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Abstract In recent years, the term active wetting has gained some traction in works describing, analyzing,
and modeling a wide variety of wetting phenomena, for instance, in the contexts of biomolecular conden-
sates, of cell layers or cell aggregates, and of active Brownian particles. The present perspective discusses
a coarse classification of wetting phenomena that accounts for this. First, different categories of static
and dynamic wetting of passive liquids are briefly introduced, in particular, distinguishing equilibrium
wetting, relaxational wetting, driven wetting, and reactive wetting. Second, an overview is given of the
various phenomena recently described as active wetting. We conclude by discussing a possible definition of
active wetting together with a number of caveats that one might want to keep in mind when using such

classifications.
1 Introduction

The interest in static and dynamic wetting phenom-
ena has a rather long history [1,2], see, e.g., [3-6] and
query 31 in Ref. [7]. Wetting, in its simplest form, refers
to the interaction between a liquid, an ambient fluid
phase (often gas), and a rigid smooth homogeneous
solid substrate. On a more abstract level, wetting phe-
nomena occur in any situation where more than two
phases meet. The present understanding of these phe-
nomena for classical molecular liquids is systematically
presented in many books and reviews, e.g., Refs. [8-16].
However, an increasing number of studies addresses
phenomena that they refer to as active wetting.
Although definitions are often left implicit, a multi-
faceted concept of active wetting is emerging that
involves, e.g., active soft matter—characterized by self-
propelling constituents and/or active stresses [17-20].
Because the notion of active wetting is fast spreading
although it lacks a clear definition, the present contri-
bution aims at providing a tentative classification of
wetting phenomena that incorporates systems featur-
ing active wetting. As a first step, we introduce a gen-
eral distinction of four categories of wetting phenom-
ena, namely equilibrium wetting, relaxational wetting,
driven wetting, and reactive wetting—all studied with
classical molecular liquids, i.e., with passive not active
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liquids." A few other well-established terms like forced
wetting and adaptive wetting are also discussed in the
context of this scheme.?

Second, we briefly review a selection of recent works
that use the notion of active wetting to describe cer-
tain observed phenomena in a variety of experimental
and theoretical contexts, e.g., including inner structures
of biological cells, cell aggregates and monolayers, and
clusters resulting from motility-induced phase separa-
tion of active Brownian particles.

Finally, we offer a tentative definition of active wet-
ting that builds on the previously discussed notions of
equilibrium, relaxational, driven, and reactive wetting.
We also explain that there exists a number of caveats
that speak against a rigid classification into a small

! One commonly defines active matter as “composed of self-
driven units, active particles, each capable of converting
stored, or ambient free energy into systematic movement”
[17], also see [21,22]. For more details about the notion, see
the introduction of [19], Sect. 6 of [23] and Sect. 9 of [24].
For a recent critical reflection, see [25].

2 Note that most reviews related to wetting phenomena
only distinguish static and dynamic wetting, and do not
intend to give a more differentiated general classification.
Ref. [9] discusses statics and dynamics of wetting (with-
out formal definition), a distinction that is also followed by
[13,26] where also forced or driven contact lines are specif-
ically considered, [27] distinguishes the spontaneous and
forced motion of dynamic contact lines, [14] mainly discusses
dynamic wetting phenomena in the context of dewetting.
Note that static contact angles that differ from equilibrium
values in certain out-of-equilibrium systems seem not to fit
into any of these schemes.
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number of categories. Any classification of natural phe-
nomena will depend on the employed conceptual ide-
alizations and resulting mathematical approximations
in their theoretical treatment. Our conclusion is that
one might indeed distinguish phenomena of equilib-
rium, relaxational, driven, reactive, and active wetting
but should always carefully clarify which characteris-
tics of the considered system one refers to and which
idealizations are used.

2 Equilibrium wetting

The equilibrium wetting scenario applies when the sys-
tem is in a thermodynamic equilibrium state, defined
as minimum of an appropriate thermodynamic poten-
tial, e.g., a free energy or a grand potential. Macro-
scopically, the type of equilibrium is determined by
the energies of the involved sharp interfaces that them-
selves depend on temperature, pressure, etc. One dis-
tinguishes (i) complete wetting (extended uniform lig-
uid film between substrate and ambient phase, spread-
ing coefficient S = 75 — 751 — Mg = 0, equilibrium
three-phase contact angle 8.4 = 0, see Fig. 1a), (ii) par-
tial wetting (sessile liquid drop of spherical cap shape
on the uniform solid rigid substrate, —2vy, < S < 0,
0 < 0cq < , see Fig. 1b), and (iii) non-wetting (ideal
liquid sphere on substrate, S < —2v,, 0o = 7, see
Fig. 1c). Here, mg, 751, and sg are the interface ener-
gies per area of the liquid—gas, solid-liquid, and solid—
gas interface, respectively. Spreading coefficient, equi-
librium contact angle, and interface energies are related
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Fig. 1 Sketches of equilibrium wetting: a complete wet-
ting, b partial wetting, and ¢ non-wetting for a liquid on a
rigid smooth solid substrate; d equilibrated capillary rise, e
drop of partially wetting liquid deforming a soft solid sub-
strate, f surfactant-laden drop in an equilibrated state with
steady, respectively, uniform but in general different surfac-
tant concentrations in liquid bulk and at the three inter-
faces, g drop of nematic liquid crystal with parallel anchor-
ing at all interfaces, h, i two different equilibrium states for
a drop of a phase-separating liquid mixture
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by Young’s law 715 €0 Oeq = Ysg — 751 and the equivalent
formulation as Young-Dupré law S = vi4(cosfeq — 1).
For details see, e.g., Sect. II of [9] or Sect. I.B of [13].

The shift between partial and complete wetting that
can occur when temperature or other control parame-
ters are changed corresponds to a wetting transition—
a phase transition that may be of first or second order
(Sect. IIT of [9], Sect. IT of [13]). One may also say a wet-
ting transition is related to the unpinning (or unbind-
ing) of a liquid—fluid interface from the substrate [28].
The change may involve further prewetting and layer-
ing transitions, where states appear that consist of thin
layers of liquid of defined thicknesses that cover the
substrate [29,30], also see the unbinding transitions dis-
cussed in Ref. [31]. Notably, topographical and chemical
substrate roughness and texture may influence the wet-
ting behavior even causing super-hydrophobicity [32—
39].

If other energetic influences are present or if the lig-
uid is complex, the equilibrium state may depend on
more aspects. Examples include the equilibrium height
of a meniscus in a vertical capillary if gravitation is
present (Fig. 1d) [11], the deformation of a soft solid
substrate (Fig. le) [26], and the contact angle-changing
equilibrium adsorption of surfactants at all interfaces
for a surfactant-laden drop (Fig. 1f) [40]. For com-
plex liquids like solutions, suspensions, mixtures, lig-
uid crystals, etc. their inner degrees of freedom may
influence the interfacial energies and therefore directly
the wetting behavior. It may be further changed due to
related additional bulk energy contributions that allow
for more intricate phase behavior. Examples include the
interplay of elasticity, interface anchoring, and director
orientation-dependent interface energy for liquid crys-
tals in the nematic (or other) phases [41-44], see Fig. 1g,
the interplay of interfaces with the bulk decomposition
of a mixture [45,46] itself related to equilibrium config-
urations of compound drops [47-51] (Fig. 1h), and the
leak-out transition observed for polymer solutions [52—
55]. This implies also potentially more intricate behav-
ior in the dynamic cases discussed next.

3 Relaxational wetting

In addition to equilibrium wetting, it is crucial to con-
sider the dynamic aspects of wetting both in situa-
tions where an out-of-equilibrium state relaxes toward
an equilibrium state and in situations where an exter-
nal driving force keeps the system permanently out
of equilibrium. In the present section, we discuss the
former case that we term relazational wetting while
the latter case is considered in Sect. 4. In relaxational
wetting, a sessile drop or another configuration that
may or may not involve a three-phase contact line is
initiated in an out-of-equilibrium state, e.g., the ini-
tial contact angle differs from the equilibrium contact
angle 0.,. Without externally imposed additional force,
the system approaches an equilibrium state (a mini-
mum of the appropriate energy functional, e.g., of the
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Fig. 2 Sketches of relaxational wetting: a spreading drop
b dewetting liquid film via nucleation of a hole, ¢ the pro-
cess of capillary rise, d coupled drop spreading and sur-
factant adsorption dynamics, e spreading and imbibition
dynamics for a drop on a polymer brush, f spreading of
a single-component adsorption layer from a drop of mixture
(leak-out)

free energy in an isothermal setting without particle
exchange with the environment) while dissipating the
surplus free energy (Sect. IV of [9], Sect. IIT of [13]).
For instance, a liquid drop of nonvolatile liquid placed
on a smooth solid substrate spreads (or retracts) till
reaching 6., (Fig. 2a). If the liquid completely wets
the substrate, 0,q = 0, the relaxation process follows

a power law: Tanner’s law R ~ t'/10 where R is the
drop radius and ¢ time [56] and the equilibrium state—
an infinitely extended, infinitely thin liquid film is only
reached after an infinite time. If 0.4 is finite, the equi-
librium state is approached exponentially slowly. If the
substrate is rough or patterned, additional complexities
arise due to the many metastable states and the related
contact angle hysteresis [57-60].

Also the dewetting of an initially uniform liquid film
(that is rendered unstable by a temperature quench)
either via spinodal dewetting or nucleation (Fig. 2b)
represents an example of relaxational wetting dynam-
ics where initial film rupture, growth of individual
holes, transversal instability of dewetting fronts, and
the coarsening of ensembles of small drops into fewer
larger drops are studied in detail (see, e.g. Sect. V of
[14] and [61-64]). Another example is capillary rise in
thin tubes [65] (Fig. 2c).

More recently, considerations of equilibrium wetting
and relaxational wetting have been extended toward
deformable elastic and adaptive substrates [26,66-72].
One may use the term adaptive wetting for all such
cases as the substrate adapts its topography by defor-
mation and its wettability by absorption. Other types
of substrate restructuring may combine these effects
[67]. The category includes porous and poroelastic sub-
strates that change their wetting properties under lig-
uid imbibition [73-77]. When a drop spreads on a poly-
mer brush (Fig. 2e), liquid imbibes the polymer brush
what changes its wettability and thickness profile [71].
If complex liquids are involved the relaxation of the
drop profile and contact line is coupled to the relaxation
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of other degrees of freedom, i.e., there exist additional
channels of dissipation. For instance, Fig. 2d sketches
a surfactant-laden drop that spreads while surfactant
adsorbes at all interfaces, see, e.g. [73]. When a mix-
ture spreads the bulk drop may spread slower than a
nanoscopic adsorption layer of one component that is
leaking out (Fig. 2f). The additional degrees of freedom
may also give rise to novel instabilities, e.g., spreading
drops of liquid crystals [78] and of surfactant solutions
[79-81] show front instabilities not observed for simple
liquids.

4 Driven wetting

In contrast to relaxational wetting, in driven wetting
(or forced wetting) a global breaking of spatial parity
(i.e., reflection symmetry w.r.t. a plane orthogonal to
the substrate) by external lateral forces or fluxes keeps
an entire drop or a single contact line permanently out
of equilibrium (see chap. IV of [9], [27,82,83]). Mechani-
cal and thermodynamic forces may result from imposed
global gradients of pressure, temperature, wettability,
potential energy, etc. For instance, drops slide down
an ideally smooth incline driven by the downhill force
resulting from the gradient in potential energy [84-
86] (Fig. 3a), or are deformed or dragged along when
pending on the outside of a rotating cylinder [87-89]
(Fig. 3c). Contact lines advance and become transver-
sally unstable due to centrifugal forces for a sessile drop
on a spinning substrate [90] (Fig. 3d), due to gravity
on an incline [91], or due to Marangoni forces at the
liquid—gas interface caused by an imposed temperature
gradient along the substrate [92]. Other examples are
drops that move due to an imposed gradient in wet-
tability, softness, or humidity [93-96]. Besides impos-
ing the driving force, one may also impose the (mean)
velocity of the contact line along the substrate, e.g., in
the Landau-Levich geometry [97,98] (Fig. 3b), for the
rotating cylinder (Fig. 3c), and in Langmuir-Blodgett
transfer [99-102], or by inflating/deflating a droplet via
a syringe pump [103-105]. ® In the Landau-Levich case,
a plate is moved out of a liquid bath thereby drag-
ging liquid into a prolonged foot-like meniscus or wet-
ting film covering the plate. The configuration or film
thickness depends on the speed of withdrawal-—a phe-
nomenon central to many coating processes [97,106].
In such ways, one can keep the system permanently
out of equilibrium, thereby allowing for phenomena
that cannot occur during a relaxational process. This
includes time-periodic states like self-sustained oscilla-
tions related to stick—slip motion of the contact line on
flexible or adaptive substrates [104,107-111], involved
scenarios of depinning for drops on rotating cylinders

3 For the radially symmetric setups, the “parity breaking”
refers to parity along the radial direction, e.g., a centrifugal
force for the drop on a spinning substrate resulting in driven
spreading or a central in- or outlet forcing advancement or
retraction of the circular contact line, respectively.

@ Springer
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Fig. 3 Sketches of driven wetting: a drop sliding down an
incline, b foot (or film) profile drawn out of a liquid bath by
a moving plate (Landau—Levich geometry), ¢ pending drop
on the outside of a rotating cylinder, d drop on spinning
plate showing a contact line instability

[89,112], and drop merging-splitting cycles when a peri-
odic array of drops slides down an incline [84,113] where
even the classical period-doubling route to chaos can
be encountered [85] as also known from a dripping
faucet [114]. In the Landau-Levich setting, dynamic
wetting and unbinding transitions occur [115,116] that
are externally driven equivalents of corresponding equi-
librium transitions [31]. Note that driven drop and con-
tact line motion on irregularly or regularly structured
substrates is also frequently studied, see, e.g. [37,117—
126]. Also, sliding on adaptive substrates is considered
[71,127,128], and forcibly sliding drops are now even
employed as probes in a technique to determine spa-
tially resolved maps of the lateral adhesion force (scan-
ning drop friction force microscopy) [129].

In all cases discussed so far in Sects. 3 and 4, con-
tact lines move and therefore have modified properties
as compared to the equilibrium case in Sect. 2. For
instance, the contact angle is not given by Young’s law
anymore but is amended by the nonequilibrium con-
ditions as captured by laws that relate the dynamic
contact angle 64y, with the velocity U of the contact
line [130], e.g., the hydrodynamic Cox—Voinov law U ~
03 — 02, [82,131-134] or the law U ~ oS foq — €08 Oayn
derived based on a variational energy-dissipation prin-
ciple [135] and also emerging from the molecular kinetic
model close to equilibrium [136,137].

Beside the described clear-cut cases of driven wet-
ting related to parity breaking by imposed global lat-
eral forces, one could also include another type of driven
(de)wetting, namely where parity is broken by an initial
condition that corresponds to a front between differ-
ent steady states, e.g., to a front between two thermo-
dynamic phases or between an unstable and a stable
state [138]. However, depending on the fine details of
the employed definition such processes might also be
classified as reactive wetting, see below. For instance,
imposing a constant uniform ambient chemical poten-
tial (partial vapor pressure, humidity) that promotes
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Fig. 4 Sketches of reactive wetting: a moving drop self-
propelled by an adsorption reaction that renders the liquid—
solid interface less wettable, b evaporative dewetting front
for a drop or film of a suspension/solution leaving behind a
patterned solute deposit, ¢ drop with two species of chemi-
cally reacting surfactants coupled to two chemostats, d drop
on a heated substrate

liquid evaporation one can force a contact line to con-
tinuously recede [139]. If in such a setting only the sol-
vent of a solution or suspension evaporates, a continu-
ously moving front of evaporative dewetting can result
in a plethora of large-scale deposition patterns of solute
[140-143], see Fig. 4b. Such driving by phase transitions
can also occur when liquid drops move while consum-
ing (or depositing) a solid layer of the same material
[144,145]. Actually, in a frame moving with the mean
contact line speed such situations become very simi-
lar to the Landau-Levich case of a moving substrate,
although the speed is self-selected and not externally
imposed.

5 Reactive wetting

Alternatively, one may introduce a rather wide cate-
gory of reactive wetting that encompasses not only any
(de)wetting process that significantly involves chemi-
cal reactions but also such processes that are caused
or strongly influenced by other changes of state (in
systems without externally imposed lateral forces or
fluxes). With such an extension, reactive wetting would
then cover evaporative dewetting fronts and the other
cases mentioned in the final paragraph of Sect. 4 but
also alloying, physisorption, etc.

Common examples of reactive wetting involve, e.g.,
changes in substrate wettability that occur when a
solute within a sessile drop chemisorbs at the sub-
strate, when a liquid metal droplet alloys the topmost
substrate layer, and when a self-assembled monolayer
(SAM) is formed at a substrate underneath a drop of
solution [146-151]. Also the dissolution of the substrate
by the spreading liquid drop can be seen as an example
where substrate material dissolves into the liquid due
to a phase change or chemical reaction [150,152,153],
this includes corrosion-induced droplet spreading [154].
One may then argue that the above-mentioned deposi-
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tion of solutes in evaporative dewetting should also be
included here—a question we come back to in Sect. 7.

A particularly interesting example are chemically
driven self-propelled drops that represent a self-
organized dynamic state where the moving drop creates
the wettability gradient needed to move at its speed
[155-159], see Fig. 4a. Beside the reactions that change
the surface energy of the substrate, i.e., its wettabil-
ity, reactions may also involve surfactant molecules at
the free liquid—gas interface thereby changing its sur-
face tension and furthermore causing Marangoni forces
due to created surface tension gradients [160]. Examples
include sessile drops with two species of reactive surfac-
tants that can show a wide variety of dynamic wetting
phenomena from simple spreading to involved emerging
modes of oscillation and self-propulsion [159,161,162],
see Fig. 4c.

The similarity of dynamic wetting phenomena caused
by chemical reactions and by phase transitions is illus-
trated by evaporation and other mass transfer processes
that drive complex behavior like drop propulsion, pulsa-
tion, and rotation [163] similar to phenomena described
for the case of chemical reactions [162]. Here, one might
then also include phase separation processes under the
influence of chemical reactions if the latter influence
the wetting behavior at confining walls, see, e.g. the
corresponding remarks in [164]. We expect that, in gen-
eral, the rich emerging physics of active emulsions [165]
results in intricate static and dynamic wetting behavior
[166]. For instance, out-of-equilibrium chemical binding
between droplet material and a solid substrate can sig-
nificantly increase the parameter range where prewet-
ting occurs as compared to an equilibrium system [167—
169].

Tentatively, one could say that reactive wetting
results from imposed persistent gradients that are not
spatial along the substrate as in Sect. 4 but between
reservoirs of different properties. Examples include a
temperature contrast between the substrate and the
ambient phase (see Fig. 4d.), a chemical potential dif-
ference between drop bulk and vapor or drop bulk and
drop surface, etc. Such a wide definition allows for
all mentioned cases but then also includes the effect
of superspreading that occurs for certain surfactant-
laden drops because there the transition of surfactant
molecules from the liquid—gas to the liquid—solid inter-
face is a crucial ingredient [170]. Further, reactive wet-
ting will then also cover cases where energy or mass is
transferred between the solid substrate and the ambi-
ent phase across the sessile drop or an liquid film. This
then includes the intricate process of freezing liquid
drops that may involve prewetting layers [171], frost
halos [172], and can result in pointy ice drops [173].

6 Active wetting

Having discussed equilibrium, relaxational, driven, and
reactive wetting, we now turn to active wetting. How-
ever, instead of starting with a definition, we first briefly
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Fig. 5 Sketches of active wetting: a static active wetting
layer at membrane, b resting cell aggregate and c cell mono-
layer on solid substrate, d individual crawling cell with pro-
trusion, e moving and f splitting drop of active polar lig-
uid, g osmotically growing biofilm, consisting of bacteria,
extracellular matrix, nutrient-rich water, on solid agar, h
partially wetting clusters of active Brownian particles at a
solid wall, i active liquid dynamically wetting (climbing up)
a wall in a Landau—Levich geometry

review a selection of recent works that use the notion
to describe certain observed phenomena. Afterward, we
offer a tentative definition (again with some caveats).

To our knowledge, the first work ¢ that uses the term
“active wetting” is Ref. [174]. There, the actin cortex
underlying the cell membrane of animal cells is dis-
cussed as an active wetting layer, i.e., a thin film of large
uniform actin density that wets a substrate (the cell
membrane) and whose thickness is determined by the
balance of the rates of continuous actin fiber polymer-
ization at the substrate and of fiber depolymerization in
the film, see Fig. 5a. The contractile active stress, that
results from corresponding chemical activity of molec-
ular motors, in turn gives a nonmonotonic dependence
of the effective osmotic pressure on actin concentra-
tion. The resulting effective thermodynamic instabil-
ity yields a high-density wetting layer phase—separated
from the low-density bulk of the cell. The emergence of
the layer at a critical strength of activity may be seen
as a nonequilibrium analog of a (pre)wetting transition
as mentioned in Sect. 2. Instabilities of a membrane
substrate coupled to such an actin cortex are also con-
sidered, but without explicit mention of a wetting layer
[175]. For the wider context of active gel theory, see
[17,19].

A second biophysical example is the adhesion and
spreading behavior of drop-like cell aggregates [176-
179] (Fig. 5b) and of epithelial cell layers [180-188]
(Fig. 5 ¢) on soft and rigid solid substrates as well as on
liquid substrates.” This is relevant, e.g., in embryonal
development [190,191] and for the onset of metastatic

4 Excluding mentions of “surface active wetting” in the con-
text of SURFace ACTive AgeNTS (surfactants).

5 The surface tension of cell aggregates and their spreading
was earlier studied, see, e.g. [189] and references therein.
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dissemination [192]. In particular, Ref. [185] investi-
gates the wetting of epithelial tissues and discusses
the transition between a three-dimensional sessile cell
aggregate and an epithelial monolayer as an active
equivalent of the thermodynamic wetting transition
“whose physics differs fundamentally from that of pas-
sive wetting phenomena.” The difference lies in the
presence of active stresses related to cell-cell and cell-
substrate traction forces that living cells generate. The
competing influences of the two types of stress result
in an additional intrinsic length scale related to a crit-
ical monolayer radius for the wetting transition. Refs.
[176,177] analyze the spreading of a cell monolayer from
a sessile cell aggregate and find a wetting transition
when increasing substrate stiffness or when changing
the ratio of cell-substrate and cell-cell adhesion, also
consider Ref. [193]. Fingering instabilities of advancing
contact lines, i.e., of epithelial spreading fronts, are dis-
cussed in Refs. [180,187,194,195], somewhat similar to
the ones mentioned in Sect. 4 for driven wetting. For
a partial review on the statics and dynamics of active
wetting, namely in the context of biological cells and
their aggregates see Ref. [196].

Active dewetting of cellular layers is also discussed
in several biophysical contexts. For example, Ref. [197]
studies the dewetting of metastable cohesive cellu-
lar monolayers on nonadhesive substrates, Ref. [198]
discusses the aggregation of a bacterial biofilm into
droplet-shaped mounds that develop into a fruiting
body as a dewetting phenomenon, and Ref. [199] con-
siders the dewetting of subepithelial (mesenchymal) cell
layers that results in the formation of clusters that in
turn promote villus folding in the intestine. Further-
more, layers of smooth muscle cells may transform into
clusters in a process initiated by supercritical growing
holes [200] (Fig. 5¢) similar to relaxational dewetting
for layers of passive liquids.

Substrate softness may be employed to drive col-
lective cell motion by durotaxis along stiffness gradi-
ents of soft substrates [201]. Such gradient-driven wet-
ting can also be caused by chemotaxis in gradients of
extracellular signals [202]. Interestingly, the latter can
even result in the shedding of daughter aggregates in
a pearling instability of the receding contact line not
unlike observations for (driven) sliding drops on an
incline [84,85] and for receding dewetting fronts [203].
Notably, active motion may also be guided by gradients
in transport coeflicients, see, e.g., frictiotaxis and vis-
cotaxis of cell migration [204]. However, cell aggregates
may even migrate without external gradient: Ref. [205]
finds that the mode of migration (persistent, bipedal,
random) strongly depends on substrate stiffness. Cor-
responding reviews are [206-209]. Note that also the
behavior of individual cells is sometimes discussed as a
spreading phenomenon [196,210] (Fig. 5d).

In the examples above, wetting phenomena are stud-
ied for active matter characterized by self-propelling
constituents and/or active stresses that do not prolif-
erate on the considered timescale. However, prolifera-
tion has to be taken into account when investigating
the growth of bacterial colonies and biofilms on solid
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(or liquid) substrates. There, the production of wet-
ting agents (biosurfactants) by bacteria is intensively
discussed for some time already [211-215], see, e.g.,
the resulting front instabilities of the biofilm spread-
ing front in [216,217]. In contrast, the role of wetting
and adhesion properties, e.g., in osmotic biofilm spread-
ing [218,219] (Fig. 5g), became more recently a point of
interest [220,221]. The above discussed observations for
cell aggregate spreading are paralleled by similar phe-
nomena studied for biofilms. So does a transition from
continuous to arrested biofilm spreading occur when
decreasing the biofilm wettability on a rigid substrate
[221]. Furthermore, also for biofilms the substrate soft-
ness is an effective control parameter [222-225]. Note
that also the onset of sliding motion of a drop of bac-
terial suspension on an incline is promoted by bacterial
motility [226], i.e., active depinning may be considered
in analogy to its passive counterpart [120].

More recently, liquid-like biomolecular condensates
(granules,) that play important roles inside cells have
become a focus of attention [227-229]. In cases where
the underlying phase separation processes depend on
out-of-equilibrium exchange processes and chemical
reactions, their adhesion to each other and to various
membranes is discussed as an example of active wet-
ting [227,230,231]: Condensates exhibit a well-defined
contact angle when sitting at the cell nucleus and may
undergo different wetting transitions at membranes
[232]. This is closely related to the chemically active
wetting phenomena modeled in [233]. There, coupled
decomposition and transport processes in sessile con-
densate drops and membrane substrate are considered
for an active system marked by adsorption and des-
orption processes that break the detailed balance of
the reaction rates. Note that recently also the migra-
tion of such condensates has been studied [234] (though
yet without a membrane substrate), in principle, relat-
ing these systems to cases of migrating cell aggregates.
Note, however, that even without out-of-equilibrium
chemical reactions a rich spectrum of (equilibrium and
relaxational) wetting phenomena occurs [232,235-240].

Beside the mentioned studies of active wetting in spe-
cific biophysical systems, another body of work focuses
on wetting phenomena in minimal and generic the-
oretical models of active matter represented by self-
propelled particles or by entities that consume energy
to generate motion via active stress. For instance, Ref.
[241] uses a lattice model for self-propelled particles
near a solid substrate (studied by kinetic Monte Carlo
simulation) to show that active particles can produce a
wetting layer of diverging thickness even when particle—
particle and particle-substrate interactions are purely
short-range repulsive, i.e., only due to excluded vol-
ume. The observed active wetting transition is directly
related to the occurrence of motility-induced phase sep-
aration (MIPS) in the bulk [242-245], i.e., the wetting
layer thickness diverges at the MIPS threshold.

Similar studies for active Brownian particles (ABP)
at different substrates, e.g., a thin membrane [246] and
a repulsive barrier in wedge shape [247], also show wet-
ting transitions that on a phenomenological level closely
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resemble corresponding equilibrium continuous and dis-
continuous phase transitions, although the mechanisms
are very different. Similar results are obtained in Refs.
[248-250] for a number of on- and off-lattice run-and-
tumble particle models, e.g., analyzing transitions from
complete to partial wetting with increasing tumble
rate, also see corresponding results obtained with a
dynamical density functional theory (DDFT) based on
effective activity-induced particle-particle and particle—
substrate interactions [251]. Beyond the mentioned sim-
ilarity to equilibrium wetting, there are aspects intrin-
sic to self-propelled particles, namely that the wetting
layer also show polarization fields (i.e., local averaged
direction of self-propulsion) [247,250] (Fig. 5h) with a
somewhat similar role as director orientations in cap-
illary and wetting phenomena of liquid crystals. One
might even argue that the transition from an ensemble
of bacteria swarming at a solid substrate to a seden-
tary biofilm [252] is closely related to such polarization
effects: Ref. [253] indicates than an occurring transi-
tion from a monolayer film to multilayer islands is initi-
ated by jamming events (local MIPS nuclei) and overall
seems to resemble an active dewetting process.

There are also extensions to particles with enhanced
rotational diffusion at the substrate [254] and to parti-
cle mixtures [255,256]. Note that the addition of inertia
may reduce or eliminate the motility-induced wetting of
substrates [257]. Recently, Ref. [258] derived a hydrody-
namic theory for the wetting by ABP in a slit geometry
and showed that on the continuum level the (nonequi-
librium) phase diagram shows macroscopic complete
and partial wetting states that on a phenomenologi-
cal level behave quite similar to the corresponding pas-
sive case, again with the additional polarization field.
Note, however, that activity implies (as also described
in many of the other works) that the emerging steady
states still feature stationary density currents. Another
related work [259] on ABP derives an active equivalent
of Young’s law. It takes the emergence of stationary
currents into account, and furthermore shows that par-
tially wetting drops of ABP are not scale-invariant and
split above a threshold size, also see Ref. [260].

A comparison of the capillary rise of purely repulsive
active particles against gravity in a tube as described
by Monte Carlo simulations of a lattice gas model
and time simulations of corresponding hydrodynamic
equations coupling velocity and polarization dynamics
shows identical behavior, again resembling correspond-
ing equilibrium behavior [261]. Similar results are also
obtained for active Brownian particles with repulsive
particle—wall interactions, also in comparison with sta-
tionary states obtained with a Fokker—Planck descrip-
tion [262] (with a focus on the analysis of the station-
ary particle currents sustaining the steady meniscus).
Such activity-induced capillary rise and the emergence
of a Landau—Levich-type climbing film after an activity-
induced transition from partial to complete wetting are
observed in experiments with an active liquid contain-
ing microtubule filaments and kinesin molecular motors
and as well in accompanying hydrodynamic simulations
[263], see Fig. bi.
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Note that most studies mentioned up to here mainly
focus on static configurations and their transitions
when control parameters are changed. This directly rep-
resents an active equivalent of the equilibrium wetting
of Sect. 2 although many of the introduced models are
fully dynamic and may, therefore, also be employed
to study the relaxational dynamics toward the sta-
tionary nonequilibrium states. For instance, an early
work studying a wetting-related capillary phenomenon
involving active matter is Ref. [264]. It uses a sim-
plified model of active nematohydrodynamics [265] to
study the continuous activity-driven spreading of a ses-
sile drop on a solid substrate. Such a process is an
active wetting equivalent of relaxational wetting dis-
cussed in Sect. 3. There exist several other studies of
sessile drops of active matter that employ hydrody-
namic models, e.g., for active nematics in a number of
particular model variants, approximations, and geome-
tries [266-277]. Together, the various studies (that
would merit a proper review) describe a rich behav-
ior of sessile drops of active liquids—resting, spreading,
migrating (Fig. 5e), coalescing, splitting (Fig. 5f) drops
driven by active liquids that self-propel and/or show
active stresses. Sometimes, the drops are additionally
driven by externally imposed gradients of wettability
or activity—resulting in active equivalents of settings
of driven wetting as discussed in Sect. 4. However, con-
siderations of the detailed relation between activity-
influenced (effective) interface tensions and (static and
dynamic) wetting behavior are still scarce and a sys-
tematic comparative consideration across different sys-
tems and modeling approaches that would allow one to
extract general laws of dynamic active wetting remains
a challenging task for the future.

The question of wetting properties, i.e., static and
dynamic contact angles, of active media directly con-
nects to the intensively discussed issue of (effective)
interface energies and tensions in other active soft
matter systems [278-281], for instance, active parti-
cles undergoing motility-induced phase separation, and
mixtures with nonreciprocal interactions between the
components. There, demixing processes, phase coexis-
tence, interface characterization, routes from station-
ary to motile and oscillating states, the existence of
bubbly phases and interfacial waves are all subject of
much present discussion, see, e.g. Refs. [242,282-292].
However, wetting phenomena, e.g., at solid substrates,
are not yet systematically studied for such systems. In
particular, when three or more phases can coexist, wet-
ting phenomena become relevant even without a solid
substrate. For instance, a passive ternary mixture with
purely diffusive dynamics can show three-phase coexis-
tence with interfaces that meet at angles given by Neu-
mann’s law. If such a system is made active by the intro-
duction of nonreciprocity,® the Neumann angles may

5 Although here we refer to nonreciprocal interactions
between the components, i.e., to breaking Newton’s third
law, in the context of gradient dynamics descriptions of
soft matter systems one may distinguish three main types
of nonreciprocity. These are (i) mechanical nonreciprocity
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change and the three-phase contact region can show
persistent translational or rotational motion [294]. Note
that a nonequilibrium Neumann law and a wetting tran-
sition are also discussed for reactive multi-component
protein systems described by mass-conserving reaction-
diffusion models [281]. Similarly, for active media that
show gas, liquid, and solid phases, in the vicinity of a
triple point one can discuss three-phase contact and the
properties of wetting layers, see, e.g., the descriptions
via active Brownian particle dynamics [295] and via
a higher-order active phase-field-crystal (PFC) model
[296]. However, the inclusion of such cases results in a
rather strong widening of the spectrum of active wet-
ting as it then encompasses the burgeoning field of mix-
tures with nonreciprocal interactions, certain reaction-
diffusion models, etc.

7 Conclusion and outlook

The stated aim of this contribution has been to pro-
vide a tentative definition of active wetting—a notion
that has recently been employed to characterize a wide
variety of phenomena. To lay a foundation for such
a definition, we have first proposed a classification of
different cases of static and dynamic wetting into the
categories of equilibrium wetting, relaxational wetting,
driven wetting, and reactive wetting. Although at very
first sight such a classification might look convincing,
further scrutiny shows that one has to allow for caveats:
In some cases, the distinction becomes ambiguous as it
lies in the eyes of the beholder. For instance, a classi-
fication of a particular phenomenon as driven or reac-
tive wetting (Sect. 4 and 5) instead of as relaxational
wetting (Sect. 3) subtly depends on the employed con-
ceptual idealizations and corresponding mathematical
approximations, e.g., related to the relevant length and
time scales, to the assumed infinite or finite spatial
extension and boundary conditions of the considered
domain, and to properties of the assumed reservoirs of
energy or material. One may even say that without ide-
alizations any dynamics would be relaxational.
However, even assuming that such (often implicit)
idealizations and approximations can be taken for
granted, mayor difficulties arise when considering static
and dynamic wetting phenomena in systems that are
permanently out of equilibrium: Beyond the systems
with imposed global spatial gradients along the sub-
strate (broken parity), here termed driven wetting
(Sect. 4), there exist many other systems involving ses-
sile drops or three-phase contact lines (without imposed
global gradients) that are permanently out of equilib-

Footnote 6 continued

(breaking Newton), (ii) thermodynamic nonreciprocity
(breaking Onsager’s reciprocity relations), and (iii) chem-
ical nonreciprocity (breaking detailed balance in chemical
reactions, here, briefly called “breaking de Donder”). Histor-
ically, the thermodynamically consistent treatment of chem-
ical reactions is due to Marcelin [293].
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rium, but not necessarily with moving contact lines
or interfaces. Here we have termed all such systems
reactive wetting as many of them are characterized
by changes in state (thermodynamic phase or chemi-
cal state) and by implied couplings to infinite reservoirs
(of energy or material). One way forward could be to
use more descriptive categories, e.g., state transition-
dominated wetting or transfer-dominated wetting, and
then to split these into several subcategories depending
on the type of transition or through-flow. An objection
is that this would create more confusion as it might
escalate into subsequently finer and finer distinctions,
e.g., one would need to separate wetting dominated
by chemical reactions at the substrate, wetting domi-
nated by chemical reactions at the liquid—gas interface,
evaporation-induced wetting, etc. Instead, the here pre-
sented pragmatic approach uses a relatively straight-
forward coarse-grained classification and accepts that
there is some overlap between categories (see examples
discussed at the end of Sect. 4), and that there are a
few cases that fall through the gaps. For instance, we
have not at all discussed any system with externally
controlled spatiotemporal wettability patterns [297—
299], e.g., switched by electrowetting [300], by optoelec-
trowetting [301], or via substrates covered with photo-
switchable layers [302-304]. Closely related are also sub-
strates with spatiotemporal topography patterns, e.g.,
substrates undulating due to elastic waves [305], or uni-
form substrates that are vibrated [306-310]. Another
caveat is that even within the categories of driven and
reactive wetting one can distinguish static and dynamic
situations.

Finally, we come back to the case of active wetting
(Sect. 6) and propose a characterization that distin-
guishes the thereby addressed phenomena from the four
earlier discussed categories. This is tricky as already the
term “active” is used differently in different contexts:
With “active system” one often refers to a rather wide
spectrum of systems that are permanently out of equi-
librium, i.e., normally (but not always), with a nonvari-
ational mathematical description, while “active liquid”
(or more general, “active matter” refers more specifi-
cally to a liquid (or some other kind of matter) that
consists of self-propelled constituents and/or features
active stresses resulting from properties of the con-
stituents (see Sect. 1). Both draw on abundant homoge-
neously distributed energy sources (that are normally
not explicitly considered) what corresponds to an ide-
alized description. If, in contrast, the external energy
source is made part of the consideration, e.g., by taking
into account the spatiotemporal dynamics of chemical
fuel and waste [311], and as well the specific mechanisms
of chemo-mechanical coupling,” one might see active
wetting as a special case of reactive wetting. This is

" Here, chemo-mechanical coupling refers to the coupling
between chemistry and mechanics, e.g., if chemical reac-
tions of surfactants result in changes in surface tensions
that cause Marangoni forces that drive mechanical (liquid)
motion that vice versa influences the chemical reactions.
For a recent example of dynamic wetting phenomena aris-
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particularly appealing in cases where the chemical reac-
tions are explicitly considered, e.g., when studying the
wetting and adhesion behavior of biomolecular conden-
sates at membrane substrates. In Ref. [233] the chemical
reactions that are permanently kept away from equilib-
rium correspond to binding processes at the substrate,
and the occurring drop dynamics is termed chemically
active wetting.

Going through the list of all examples mentioned in
Sect. 6, we think that it could be a clarifying restriction
to use the term active wetting only for wetting phe-
nomena involving active liquids, i.e., where the chemo-
mechanical coupling takes place on the level of the
microscopic bulk constituents. This then includes most
examples given in Sect. 6, namely the (de)wetting phe-
nomena for cell monolayers and aggregates, for dense
clusters and layers of active Brownian particles, and for
sessile drops of active liquids. However, the category of
active wetting would then neither include biomolecu-
lar condensates if only diffusive transport is accounted
for nor proliferating matter like biofilms—these would
more naturally fit into the category of reactive wet-
ting where then also wetting phenomena involving
nonreciprocal media would belong, e.g., in case one
investigated them with nonreciprocal Cahn—Hilliard
models that are purely diffusive. However, similar
caveats as discussed above also apply here, e.g., regard-
ing the distinction of reactive and active wetting: Again,
there exist systems where the classification depends on
the level of description. For instance, a system could
show active wetting when described microscopically via
active Brownian particles and run-and-tumble parti-
cles and reactive wetting when described macroscop-
ically via a coarse-grained nonreciprocal field theory
[312].% A wetting-related example where something sim-
ilar occurs with respect to the classification as relax-
ational are sessile drops on a heated substrate—a sys-
tem that is clearly permanently out of equilibrium.
However, in long-wave approximation [313] its evolution
toward a steady state is described by a thin-film equa-
tion in gradient dynamics form where the “energy func-
tional” depends on heat flux and resulting Marangoni
force, see [314] and Sect. 3 of [315]. In this case, the
approximate description corresponds to one of relax-
ational wetting.

Furthermore, the listing in Sect. 6 indicates that also
for active wetting there exist variants that mirror many
of the phenomena and setups of the earlier discussed
cases: Typical subjects are, for instance, the depen-
dence of the thickness of uniform wetting layers on con-
trol parameters (with the additional aspect of polar-
ization), the shape and contact angle of static drops
(now representing force balances instead of thermody-
namic equilibria), the advance of films in a Landau—
Levich setting, and the speed, dynamic contact angle,
and stability of moving drops. This is reflected, e.g., in

ing when the resulting feedback loop is driven out of equi-
librium, see [161].

8 Note that [312] does not discuss wetting but the different
levels of description.
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the notion of “active equilibrium wetting” used in Ref.
[277]. Although, to us this particular notion seems con-
tradictory and therefore problematic, we agree that an
important focus should be on the identification of sim-
ilarities and differences between phenomena of static
and dynamic wetting in the various described settings
and phenomenologically similar cases of on the one
hand equilibrium and relaxational wetting, and on the
other hand driven, reactive, and active wetting. In this
way, one might be able to establish specific mappings
between the laws capturing dependencies of, e.g., static
and dynamic contact angles on the various relevant con-
trol parameters across several categories.

To summarize, we have first introduced a tentative
classification of wetting phenomena into the categories
of equilibrium, relaxational, driven, reactive, and active
wetting, but have then discussed a number of caveats,
exceptions, and ambiguities that are deeply related to
the type and level of employed modeling idealizations.
On the one hand, this indicates that we should always
clearly state what we refer to when discussing active
wetting. On the other hand, we believe that future sys-
tematic comparative studies across different systems
will allow for an assessment and improvement of tax-
onomies like the present tentative proposal. On an epis-
temological level [316], we optimistically think that
the described caveat-riddled and shape-shifting classi-
fication should not be a source of despair as exactly
such transitions in categorization resulting when pass-
ing through a hierarchy of modeling approaches may
themselves be a source of more complete classifications
of the underlying physical systems.
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