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Chapter 1
Introduction of Stimuli-Responsive 
Wetting/Dewetting Smart Surfaces 
and Interfaces

Gary J. Dunderdale and Atsushi Hozumi

Abstract Functional surfaces and interfaces possessing wetting/dewetting proper-
ties which change reversibly and repeatably in response to various external stimuli 
have attracted considerable attention lately because of their great potential in a wide 
variety of engineering fields, practical applications, and basic research. Different 
types of these smart surfaces/interfaces, on which chemical compositions and/or 
surface structures can be arbitrarily controlled by different external stimuli, such as 
pH, temperature, light, solvent, mechanical stress, electric/magnetic fields and so 
on, have been successfully prepared by various methods. This chapter will give an 
introduction to the basic theories of surface wetting/dewetting properties, including 
static/dynamic contact angles (CAs), CA hysteresis, Young’s, Wenzel’s, and Cassie-
Baxter’s equations, and in addition, typical examples and applications of stimuli-
responsive wetting/dewetting smart surfaces and interfaces are also described.

Keywords Static/dynamic contact angles (CAs) · CA hysteresis · Young’s, 
Wenzel’s, and Cassie-Baxter’s equations · Stimuli responsive · Wetting/dewetting

1.1  Introduction

The adherence of liquid droplets to solid surfaces can lead to corrosion, deteriora-
tion, reduction of visibility, and degradation of appearance, and thereby signifi-
cantly damage the safety and reliability of everyday devices and industrial 
equipment. For this reason, the development of surface modifications that show 
excellent performance in liquid removal is of high importance, with extensive 
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research on the control of adhesion and dewetting of liquid drops from solid sur-
faces having been reported so far. Most studies related to this research field have 
particularly focused on the effects of surface structures and chemical compositions 
on the surface wetting/dewetting properties (Onda et al. 1996; Hozumi and Takai 
1997; Crevoisier et al. 1999; Chen et al. 1999; Lafuma and Qéré 2003; Gao and 
McCarthy 2006a; Tian et al. 2014). Many researchers have taken inspiration from 
Nature to achieve “superhydrophobic” surfaces, which generally display extremely 
large static contact angles (CAs, θS, greater than 150°), including lotus leaf surface 
and water strider’s leg. Water droplets on such surfaces are unstable and can be eas-
ily moved, and needing the surface to tilt to only a small angle (low substrate tilt 
angles (θT) of less than 5~10°) before the drop rolls off. According to the Web of 
science®, the total number of papers of superhydrophobic surfaces is closing to 
10,000 (Topic:“superhydrophobic” and “ultrahydrophobic”) and more than 1000 
papers have been published each year. In contrast to such skyrocketing publications 
on water-repellent surfaces, preparation of superoleophobic surfaces, where drop-
lets of low-surface tension (γ) liquids such as oils can easily roll across and off the 
surface (exhibiting minimum θT for droplet motion of less than 5–10°), are rare 
(Tsujii et al. 1997; Tuteja et al. 2007; Zhang and Seeger 2011; Deng et al. 2012; Pan 
et al. 2013; Wang and Bhushan 2015; Brown and Bhushan 2016), in spite of the 
practical advantages they offer. In this chapter, we hereafter refer to the surfaces 
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Fig. 1.1 Micro-/nano-fabrication methods and typical surface structures produced in the fabrica-
tion of man-made SLR surfaces
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possessing excellent liquid-repellent properties against various kinds of liquids as 
super-liquid- repellent (SLR) surfaces. Such man-made SLR surfaces have been 
generally prepared using a variety of techniques (Fig. 1.1) (Bhushan and Jung 2011) 
which commonly create micro/nano hierarchical structures, which are then subse-
quently treated using low-surface-energy materials (for example, terminated with 
alkyl or perfluoroalkyl groups).

In addition to such SLR surfaces which show high θS values, more recently, 
dynamic rather than static surface wetting/dewetting properties, which can be 
triggered by various external stimuli, including temperature, pH, magnetic/electric 
fields, solvents, light exposure and so on, has also attracted much attention due to 
their applications in a variety of engineering fields, such as oil/water separation 
(Kota et al. 2012; Dunderdale et al. 2015), drug delivery (Kim et al. 2013; Qiu and 
Park 2001), cell encapsulation (Kim et al. 2012), microfluidic devices (Huber et al. 
2003), and so on (Sun and Qing 2011). Several important review papers on the topic 
of stimuli-responsive surfaces and interfaces have also been reported (Lahann et al. 
2003; Feng and Jiang 2006; Xia et al. 2009; Xin and Hao 2010; Guo and Guo 2016).

In this chapter, we will describe basic theories of surface wetting/dewetting 
properties, including static/dynamic CAs, CA hysteresis, Young’s, Wenzel’s, and 
Cassie-Baxter’s equations. In addition, typical examples and applications of stimuli- 
responsive wetting/dewetting smart surfaces and interfaces are also described.

1.2  Fundamental Theories of Surface Wetting/Dewetting

1.2.1  Flat/Smooth Surface

It is well-known that when a liquid droplet is placed on a solid surface, it tends to 
form a dome shape with a certain CA, rather than fully spreading out across the 
surface to form a thin film. In such a case, an apparent CA can be measured between 
the horizontal surface and the tangential line of the liquid surface near the three- 
phase (liquid (L), vapor (V), and solid (S) phases) contact line (Fig.  1.2). This 
apparent CA (θS) of a liquid on a smooth/flat surface can be estimated by Young’s 
equation Eq. (1.1).

θS

Substrate

rLV

rSV rSL

Liquid

Fig. 1.2 Liquid droplet 
placed on a smooth/flat 
surface and vector 
representation of the 
three-surface tensions (γLV, 
γSV, and γSL) interacting on 
the liquid droplet
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cos /θ γ γ γS SV SL LV= −( )  

(1.1)

γLV: surface tension at the L-V interface, γSV: surface tension at the S-V interface, 
and γSL: surface tension at the S-L interface.

A surface with a θS value of less than 90° is regarded as hydrophilic/oleophilic, 
and in particular when θS is close to 0°, it is called a superhydrophilic/superoleo-
philic surface. In contrast, a surface with a θS value of over 90° is regarded as hydro-
phobic/oleophobic, and when this value becomes larger than 150°, superhydrophobic/
superoleophobic.

Superhydrophobic surfaces generally exhibit excellent liquid repellency due to 
the small area of contact between the drop and the surface caused by the high 
CA.  However, there are adhesive/sticky surfaces on which water drops remain 
pinned to the surface regardless of the magnitude of their θS values (Jin et al. 2005). 
Rose petal surfaces are a good example; they exhibit ‘superhydrophobicity’, but at 
the same time are strongly adhesive towards water (so called “rose-petal effect”) 
(Jin et al. 2005). In addition, such “pinning” phenomena have also been frequently 
observed on conventional hydrophobic glass windows and car windshields with 
water θS values of ~120°, as can be seen on rainy days even if the surface has been 
treated with perfluoroalkylsilanes. As is obvious from this example, it is clear that 
surface dewetting properties cannot be characterized by θS values alone, which have 
conventionally been used to explain this behavior. Thus, recently, to accurately 
characterize surface wetting/dewetting properties, measurements of dynamic 
wettability, advancing (θA) and receding (θR) CAs, CA hysteresis, and θT, have been 
used (Cheng et  al. 2012a, b; Wong et  al. 2013). Hereafter we will explain these 
measurements and use them to explain observed phenomena.

CA hysteresis is the mass-independent measure of the resistance to macroscopic 
liquid drop movement on inclined surfaces. It recognizes that in order for the gravi-
tational force to cause a liquid drop to de-pin from a stationary position on a horizon-
tal surface and begin sliding/rolling down an inclined surface, the shape of the liquid 
drop must first undergo a certain amount of deformation, as shown in Fig. 1.3.

Static CA (θS)

Horizontal surface

Receding CA (θR)

Advancing CA (θA)

Tilt angle(θT)

Fig. 1.3 Comparison of liquid drops on horizontal (left) and inclined (right) surfaces. The advanc-
ing CA (θA) indicates the maximum angle just before the droplet advances. The receding CA (θR) 
indicates the minimum angle just before the droplet recedes
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Assuming that the solid-liquid contact area remains constant or experiences a 
relatively insignificant change, this deformation from its typical spherical dome/cap 
shape results in an increase in the drop’s liquid-vapor interfacial area. The energy 
associated with this increase has been described as the activation energy barrier to 
liquid drop motion down an inclined surface (Gao and McCarthy 2006b, 2009). 
From the initial horizontal position (at θS), the drop begins to move when its CAs at 
the front and back ends are capable of advancing and receding, respectively. These 
advancing and receding events, which occur at θA and θR, are also the maximum and 
minimum possible CAs, respectively, for a liquid-surface pair. CA hysteresis can be 
described using θA and θR, or the cosine of these values as follows:

 ∆θ θ θ= −A R  (1.2)

 ∆θ θ θcos R A= −cos cos  (1.3)

Kawasaki and Furmidge reported that there is a relation between the mobility of 
probe liquids on an inclined surface and Δθcos (=cosθR – cosθA) (Kawasaki 1960; 
Furmidge 1962). The gravitational force required to initiate drop movement across 
an inclined surface (Fig. 1.4) dependent on Δθcos is described by Eq. (1.4).

 
F mg kw= ⋅ = −( )sin cos cosθ γ θ θT LV R A  

(1.4)

m: the mass of the drop, g: the gravitational constant, α: substrate tilt angle (θT), 
k: constant that depends on drop shape, w: the width of the drop, and γLV: the L-V 
surface tension.

According to Eq. (1.4), Δθcos (Eq. (1.3)) shows significantly stronger correlation 
with the resulting θT values of a liquid drop on a surface than with the conventional 
definition of CA hysteresis (Δθ, Eq. (1.2)) (Cheng et al. 2012b). Therefore, when 
CA hysteresis value is small enough, a liquid drop will only require a low θT value 
to de-pin from a horizontal position and begin moving down the surface without 
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Fig. 1.4 Liquid droplet on 
an inclined surface. The 
substrate tilt angle (θT) 
indicates the angle at 
which the gravitational 
force (F = mg ∙ sin α) 
overcomes the lateral 
adhesion force (−F) and 
induces sliding/rolling of 
the liquid droplet
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substantial deformation of its shape. Conversely, drops can remain permanently 
pinned to vertically oriented surfaces, regardless of their magnitude of θS values 
(even if the θS values are over 150°), when the CA hysteresis is significant. Actually, 
in many cases, the θS values of SLR surfaces were less influenced by surface con-
taminations and defects, but they have a serious influence on dynamic CAs (in par-
ticular, θR values decrease), affecting the sliding/rolling properties (Verho et  al. 
2011). Thus, the latest definition of SLR surfaces is that they display not only high 
θS values (greater than 150°), but also low Δθ values (less than 5–10°), and low θT 
values (less than 5–10°) for small volumes (3–5 μL) of various probe liquids, not 
only water but also virtually all probe liquids including low γ liquids (below 30 dyn/
cm) (Kota et al. 2014).

1.2.2  Rough Surface

In contrast to flat/smooth surfaces, when a liquid droplet contacts a rough surface, it 
can adopt one of the following two configurations to minimize its overall free energy 
(Marmur 2003; Nosonovsky 2007), i.e., the Wenzel (Wenzel 1936) or the Cassie- 
Baxter state (Cassie and Baxter 1944). As shown in Fig. 1.5, in the Wenzel state, the 
liquid droplet completely permeates into the voids on the rough surface underneath 
of the liquid droplet, forming a fully-wetted interface. As these voids are usually 
very small (<10 μm), it is not possible to measure the angle between the surface and 
the tangent of the liquid drop (CA) without the use of microscopy. In this case, an 
apparent CA is defined as the angle between the tangent of the liquid drop and the 
plane of the rough surface as viewed on a macroscopic scale. In this Wenzel state, 
this apparent CA (θW) is related to the real CA by Wenzel’s equation Eq. (1.5) 
(Wenzel 1936).

 cos cosθ θw = ⋅r  (1.5)

θW: Wenzel’s CA on the rough surface, θ: CA on the smooth/flat surface of the 
identical material, r: the surface roughness factor (r = actual surface area/projected 
surface area).

Substrate

Liquid

Fig. 1.5 Schematic 
illustration of the possible 
wetting state of liquid 
droplet placed on a 
chemically homogeneous 
rough surface (Wenzel 
state)
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In the Wenzel state, because r is always larger than 1, surface roughness ampli-
fies both wetting/dewetting behaviors of materials. When the θ value is less than 
90°, the θW value will decrease, while when the θ value is larger than 90°, the θW 
value will increase with an increase in surface roughness. However, actual droplets 
on the rough surfaces do not exhibit the apparent CAs (θW) described by Eq. (1.5), 
because the three-phase contact line of the liquid is frequently pinned to the surface 
by defects/voids from the production mechanism, resulting in an increase in CA 
hysteresis (Forsberg et  al. 2010). The Wenzel model is also only applicable to 
chemically homogeneous rough surfaces, whereas in real life, many of the produced 
surfaces are heterogeneous.

In contrast, in the Cassie-Baxter state, when a liquid droplet is placed on a rough 
surface, the liquid doesn’t flow into the voids of the surface, and they remain filled 
with air underneath the droplet, as can be seen in Fig. 1.6. Now the L-S interface is 
a composite interface consisting of two components, in this case, L-substrate and 
L-air. Moreover, the Cassie-Baxter state can also account for the effects of chemical 
heterogeneities of the rough surface on the apparent CA, if extra terms with different 
CAs are included in this composite interface. The general Cassie’s equation is given 
by Eq. (1.6).

 
cos cos cosθ θ θC = ( ) + ( )f f1 1 2 2  

(1.6)

θC: Cassie’s CA of the rough surface, f1 and f2 are the area fractions, and θ1 and 
θ2 are CA of the flat/smooth materials 1 and 2, respectively.

In Cassie–Baxter state, for example, when f2 component is air, and f1 + f2 = 1, 
cosθ2 (=cos180°) is −1, and f2 = 1−f1, respectively. Thus, the apparent CA (θCB) is 
finally given by Cassie-Baxter’s equation (Eq. 1.7) (Cassie and Baxter 1944).
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(1.7)

In contrast to the Wenzel state, high values of f2 (air-area fraction) in the Cassie- 
Baxter state enhance the magnitude of the θCB values. In such a case, liquid droplet 
is unstable and can move smoothly without pinning on the surface.

Substrate

Liquid

Fig. 1.6 Schematic 
illustration of the possible 
wetting state of liquid 
droplet placed on a 
chemically heterogeneous 
rough surface (Cassie- 
Baxter state)
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1.3  Preparation Methods of Stimuli-Responsive Smart 
Surfaces and Interfaces

A wide variety of surface functionalization methods, such as electrospinning 
(Huang et al. 2013; Ma et al. 2016a; Wang et al. 2016a; Sarbatly et al. 2016; Tai 
et al. 2014; Obaid et al. 2015a; Ning et al. 2015; Ma et al. 2016b; Alayande et al. 
2016; Zhang et al. 2015; Arslan et al. 2016; Obaid et al. 2015b; Fang et al. 2016; Liu 
and Liu 2016; Li et al. 2016a, b; Wang et al. 2015, 2016b; Che et al. 2015), surface- 
initiated atom-transfer radical polymerization (SI-ATRP) (Wang et al. 2015; Sun 
et al. 2004; Barbey et al. 2009; Jain et al. 2009; Matyjaszewski and Tsarevsky 2009; 
Koenig et al. 2014; Dunderdale et al. 2014), layer-by-layer (LBL) deposition (Yang 
et  al. 2011a; Lu et  al. 2013; Lim et  al. 2006), self-assembly (self-assembled 
monolayers: SAMs) (Liu et al. 2013; Jin et al. 2011), spray-deposition (Yang et al. 
2011b; Zhang et al. 2012), spin-coating (Li et al. 2009), electrodeposition (Xu et al. 
2014), Langmuir-Blodgett (LB) methods (Feng et  al. 2001), electrochemical 
deposition (Wang and Guo 2013) and so on (Wu et al. 2013; Byun et al. 2012; Wang 
and Zhang 2012), have been reported to prepare stimuli-responsive smart surfaces 
and interfaces.

Some typical examples of functionalized surfaces and interfaces showing stim-
uli-responsive properties are summarized in Table 1.1.

The electrospinning technique has become a versatile and effective method for 
synthesizing nanofibrous materials with controlled compositions and morphologies 
(Agarwal et al. 2013; Misra et al. 2017; Ding et al. 2010; Singh et al. 2016). In 
addition, electrospinning can provide other important features, such as high surface- 
to- volume ratio and multi-porous structures possessing unique chemical, physical, 
and mechanical properties by incorporating other components with ease and control 
(Li and Xia 2004; Ramakrishna et al. 2006; Wang et al. 2013; Bhardwaj and Kundu 
2010). Because of the highly specific surface areas, interconnected nano-scale pore 
structures, and the potential to incorporate active chemical functionality on a nano- 
scale surface, electrospinning is one of the promising and cost-effective methods to 
prepare stimuli-responsive smart surfaces and interfaces. Various polymeric 
membranes and nanofibrous mats showing stimuli-responsive properties have been 
successfully fabricated by this method and have been widely applied for oil/water 
separation applications (For example, Fig. 1.7) (Huang et al. 2013; Ma et al. 2016a; 
Wang et al. 2016a; Sarbatly et al. 2016; Tai et al. 2014; Obaid et al. 2015a; Ning 
et al. 2015; Ma et al. 2016b; Alayande et al. 2016; Zhang et al. 2015; Arslan et al. 
2016; Obaid et al. 2015b; Fang et al. 2016; Liu and Liu 2016; Li et al. 2016a, b; 
Wang et  al. 2015, 2016b; Che et  al. 2015). Although electrospinning is a useful 
technique to prepare structured smart surfaces and interfaces, the resulting structures 
and properties of electrospun nanofibers are considerably influenced by experimental 
factors, such as molecular weight (MW) and solubility of polymers, the solvent/
solution properties, and external environmental conditions (Doshi and Reneker 
1995; Megelski et al. 2002; Huang et al. 2003; Lee et al. 2003).

G. J. Dunderdale and A. Hozumi
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SI-ATRP is a novel approach to fabricate stimuli-responsive smart surfaces and 
interfaces by growing low polydispersity polymer chains on a surface (Fu et  al. 
2004). Responsive polymer brushes prepared by SI-ATRP have recently attracted 
considerable attention because of their great potential for the preparation of stimuli- 
responsive surfaces (Sun et  al. 2004; Barbey et  al. 2009; Jain et  al. 2009; 
Matyjaszewski and Tsarevsky 2009; Koenig et al. 2014; Dunderdale et al. 2014).

Table 1.1 Typical examples of functionalized surfaces and interfaces showing stimuli-responsive 
propertiesa

Stimuli Substrate shape Materials/chemicals Preparation methods References

Stress/
stretch

Film PTFE N.A. Zhang et al. 
(2004)

Polyamide Zhang et al. 
(2005)

pH Fiber mat PBz Electrospinning Liu and Liu 
(2016)

Cu mesh Cu-NPs/Au/
HS(CH2)9CH3 and 
HS(CH2)10COOH

Electrochemical 
deposition/
self-assembly

Wang and 
Guo (2013)

Temperature Si 
micro-convexes

PNiPAAm SI-ATRP Xia et al. 
(2009)

RC nanofibrous 
membrane

Wang et al. 
(2015)

Light Nanofibrous 
membrane

TiO2-NPs/PVDF Electrospinning Wang et al. 
(2016b)

Si CF3AZO/PAH/SiO2-NPs LBL deposition Lim et al. 
(2006)

Magnetic 
field

Ni-micronails 1H,1H,2H,2H- 
Perfluorodecanethiol

Electrodeposition/
self-assembly

Grigoryev 
et al. (2012)

Structured Si Fe3O4-NPs N.A. Cheng et al. 
(2012c)

Gas Nanofibers PMMA-co-PDEAEMA Electrospinning Che et al. 
(2015)

SAM/Au NADPA Self-assembly/
grafting

Li et al. 
(2014b)

Solvent Structured 
PTFE

PSF-COOH/PVP-COOH Grafting Minko et al. 
(2003)

Structured Si PNiPAAm-co-Cy&AA Wang et al. 
(2009)

aAbbreviations: PTFE Polytetrafluoroethylene, PBz Polybenzoxazine, NPs Nanoparticles, RC 
regenerated cellulose, PNiPAAm Poly(N-isopropylacrylamide), SI-ATRP Surface-initiated atom- 
transfer radical polymerization, PVDF Polyvinylidene fluoride, CF3AZO 
7-[(trifluoromethoxyphenylazo) phenoxy]pentanoic acid, PAH Poly(allylamine hydrochloride), 
LBL Layer-by-layer, PMMA-co-PDEAEMA Poly(methyl methacrylate)-co-poly(N,N- 
diethylaminoethyl methacrylate), NADPA N-(2-aminoethyl)-5-(1,2-dithiolan-3-yl) pentanamide 
amidine, PSF Pentafluorostyrene, PVP Poly(N-vinylpyrrolidone), PNiPAAm-co-Cy&AA Aspartic 
acid (AA) and cysteine (Cy) units grafted PNiPAAm

1 Introduction of Stimuli-Responsive Wetting/Dewetting Smart Surfaces and Interfaces
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For example, a thermally-responsive poly(N-isopropylacrylamide) (PNiPAM) 
surface was reported by Sun et  al. by growing polymers from flat and rough Si 
substrates using SI-ATRP (Sun et al. 2004). As shown in Fig. 1.8, the authors have 
fabricated poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) polymer 
brush on a large-scale aluminum substrate (30 × 10 cm2) in air by using a modified 
SI-ATRP, so-called SI-“Paint on”-ATRP. This surface shows switchable underwater 
oleophobicity depending on the solution pH (Dunderdale et al. 2014).

A very serious limitation of conventional SI-ATRP is that it typically requires 
high concentrations of monomer, and catalyst, use of organic solvents, elevated 
reaction temperatures, and the reaction solution to be rigorously purged of oxygen 
(Barbey et al. 2009). Such stringent conditions make it difficult to prepare smart 
stimuli-responsive surfaces and interfaces outside of laboratory conditions, and due 
to practical difficulties associated with the reaction setup, impractical for large area 
(∼1 m2) functionalization. To overcome these shortcomings, modified ATRP proto-
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Fig. 1.7 (a) Schematic illustration of the electrospinning process. (b) Representative SEM image 
of pH-responsive polymer (PDMS-b-P4VP: poly(dimethylsiloxane)-block-poly(4-vinylpyridine)) 
fibers (inset is the zoomed-in image of the surface of a single fiber). (c) Cross-sectional morphology 
and (d) EDX spectrum of the polymer fibrous mat (inset table shows the element content obtained 
using EDX and theoretical calculations). (Reproduced with permission from (Li et  al. 2016a), 
Copyright 2016 The American Chemical Society)
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cols, called Activators (Re)Generated by Electron Transfer (A(R)GET)-ATRP, 
water-accelerated ATRP, and SI-“Paint on”-ATRP, have been developed and 
proposed as solutions to these limitations (Dunderdale et al. 2014; Simakova et al. 
2012; Jones and Huck 2001).

LBL deposition is also commonly used to control surface wetting/dewetting 
properties, which uses self assembly of polyelectrolytes or nanoparticles (NPs) with 
opposing charges to form smart responsive surfaces and interfaces.

For example, Yang et  al. (2011a) prepared polyelectrolyte multilayer (PDDA: 
poly(diallyldimethylammonium chloride)/PSS: poly(sodium 4-styrene sulfonate), 
covered cotton fabrics by using LBL deposition. As shown in Fig. 1.9, the resulting 
surfaces showed switchable wettability between non-wetting (CAs of water and 
n-hexadecane were about 151°and 140°, respectively) and fully wetted state for 
both water and n-hexadecane drops. The stimuli-responsive behavior took advantage 
of counterion exchange between Cl− and sodium perfluorooctanoate (PFO) anions 
to produce these changes in wettability. Lu et al. (2013) also prepared LBL hydrogel 
(amphiplilic polymers)-covered microstructured Si surfaces which showed 
controllable wettability through pH-induced reversible collapse/solubilization 
transitions in solution.

LBL deposition enables the inclusion of various polymers and different-sized 
NPs within the resulting multilayer thin film, which can be used to increase surface 
roughness or porosity (Lu et al. 2013; Li et al. 2014a). Other advantages of this 
technique are that the film structure and chemical composition can be easily 
controlled, and it can be applicable to large-area substrates of arbitrarily shape, 

Fig. 1.8 Functionalization 
of large real life substrates. 
(Top) 1.3 L glass jar 
functionalized by 
low-chemical content 
SI-ATRP. Jars contain 
water adjusted to either 
pH 2 or pH 10 and 
n-hexane containing blue 
dye. At pH 2 the surface of 
the jar was 
superoleophobic, whereas 
at pH 10 oil drops adhered 
to the surface. (Bottom) 
Aluminum sheet 
functionalized using 
SI-“Paint on”-ATRP. 
(Reproduced with 
permission from 
(Dunderdale et al. 2014), 
Copyright 2014 The 
American Chemical 
Society)
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porosity, and chemistry (Decher 1997). In conflicting roles, the intermolecular 
binding between polymers, which ensures stability of LBL films, becomes a major 
obstacle to the formation of smart responsive surfaces and interfaces capable of 
switching their surface wetting properties (Guo and Guo 2016).

Other methods, such as self-assembly (Liu et al. 2013; Jin et al. 2011), spray- 
deposition (Yang et  al. 2011b; Zhang et  al. 2012), spin-coating (Li et  al. 2009), 
electrodeposition (Xu et al. 2014), LB method (Feng et al. 2001), electrochemical 
deposition (Wang and Guo 2013) and so on (Wu et al. 2013; Byun et al. 2012; Wang 
and Zhang 2012), have also been reported to fabricate smart stimuli-responsive 
surfaces and interfaces. In spite of these methods offering attractive advantages, 
there are requirements for further improvement of the stability of the smart- 
responsive surfaces/interfaces prepared by these approaches before widespread use 
becomes practical.

1.4  Typical Stimuli-Responsive Smart Surfaces 
and Interfaces

1.4.1  Mechanical (Stress/Stretch) Response

As mentioned above, surface wettability/dewettability are governed by surface 
structures and chemical compositions. Thus, if either of these factors is reversibly 
manipulated, surface wettability/dewettability is also reversibly controlled. In most 
of the reported stimuli-responsive behavior, it is the chemical composition, which is 

Fig. 1.9 (a and b) Water and n-hexadecane droplets on the polyelectrolyte-deposited cotton fabric 
surfaces coordinated with PFO anions and Cl−, respectively. (c) Switchable superhydrophobicity 
and superoleophobicity of the polyelectrolyte-deposited fabric surfaces with water and 
n-hexadecane via consecutive counterion exchange. (Reproduced with permission from (Yang 
et al. 2011a), Copyright 2011 The American Chemical Society)
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reversibly changed, however, changes in surface structures also cause changes in 
wettability/dewettability. There have been a few reports on stress-responsive smart 
surfaces and interfaces, which rely on this fact (Zhang et al. 2004, 2005; Lin and 
Yang 2009; Chung et al. 2007; Huang et al. 2015).

Zhang et al. (2004) reported a reversible wettability transition from hydrophobic 
to superhydrophobic of elastic poly(tetrafluoroethylene) (PTFE) films by stress 
stimulation. With an increase in the axial extension from 0 to 190%, water CAs 
increased from 108° to 165° because of the change in the density of the PTFE crys-
tals during the axial extension. Zhang et al. (2005) also reported similar reversible 
wettability transitions in elastic polyamide films. When the film was bi-axially 
extended to more than 120%, the water droplet completely spread across the surface 
showing superhydrophilicity (Fig. 1.10, right), while after unloading, the surface 
returned to superhydrophobic again because of the recovery of surface microstruc-
tures (Fig. 1.10, left).

Similarly, PDMS films which have a wrinkled topography have shown to change 
their wettability when stretched. When not under mechanical strain the topography is 
highly wrinkled meaning that water drops sit on top of the surface in the Cassie- Baxter 
state, and can slide across the surface at an angle of ~15°. However, when mechanical 
strain is applied to this surface the wrinkled topography becomes less pronounced and 
it is harder for the drops to slide. On the same surface the sliding angle increased to 
~50° when a mechanical strain of 40% was applied (Lin and Yang 2009). Chung et al. 
observed that CA’s of water drops had only a single value when a PDMS film was 
smooth, but when compressed to form wrinkles had two different CA’s depending on 
whether the orientation of the wrinkles was parallel or perpendicular to the observer. 
In this case the CA measured perpendicular to the wrinkles increased from ~65° to 
~110° as the film was compressed to form wrinkles (Chung et al. 2007).

1.4.2  pH Response

pH-responsive materials have been widely applied to various fields, such as drug 
delivery, enzyme-immobilization, oil/water separation, chemo-mechanical system, 
chemical valves, and sensors (Xia et al. 2009).

Fig. 1.10 Reversible change in surface structure and wettability of the triangular polyamide film 
with and without extension. (Reproduced with permission from (Xia et al. 2009), Copyright 2005 
The Royal Society of Chemistry)
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For example, Liu and Liu (2016) prepared pH-responsive surfaces by electros-
pinning. Polybenzoxazine (PBz) was electrospun, and the collected PBz fiber mat 
then dried at 60 °C under vacuum, and finally cured thermally at 200 °C for 1 h and 
240  °C for 3  h. The resulting cross-linked electrospun PBz fiber mat (CR-PBz-
FbM) showed a hydrophobic nature. These mats were tested as potential pH-switch-
able oil/water separation meshes, as shown in Fig.  1.11. It was found that for 
solutions of pH 14, the mat showed oil-selective behavior, and at pH 1 it showed the 
opposite behavior being water-selective.

Huang et  al. (2015) recently reported smart surfaces of hydrogels containing 
silanized glass particles showing reversible wettability from superhydrophobicity to 
superhydrophilicity under the different types of stimuli such as pH, temperature, 

Fig. 1.11 (a) pH-induced switching of oil- and water-selectivity of the CR-PBz-FbM membrane 
in oil/water separation. (b) The membrane permeation fluxes in cycled treatment of the membrane 
with solutions of different pH values (pH 14 and pH 1). The changes in membrane selectivity are 
almost completely reversible without sacrificing the permeation fluxes. (c) SEM micrographs of 
the CR-PBz-FbM membrane treated with solutions of different pH values (pH 14 for 5 min and 
pH 1 for 1 min). (d) A scheme illustrating the changes in the chemical structure and hydrogen- 
bonding of CR-PBz-FbM being treated with solutions of different pH values (pH 14 and pH 1). 
Deprotonation of the crosslinked PBz structure results in loss of hydrogen bonding so as to turn the 
membrane from oleophilic to hydrophilic. (Reproduced with permission from (Liu and Liu 2016), 
Copyright 2016 The Royal Society of Chemistry)
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and stress. pH-responsive hydrogels were prepared by mixing acrylic acid, 
2-hydroxyethyl methacrylate, ethylene glycol dimethacrylate (cross-linker), 
2,2-dimethoxy-2-phenylacetophenone (photoinitiator), and deionized water. The 
mixture was then poured into the glass container covered with the layers of glass 
particles, and cured for a certain time. As shown in Fig. 1.12, after silanization using 
methyltrichlorosilane, the static water CA on the pH-responsive hydrogel surface 
was more than 150°. When the gel was immersed in a basic solution (pH 13), it 
expanded and became superhydrophilic, whereas by immersing it in an acidic solu-
tion (pH 1), it contracted and became superhydrophobic again, showing excellent 
tunable and reversible wettability.

Fig. 1.12 Controlling the wettability of the pH-responsive composite material. (a) When the glass 
particles were not silanized, the water CA on the surface was 0°. After silanization, the surface 
became superhydrophobic (water CA was more than 150°). When the material was expanded by a 
solution of pH 13, the surface became superhydrophilic. (b) The switch from superhydrophobicity 
to superhydrophilicity was reversible as demonstrated by expanding and contracting the material 
in solutions of pH 13 and pH 1, respectively, for 20 times. (c) The water CA could be tuned by 
immersing the material in solutions of different pH. (d) An SEM image of the glass particles on the 
surface of the material (Reproduced with permission from (Huang et al. 2015), Copyright 2015 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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1.4.3  Temperature Response

There have been numerous reports of materials which change their wettability in 
response to changes in temperature. Polymeric materials, which show a Lower 
Critical Solution Temperature (LCST), have been extensively used in this research 
field. For example, PNiPAAm is a typical temperature-responsive polymer that has 
a lower LCST of about 32–33 °C (Feng and Jiang 2006; Xia et al. 2009; Sun et al. 
2004).

For example, Jiang’s group (Xia et al. 2009; Sun et al. 2004) reported a smooth 
PNiPAAm surface exhibiting a controllable range of water CAs from 63.5° to 93.2°, 
i.e., changing from slightly hydrophilic to slightly hydrophobic, as the temperature 
passed through the LCST. This is the result of the competition between intra- and 
intermolecular hydrogen bonding (Fig.  1.13c). On the other hand, when the 
PNiPAAm was deposited on a rough surface (Si microconvexes), the wettability 

Fig. 1.13 (a) SEM image of the nanostructures on rough substrate modified with PNiPAAm. (b) 
Water drop profile for responsive surface at 25 °C and 40 °C. (c) Diagram of reversible formation 
of intermolecular hydrogen bonding between PNiPAAm chains and water molecules (left) and 
intramolecular hydrogen bonding between C=O and N–H groups in PNiPAAm chains (right) 
below and above the LCST, which is considered to be the molecular mechanism of the temperature- 
responsive wettability of a PNiPAAm thin film. (d) CAs at two different temperatures 20 °C and 
40  °C for PNiPAAm-modified rough substrate. (Reproduced with permission from (Xia et  al. 
2009), Copyright 2009 The Royal Society of Chemistry)
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could be changed from 0° to 149.3° when the temperature was elevated from 25 °C 
to 40 °C, indicating reversible switching between superhydrophobicity and super-
hydrophilicity (Fig. 1.13b, d).

PNiPAAm-based polymers have been commonly used for the preparation of 
temperature-responsive surfaces (Li et al. 2016b; Wang et al. 2015; Sun et al. 2004; 
Koenig et al. 2014; Chen et al. 2010; Liu et al. 2015), along with other types of 
temperature-responsive materials as will be described below.

Yang et al. (2011b) prepared a superhydrophobic carbon nanotube (CNT) film by 
a simple spray-coating method without any further chemical modification. The sur-
face wettability of the CNT film could be reversibly changed between superhydro-
phobic and superhydrophilic by alternating between a hot environment and ambient 
temperature due to the change of surface charges on the CNT film. Facile one-step 
spray-deposition process for the fabrication of superhydrophobic and superoleo-
philic SiO2-NP (SiO2-NPs were chemically modified with trimethylchlorosilane) 
films showing a quick temperature-responsive wettability transition was also 
reported by Zhang et al. (2012). When the as-prepared film was kept in a freezer 
until the surface temperature dropped down to −15 °C, it switched from superhy-
drophobic (water CA was about 168°) to hydrophilic (water CA was about 71°), and 
immediately returned to superhydrophobic by leaving the sample at room tempera-
ture for only 3 min. This process could be repeated several times, and good revers-
ibility of the surface wettability was confirmed. This temperature- responsive 
transition was considered to be related to water vapor condensation on the surface.

1.4.4  Light Response

Several types of photo-sensitive materials have been used to prepare light-respon-
sive smart surfaces and interfaces. Inorganic oxides, such as TiO2 (Feng et al. 2005; 
Zhang et al. 2007; Sun et al. 2001), ZnO (Sun et al. 2001; Feng et al. 2004), SnO2 
(Zhu et al. 2006), WO3 (Wang et al. 2006), and so on are well known to show revers-
ibly switchable wettability.

Among them, TiO2 particles have been widely used to prepare light-sensitive 
smart surfaces and interfaces. The main role of the particulate morphology is to 
provide surface roughness and so increase CAs (Gondal et al. 2014). Whereas the 
choice of particle material (TiO2) gives photocatalytic decomposition of organic 
contaminants. Wang et al. (2016b) prepared a smart surface consisting of TiO2-NPs 
doped polyvinylidene fluoride (PVDF) nanofibers by electrospinning, which formed 
beads-on-string structures with hierarchical roughness. These nanofiber membranes 
where used in separation of oil/water mixtures and showed switching behavior 
when UV (or sunlight) irradiated (water CA of 0°) or heat treated (water CA of 
~152°) by selectively allowing water or oil to pass, respectively. In addition, these 
nanofiber membranes exhibited anti-fouling and self-cleaning properties because of 
the photocatalytic property of TiO2, as shown in Fig.  1.14. Such properties may 
enable their reusability for practical applications.
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Fig. 1.14 Anti-fouling and self-cleaning behavior of the TiO2-PVDF nanofibrous membrane. (a) 
FTIR spectrum showing the chemical component difference among the TiO2-PVDF membrane 
before and after being stained by oleic acid and the stained TiO2-PVDF membrane treated by 
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nanofibers and the photocatalytic mechanism of TiO2-NPs. (Reproduced with permission from 
(Wang et al. 2016b), Copyright 2016 The American Chemical Society)
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Besides inorganic oxides, some organic materials containing photochromic 
functional groups (azobenzene (Delorme et  al. 2005), spiropyran (Rosario et  al. 
2002), dipyridylethylene (Cooper et al. 2004), and stilbene (Driscoll et al. 2007)) 
have an ability to change a reversible conformation through UV/visible irradiation, 
resulting in changes in their wetting properties. Among these photo-sensitive mate-
rials, azobenzene and its derivatives are particularly promising.

For example, Lim et al. (2006) first reported superhydrophobic and superhydro-
philic transitions of organic molecules under UV/visible irradiation. Using 7-[(tri-
fluoromethoxyphenylazo) phenoxy]pentanoic acid (CF3AZO, photo switchable 
agent), they prepared organic-inorganic hybrid multilayer films by LBL deposition 
using poly(allylamine hydrochloride) (PAH) and SiO2-NPs as the polycation and 
polyanion, respectively. With increases in the number of PAH/SiO2- NPs bilayers 
((PAH/SiO2-NPs)n), the water CA gradually increased from 76° (flat, n = 0) to 152° 
(n = 9) in the absence of UV light (trans isomer). When the samples were irradiated 
with UV light (cis isomer), the water CA slowly decreased from 71° (flat, n = 0) to 
5° (n = 9). In this fashion, the surfaces showed reversible switching between super-
hydrophobicity and superhydrophilicity upon alternating between UV and visible 
light irradiation. They have also successfully prepared erasable and rewritable 
micropatterns of extreme wetting properties based on a site-selective UV irradiation 
(Fig. 1.15).

Although these photo-sensitive organic materials are particularly promising 
because of their easy chemical modification and reaction diversity, their photo, ther-
mal, and chemical stabilities are inferior, compared to inorganic materials.

1.4.5  Electric Response

Changes in surface wettability of electro-responsive surfaces and interfaces are 
driven by the re-arrangement of charges and dipoles when an electric potential is 
applied between a liquid and a solid, resulting in a reduction in the interfacial energy 

Fig. 1.15 Photographs of substrates with patterned extreme wetting properties. (a) Photomask 
and water droplet profiles on the as-prepared substrate. (b) Top and (c) angled views of water 
droplet profiles on the patterned substrate as a result of site-selective UV irradiation. (Reproduced 
with permission from (Lim et al. 2006), Copyright 2006 The American Chemical Society)
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(increase in surface wettability). The advantages of using electrical potentials are 
the ability to control surface wettability without any changes in the surface compo-
sition and morphology. Thus, it is considered a simple, versatile, and effective exter-
nal stimulus to switch surface wetting behavior (Xu et al. 2014; Mugele and Baret 
2005; Kakade et al. 2008; Bodre and Pauporte 2009; Krupenkin et al. 2007; Han 
et al. 2009).

For instance, Krupenkin et al. (2007) successfully demonstrated fully reversible 
switching between the superhydrophobic Cassie-Baxter state and the hydrophilic 
Wenzel state on nanostructured surfaces by the application of an electrical voltage 
and current. Without an applied voltage, a water droplet on the nanograss substrate 
was unstable and highly mobile. When 35 V was applied, the water droplet under-
went a sharp transition to the immobile state. After a short pulse of electrical current 
was transmitted through the nanograss substrate, the droplet returned to the original 
unstable state. Han et al. (2009) also reported an effective control of surface wetta-
bility of a nanostructured surface consisting of arrays of amorphous carbon (a-C)-
NPs capped on CNTs using an electrowetting technique (Fig. 1.16 left). By applying 
a potential from 0 to 36 V between the water droplet and the solid surface, water 
CAs slowly reduced from 160° to 142°. When the CAs approached the threshold 
value (-142°), a transition from the “slippy” Cassie state to the “sticky” Wenzel state 
(final water CA was 104° at 43 V) was observed (Fig. 1.16 right).

1.4.6  Magnetic Response

Smart surfaces and interfaces which can respond to magnetic fields have been 
reported by Grigoryev et al. (2012) and Cheng et al. (2012c). As shown in Fig. 1.17, 
Grigoryev et al. (2012) fabricated Ni-wire arrays (micronails) with a high aspect 
ratio whose top was capped with μm-scale (between 4 and 8 μm) hemispherical 

Fig. 1.16 The schematic diagram for electrowetting setup (left). The droplet is in contact with the 
a-C-NPs and air is trapped between neighboring CNTs in the Cassie state. The inset shows the 
microstructure of a-C/CNT nanocomposites. The electrowetting images for water at different 
potentials. The scale bar is 1 mm for all images (right). (Reproduced with permission from (Han 
et al. 2009), Copyright 2009 The American Chemical Society)
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caps based on an area-selective electrodeposition using a polycarbonate (PC) 
membrane possessing uniform cylindrical pores. They demonstrated a wettability 
transition from superomniphobicity to omniphilicity by applying an external mag-
netic field. Ni-micronail surface covered with a self-assembled monolayer (SAM) 
of 1H,1H,2H,2H-perfluorodecanethiol showed superomniphobicity without a mag-
netic field, however, when an external magnetic field (50  mT) was applied and 
Ni-micronails were bent with an angle of 23° with the surface normal, the transition 
from the anti-wetting Cassie-Baxter state (water CA was 159° and n-hexadecane 
CA was 153°) to the wetting Wenzel state was observed. Cheng et al. (2012c) also 
demonstrated reversible wetting/dewetting transitions of microdroplets containing 
superparamagnetic Fe3O4-nanoparticles (NPs) on a highly hydrophobic microstruc-
tured Si surface. They successfully controlled the switching between the Cassie 
state (water CA of 145°) and the Wenzel state (water CA of 135°) by the intensity 
of the magnetic field and the concentration of Fe3O4-NPs in the microdroplet 
(Fig. 1.18).

Fig. 1.17 Fabrication and characterization of Ni-micronails. (a) SEM micrograph of a PC tem-
plate. (b) Three-electrode electrodeposition setup consisting of a track-etch template (1), a metal 
working electrode (WE) deposited on one side of the PC template (2), a Ni-electroplating bath (3), 
a Ni-counter electrode (CE) (4), and a reference electrode (RE) (5), the enlarged schematic shows 
the pore-confined 1D growth of Ni inside of the template pore (6), formation of a Ni wire leg (7). 
(c) Ni wires reach the top of the PC template and continue to grow. The enlarged schematic shows 
the unrestricted 3D growth of Ni on the template surface, resulting in the formation of a hemi-
spherical cap (8). (d) The structure of a bed of Ni micronails after removal of the PC template, and 
supports the Cassie-Baxter regime (9). (e) SEM image of a cluster of electrodeposited Ni-micronails. 
(f) Magnification of SEM image of a single Ni-micronail. (g) SEM image showing the Cassie-
Baxter state for an epoxy resin droplet sitting on a bed of Ni-micronails. The Ni-micronails were 
separated from the metal substrate to visualize the reverse side of the droplet. (Reproduced with 
permission from (Grigoryev et al. 2012), Copyright 2012 The American Chemical Society)
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1.4.7  Gas Response

Zhu et al. reported ammonia-gas responsive surfaces showing switchable wettabil-
ity on micro/nanostructured indium hydroxide (In(OH)3) films (Zhu et al. 2008) and 
polyaniline-coated fabrics (Zhu et  al. 2007). In the former case, the films were 
superhydrophobic in air with a water CA of 150.4°, while their surfaces turned to 
superhydrophilic with a water CA of 0° after exposure to an ammonia vapor. Li 
et al. (2014b) reported CO2-gas responsive surface covered with a SAM of N-(2- 
aminoethyl)-5-(1,2-dithiolan-3-yl) pentanamide amidine (NADPA) on Au sub-
strates via molecular self-assembly technique. The surface wettability of the 
NADPA- SAM showed reversible switching because of reversion of the amidine 
conjugation systems, which was caused by reversible protonation/deprotonation in 
the presence/absence of CO2 gas (Fig. 1.19).

Che et  al. (2015) also reported CO2-gas responsive nanofibrous membranes 
(average diameter of about 700  nm), which are capable of oil/water separation 
applications. They prepared polymeric membranes using poly(methyl methacrylate)-

Fig. 1.18 Reversible transition between the Cassie state and the Wenzel state by application of the 
magnetic fields. (a and b) The superparamagnetic microdroplet resides in the Cassie state (CA of 
145°) and the Wenzel state (CA of 135°), respectively. (c and d) Higher magnification photos of 
the interface between the liquid and the substrate with and without air, respectively. (e and f) 
Schematic illustration of the two wetting states. (h and i) In the Cassie state, a microdroplet can 
roll across the surface, while in the Wenzel state, it is pinned to the surface. (Reproduced with 
permission from (Cheng et al. 2012c), Copyright 2012 The American Chemical Society)
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co-poly(N,N-diethylaminoethyl methacrylate) (PMMA-co-PDEAEMA) by electro-
spinning, and then tested for water and oil wettability. They successfully 
demonstrated selective switching for an oil/water separation system using CO2 or 
N2 gas flow. As shown in Fig. 1.20, when an oil/water mixture was introduced to the 
membrane, oil could pass easily, while water remained on the membrane surface 
because the membrane surface showed hydrophobic and oleophilic properties. In 
contrast, when the membranes were submerged in water with CO2 gas bubbling 
through the liquid for a few minutes, the separation results dramatically changed. In 
that case, water could be separated and oil remained on the membrane surface.

1.4.8  Solvent Response

Solvent-responsive smart surfaces and interfaces are influenced by the surrounding 
media, and their switchable wettability is governed by change in interfacial free 
energy, which is driven by conversion or rearrangement of polymer chains, induced 
by solvents (Minko et al. 2003; Motornov et al. 2003; Liu et al. 2005; Song et al. 
2007; Wang et al. 2009).

Minko et al. (2003) reported the control of surface wettability by exposing the 
polymer films to different solvents (toluene, 1,4-dioxane and acidic water). They 
attached polymer chains of PSF-COOH (PSF: pentafluorostyrene) and PVP-COOH 
(PVP: poly(N-vinylpyrrolidone)) to flat and plasma-etched needle-like PTFE sub-

Fig. 1.19 CO2-responsive switching of the NADPA-SAM. (a) A photographic image of the water 
droplet on a NADPA modified surface before (left) and after (right) the stimuli of CO2. (b) A 
schematic diagram stimuli-induced transition of surface wettability. (c) Changes in the chemical 
structure of amidine. (d) Reversible switching of water CAs. (Reproduced with permission from 
(Li et al. 2014b), Copyright 2014 The Royal Society of Chemistry)
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strates terminated with hydroxyl and amino groups, which were introduced by the 
plasma treatment. In the case of selective solvents, upon exposure to toluene, the top 
of the film surface was predominantly occupied by the PSF component, while upon 
exposure to acidic water (pH 3), the PSF formed round domains and was buried in 
the PVP matrix. On the other hand, in the case of non-selective solvents, both poly-
mer components were present on the surface (Fig. 1.21). As a result, after exposure 
to toluene, acidic water (pH 3), and 1,4-dioxane, the advancing CA (θA) of water on 
the flat substrate was measured to be 118°, 25°, and 75°, respectively. This switch-
ing behavior was amplified by the surface roughness. After exposure to toluene, the 
θA of water was increased to 160° and a water droplet rolled easily on the surface, 
showing low CA hysteresis.

Wang et  al. (2009) reported an unusual solvent-responsive smart surface pre-
pared from double amino acid (aspartic acid (AA) and cysteine (Cy)) units grafted 
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PNiPAAm copolymer film (PNiPAAm-co-Cy&AA)). The changes in water CA in 
response to the solvents (water and methanol) on a flat Si substrate were only 11° 
(water CAs after water and methanol treatments were about 86° and 75°, 
respectively). When a structured Si substrate consisting of well-aligned square 
micro-pillars (side length of about 10 μm and separation of about 12 μm) with nano-
fibrous structures on the top of each pillar was used, water treatment induced a 
dramatic increase of hydrophobicity, changing from slightly hydrophilic (water CA 
of about 72°) to superhydrophobic (water CA was about 156°). However, the 
reversibility of the wettability switching again was poor. The authors then replaced 
pure methanol with the mixture of methanol and alkali. They confirmed the 

Fig. 1.21 Two-level structure of self-adaptive surfaces (SAS). (a) Schematic representation of 
needle-like surface morphology of the PTFE surface (first level). (b) SEM image of the PTFE film 
after 600 s of plasma etching. (c–e) Each needle is covered by a covalently grafted mixed brush 
that consists of hydrophobic and hydrophilic polymers (second level). Its morphology results from 
an interplay between lateral and vertical phase segregation of the polymers, which switches the 
morphology and surface properties upon exposure to different solvents. (c and e) In selective 
solvents, the preferred polymer preferentially occupies the top of the surface. (d) In non-selective 
solvents, both polymers are present in the top layer. (f and g) AFM images (model smooth 
substrate) of the different morphologies after exposure to different solvents. (Reproduced with 
permission from (Minko et al. 2003), Copyright 2003 The American Chemical Society)
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remarkable changes in water CA (water CAs after water and methanol-alkali treat-
ments were about 161° and 27°, respectively) and good reversibility (Fig. 1.22). The 
methanol treatment weakens both the hydrophobic and hydrogen bonding interac-
tions, and addition of alkali, leads to highly charged carboxyl groups and a highly 
hydrophilic surface (Fig. 1.23, left). In contrast, once the polymer surface contacted 
water, due to the solvophobic effect and the dielectric properties of water media, the 
polymer switched back to the bound state, leading to the hydrophobic surface 
(Fig. 1.23, right).

Fig. 1.22 Reversible 
wettability switching 
between high 
hydrophilicity and 
superhydrophobicity for a 
PNiPAAm-co-Cy&AA 
film on a structured 
substrate when treated with 
water and methanol-alkali 
solution alternately: (a) 
water drop profiles, (b) 
cycling experiment. 
(Reproduced with 
permission from (Wang 
et al. 2009), Copyright 
2009 The Royal Society of 
Chemistry)

Fig. 1.23 Schematic diagram for the possible mechanism of the solvent-responsive wettability on 
PNiPAAm-co-Cy&AA copolymer film. In this mechanism, methanol-alkali or water treatments 
influence both the formation or cleavage of the intramolecular hydrogen-bonding, and the 
aggregation or dispersion of the anions inside the polymer film, which results in a change of the 
loose or wound conformations of polymer, and the wettability change of the film. (Reproduced 
with permission from (Wang et al. 2009), Copyright 2009 The Royal Society of Chemistry)
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1.5  Summary

This chapter briefly summarizes the basic theories of surface wetting/dewetting 
properties of flat and rough solid surfaces, such as static/dynamic contact angles 
(CAs), CA hysteresis, Young’s, Wenzel’s, and Cassie-Baxter’s equations. Although 
static CA (θS) measurements are a conventional way to characterize the surface 
properties and understand liquid-solid interactions, it has been recently recognized 
that static dewetting properties of solid surfaces (conventional θS values) alone do 
not closely reflect actual wetting/dewetting properties. Thus, instead of relying on 
the magnitude of θS values, the measurement of dynamic wettability, including the 
advancing (θA) and receding (θR) CAs, CA hysteresis, and tilt angles (θT) are 
required to accurately characterize the wetting/dewetting properties of a solid 
surface. Therefore, besides θS values, these factors are now taken into account in the 
latest definition of super-liquid-repellent (SLR) surfaces and interfaces.

This chapter also introduced an overview of the typical examples of smart sur-
faces and interfaces possessing controllable wetting/dewetting properties by differ-
ent external stimuli, such as pH, temperature, light, solvent, mechanical stress, and 
electric/magnetic fields and so on. In this chapter, we focused on the surfaces/inter-
faces showing a response to only one of the external stimuli mentioned above. 
However, such simple responses of the functional surfaces limit their practical 
applications under complicated conditions. Thus, further development of dual and 
multiple  responsive smart surfaces/interfaces is also necessary. Although these 
stimuli-responsive surfaces/interfaces, which take advantage of the SLR properties 
are promising, they are in their infancy and still very challenging. We hope that this 
book will enhance interest for researchers and engineers in this new research field.
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