,93 (vi) topographic coated radial gradient with drainage path,121 (vii) diverging biphilic radial surface, (viii) diverging micropillar
radial pattern,126 (ix) converging micropillar radial pattern,126 (x) topological fluid diode,119 (xi) deflected nanopillar arrays,111 and (xii) pine-needle
and cactus-spine inspired pillar hybrid structure.128
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demonstrated, and the droplet traveled in a ∼180° circular arc
(Figure 6a118). Yasuda et al.101 tested a 5 μL droplet on a curved
wedge array, but specific quantitative results were not presented.
Additionally, no example images of their patterns were provided.
Sommers et al.121 demonstrated a converging radial gradient

like that shown in Figure 11, pattern vi, fabricated on a copper
substrate, with the cross-sectional configuration similar to Figure
10, pattern xv(B). Their radial gradient was designed with a
gutter region to allow droplets to drain away from the HPL
center when oriented vertically. The microgroove width and
depth were 25 and 100 μm, respectively. The channel spacing
was varied to promote the gradient structure. Droplets were
anticipated to be in the Wenzel state on this surface under
condensing conditions, and as such, the same gradient design
model presented in ref 48 was used to design this radial gradient.
Injected droplets (5−38 μL) were studied, and spray testing was
performed.121 The droplets were observed to move sponta-
neously toward the gradient center (i.e., the HPL region). Travel
distances for 5 and 10 μL droplets peaked around 2.3 and 2.2
mm, respectively, and the maxima were determined based on
different droplet injection locations across the gradient. Travel
distances as large as ∼4 mm were observed, depending on the
starting location and droplet volume.
Wang et al.124 created a bidirectional wettability gradient

using a converging radial gradient similar to Figure 11, pattern v,
and the authors referred to the microgrooves as microfin
structures. The 50 μL water droplets moved spontaneously
toward the HPL center when deposited on the dense-grooved
region (where droplets initially exhibited a CB state). However,
when a droplet was deposited on a wetted surface, or in a region
of low-density lines (where it initially exhibited a Wenzel state),
it moved to the outer region of the gradient. The pertinent
driving capillary force was derived after accounting for the
microfin geometry following the approach of Zheng et al.,180 so
that

(16)

where b denotes the groove width, n the number of microfins, d
the width of a microfin, and θ0 the intrinsic contact angle of the
droplet on the smooth wall. The average droplet speed was 30
mm/s in the CB state, and the distance traveled was ∼3 mm.
When the surface was in theWenzel state, the average speed was
48 mm/s, and the droplet moved by a greater distance, ∼3.85
mm. The maximum average speed obtained in this work was
slightly over 50 mm/s.
Kumar et al. demonstrated various converging and diverging

gradient patterns of micropillars,126 shown in Figure 11, patterns
viii and ix. The converging pattern was designed with the
micropillar pitch decreasing toward the center; whereas for the
diverging pattern, the micropillar pitch increased toward the
center.126 This study did not investigate droplet deposition at a
location where the gradient could propel the droplet, instead
focusing on the wetted perimeter when a droplet was deposited
in the central part of the gradient. The authors found that a
droplet’s wetted diameter for the radially decreasing structure
was smaller than that observed for the radially increasing surface.
Li et al.119 developed a so-called “topological fluid diode,” a

surface structure capable of passively spreading a droplet while
keeping one end pinned (see Figure 11, pattern x). Wang et
al.120 demonstrated a means of producing a passive wetting
gradient using velocity-controlled laser etching to fabricate
hierarchical micro/nanopatterned features on stainless steel,

where they found that different laser velocity sequences could be
used to produce different gradient results. Yang et al.125

demonstrated a method for fabricating a gradient of dimples
on a Si3N4 ceramic using a femtosecond laser, where the surface
with the highest microdimple density showed the fastest
spreading with corresponding spreading speeds ∼17.5 mm/s.
Chu et al.111 presented a surface consisting of asymmetric

nanopillars. A thermal bimetallic effect was employed to
promote nanopillar deflection, where deflection angles could
be controlled between 2° and 52°. The nanopillar arrays were
uniform and their cross-sectional geometry is shown in Figure
11, pattern xi. These surfaces demonstrated a spontaneous
spreading mode where one droplet edge was pinned, while the
other end would spread in the direction of the tilted
nanopillars.111 Feng et al.128 demonstrated an interesting
gradient surface inspired by pine needles and cactus spines
and demonstrated spontaneous droplet motion (see Figure 11,
pattern xii). A zinc oxide overcoat was used to increase
hydrophobicity, and an interesting tip-induced flipping mech-
anism was observed on the asymmetric pillars.
3.2.3. Wrinkled Surfaces. Wrinkled surfaces (Figure 12)

can be fabricated by applying a strain to a substrate of interest.

The wrinkle wavelength (λ) and amplitude (A) were
determined in ref 123 in terms of E̅ = E/(1 − v2) where E and
v are the elastic modulus and Poisson’s ratio of the material,
respectively. With the subscripts f and s referring to the film and
substrate, respectively, the critical strain for wrinkle formation
is123

(17)

The relationship between the wrinkle structure relative height
and the prestrain was123

Figure 12. Wrinkle gradient concept with water droplet (in blue)
moving toward domains of higher wrinkle density (i.e., smaller wrinkle
dimensions). The white bars in the AFM images (middle row) indicate
the location where the cross sections were measured (at top). Adapted
with permission from ref 181. Copyright 2016 American Chemical
Society.
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(18)

Langley et al.110 presented a microgrooved gradient of a
prestrained elastomer coated with thermally evaporated
aluminum. A difference in advancing and receding CAs was
observed for droplets on the surface.Motion was induced only in
a preferential direction when a forced vibrational frequency
similar to that of the water droplet was applied.110 A 10 μL water
droplet on a wrinkled gradient surface, when vibrated at an
amplitude of 600 μm close to its resonance frequency of 210 Hz,
resulted in an average speed of 200 μm/s.110 Hiltl and Boker181
realized spontaneous droplet motion, without any forced
vibration, to a speed of ∼5 mm/s by leveraging wrinkled
gradient surfaces prepared using bilayer materials (PDMS and
SiOx, with each layer having different mechanical properties
resulting in wrinkling upon strain release). They also noted that
the mechanism of motion for each side of the 3 μL volume
droplet was different, while the front side demonstrated the
stick−slip mechanism due to pinning on the nanostructure, and
the rear end demonstrated continuous motion.
Chai et al. demonstrated a double-gradient on a wrinkled

surface, comprising a chemical gradient and a pillar gradient.123

This had similarities to the surface presented in ref 113 in that
the microgrooves and gradient direction were parallel; as a
result, droplets moved along the microgrooves.123 Water
droplets were tested separately on a surface with just the
chemical gradient, the wrinkled surface plus the pillar gradient,
as well as the wrinkled surface including both the pillar and
chemical gradients. The droplet showed the least motion (i.e.,
shortest spreading distance) on the chemical gradient. On the
wrinkled surface with the pillar gradient (single-gradient
surface), droplets demonstrated spontaneous spreading toward
the HPL region. For the double-gradient surface, spreading
intensified toward the HPL region producing the longest droplet
elongation. Because the wrinkle structure was parallel with the
gradient direction, the former was expected to modify the
droplet shape but not lead to a droplet driving force. The authors
also tested in situ and ex situ controls of the droplet spreading
length by applying external strain. A key finding was that the
spreading length of a 5 μL droplet fluctuated between 6.8 ± 0.6
and 10.5 ± 0.5 mm under the effect of external strain.
While much work has been published in the area of wettability

gradients and many different designs have been demonstrated,
most efforts to date have centered on traditional substrate
materials (i.e., silicon, glass, etc.) and have employed simple
gradient designs (i.e., linear, radial, etc.). Very little work has
been performed on metal substrates, which serve as the primary
material in many engineering applications. Furthermore,
curvilinear droplet paths are still largely unexplored with a
couple of exceptions.118,119 What are the special requirements in
laying the wettability gradient for the design to perform in
microgravity environments? These are still largely unanswered
questions. Moreover, most of the works to date have focused on
deposited droplets, whereas in some applications, droplets
originate on the surface via condensation or melted frost.78,182

More research is needed in this space to verify the efficacy of
wettability gradients for these types of applications. Is self-
propelled droplet behavior still evident? Furthermore, some of
the capillary-driven transport on wettability patterned surfaces
rely on precise initial positioning of droplets in order for droplet

travel to occur, such as on confined wettability tracks (i.e.,
wedge-shape gradients, etc.). It is not widely documented how
such surfaces would perform when the droplets grow (or are
dispensed) at random locations. Another area for continued
research and investigation is the application of wettability
gradients to low-surface-tension liquids, where omnidirectional
spreading behavior is more commonly seen. Clearly, a different
approach is needed here to attain rapid, directional transport.163

3.2.4. Slippery Liquid-Infused (SLIP) Porous Surfaces.
The self-propelled droplet transport described so far in this
review is restricted by the liquid viscosity and pinning force due
to CAH. Several studies have emerged in an attempt to lower the
liquid−solid adhesion by leveraging a biomimetic approach.
Taking cue from the pitcher plant (Nepenthes alata), which
features hierarchical micro/nanotextured surfaces with a stable
lubricant layer locked in the crevices of the surface of the leaves,
researchers have developed lubricant-infused surfaces. Wong et
al.183 proposed detailed mechanisms for fabricating slippery
liquid-infused porous surfaces (SLIPS). In general, SLIPS
require a micro/nanotextured rough solid with a positive
spreading parameter S, where the lubricant could quickly spread
to form a stable oil film. SLIP surfaces can only be used to repel
liquids that are immiscible with the infused lubricant. These
surfaces have advantages, such as self-healing, very low CAH,
etc. Therefore, these surfaces are used to manipulate liquids for
different applications. Although SLIPS reduce the CAH, they
cannot create any net force to propel the droplet in any
direction. Generally, the movement of the droplets is
demonstrated in the gravitational direction and/or in the
direction of overall surface energy gradient created through a
spatial gradient of topography.
It is important to note that liquid manipulations on SLIPS

requires a proper understanding of the underlying physics of the
interactions of four distinct phases, namely the liquid, the
lubricant (oil), air, and solid surface. Earlier, Smith et al.36

provided a detailed thermodynamic analysis of the possible
configurations of a droplet on a SLIP surface. The choice of
lubricants can control droplet motion. It has been observed that
low-viscosity droplets, like water, roll over SLIP surfaces with
velocities inversely proportional to the lubricant viscosity.36 The
spreading of liquid on SLIPS is dependent on the spreading
coefficient S = γwa − γwo − γoa, where γ represent the surface
energy, and the subscripts wa, wo, and oa denote the water−air,
water−oil, and oil−air interfaces, respectively. For S < 0, the oil
does not spread over the water, whereas, for positive S, the oil
covers the water, leading to cloaking.36 The apparent contact
angle on a SLIP surface can be estimated from Young’s
equation,184 which derives . On a tilted surface, a

droplet generally slides over a SLIPS; however, Smith et al.36

showed that the droplet could roll over the surface when a highly
viscous lubricant was present. The velocity V of the droplet
compared to the velocity Vi at the water−oil interface can be
written as36

(19)

where R is the droplet radius and h the lubricant’s thickness,
whereas, μo and μw are the viscosities of the lubricant oil and
water, respectively. Keiser et al.185 showed that the velocity of
the droplet on a plate tilted at an angle (α) is proportional to the
in-plane component of the droplet weight for μw ≫ μo so that
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(20)

For μw ≪ μo, the droplet experiences a nonlinear frictional force
and its velocity is dependent on the fraction φ of the surface
covered by the oil. The droplet velocity is expressed as

(21)

Here, β is the dissipation at the tip of the meniscus. Thus, in this
case, with increased microstructure fraction, the velocity of the
droplet declines due to increased friction.
Yang et al.184 reported droplet transport on a grooved

nanotextured SLIPS. They also demonstrated droplet transport
on a nanotextured wedge-shaped SLIPS (Figure 13i) on a
superhydrophobic background surface. This design ensured the
self-driven transport of the droplet on the SLIPS even in the
absence of gravity. When placed on the wedge-shaped SLIPS,

the dispensed liquid is squeezed into an egg-shaped volume with
different curvatures at the front (Rf) and back (Rb) of the
droplet. This curvature difference generates a Laplace pressure
difference,184

(22)

The droplet moves on the SLIPS as long as the net driving
Laplace pressure difference is greater than the sliding resistance.
The sliding resistance for cloaking SLIPS can be estimated as

(23)

Here,Wdp is the droplet’s interfacial width normal to the moving
direction, while θA and θR represent the advancing and receding
contact angles, respectively.
Unidirectional droplet motion can also be achieved by

leveraging a solid fraction gradient (i.e., fractional area of the
sessile droplet in direct contact with the solid) on the surface.

Figure 13. Liquid transport on SLIPS. (i) Droplet moving along a wedge-shaped SLIPS. (a) Schematic of self-driven droplet transport, (b) merging of
a droplet with another droplet, which triggers further motion, (c,d) schematic depiction of droplet transport for different wedge angles. Reproduced
with permission from ref 184. Copyright 2021 American Chemical Society. (ii) Side view of droplet transport on SLIPS containing solid−liquid
contact fraction gradient. Reproduced with permission from ref 186. Copyright 2020 Springer Nature. (iii) Schematic of droplet placed on a solid
surface gradient. Spreading of the liquid for positive and negative spreading parameters shown in (b) and (c), respectively. Infusion schemes by Krytox
oil layers for different contact angles are shown in (e−h). Reproduced with permission from ref 186. Copyright 2020 Springer Nature. (iv) Droplet
movement on different types of inclined SLIPS tracks on a tilted surface (25° with horizontal). Reproduced with permission from ref 187. Copyright
2020 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00045
Chem. Rev. 2022, 122, 16752−16801

16775

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Sadullah et al.186 have shown that the solid fraction gradient
SLIPS can be used to control bidirectional droplet motion
(Figure 13ii). The driving force on the droplet can be expressed
as186

(24)

Here, θwa|seff and θwa|oeff are the effective contact angles of the drop
on a smooth and lubricant-infused surface, respectively (the
droplet radius is R and the angle in the azimuthal direction is φ,
as shown in Figure 13iii(a)). As the solid fraction ( fs) and the
effective surface tension (γeff) are positive quantities, the
direction of the motion of the droplet is dependent on the
quantity (cos θwa|seff − cos θwa|oeff ). For an ionic-liquid-infused
surface (e.g., BMIM), cos θwa|seff < cos θwa|oeff ; hence, the droplet
moves toward the sparser solid area. On the contrary, for a
nonionic-liquid-infused surface (e.g., Krytox) cos θwa|seff > cos
θwa|oeff , and the droplet motion occurs toward the region of denser
solid fraction36 (see Figure 13iii). Liu et al.187 adopted a facile
fabrication technique for creating wettability patterned SLIPS
on superhydrophobic PDMS by using a sandpaper mold and a
silanizing agent. Using amask during plasma etching followed by
oil impregnation, they created patterned SLIPS, as shown in

Figure 13iv. They demonstrated the transport of liquid by tilting
the surface at a certain angle.
In SLIPS, it is possible to transport a droplet without

spreading. Therefore, the chances of volumetric loss of liquid
due to a remnant sacrificial layer on the substrate are less.
Although SLIPS provide a very low CAH and moderate stability
in different conditions, controlling the drainage of the infused oil
along with the transported liquid droplet has remained a
challenge. In any circumstances, if the oil drains out or vaporizes,
the SLIPS can no longer function as intended. The stability of
the SLIPS depends on how well the lubricant adheres to the
surface roughness. Recently, Laney et al.188 showed that a
precisely engineered nanostructure using silicon nanotubes on
the surface resulted in better lubricant retention than the
surfaces containing nanoholes or nanopillars. For more details
on the different fabrication techniques of SLIPS, the reader is
referred to the review by Villegas et al.189

3.2.5. Soft Surfaces. When a droplet is placed on a solid
surface, the contact angle at the three-phase contact line can be
estimated based on the surface tension of the different phases
following Young’s equation (Figure 14iA). However, Young’s
equation is valid only for a rigid flat surface, and it fails when
elastocapillary forces dominate. The elastocapillary length scale
( ) provides the relationship between the droplet size and

Figure 14. Droplet motion on soft surfaces. (i) (A) Schematic of a droplet on a rigid substrate, (B) droplet shape on a soft substrate. The apparent
contact angle isφ. (C) Droplet motion due to tensotaxis. Reproduced with permission from ref 191. Copyright 2017 Elsevier. (ii) Droplet motion on a
soft surface due to durotaxis: (a) a wetting droplet moves toward the softer part, while (b) a nonwetting droplet moves toward the higher-stiffness
domain. (iii) Droplets organized on a soft surface due to durotaxis during condensation experiments. Reproduced with permission from ref 192.
Copyright 2013 National Academy of Sciences. (iv)Wetting and nonwetting liquid transport on flexible channels due to bendotaxis. Reproduced with
permission from ref 193. Copyright 2019 American Physical Society.
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Young’s modulus E of the surface. For soft surfaces like gels, if
the droplet diameter is smaller than Lf, ridges form on the surface
(see Figure 14iB) along the three-phase contact line. The
interfacial force and the Laplace pressure create dimples on the
surface, resulting in a noncircular contact line. For a nonwetting
droplet, the imbalance in the horizontal forces created due to the

difference in apparent contact angles on the opposite sides may
propel the droplet on the soft surface.190

The droplet motion on deformable soft surfaces is
complicated, thus the corresponding physics is not well
understood.190 The droplet transport due to the gradient of
strain on the surface is known as tensotaxis.191 The other
mechanism of droplet transport on deformable surfaces, known

Figure 15.Three-dimensional transport of liquidmicrovolumes. (i) Combination of a straight (placed horizontally) and a curved (up and down ramp)
wedge track demonstrating 3D liquid transport in a “highway overpass” design: (a) before dispensing the liquid droplets, and after dispensing (b,c) the
first droplet pair (4.7 μL each), (d) after 17 droplets (∼80 μL) dispensed on the curved track and 28 droplets (130 μL) on the straight one.91 (ii)
Origami-based 3D paper device assembly. Different tabs are folded in sequence tomake the compact device. Reproduced with permission from ref 198.
Copyright 2012 Royal Society of Chemistry. (iii) Cutting and sealing of filter papers to create a 3D device. Liquid permeates from one layer to the other
through the holes and via wicking in the filter paper. Reproduced with permission from ref 200. Copyright 2017 Elsevier. (iv) Mechanism and local
wettability control strategies of liquid transport on and through thin porous substrate (paper towel). In each case, the liquid droplet is dispensed at top
left and emerges from the bottom right. (v) Demonstrated mechanism of droplet penetration from the superhydrophobic side (top) of the paper to a
superhydrophilic wedge confined by superhydrophobic surroundings at the bottom side. (iv,v) Reproduced with permission from ref 34. Copyright
2018 American Chemical Society. (vi) 3D device with a 3D analyte reservoir. Reproduced with permission from ref 202. Copyright 2018 Royal Society
of Chemistry.
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as durotaxis, works due to a gradient of stiffness.190 During
durotaxis, the droplet moves toward the softer part of the
substrate. The mechanisms of tensotaxis and durotaxis are
commonly observed in cells, e.g., fibroblast cells, which move
toward regions of higher compressive strain. Experimental
studies of tensotaxis and durotaxis are sparse in the literature due
to the complexity of creating surfaces with the gradient in strain
but not in stiffness, and vice versa. Thus, both tensotaxis and
durotaxis coexist during experimentation. Triggering tensotaxis
is possible, as shown in Figure 14iC, by inserting a needle in a
soft substrate and moving it nearby. Bueno et al.190 provided a
detailed theoretical understanding of the wetting and non-
wetting droplet motion due to durotaxis. According to their
findings, the wetting droplet moves toward the softer part of the
surface, whereas the nonwetting droplet moves toward the area
having higher stiffness, as shown schematically in Figure 14ii.
Through the contact angle measurements on the advancing and
the receding sides of the droplet for the cases of wetting and
nonwetting droplet, Bueno et al.190 explained that the droplet
always moves toward the smaller apparent contact angle formed
on the surface. The authors have also shown that, with
confinement, it is possible to invoke the Laplace pressure and
manipulate the droplet easily on the surface. Style et al.192

experimentally demonstrated the control of droplet position and
large-scale patterning of the droplet shape, based on the
durotaxis behavior. As shown in Figure 14iii, the droplets
organize in a particular direction during condensation on a soft
surface. The prepared surface has nonuniform thickness; thus
during the condensation process, the droplets quickly coalesce
and move toward the thickest part of the surface via durotaxis.
Capillary-induced bending of deformable substrates has also

been found to help transporting droplets. This type of droplet
transport mechanism is termed bendotaxis; Bradley et al.193

have shown experimentally that the direction of the droplet
motion is independent of its wetting characteristics on the
surface. The mechanism of bendotaxis is shown in Figure 14iv.
Here, two deformable walls of a flexible channel are clamped on
one end, while the other ends are free. Two configurations are
possible depending on the wetting character of the liquid
droplet, as shown in Figure 14iv(a), while the resulting transport
is depicted in Figure 14iv(b). For a wetting liquid, the walls are
deflected inward, and the bending is stronger toward the open
end than the clamped end. Due to this nonuniform bending, a
pressure difference develops on the two sides of the liquid
droplet, as shown in Figure 14iv(a). This difference creates a net
pressure gradient toward the free ends. From scaling arguments,
it was shown that for small droplet size, this pressure gradient
takes the form193

(25)

where B is the bending stiffness of the wall per unit width, L the
length of the formed channel,ΔX the initial droplet length along
the direction of motion, H0 the separation between the walls, γlg
the liquid surface tension, and θ the sessile droplet contact angle.
The phenomena are similar even for nonwetting droplets,
although the wall-bendings are on the opposite side, as shown in
Figure 14iv(a). In short, during bendotaxis, the liquid droplet
always moves toward the free end. More details about
elastocapillary-based liquid transport on flexible membranes
and capillary tubes can be found elsewhere.194

Soft surfaces are generally prepared on PDMS or similar types
of polymeric substrates. These surfaces have standardized
fabrication processes and are often biocompatible. Although
soft polymers, like PDMS, are standard in classical flow-through
microfluidics, their usage in open-surface microfluidics is limited
because of several reasons. One major problem faced in
wettability engineering on PDMS is the tendency of hydro-
phobic recovery of a superhydrophilic surface; after being
created using plasma etching, such surfaces tend to revert back
to their thermodynamically favorable hydrophobic state.195

Another problem with PDMS arises from its variation of wetting
behavior with the contact duration with water and the associated
change in the speed of the advancing and receding liquid
fronts.196 It was also reported in the literature that the advancing
and receding contact angles are highly sensitive to the casting
protocol of PDMS and the extent of pretreatment. These
problems are detrimental to attaining repeatability and
reproducibility of droplet-transport on PDMS-based surface-
microfluidic platforms. On thermal applications, soft surfaces do
enjoy a few specific advantages like low thermal conductivity and
low nucleation density, favoring their applications in thermal
insulations, retarding condensation from humid air, or even
delaying freezing.197 However, ensuring adequate durability and
the integration of the soft surface with the base substrate under
adverse thermal conditions are challenging.
3.2.6. Three-Dimensional Transport Configurations. In

all previous sections, liquid transport occurred on a plane.
However, there exist situations where it may be required to
transport droplets in 3D. Ghosh et al.33 showed that a wettability
confined superhydrophilic track on a flexible surface may be
tilted out of plane to move liquid up the incline. This was further
extended by Megaridis et al.91 to generate 3-D liquid transport
on open surface microfluidic platforms. Figure 15i(a−d) shows
sequential snapshots of 3D liquid transport on such a curved
track laid on a flexible polyethylene terephthalate (PET) film,
which is arranged in a “highway overpass” design over a separate
straight track (green-dyed liquid). This three-dimensional
transport arrangement offers the possibility of laying interwoven
complex circuits of open microfluidic channels passing over
others without fluid contact, thus minimizing the chances of
cross-contamination of the liquids.
Apart from the foregoing example, other modes of 3D liquid

transport are, in general, possible mostly in porous materials
with controlled wettability. As explained earlier, the liquid
motion on a porous material is mainly governed by the wicking
process, which allows the liquid to spread in all directions. By
controlling the local wettability of the material, it is possible to
control and manipulate liquid on thin porous substrates. The
first concept of such a 3D paper-based microfluidic device was
proposed by Ge et al. through the concept of paper origami.198

Origami is a folding technique by which one can create complex
2D structures by folding a flat paper. As shown in Figure 15ii,
sequentially folding the different tabs (filter, waste, and reagent)
makes it possible to move liquids in 3D. In the origami process,
liquid permeates through different planes when one folds and
brings one surface close to the other. Although the process is
simple, low-cost, and used by many researchers,199 it requires
manual intervention. Figure 15iii shows a 3D device built using
plastic, filter papers, and adhesive tapes. Here, an adhesive
double-layered tape was used as a spacer between two filter
papers. The through-hole in the adhesive tape allowed the liquid
to pass through from one filter paper to another. The other
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common approach of transporting liquids in 3D is cutting and
sealing porous papers to create 3D assemblies.200

Recently, Chatterjee et al.34 demonstrated three different
ways of manipulating liquids in 3D on a high-density, thin paper
towel (HDPT). The paper towel was spray-coated with a
superhydrophobic nanocomposite (TiO2 + perchloro-alkyl
methacrylate copolymer) and then selectively rendered super-
hydrophilic by exposing portions of the substrate to UV
radiation through a photomask. Figure 15iv, case I shows a
design where the top surface of the paper was rendered all
superhydrophobic and a superhydrophilic, wettability confined
wedge track was formed via selective UV exposure on the
bottom surface through a photomask. A water droplet dispensed
on the top surface permeated through the paper when the
Laplace pressure (pd) within the droplet exceeded the

breakthrough pressure of the paper.201 Once the breakthrough
pressure was reached, the liquid permeated to the bottom side
and spread directionally only on the superhydrophilic wedge
track from the narrow to the wider end due to the Laplace
pressure gradient (Figure 15iv and ref 33). Once the liquid
builds up on the wedge track on the bottom surface, a
backpressure (pb) builds up due to the curvature of the pendant
liquid on the track. The net pressure difference (pd − pb) drives
the liquid from the top to the bottom surface of the HDPT (see
Figure 15v), which can be estimated from Darcy’s law; see
Chatterjee et al., ref 34. With sustained deposition of liquid on
the top surface and vertical permeation, the wedge track pumps
the liquid horizontally and drips from the other end, as shown in
Figure 15iv. In case II of the same figure, the superhydrophilic
wedge track was laid on the top surface, and a circular

Figure 16. Noncategorized approaches of inducing droplet transport: (i) Mechanism on a surface charge density (SCD) surface. Adapted with
permission from ref 206. Copyright 2019 Springer Nature. (ii) Schematic of SCD gradient transport (c) and experimental evidence (a,b) of droplet
motion. Adapted with permission from ref 206. Copyright 2019 Springer Nature. (iii) Fluid transport mechanism due to electrostatic repulsive force
created by finger touch. Adapted with permission from ref 207. Copyright 2020 Royal Society of Chemistry. (iv) Map of transport velocity vs length
scale achieved by different mechanisms. Adapted with permission from ref 206. Copyright 2019 Springer Nature. (v) Directional transport on a spirally
grooved surface after orthogonal droplet impact. Adapted with permission from ref 208. Copyright 2020 American Chemical Society. (vi) Thermal
energy-driven movement of a cold droplet on a room-temperature lithium niobate substrate (scale bar denotes 2 mm). Adapted with permission from
ref 210. Copyright 2021 Springer Nature.
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superhydrophilic reservoir was patterned at the bottom surface
(under the wide end of the track over it). The superhydrophilic
reservoir at the top and the bottom were perfectly aligned. This
configuration allowed the liquid to first transport horizontally on
the top surface and then permeate at the end of the track through
the superhydrophilic reservoir. In case III of Figure 15iv, two
identical and perfectly aligned superhydrophilic wedge tracks
were laid on the top and the bottom surfaces of the HDPT. In
this configuration, the liquid was transported horizontally on
both top and bottom as a film and then dripped from the bottom
reservoir at right. Often 2D paper-based devices suffer from
inadequate separation from the sample storage, transport, and
sensing areas, leading to contamination and poor detection. To
address such complicating issues, multilayering the paper-based
design, with liquid transport in the third dimension, has emerged
as a viable option. Punjiya et al.202 proposed a 3D device with an
analyte reservoir, as shown in Figure 15vi. Using a laser, they
carved the analyte reservoir on a folded paper architecture and
laid the liquid flow path.
A salient advantage of 3D transport, manipulation, and

control of liquid droplets on and through substrates lies in
leveraging the additional dimensionality of the transport
direction to attain more functionality for a given chip
configuration. This attribute is useful for a number of different
applications. For example, targeted drug delivery to a wound
from the outer surface of a bandage may be achieved through a
combination of capillary-driven transport and imbibition of
liquids.203 Similar 3D transport may find several other
applications, like sweat sampling and biomarker monitoring
and point-of-care diagnostic applications, which are further
discussed in section 4. Because most such flows occur in porous
substrates, one has to pay attention to avoid liquid flow path
blockage from contaminants or solid contents in the liquid. Also,
the residual liquid retention inside the porous substrate may
significantly alter the liquid transport throughput in these 3D
substrates. Another challenge faced in such transport is the time-
dependent variation of liquid perfusion rates in porous media
due to swelling of the fibers (in the porous media), saturation of
the substrate (by the liquid), and the variation of the evaporation
pull (of the liquid) with progressive wetting of the substrate.204

The good news is that new techniques are being developed to
ameliorate this problem; for example, creating osmotic pressure
difference across the porous medium by using hydrogel pads has
been shown to drive stable and predictable transport over a wide
range of operating conditions.205

Over the past three decades, researchers have demonstrated
passive directional transport of various liquids on open surfaces.
These works have primarily focused on surface fabrications,
identifying new methods of liquid transport, and exploring new
fluid physics. However, many challenges remain to be addressed.
For example, fabrication of durable surfaces using green
technologies has emerged as a new requirement for industry,
while breakthroughs are still awaited in the domain of pumpless
transport of low surface-tension and highly viscous liquids.
3.3. Other Approaches of Inducing Droplet Transport

Apart from the conventional liquid transport technique on the
surfaces mentioned earlier, there are a few nonconventional
methods of liquid transport, which are either particular to the
conditions applied or have limited applications. In general, these
nonconventional techniques are not generic and cannot be easily
applied to any type of surface/liquid combination.

Sun et al.206 demonstrated a novel approach to create surface
charge density (SCD) on a superamphiphobic surface, which
they made by coating SiO2 nanospheres on a glass substrate and
then used 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(PFOTS) to hydrophobize it. The resulting surface featured
stacked-nanosphere pillars (Figure 16i). By impacting water
droplets on such a surface, they demonstrated a method of
creating SCD on it and showed that droplet transport could be
controlled by manipulating the SCD, as shown in Figure 16ii.
Experimentally, they showed that the SCD (ρQ) varies with
Weber number (We = ρU2L/γlg, with ρ being the liquid density,
U the droplet velocity, and L the droplet length scale) as ρQ ∼
We0.74. The SCD created on the surface generates an unbalanced
electric force that helps to propel each droplet on the surface.
The driving force (Fd) on the droplet may be represented as

(26)

where ke, Sp, Qw, ρQa, and r denote the Coulomb constant, the
projected surface of the pillar, polarization charge, surface charge
density at the advancing side, and the distance between the pillar
to the droplet, respectively. Upon several simplifications, one
may write,206

(27)

where θ, εr, and ε0 are the angle between the horizontal
component and the direction of electric force, relative dielectric
constant of the droplet, and electric permittivity in vacuum,
respectively. During the motion of the droplet, the restraining
force can be expressed as

(28)

where ρQr is the surface charge density on the receding side of
the droplet. The velocity scale can be obtained from the forces as
U ∼ (εr − 1) ε0k, where k is the surface charge density gradient.
Thus, the velocity of the droplet can be controlled by the charge
density distribution of the surface. Using this approach, Sun et
al.206 demonstrated droplet motion on different types of
substrates placed in different orientations. They highlighted
that the “droplet can self-propel over virtually any long distance” at
high velocity. Recently, Li et al.207 demonstrated droplet motion
on a superhydrophobic surface using electrostatic repulsive
forces. As shown in Figure 16iii, when the user brought a finger
with negative surface charge close to the drop (the droplet and
the substrate were also negatively charged), electrostatic
repulsive force pushed the droplet away from the finger. Li et
al. achieved a droplet velocity ∼17 mm/s for a 2 μL droplet. In
SCD, the droplet velocity was reported to be 1 order of
magnitude higher than velocities attained with wetting gradient
or curvature gradient surfaces reported earlier (see Figure 16iv).
Although the SCD and electrostatic repulsive forces provide
higher droplet mobility, the effectiveness of these methods
decreases with increased relative humidity.
By creating circular groove arrays, Liu et al.208 showed that an

impacting droplet could be given a directional transport. By
properly designing the grooved surface, as shown in Figure 16v,
they showed that the droplet first spread, recoiled, and finally
jumped off the surface, landing at a distant location after the
impact. A similar concept of droplet vectoring was demonstrated
earlier by Schutzius et al.209 Tang et al.210 demonstrated that
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when a cold droplet (initially at 6 °C) touches a lubricated Si
wafer, it stays still. However, the droplet moves, as shown in

Figure 16vi, on a lubricated lithium niobate substrate. The
motion of the droplet is thermal-energy driven. More discussion

Figure 17. Complex liquid manipulation with engineered surfaces: (i) Schematic of a single-use fluidic diode (left). Time-sequenced photographs
showing the fluid (green) wicking toward two parallel diodes. In the right diode, the liquid is stopped, whereas in the left diode the liquid passes across.
Total time of wicking was∼100 s. Reproduced with permission from ref 212. Copyright 2012 Royal Society of Chemistry. (ii) (left) Design of simple
paper-based microfluidic reactor consisting of two sample dosing sites, two valves, and one central reaction pad; (a−c) show the sequence of
operations; (right) paper-basedmicrofluidic reactor based on this design tested using acid−base neutralization reaction. (d) Phenolphthalein indicator
solution was deposited onto the central reaction zone. (e) HCl and NaOH solutions were added in reagent zones A and B (labeled in (a−c),
respectively. (f) NaOH solution was introduced first into the reaction zone to trigger color change. HCl solution was introduced subsequently into the
reaction zone via valve A to neutralize NaOH in the reaction zone. Reproduced with permission from ref 132. Copyright 2012 American Institute of
Physics. (iii) (top) Schematic of a self-driven surface micromixer (SDSM). (bottom) Representative images of (b(i)) before, (b(ii)) during, and
(b(iii)) after mixing of two water droplets passively, initially dispensed on tracks A and B. Droplets were dyed for better visualization. Black scale bar
denotes 1 cm. Reproduced with permission from ref 221. Copyright 2017 Springer Nature. (iv) SIMO multiplexing sequences of a water droplet
splitting three and five ways, passively, on radially spaced diverging superhydrophilic tracks. Reproduced with permission from ref 33. Copyright 2014
Royal Society of Chemistry. (v)MISO configuration: multiple droplets (different color) are transported by Laplace pressure differences andmerged at
the center of a wettability patterned fabric. Reproduced with permission from ref 224. Copyright 2013 Royal Society of Chemistry. (vi) Time sequence
of images showing a 2 mm droplet’s orthogonal impact and vectoring on a hydrophilic arc surrounded by a superhydrophobic background. Adapted
with permission from ref 209. Copyright 2014 Springer Nature. (vii) Snapshots with time stamps of a vertical capillary water jet impinging with ∼2.9
m/s on a wettability patterned plate (horizontal), getting diverted laterally and transported along the length of a diverging superhydrophilic track (right
to left). Gravity is acting downward. Track design similar to Figure 8ii is fabricated on an aluminum sample. Scale bar denotes 5 mm. Reproduced with
permission from ref 229. Copyright 2016 Elsevier.
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on energy source-drivenmotion is out of the scope of the current
review as it requires external energy input.
3.4. Complex Microfluidic Tasks

A microfluidic system must facilitate liquid movement in ways
that the chip can perform its intended task, e.g., mixing, splitting,
metering, etc.2,211 Wettability patterned passive surface micro-
fluidics has been used to achieve such movement of liquids and
to demonstrate multistep fluidic functionalities. An important
roadblock in the development of next-generation microfluidic
devices is minimizing the number of on-chip components
required and the number of steps in operating the device. Passive
surface microfluidics offers promise to mitigate some challenges
in this area. In this section, we highlight some capabilities of
complex manipulation of liquids, such as unidirectional
transport (valves/diodes), mixing, multiplexing, separation of
fluid-mixture constituents, and even passive transport against
gravity.
3.4.1. Fluidic Valving and Gating. The ability to cease

liquid flow and reinstate it on-demand is an essential
requirement for numerous microfluidic tasks. Researchers
have developed surface microfluidic valves and diodes to stop
and trigger liquid flow as per process requirements. Chen et
al.212 designed a fluidic diode on a single sheet of paper to
control the transport of liquid on wicking tracks. They fabricated
trigger and delay valves and demonstrated complex manipu-
lation of two different liquids using hydrophobic and hydrophilic
wettability patterned surfaces. In their approach, the upstream
end of the one-way valve was impregnated with a surfactant,
which dissolved in the carrier fluid, allowing it to wick through a
wettability barrier (a less wettable porous region) to the
downstream side. When the fluid attempted to wick in the
reverse direction, the carrier fluid could not reach the surfactant
and hence could not overcome the wicking barrier (Figure 17i).
Flexible-surface microfluidic substrates, like paper, polymer
sheets, plastics, etc., offer innovative solutions for designing
fluidic valves. Li et al.213 created a valve on a wettability
patterned cellulose substrate by cutting and folding a part of the
liquid-carrying track, as shown in Figure 17ii. Unfolding the
paper, i.e., bringing it level with the rest of the substrate, initiated
liquid flow from one region to another. Multiple such valves/
switches can be placed in series to facilitate reaction of two or
more liquids. When a physical obstruction, such as an absorbent
pad, is placed in a liquid-carrying hydrophilic channel that is
surrounded by a hydrophobic background, restriction in liquid
flow can be imposed. By strategically placing an absorbent pad
on a hydrophilic channel and varying the physical dimensions of
the pad, Toley et al.214 delayed the liquid flow on a cellulose-
based surface. They successfully reported delays ranging from 3
to 20 min by tuning the length and depth of the absorbent pad.
Feng et al.215 developed 3D printed capillary ratchets which
mimicked the structure of Araucaria leaf: the structures featured
transverse and longitudinal reentrant curvatures in the range of
the capillary length of water. Wetting of liquids of high and low
surface tensions on the 3D printed structures showed unidirec-
tional motion in opposite directions; for example, ethanol (θeq∼
21°) showed liquid transport in the direction of rachet-tilting,
while water (θeq ∼ 59°) exhibited the reverse trend. The
micropatterned surface was also found to aid or oppose capillary
rise of liquid through such structured surface.
While the foregoing discussion has covered liquid gating on a

surface, unidirectional permeation of liquid droplet across a
porous substrate also has practical relevance. Liquid-diode

behavior across a permeable porous medium has been
demonstrated by Wu et al.216 and Mates et al.,201 who
demonstrated that when a nonwoven porous material was
rendered hydrophobic on one side and hydrophilic on the other,
a liquid droplet dispensed on the hydrophobic side could
penetrate to the opposite side (provided the Laplace pressure
inside the droplet exceeded the threshold penetration pressures
of the porous structure), but a similar transport in the reverse
direction (i.e., from the hydrophilic side to the hydrophobic
one) was prevented. Widodo et al.217 demonstrated similar
directional penetration across cotton fabrics by spraying a
commercially available hydrophobizing spray on one side and
leveraging the intrinsic wettable nature of cotton on the other.
Shou and Fan218 proposed an all-hydrophilic fluid diode using
porous materials having asymmetric pores. The anisotropy of
the threshold penetration pressure from the two sides led to
capillary flow in a chosen direction. The direction-dependent
flow process and the breakthrough pressure can be explored
experimentally and explained theoretically in terms of the Gibbs
pinning criterion and re-entrant theory.218

3.4.2. Mixing. Surface microfluidic mixers have been
developed by several research groups. These devices require
power input and have appeared in terms of electrowetting on
dielectric, magnetic, dielectrophoretic, surface acoustic, or
thermocapillary designs.219 A key criterion in designing
microfluidic devices for POC solutions is to minimize off-chip
components, thus facilitating ubiquitous use, especially for field
deployment and healthcare in low-resource environments.
Achieving efficient mixing without any external energy input is
a severe challenge, and at the same time, a necessity when low
cost is of the essence. While the literature is replete with wicking
passive micromixers, there are few prior reports of Laplace
pressure-driven surface micromixers with facile fabrication,
minimal manufacturing cost, and operational complexity. The
most common passive surface mixing approach is spot mixing,
where a presuffused analyte is reacted with the deposited
sample.220 Themixing time scales are limited by diffusion, which
is a very slow ∼O(10s) process. Laplace pressure driven (LPD)
mixing devices on wettability patterned substrates offer a
promising way to improve the mixing time scales by 3 orders of
magnitude ∼O(100 μs).221 Ghosh et al.33 first proposed a
wettability engineering approach to achieve LPD transport and
demonstrated rapid mixing. Wettability patterns offer advan-
tages on planar superhydrophobic patches and are analogous222

to 3D obstacles in conventional closed-channel mixers, which
explore chaotic mixing to improve overall mixing efficiency.223

Morrissette et al.221 developed a self-driven surface micromixer
and investigated the effect of laying 2D hydrophobic patches on
superhydrophilic tracks. They quantified the mixing index (MI)
in several superhydrophobic islands configurations (e.g., shape,
size, orientation). Depending upon the device, Morrissette et
al.221 achieved rapid (<0.5 s) mixing with moderate MI ∼ 0.7 or
relatively slower (>1 s) mixing with high MI ∼ 0.9 (maximum
achievable MI is 1). In certain designs, MI ∼ 0.85 was achieved
within 200 ms, which is an acceptable value for practical POC
devices. Although wettability patterned surfaces have paved the
platform for simple, passive micromixers, further research is
needed to define the limitations and realize the full potential of
this technique with respect to different applications. As an
example, Figure 17iii demonstrates some design details in this
context.
3.4.3. Multiplexing. Like mixing, multiplexing liquid into

several quanta is an essential attribute required for several
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microfluidic tasks and has to be achieved passively. Based on
specific requirements, multiplexing can be either single-input
multiple-output (SIMO) or multiple-input single-output
(MISO). For example, to perform multiple biomarker-based
or repetitive diagnostics with a single drop of biological fluid
(urine, etc.), SIMO is preferred. Wettability patterning has
proven to be a powerful tool to achieve SIMO33 and MISO224

multiplexing. Parts iv and v of Figure 17 depict multiple
superhydrophilic tracks passively transporting liquid. The
number, precision, and resolution of multiplexing tracks is
dependent on the fabrication technique used. More sophisti-
cated micronano fabrication will yield higher-resolution multi-
plexing capabilities.
3.4.4. Droplet Stopping/Restarting. Droplet stopping

and restarting are often needed for incubation and serial
protocols of a microfluidic platform. Some methodologies that
have shown promise here include the use of magnetorheological
(MR) fluids and ferrofluids, which could serve as transporters or
shuttle mechanism for delivery of the target droplet. Previous
research on gradient surface (where droplet motion occurs
spontaneously) has demonstrated that a uniform magnetic field
could be used to alternately pin and/or release a ferrofluid
droplet on the surface.225 In this way, the magnetic field can act
as a switch, while the transport is effected by capillary force.
Other possible mechanisms for restarting droplet motion
include droplet coalescence with a volatile actuating fluid; for
example, Sellier et al.226 observed that the coalescence of an
ethanol−water droplet pair (or toluene−silicone oil) on a
confined HPL track resulted in the spontaneous motion of a
water droplet over a distance of ∼10 mm. In some cases, it was
reported that the actuated droplet could even be displaced
without apparent contact with the actuating droplet, suggesting
the importance of the vapor phase interaction and the apparent
need for a highly volatile liquid to be used in the actuating
droplet. The motion only lasted for a short duration though and
also worked best on highly wettable substrates with lowCAH.226

Other potential methods of initiating droplet motion include
the use of sound waves, mechanical/forced vibration, and pulsed
air.102,158 Lv and Hao,158 for example, found that using an
oscillator frequency of 80 Hz and amplitude of 0.75 mm, a 20 μL
water droplet could travel a few millimeters on a hydrophobic
surface featuring microstructure with spatial gradient. Shastry et
al.102 also showed that water droplets could be propelled down a
topographical gradient using mechanical vibrational energy with
a travel distance of 6.2 mm. It is currently unclear, however, if
these methods could be easily coupled with existing lab-on-a-
chip applications as they also require external energy input.
3.4.5. Droplet/Jet Impact. Impacting drops or liquid jets

are pervasive in applications ranging from cooling electronics227

to lab-on-chip.209 Controlling the impact behavior of μ-volume
droplets on wettability patterned surfaces has value for some
surface microfluidic applications.228 Utilizing the competition
between inertial and surface tension forces, microvolume
droplets were bounced nonorthogonally off flat substrates
upon orthogonal impact.209Figure 17vi documents the sequence
of droplet impact on a semicircular hydrophilic arc followed by
oblique ejection. Upon impact, the droplet was seen to first
spread radially over the surface, flattening out, and reaching a
maximum diameter and then contracting in a receding stage.
Due to the significant difference in contact angles on the
hydrophilic−superhydrophobic anisotropic surface, a net
horizontal component of surface tension force develops during
the receding phase of the droplet, thus propelling it parallel (to

the right in Figure 17vi) to the substrate upon recoil. Such
passive droplet vectoring capabilities have ramifications in
surface microfluidic and liquid-based soft templating applica-
tions. Koukoravas et al.229 diverted a capillary jet that impacted
orthogonally upon a diverging superhydrophilic track sur-
rounded by a superhydrophilic background and demonstrated
spatially selective cooling of hot surfaces (Figure 17vii). The
volume of the liquid propelled forward can be tuned based on
the geometry of the wettability pattern and the jet-impact
velocity. Impact-based droplet/jet manipulation on wettability
patterned tracks may invigorate researchers’ interest in design-
ing novel, facile, easy-to-use POC, and enhanced cooling
devices.
While a detailed discussion on droplet and jet impact on

wettability engineered surfaces is beyond the scope of this
review, the reader could refer to pertinent works in the literature
on a few salient attributes: (i) comprehensive review of droplet
impact on solid surfaces of different wettabilities230 and heated
walls,231 (ii) the role of wettability on impact dynamics,232 (iii)
transient heat transfer behavior during droplet impact on
hydrophobic, superhydrophobic, and biphobic (hydrophobic
spots in a superhydrophobic background) surfaces,233 (iii)
Leidenfrost behavior droplet impact regimes on wettability
engineered surfaces,234,235 (iv) self-propelled droplets on
Leidenfrost surfaces,236 (v) jet impingement on wettability
engineered surfaces,237 and (vi) heat transfer during jet
impingement on wettability patterned surfaces.233,238

The foregoing section discussed the feasibility of achieving a
diverse range of complex microfluidic tasks on open surfaces.
While each such task needs special features of wettability
engineering on the pertinent substrate, integration of more than
one tasks on a single chip is yet to be realized on a given surface.
Moreover, certain challenges still exist in the performance
metrics of these complex tasks. For example, in the configuration
of metered dispensing on wettability patterned surface,33 the
sacrificial volume on the wettable tracks may lead to volumetric
errors. The precision of these complex microfluidic tasks also
depends strongly on the liquid surface tension and the substrate
wettability. Therefore, the repeatability and reproducibility of
such complex microfluidic tasks may largely vary with the local
and temporal fluctuation in the concentration and pH of the
biochemical samples, local surface blemishes, and the extent of
on-chip chemical reaction in a biofluid application. Further-
more, other challenges have also emerged, viz., (i) droplet
motion stopping/restarting, (ii) droplet splitting in open-
channel flows, (iii) combining different actuation mechanisms,
(iv) facilitating greater travel distances, (v) creating more
durable gradient designs, and (vi) improved droplet modeling.
With respect to the first challenge, it is still difficult except in
special cases with active actuations (i.e., magnetic fields and
ferrofluids,225 electrowetting,39 etc.) to pin a droplet while in
motion on a gradient and/or restart a droplet’s motion once
stopped. The delivery of multiple droplets of the same volume
from a single deposited sample has also long been a source of
great interest in lab-on-a-chip applications. Considerable focus
has already been devoted to this topic but challenges still remain.
Methods of splitting droplets in closed channel flows (i.e., Y-
shaped and L-shaped junctions) do not always extend to open-
channel microfluidic flows, although some progress has been
made.33,176,239

A frontier issue that has remained unaddressed is wettability
tuning on-the-go. For instance, questions that have dawned in
the surface microfluidics community are: Can the wettability be
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tuned selectively during the transport? Can microfluidic circuits
be tuned after the fabrication via mechanical strain, applied
surface vibration, selective illumination, etc.? Most current
techniques generate continuous streams of droplets. Can single
droplets be generated on-demand on a surface? Future lab-on-a-
chip applications will, in every likelihood, need to address these
lingering questions. Even under ideal circumstances (i.e., CAH
∼ 1°) there is an upper constraint regarding how far a droplet
can travel on a single topographical gradient or how small a
droplet can be moved on an open surface without pinning. To
facilitate even longer travel distances, it is likely that
combinatory approaches would be needed. A few possibilities
include droplet coalescence, shape-based gradients, and temper-
ature (Marangoni) gradients. Functionally gradedmaterials with
multiple-deposited layers, for example, could also be used to
create a topographical nonuniformity with gravitational assist.

4. APPLICATIONS
The ease of liquid transport on open surfaces makes the
approach useful for a wide range of applications, starting from

lab-on-chip and POC medical diagnostics to heat transfer and
water collection from the atmosphere. The various passive
transport mechanisms described in the earlier sections are
relatively new, and most are still in their exploratory phase. This
section accentuates some existing applications of passive surface
microfluidics and wettability patterned substrates, which play a
vital role in different engineering and biological applications.
Recent research focuses on the applications of wettability
patterned surfaces in energy, water harvesting, low-cost point-of-
care diagnostics, sensors, tissue engineering, cellular studies, etc.,
which are elaborated here.
4.1. Sensing

Due to the low-cost, environmental friendliness, and ease of
fabrication, paper-based sensors have historically enjoyed the
greatest preference of researchers. Many excellent review articles
have been published on wettability modified materials deployed
in sensors240−242 and electronics.243,244 Apart from paper,
different polymers, silicon, and plastic surfaces are also used as
sensor materials. Wettability modified or patterned surfaces are

Figure 18.Wettability modified sensors. (i) Schematic of a wettable patterned biochip for miRNA detection. Adapted with permission from ref 245.
Copyright 2018 Elsevier. (ii)Wettability patterned nitrocellulose substrate for nucleic acid detection. Scale bars are 1 cm, 1 cm, and 1mm, respectively.
Adapted with permission from ref 246. Copyright 2018 Royal Society of Chemistry. (iii) Evaporation-based DNA detection. Adapted with permission
from ref 247. Copyright 2015 Wiley. (iv) SERS-based detection of ultralow concentration of adenine, dopamine, glucose, and rhodamine. Adapted
with permission from ref 248. Copyright 2015 Wiley. (v) Biomarker detection in sweat. Adapted with permission from ref 249. Copyright 2018
American Association for the Advancement of Science. (vi) Schematic of sweat analysis patch. Adapted with permission from ref 250. Copyright 2021
Wiley. (vii) Schematic of sweat analysis flexible band. Adapted with permission from ref 251. Copyright 2019 American Chemical Society.
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sometimes used along with standard detection techniques like
spectroscopy, surface-enhanced raman scattering (SERS), etc.,
to create microfluidic sensors.
Liquid dispensed on a wettability patterned surface prefers to

move toward the (super)hydrophilic areas, which is used in
miRNA detection on a renewable, wettable, patterned glass-
based biochip, as shown in Figure 18i.245 The design claims high
detection limits by using fluorescent molecules and UV light-
based cleaning of the organic material from the surface after
usage, making this device sensitive and economical. Inspired by
the Stenocara beetle, Chi et al.246 demonstrated a nucleic acid
detection technique on a nitrocellulose substrate (see Figure
18ii). By implementing loop-mediated isothermal amplification
(LAMP), they could detect DNA efficiently. As mentioned
earlier, the wettability patterned surfaces helped in pinning the
droplet at a particular location. With time, the analyte
concentration increased due to evaporation of the fluid. The
enrichment of the analyte concentration caused stronger
fluorescent signals,247 as shown in Figure 18iii for DNA
detection. A similar approach was used by Song et al.248 for
detecting ultralow concentrations of adenine, dopamine,
glucose, and rhodamine. They created superhydrophilic areas
on a superhydrophobic background and deposited Au areoles on
the superhydrophilic areas to facilitate SERS-based detection
technique with enhanced sensitivity (see Figure 18iv). The
droplet-based detection on wettability patterned surfaces is

beneficial, as these droplets also work as microreactors. It is
interesting to note that the reaction rate increases inside these
microreactors due to evaporation and thermal Marangoni flows.
It is also possible to detect several analytes from the deposition
patterns after complete evaporation of the droplet.
Figure 18v shows colorimetric detection of different

biomarkers like glucose, lactate, chloride, and pH in sweat.
Using a low-cost, passive microfluidic technique, Choi et al.249

showed that the enzymatic reactions could efficiently detect
different biomarkers in sweat. As shown in Figure 18v, their
device also has a “thermochromic liquid crystal temperature
sensor” and amicrofluidic channel tomeasure body temperature
and overall sweat loss, respectively. Son et al.250 demonstrated
sweat collection and analysis using an epidermal sweat collection
patch, as shown schematically in Figure 18vi, where the
multilayered device has an adhesive bottom layer to adhere to
the skin. The other two PDMS layers were wettability patterned
to facilitate sweat transport. Wedge-shaped superhydrophilic
patterns were created on both PDMS layers to passively
transport the fluid toward the center of the device. Son et al.
demonstrated the detection of lactate and glucose by connecting
the sweat collection patch with an electronic sensor that could
measure the impedance/current. A flexible superwettable band
for sweat analysis was developed by He et al.251 (Figure 18vii).
Using a cellphone-assisted detection technique, they demon-
strated that their wearable devices could detect pH, glucose,

Figure 19. Wettability modified surfaces for cellular studies. (i) Paper-based surface used to create hanging droplet spheroids. Due to the porous
structure, replenishment of the medium is possible. Adapted with permission from ref 255. Copyright 2018 American Chemical Society. (ii) 3D cell
culture in hydrogel-based hanging droplet method. Adapted with permission from ref 256. Copyright 2019 American Chemical Society. (iii)
Microindentation on a superhydrophobic polystyrene surface used as a platform for droplet spheroids. Adapted with permission from ref 257.
Copyright 2015 Royal Society of Chemistry. (iv) Cancer spheroid creation through hanging droplet method. The drug delivery was performed by a
laser-induced optoporation technique. Adapted with permission from ref 258. Copyright 2021 Royal Society of Chemistry. (v) Biofilm formation on
SLIPS. Adapted with permission from ref 259. Copyright 2019 Wiley.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00045
Chem. Rev. 2022, 122, 16752−16801

16785

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig19&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


calcium, and chloride in sweat. Similarly, Koh et al.252 fabricated
a wearable stretchable microfluidic device for chemical analysis
of sweat. Their design consisted of four paper-based colorimetric
chemical assays, which required microliter volumes of sweat to
determine the concentrations of lactate, glucose, creatinine, pH,
and chloride ions. A similar design for sweat analysis using
textile-based fluid handling and an optical detection system has
been reported by Curto et al.253

4.2. Cell Culturing

Wettability confined liquids can also serve for cell culturing on
open microfluidic platforms. Recently, it has been shown that
3D cell culture has a better in vivo resemblance than the classical
2D Petri dish based cell culture.254 Among the various available
strategies, 3D cell culture on a hanging drop is the most popular
approach. The stages of creating hanging drops on a paper-based
wettability patterned substrate255 are shown in Figure 19i. In the

Figure 20. Point-of-care diagnostic devices using microfluidic techniques. (i) Paper-based device for urine sample analysis. Adapted with permission
from ref 261. Copyright 2013 Springer Nature. (ii) Paper-based nucleic acid testing and amplification device. Adapted with permission from ref 265.
Copyright 2017 Royal Society of Chemistry. (iii) Images of “double inlet” μCAD after detection of protein, nitrite, and glucose, respectively. Adapted
with permission from ref 266. Copyright 2015 Springer. (iv) Detection of individual heavy metals from a water sample using a multiplexed bioactive
paper sensor. Aqueous samples containing Hg(II), Cu(II), Cr(VI), and Ni(II) were added to the circular regions of assay zones with markers for
identifying individual elements. Reproduced with permission from ref 270. Copyright 2011 American Chemical Society. (v) Micro PAD (μPAD)
applied with whole blood concurrence with plasma separation and determination of human serum protein. Adapted with permission from ref 271.
Copyright 2018 Royal Society of Chemistry. (vi) μPAD for nitrite detection in saliva, showing the hydrophilic main channel, branched channels,
uptake zones, and testing zones surrounded by hydrophobic wax layer. Reproduced with permission from ref 272. Copyright 2014 Elsevier. (vii)
Schematic showing tear production and a device to measure glucose concentration in tears. Adapted with permission from ref 274. Copyright 2018
AmericanChemical Society. (viii) Paper-based device to detect procaine from cocaine samples. Adapted with permission from ref 275. Copyright 2018
American Chemical Society.
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hanging drop method, the cells proliferate and, due to gravity,
settle at the tip of the drop, as shown in Figure 19i. Thus, a cell
spheroid forms after the aggregation. Shao et al.256 reported a
hydrogel-based hanging droplet strategy using butterfly wings as
a biotemplate (see Figure 19ii). A superhydrophobic poly-
styrene surface with a microindentation was used by Neto et
al.257 as a hanging droplet platform for L929 (fibroblast-like
cells). Their approach reduced the cytotoxicity, as they did not
make any chemical modifications of the surface. The surface
with the hanging drops was kept over the cell medium to
minimize evaporative losses, as shown in Figure 19iii. They also
performed a drug screening test by adding an anticancer drug on
the droplet spheroid. Gupta et al.258 created a cancer cell
spheroid using the hanging drop method, shown in Figure 19iv,
and also demonstrated a laser-based drug delivery method using
gold nanoparticles on the cell spheroid. Using a nanosecond
pulsed laser, they demonstrated an optoporation technique to
deliver propidium iodide into a human cervical cancer cell
spheroid. Lei et al.259 studied the behavior of Pseudomonas
aeruginosa on SLIPS, as shown in Figure 19v; they observed a
biofilm cluster on the superhydrophilic part of the patterned
SLIPS, whereas, for the superhydrophobic areas, formation of
thin bridges were observed.
4.3. Point-of-Care (POC) Diagnostics

The role of microfluidics in biomedical research has been
summarized by Sackman et al.,7 who highlighted the gradually
growing importance of microfluidics in applications outside
engineering, as based on publications in biology and medicine
journals. The efficacy of microfluidic systems in rapid,
inexpensive, and straightforward POC medical tests for the
developing world is well-established.260 The use of capillary-
driven transport in POC devices relying on paper surfaces
started from the seminal work of Martinez et al.,130 who showed
simultaneous detection of glucose and protein in microliter
volumes of urine. Such multiplexed assays on paper-based
surfaces with minimal sample volumes have also been
demonstrated using wax (hydrophobic) and paper (hydro-
philic) for patterning. Novak et al.261 reviewed the different low-
cost techniques for POC identifications of infectious and
noncommunicable diseases. One such device for urine analysis is
shown in Figure 20i. The use of everyday materials, like wax and
paper, further reduced the fabrication time.262 Exhaustive
reviews of such paper-based devices for POC diagnostics exist
in the literature.263,264 A paper-based nucleic acid testing (NAT)
device is shown in Figure 20ii; it contains a reagent storage
facility and is capable of nucleic acid extraction, amplification,
and testing.265 The wicking capillary transport for multiplex
assays has also been extended to cloth-based analytical devices
(CAD). Colorimetric detection of bovine serum albumin (BSA)
in artificial urine was shown by Nilghaz et al.266 on CAD-
fabricated wax patterning on cotton cloth, as shown in Figure
20iii. Similar immunoassay has also been demonstrated on silk
yarns with predefined flow pathways using a hydrophobic
barrier.267 In brief, biodetection is being practiced on any kind of
fibrous surface ranging from cellulosic paper to cotton and
polyester threads.
Paper-based microfluidic devices have also been used to

create networks with multiple inlets to perform automatic
sequential delivery of multiple fluids to a detection zone.268,269

Such designs facilitated convergence of reagents from multiple
inlets to common detection regions that can be further utilized
to drive multistep sequences autonomously. Hossain and

Brennan reported heavy metal detection from water using
similar paper-based devices (see Figure 20iv).270 Other potential
applications of liquid transport on paper-based microfluidic
devices include blood plasma separation (Figure 20v) from
whole blood271 and controlled biofluid removal, such as skin
surfaces experiencing heavy perspiration.68 Bhakta et al.272

developed a micro paper analytic device (PAD) to identify and
quantify the levels of nitrite in saliva, which has been proposed as
a potential marker of periodontitis. Their device comprised of a
hydrophilic main channel, branched channels, uptake zones, and
testing zones surrounded by the hydrophobic wax barrier, as
shown in Figure 20vi. They claimed that this device might also
be used to quantify nitrite in food and water samples (nitrates in
food and water are linked with N-nitroso compounds that have
known carcinogenicity273) and other biological samples.
Kownacka et al.274 developed a device to measure the glucose
from tears, as shown in Figure 20vii, and reported good
correlation between the measured glucose level in tears and that
present in blood. Silva et al.275 developed a low-cost, sensitive,
and easy-to-use colorimetric device for identifying “procaine in
seized cocaine samples.” They increased the efficiency of the
device by adding an electrochemical pretreatment unit (see
Figure 20viii).
A recent upsurge in attempts of leveraging open-surface

fluidic transport for Covid-19 detection offers testimony for the
technology to address mainstream microfluidic challenges.
Covid-19 is extremely contagious due to its transmission via
airborne droplets. The virulent characteristics of the SARS-CoV-
2 virus are observed as in any RNA-based virus, which can
quickly replicate viral proteins in the host cell, thus making
detection at the early stages of infection very crucial.276 Nucleic
acid testing for detection of SARS-CoV-2, which has been
globally adopted as the primary method to trace the presence of
the virus in the swab samples, has several different variants, e.g.,
reverse transcription-polymerase chain reaction (RT-PCR),
loop-mediated isothermal amplification (LAMP) and clustered
regularly interspaced short palindromic repeats (CRISPR).
Recently, Bhalla et al.277 reviewed the challenges and
opportunities of biosensors applicable for Covid-19.
The Covid-19 pandemic has led to the widespread use of

personal protective equipment (PPE), such as face masks, hand
sanitizers, etc., to reduce the risk of virus spreading. Mahaparta
et al. presented a review of surface engineering pertinent for
developing antibacterial and antiviral PPE.278 Sarkar et al.
developed an extremely low-cost do-it-yourself face mask that
used a combination of a hydrophilic cotton layer sandwiched
between a pair of hydrophobic, polypropylene nonwoven fabric
layers.279 The triple-layer assembly harnessed the principle of
“liquid diode”;201 the combination of the hydrophobic inner-
most (facing the user) and hydrophilic middle layer blocks the
carry-over of droplet to the outermost hydrophobic layer even
during heavy exhalation, sneezing, or coughing by the user. The
outermost hydrophobic layer, on the other hand, offers a large
enough transport barrier to prevent inward permeation of any
airborne droplet as the mask user inhales.
The point-of-care diagnostic strategies mentioned earlier

became a very powerful tool during the recent Covid-19
pandemic. With a high number of cases globally during the
different waves, it became critical to eliminate the need for
highly skilled professionals and complicated protocols for
diagnosis of this deadly infection. Cost-effective POC tests
became an innovative way to address this challenge.280 Shen et
al.281 showed an integrated microfluidic system using RT-PCR,
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which allows automatic virus purification and lysis, improving
upon the detection time, which is very critical during a
pandemic. Such incremental advancements to existing techni-
ques to make faster and easier detection and develop systems
integrated with smartphones have been summarized by Song et
al.282 One interesting variation in this regard was reported by Liu
et al.,283 who incorporated centrifugal microfluidics with
fluorescent immunoassay for detecting viral antigens of SARS-
Cov-2. The entire process described there took only 15 min
from sample loading to single readout, making it an ideal POC
platform for Covid-19 detection. Along with POC devices, there
exist biosensor-based detection systems, which are well
tabulated by Song et al.282 The conventional testing of Covid-
19 by using ELISA and lateral flow assay is shown in Figure
21i.284 Seo et al.285 developed an aqueous-solution-gated field
effect transistor (FET) biosensors for SARS-CoV-2 detection
(Figure 21ii), where a droplet of phosphate-buffered saline
deposited on the substrate led to efficient gating effect so that the
FET system could detect SARS-CoV-2. Nguyen et al.286

developed a facemask with embedded sensor for rapid detection
(Figure 21iii). The sensor had a collection zone, a liquid wicking
path, freeze-dried reaction zones, and a lateral flow assay (LFA)

strip for SARS-CoV-2 detection. The integrated sensor on the
facemask is shown in Figure 21iv. The sensor can be operated by
using an activation switch, as shown in Figure 21iv(a). The
interior wall of the facemask and all components of the sensor
are shown in Figure 21iv(b). Recent advances in preserving the
conformational epitopes of SARS-CoV-2 antigens immobilized
through metal−organic framework encapsulation on microtiter
plate have opened the possibility of room-temperature storage
for enzyme-linked immunoassay for detection and quantifica-
tion of antibodies against SARS-CoV-2.287 Such technology can
be implemented on open-surface microfluidic platforms for
pathogen detection as well. Due to the high demand for rapid
Covid-19 detection, a few products have been commercialized
that employ end-to-end “all in one” fully automated technology,
which is simpler, easier to handle, and affordable: Cepheid,288

GeneXpert,289 and Bosch.290

The Covid-19 crisis has underscored the importance of
developing user-friendly, highly scalable, open-surface micro-
fluidic detection systems that may be extended to rapid
detection of not just the novel corona virus but also other
similar deadly viruses, as and when needed, with minimum
design modification. Keeping in mind the pervasiveness,

Figure 21. Covid-19 detection strategies using fluidic approaches. (i) Covid-19 testing using (a) ELISA and (b) lateral flow assay. Adapted with
permission from ref 284. Copyright 2021 Elsevier. (ii) Schematic for Covid-19 infection detection starting from biological sample collection. Field
effect transistor (FET) biosensors are used on a graphene-based sensing system. Adapted with permission from ref 285. Copyright 2020 American
Chemical Society. (iii) Schematic of sensor component used in a face mask. Water flows through wicking material from the water reservoir, moving
viral particles collected from the wearer’s respiration from the sample collection zone to downstream freeze-dried reactions integrated into a μPAD
device. The final output is visualized by an LFA (lateral flow assay) strip that is passed externally through the mask. Adapted with permission from ref
286. Copyright 2021 Springer Nature. (iv) Photographs of SARS-CoV-2 sensor integrated into a facemask. Adapted with permission from ref 286.
Copyright 2021 Springer Nature.
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enormity, and rapidly mutating traits of the SARS-CoV2 virus,
the salient needs for mass deployment of low-cost surface
microfluidic devices in the events of a future pandemic (or the
future waves of the current one) may be subsumed into the
following design criteria: (i) ability to multiplex (to detect the
right variant and eliminate false detection), (ii) ease of
upgrading the protocol (to accommodate new strains), (iii)

amenability to mass fabrication, (iv) ease in operation (for use
en masse), and (v) ability of rapid detection.
4.4. Energy and Water Conservation
Capillary-driven liquid transport on open surfaces at miniature
length scales has strong relevance in heat and mass transfer, as
well as in energy and water harvesting applications. For example,
intense heat removal from small spaces has always been a
concern in electronics cooling and thermal management.

Figure 22. Applications of surface wettability patterns in energy and water conservation. (i) Vapor chamber with wettability patterned condenser.
Adapted with permission from ref 292. Copyright 2022 ASME. (ii) Janus surface for anti-icing. Adapted with permission from ref 293. Copyright 2016
American Chemical Society. (iii) Nanoenergy generation from the motion of droplet on an inclined graphene surface. Adapted with permission from
ref 294. Copyright 2016 American Chemical Society. (iv) Droplet transport during spray impact on a horizontal surface. Reproduced with permission
from ref 296. Copyright 2021 MDPI under the terms of the Creative Commons CC BY license [https://creativecommons.org/licenses/]. (v)
Dropwise condensation of water vapor on a wettability patterned aluminum surface bearing staggered interdigitated superhydrophilic tracks that
facilitate passive drainage of the condensate from the vertically placed substrate. Scale bar is 10 mm. Adapted with permission from ref 299. Copyright
2016 Elsevier. (vi) Fog harvesting using bioinspired nanofibrous substrate. Adapted with permission from ref 301. Copyright 2021 American Chemical
Society. (vii) Kirigami-based fog collector for water harvesting from the atmosphere. The Kirigami structures and the droplet transport on them are
shown in a and b. Adapted with permission from ref 302. Copyright 2021 Springer Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00045
Chem. Rev. 2022, 122, 16752−16801

16789

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig22&ref=pdf
https://creativecommons.org/licenses/
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00045?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Koukoravas et al.229,291 used rapid liquid transport along a long,
wettable wedge-shaped track on a superhydrophobic back-
ground to cool a heated metal plate using an orthogonal jet.
They leveraged capillary-driven, directional transport of the
cooling liquid over the hot spot, which was offset from the
impact point. They demonstrated that such a strategy allowed
for a higher heat-to-flow rate ratio as compared to other
competing technologies.229 They further found that the cooling
performance improved when the track width was below the
capillary length of the working fluid.291 Cooling performance
was also found to improve by using multiple, narrow tracks laid
over the heated domain.291

Damoulakis et al.292 developed a novel wettability patterned
vapor chamber and used it as a thermal diode. The schematic of
the device is shown in Figure 22i. The inset shows the wettability
patterned condenser surface, where combinations of super-
hydrophilic wedges and bands were used to transport the liquid
back to the wick-lined evaporator (bottom of the vapor
chamber). Kirillova et al.293 created heterogeneous wettable
surfaces by coating Janus particles with both hydrophilic and
hydrophobic sides. They demonstrated experimentally that the
dendritic growth of ice formation and the surrounding dry area
helps in removing the ice from the surface efficiently. The
process is shown in Figure 22ii. Kwak et al.294 reported that
graphene-PTFE surfaces generate electricity due to the
“triboelectrification-induced pseudocapacitance” on the gra-
phene, when a droplet moves over the surface. Electricity
generation from the continuous motion of the water droplet is
shown in Figure 22iii. A wettability patterned design for heat
transfer applications using an array of spray nozzles was patented
by Joshi and Dede.295 Thomas et al.296 demonstrated the
transport of liquid on a horizontal, wettability patterned metal
surface upon high-speed spray impact (see schematic in Figure
22iv). The metal surface featured several superhydrophilic
wedge tracks laid on a superhydrophobic background. The time
lapse images in the inset of Figure 22iv show the coalescence of
the droplets after impact and final drainage through the
superhydrophilic tracks. Capillary-driven transport has also
been deployed for energy-related applications, like liquid water
transport in fuel cells and oil recovery.297

Wettability patterns have been used to collect water from the
atmosphere.298 At high heat fluxes, the condensed droplets
coalesce, eventually forming a continuous film on the surface.
Ghosh et al.78 used an interdigitated arrangement of wedge-
shaped wettability confined tracks on a less wettable background
of mirror-finish aluminum to enhance the removal of condensate
from a condenser plate via the Laplace pressure gradient. The
design was further improved by Mahapatra et al.,299 where the
wedge tracks had a staggered arrangement shown in Figure 22v;
this design led to ∼31% improvement in water collection under
a typical atmospheric water-harvesting scenario. Wang et al.300

deployed an array of wedge-shaped superhydrophilic bumps
(∼30−120 μm long, wedge tip angle ∼10°) on a tilted,
superhydrophobic surface, leveraging the Laplace pressure
gradient and gravity to generate out-of-the-plane droplet
jumping to promote condensate removal, thereby showing
significant improvement in water collection from humid air via
dropwise condensation. Inspired by the lizard skin structure,
Zhang et al.301 created a fog harvesting system, shown in Figure
22vi, and reported by 200% superior water collection in their
nanofibrous surfaces compared to plain surfaces. Li et al.302

reported a 3D folded structure, known as Kirigami, to create a
fog harvesting system, as shown in Figure 22vii. They created

“cubic structure” and “square facets” from aluminum-coated
PET sheets to collect the harvested fog droplets and transport
them toward the collector. Their 3D pyramidal-structured mesh
collected almost twice as much water as compared to the
traditional Raschel mesh.

5. DISCUSSION: ROADBLOCKS AND FUTURE
DIRECTIONS

5.1. Current Challenges

Exploration of passive surface microfluidics has been initiated in
recent years. Although this domain offers significant promise in
novel μ-volume liquid manipulation techniques, as with any
newly introduced technology, there remain several challenges
that must be mitigated if the technology is to find widespread
use. In this review article, we have tried to identify some of these
challenges, with the intent to help the community overcome the
associated roadblocks.
Grassroot-level end users of most microfluidic technologies

are not fluid physicists or micronano fabrication experts; rather,
the majority of practitioners consists of clinicians, public health
officials, aid workers, or NGO volunteers. With this condition in
mind, the biggest challenge is to develop passive surface
microfluidic technology to be as facile as possible, minimizing
expert intervention. Integrating the fluid transport and
biochemistry with appropriate detection and reporting mech-
anisms is a key to develop user-friendly POC testing devices.
End-user cost is another important parameter because the
demand for such technology is expected to be pervasive in
developing countries. On the technical front, more experiments
and fundamental studies need to be performed by the
microfluidics research community to identify the operating
limits of the passive liquid manipulation mechanisms in terms of
flow rates, fluid transport distance, material compatibility,
especially at the device level. Proof of concept in academic
laboratories is a good first step for any emerging technology, but
the real value is realized when the technology is validated (i.e., it
proves equivalent or better than an existing protocol) and
emerges as a commercially viable product with tangible
consequences for the common good. Thus, the technology
should cater to applications with high product volume and low
product cost.
One of the principal concerns in the commercial viability of a

single-use surface microfluidics-based POC diagnostic device is
its shelf life and its packaging and storage requirements. The
shelf life of an open-surface platform depends on various factors,
including the environmental temperature, relative humidity,
dust exposure, and even the presence of light. It has been often
observed that the wettability characteristics of the material
change in the presence of sunlight or UV radiation and also
under thermal cycling. Thus, special care needs to be taken for
proper storage and handling of the devices if they are
photosensitive. From the fluid-dynamic perspective, achieving
throughput and transport speed and the flexibility of real-time
control that are comparable to those in traditional flow-through
microfluidics has remained one of the principal challenges of
passive, surface microfluidic transport. Additional challenges
arise, as pointed out in section 3.1, due to losses of sample liquid
from the surface through evaporative loss and residual liquid
volume (left behind on the substrate). Except for cases where
these otherwise negative attributes are actually leveraged to
achieve the target functionality,74,204 meticulous efforts are
warranted to minimize such interfering effects. Also, as pointed
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out in section 3.3, achieving a satisfactory level of pumpless,
surfacemicrofluidic transport while handling highly wetting/low
surface tension and highly viscous liquids has remained an
elusive target (it is very hard to create repellency to the former,
or to achieve high transport speeds with the latter).
Furthermore, there are challenges in integrating the liquid

handling platforms with the sensing elements of a POC device.
Besides, distributed deployment of such low-cost biosensors for
point-of-care use warrants for synergistic integration of the
sensors with wireless andmobile communication and Internet of
Things (IoT) equipment and protocols.303

5.2. Future Directions

Development of surface microfluidics has, so far, leveraged the
art and science of surface chemistry, material science, micro- and
nanofabrication, interfacial flow dynamics, biotechnology, and
medical science and technology. As such, interdisciplinary
research collaboration involving mechanical engineers, bioen-
gineers, chemical engineers, clinicians, etc., is a necessary and
important step to address the gamut of applications in the lab-
on-chip domain. The simplicity and universal material
compatibility (as long as wettability contrast is achieved) of
open-surface, passive microfluidic platforms open boundaries
beyond lab-on-chip applications (e.g., heat transfer and thermal
management, jet cooling, personal hygiene products, water
management in fuel cells, etc.). Additional research must also be
conducted in other domains, e.g., anti-icing,304 liquid transport
on and through porous materials,34,305 power electronics and
battery cooling,291 targeted drug delivery through porous
surfaces, etc., that can benefit from open-surface microfluidics.
It is worth noting that a widespread use of surface-microfluidic
platforms would eventually require interfacing with conven-
tional flow-through microfluidics as and when required. This
would allow harnessing the best features of both approaches,
thus enabling the design of versatile microfluidic platforms that
have better compatibility with different laboratory equipment
and are capable of tackling more complex problems.
While each of these related fields is still emerging in terms of

unraveling newer attributes, particularly at the crossroads of
each domain, two emerging areas that are worth special mention
are the increasing role of Artificial Intelligence (AI) and
Machine Learning (ML) in design of wettability engineering
and the development of smart wearable technology. A third,
highly promising yet elusive so far, field of microfluidics is the
development of organ-on-a chip (OOC) platform based on
open-surface microfluidics.

5.2.1. Role of AI/ML in Design of Wettability Patterns.
Artificial intelligence has been a booming field over the past few
years, impacting all industry sectors. Although the concept
existed from 1955,306 the ease of gathering and processing data
has made this emerging area accessible and a powerful tool to
accelerate the innovation ecosystem in all sectors, including
automotive, healthcare, defense, energy, etc. The paradigm shift
of AI from theory in the computer science discipline to practical
adaptation in real-life applications is critical for advancing these
applications. The different subgroups of AI, like machine
learning, deep learning, or general adversarial networks (GANs),
etc., include effective generation as well as analysis of high
amounts of data.307−309 The end-to-end workflow in this area
involves (a) data collection, (b) data preparation, (c) model
choice, (d) model training, (e) model accuracy evaluation, (f)
tuning of hyperparameters to improve accuracy, and (g) model
utilization for prediction purposes.310 The starting point of this
workflow, namely, the data collection and data preparation, is
both laborious but also critical, as it serves as the foundation and
backbone of a strong predictive model. The data can be in the
form of images or signals generated from either physical
experiments or simulations.
In the microfluidics community, this emerging technology has

started showing interesting benefits and fruitful results. A key
component of work in this area harnesses insights in materials
science and AI-based algorithms that can help significantly in
rapid predictions based on material databases.311,312 Physics-
based modeling has its own challenges for predicting material
properties, processing times, wear losses, etc., because of the
inherent nonlinearity and lack of established models, whereas
ML algorithms like Gaussian process regression (GPR),
gradient boosting regression (GBR), support vector machine
(SVM), and random forest provide predictions with accuracy of
95% or higher313−315 in a short time.
AI methodologies have the potential to impact open-surface

microfluidics technology as well. Gukeh et al.316 extended the
approach of leveraging ML algorithms for predicting UV
exposure time to attain specific desired wettability, which was
quantified using contact angle. This approach turned out to be
beneficial for quick identification of the UV exposure time of a
TiO2-containing surface coating to achieve the desired
wettability used as a driving mechanism for liquid transport
over open surfaces.33

The healthcare industry with point-of-care diagnostics
applications may reap immense benefits using the AI
technology, specifically using high-throughput imaging as a

Figure 23. AI-based development in microfluidics. AI technology plays an important role in the first and final steps of lab-on-a-chip development. The
excellent synergy between AI and lab-on-a-chip technology helps both the construction and implementation of AI in a large-scale, cost-effective, high-
throughput, automated, and multiplexed manner. Adapted with permission from ref 317. Copyright 2020 Royal Society of Chemistry.
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tool to acquire data. Isokazi et al.317 provided an excellent review
on such usage where AI-boosted diagnosis using X-ray, CT, as
well as MRI imaging318 helped to address problems in DNA/
RNA sequencing319 and accurate identification of objects in
samples.320 The workflow used in all of these applications is
explained in Figure 23. Although usage of deep learning
architecture has recently gained traction in closed-channel
microfluidics321 and in complex systems, like organ-on-chip,322

its use in open-surface microfluidics has remained, by and large,
unexplored to date. Nonetheless, the recent works mentioned
above give an inkling of the potential to formulate design criteria,
flow behavior, and features of open-surface microfluidic devices
using machine learning and deep learning approaches.
5.2.2. Smart Wearable Technology. Recent widespread

development of wireless sensor networks (WSN) and Internet
of Things (IoT) connected devices has unleashed a paradigm in
microfluidics-based wearable biosensing, where the microfluidic
device may be integrated with cloths or other functional gear
worn by the user. Several such wearable biosensors use open-
surface microfluidics and are being developed for monitoring
physiological parameters, pathogen detection, or even for
controlled drug dosing. Using wearable sensors helps gather
the patient’s physiological cues on a real-time basis, which can be
a vital component of continuous health monitoring systems. In
recent years, wearable technology has been developed for
monitoring various critical and chronic diseases, for example,
cardiopulmonary and vascular monitoring, glucose monitor-
ing,323 advanced wound monitoring,324 etc. With the rising
demand for decentralized medical care and the advancement of
wearable technology, developing intelligent devices that can
monitor and take part in critical health care is required. Design
and fabrication of intelligent wearable biosensors with
wettability patterned porous or nonporous surfaces is an
upcoming research area for developing efficient, durable, and
corrosion-resistant devices. Researchers are also interested in
developing self-powered wearable sensors for health monitor-
ing.325 Li et al.326 developed wettability modified wearable
sensors to perform efficiently in a wet and corrosive environ-
ment. Although some studies exist on wettability modified
sensors, dynamically adjustable surfaces with tunable wettability
remain sparse.327

Continuous monitoring of glucose level in blood is essential
for diabetes management. Smart self-monitoring devices can
continuously check the glucose level and control the insulin level
by pumping insulin.323 These glucose-monitoring devices assess
the patient’s health condition, send the required data to the
health care provider and take the necessary actions through
actuating the on-board insulin pump. Another interesting
development is the noninvasive continuous monitoring of
ocular glucose level. A few companies are developing contact
lenses that have built-in sensors for detecting and transmitting
glucose levels via an IoT-based protocol.323 Different other
biomarkers can also be detected and diagnosed remotely with
the advancement of intelligent sensors. Similar types of smart
devices are also required for neurological function monitoring,
particularly for postoperative management. Continuous mon-
itoring devices are also required to diagnose mental health,
Parkinson’s and Alzheimer’s diseases, chronic wound treat-
ments, etc. Being new, the field of surface microfluidics is
nascently evolving and the jury is still out on its long-term value.
5.2.3. Organ on a Chip. The World Economic Forum

recognized organ-on-a-chip (OOC) as one of the “Top Ten
Emerging Technologies”.328 The OOC platform mimics the

environment of the physiological organs of humans or other
living animals. Understanding human physiology and the
interactions of the lower-level systems like cells, tissues, and
genes are important in medicine, toxicology, drug development,
and delivery, etc. The most reliable approach to understanding
the functionality and mechanisms of the body could be the in
vivo studies; however, due to the low throughput, high costs, and
stringent clinical and ethical clearance issues, in vitro studies
often offer viable alternatives, although at the cost of sacrificing
the true ambience of biophysical parameters. The OOC
platform provides an intermediate solution by mimicking the
biophysical conditions on chip and allows one to conduct high-
throughput clinical studies with great reliability before
embarking on animal models. It is envisioned that the OOC
platform will provide the necessary support for preclinical trials,
faster drug development, and drug delivery trials and may
replace the animal models in the future.329

Researchers have already developed OOC platforms for
mimicking the functionalities of liver, kidney, lung, heart,
intestine, etc., as reviewed in earlier publications.329,330

Although this field has garnered a tremendous amount of
research effort in the past 10 years and is progressing very fast,
the development of multiorgan systems or human-on-a-chip still
remains far away. Two major drawbacks of the existing effort are
using photolithography-based fabrication approaches of classical
microfluidic systems and the handling of PDMS. Further
research is required to replace the classical flow-through
microfluidics by open surface platforms to develop low-cost,
mass customizable, reliable versions of OOC systems.331

6. CONCLUSIONS
This review has presented an update on passive open-surface
microfluidics and its accelerating implementation on low-cost
devices at the center of technological advancements in point-of-
care diagnostics, environmental sensing, thermal management,
and other related areas. The term passive has been used here to
indicate the lack of external energy input and distinguish
spontaneous self-driven transport from other active modes of
transport. Different strategies of surface functionalization and
the attributes of surface-microfluidic transport realized on the
wettability engineered surfaces were discussed. Salient features,
including the advantages and shortcomings of each approach of
wettability engineering have been analyzed. It is worth noting
that the requirements of durability of these surfaces differ from
one application to another. For example, for a single-use POC
application,130 the surface functionalization should have a long
shelf life, but during operation, it is only required that the surface
functional groups do not wash out with the fluid shear while the
device is in operation. Choice of the substrate material and the
nature of surface functional groups in such applications is
primarily driven by their cost and compatibility with the working
fluid. On the contrary, for thermal applications, e.g., wettability
engineered condensation surfaces,299 or capillary wicking-based
heat spreaders,292 it is desirable that the substrate shows
durability against thermal and fluidic cycling. Choice of the
substrate and the wettability patterning strategy for such
applications has a priority on durability over the cost aspect. It
is interesting to observe from the literature that while many
research groups in the field of surface microfluidics claim their
methods to be facile and best suited for specific applications, a
holistic picture of relative costs remains unclear. The cost of a
surface microfluidic device should not just be estimated based
on the raw materials (the substrates and the functionalizing
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chemicals) but also the upfront cost of the infrastructure
involved in fabrication and usage. For example, a spray-coated
nanocomposite surface33 may involve more expensive chemicals
than a micromachined surface,107 but the latter entails
deployment of highly capital-intensive microfabrication facili-
ties. The target end-user cost would therefore strongly depend
on the scalability of the wettability engineering process. A typical
ballpark figure for the cost of a micropaper analytical device (μ-
PAD), which leverages 3D transport, is estimated to be less than
0.5 USD per device.200 Therefore, a comprehensive survey on
the relative cost of different surface fabrication strategies in
terms of their performance and product durability is
recommended as a future focus in this field.
The recent fundamental advances in surface microfluidics

have not been accompanied yet by technological discovery with
game-changing influence. However, the significant progress over
the past two decades in the nanomaterials arena bears promise
that microfluidic technologies will follow suit, eventually bearing
fruit for low-resource environments where money, and more
importantly, technical expertise, remain in sparse supply.
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