
Applied Surface Science 551 (2021) 149147

Available online 30 January 2021
0169-4332/© 2021 Elsevier B.V. All rights reserved.

Full Length Article 

Metastable wetting model of electrospun mats with wrinkled fibers 

Amit Rawal a,b,*, Siddharth Shukla a, Sumit Sharma a, Danvendra Singh a, Yi-Min Lin b, 
Junli Hao b, Gregory C. Rutledge b, Lívia Vásárhelyi c, Gábor Kozma c, Akos Kukovecz c, 
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A B S T R A C T   

Electrospun mats with targeted wettability are a way forward to diversify their mainstream applications and can 
facilitate in creating a platform for a remarkable set of properties. Limited control over the fiber morphology and 
surface chemistry, along with the complex architecture of electrospun mats, pose some of the key challenges for 
maneuvering the wettability. Herein, we present the design principles that underpin the key determinants 
responsible for a metastable state of a water droplet on electrospun mats possessing wrinkled surface topography. 
A ‘first-of-its-kind’ analytical model of apparent contact angle based on the modified Cassie-Baxter state has been 
proposed that accounts for the dual-scale roughness originating from fiber wrinkles and protuberances created by 
fiber–fiber contacts. Three-dimensional (3D) fiber and structural parameters obtained via X-ray microcomputed 
tomography (microCT) analysis served as key inputs for predictive modeling. The analytical model of the 
apparent advancing and receding contact angles has been validated with electrospun mats having well-defined 
orientation characteristics. In general, the theory and experiments are in reasonable agreement. Although similar 
magnitudes of static and advancing contact angles of water on surfaces of randomly and aligned electrospun mats 
have been experimentally observed, the receding contact angles differed significantly.   

1. Introduction 

Targeting the interaction of liquids with solid surfaces in a precise 
manner is a gateway to overcome some of the key challenges associated 
with biological and technological applications [1]. The contact angle 
that is formed at the interface of liquid, air, and solid quantifies the 
wettability of a solid surface to that liquid. Typically, two extreme 
wetting regimes have been hypothesized in the literature – ‘Wenzel’ [2] 
and ‘Cassie-Baxter’ (CB) [3] – to explain the hydrophilic and hydro-
phobic states. These wetting regimes are primarily governed by surface 
chemistry and the roughness of the solid surface. Central to these wet-
ting regimes is the unique fabrication methods involved in creating 
hydrophobic surfaces from innate hydrophilic materials or vice-versa. 

Electrospinning is a distinct method to prepare a three-dimensional 
(3D) porous material that can trap the air at the surface and bulk of 
the material, which eventually delays the infiltration of liquid in the 

structure [4]. Through a combination of surface roughness and surface 
chemistry, a range of metastable to highly robust, superhydrophobic to 
superhydrophilic electrospun mats have been successfully developed 
[5–7]. In the seminal work, Tuteja et al. [8] highlighted the importance 
of surface roughness in the form of re-entrant curvature and successfully 
fabricated the metastable superoleophobic electrospun mats using 
oleophilic surfaces. The metastable state has been effectively and 
extensively used by Nature to avoid steep protrusions that are suscep-
tible to damage, thereby successfully creating superhydrophobic sur-
faces. A lotus leaf is a classic example, which exploits a metastable 
superhydrophobic state to attain a self-cleaning surface, even though the 
waxes present on it are weakly hydrophilic [9,10]. The metastable 
condition based upon key determinants (roughness, fraction of solid in 
contact with the liquid, Young’s contact angle) for regular structures 
such as posts, pillars, etc., have been established in the literature 
[11,12]. However, the underlying design principles pin-pointing the key 
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determinants responsible for a metastable state of a liquid droplet in 
(disordered) electrospun mats need to be explicitly defined. The very 
same property of metastability becomes even more important for elec-
trospun mats with dual/multi-scalar roughness [13,14]. One of the 
possibilities to create dual/multi-scalar roughness is realized by wrin-
kles present on the surface of the fibers. In electrospinning, these 
wrinkles can plausibly originate due to the buckling of a cylindrical 
polymer shell as a result of the removal of solvent from the core. A va-
riety of surface wrinkles can be tailored either by stretching the polymer 
jet or through the process of annealing [13]. 

The present work aims to investigate and predict the metastable state 
of the liquid in contact with the electrospun mats having wrinkled sur-
face topography. Here, the solution of polystyrene has been chosen for 
producing electrospun fibers as it enables a wide range of length scales 
and surface topographies [13–15] besides extensive industrial applica-
tions [16]. Even the minor modifications in the wetting characteristics of 
polystyrene-based electrospun mats can significantly assist in growing 
tissues [17] or enhance fog collection for water harvesting applications 
[18]. Therefore, the predictive model has accounted for a key set of fiber 
and structural parameters that facilitate in modulating the wetting 
characteristics in a relatively precise manner. Accordingly, the 3D 
structure of the prepared electrospun mats has been deciphered using X- 
ray microcomputed tomography (microCT) analysis for obtaining 
various fiber and structural parameters. A comparison has been made 
between the predicted and experimental water contact angles in 
advancing and receding modes of two distinct electrospun mats 
comprising preferentially and randomly aligned fibers. To the best of the 
authors’ knowledge, this is a first attempt to predict the apparent contact 
angles of electrospun mats comprising wrinkled fibers. 

2. Materials and methods 

2.1. Preparation of electrospun mats 

In this research work, the randomly and preferentially aligned 
electrospun mats were prepared from a 30 wt% solution of polystyrene 
(Mw ~ 350 kg/mol) dissolved in N, N-dimethylformamide (DMF). 
Initially, the solution of 30 wt% polystyrene in DMF was prepared by 
stirring overnight for electrospinning. The polymer solution was 
collected in a 10 mL syringe (BD) and subsequently extruded through a 
Teflon tube to 1 mm-ID stainless steel needle (Upchurch Scientific) with 
the help of Harvard Apparatus 11 Syringe Pump at a flow rate of 2 mL/h. 
The capillary needle was then subjected to 10 kV of power supply 
(Gamma High Voltage Research, ES40P) that pointed downwards to a 
grounded roller collector. The roller collector was made up of a metal 
mesh with a length and diameter of 20 cm and 12 cm, respectively. The 
collector had a covering of non-stick Reynolds aluminum foil. During the 
electrospinning process, the cylinder was connected to a rotary motor 

and placed 28 cm below the capillary needle. The system was placed in 
an insulated acrylic box at 30% relative humidity. The randomly and 
preferentially aligned electrospun mats were prepared by rotating the 
collector at 30 rpm (circumferential velocity of 0.19 m/s), and 850 rpm 
(circumferential velocity of 5.34 m/s), respectively. These electrospun 
mats were deposited on the collector for 30 min to obtain the dimensions 
of 360 mm × 110 mm × 0.07 mm. The prepared randomly and pref-
erentially aligned electrospun mats are referred to herein as ’ES-A’ and 
’ES-B’, respectively. Fig. 1 shows the scanning electron microscopy 
images of polystyrene-based electrospun mats. The mean fiber diameter 
in ES-A and ES-B is given in Table S1. 

2.2. X-ray micro-computed tomography analysis 

The morphological analysis of the electrospun mats was performed 
using the X-ray micro-computed tomography technique. Here, the 
electrospun sample with an area of 2 mm × 1.5 mm was scanned on a 
sample stage in combination with an open filter assembly that allowed 
the closest permissible proximity of the X-ray source for maximizing the 
image resolution. X-rays having a source current of 750 μA and a source 
voltage of 60 kV were focused using a tungsten target to attain an 
exposure time of 600 ms by rotating in the steps of 0.20◦ covering an 
angular range of 194◦. With the aid of commercially available software 
methods - NRecon and DataViewer (SkyScan, Bruker, Belgium), the 
image data were reconstructed using 2100–2300 images with a pixel 
size of 0.8–1 μm. The attributes of the scanned images were improved by 
employing beam hardening correction, defect pixel, and ring artefact 
reduction techniques. 

Notably, the resolution of the obtained images was comparable to 
that of the dimensions of the constituent fibers of the electrospun sam-
ples, and accordingly, certain irregularities in the form of noise and 
binarization artefacts were evident [19]. These issues were overcome 
using an edge-preserving median filter to suppress the noise. Subse-
quently, binarization and despeckling of images were performed to 
prepare the final data set for further processing. The details of these 
techniques are given in our earlier work [20]. 

The porosity of the electrospun mats has been determined via an in- 
built pixel counting algorithm by selectively choosing a volume of in-
terest (VOI) of 0.011 mm3 in commercially available software, CTAn® 
(Bruker, Belgium). The pore size distribution has also been analyzed 
using the extracted VOI of the porosity by combining distance transform 
and local thickness algorithms [20]. Initially, the medial axis network of 
pore space was obtained when each voxel was replaced with an intensity 
value based upon a distance transform algorithm. Subsequently, the 
local thickness algorithm was employed by locally fitting the largest 
spheres on the brightest voxels [20]. The proportion of the pore volume 
occupied by the spheres of predefined diameters was used to describe 
the pore size distribution. Similarly, the CTAn® has been used for 

Fig. 1. Micrographs of (a) ES-A and (b) ES-B depicting the random and preferential alignment of fibers. The inset shows the morphology of constituent fibers.  
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analyzing the reconstructed images to obtain the fiber orientation dis-
tributions of the electrospun mats. The in-plane fiber orientation angle 
has been estimated by calculating the orientation of the major axis of the 
object (fiber) with the X-axis of the scanned images. On the other hand, 
the out-of-plane fiber orientation angle was determined by the main 
eigenvalues of the second moments of inertia of the objects. These fiber 
and structural parameters were used as a key set of inputs for predictive 
modeling of apparent contact angle. 

2.3. Determination of water contact angle 

The static apparent contact angles on the electrospun mats were 
measured by placing a 10 μL deionized water droplet using the KRUSS 
DSA-100 drop shape analyzer. Ten images of each of the samples were 
analyzed using ImageJ® software. The static contact angle of water on a 
smooth flat polystyrene surface was also measured and found to be 83◦. 
Further, the dynamic contact angles were measured by a drop shape 
analyzer (KRUSS, Germany), which has a Peltier temperature chamber 
and a steel syringe needle of 0.5 mm. Initially, the drop volume was 
increased in steps using a syringe with a threaded plunger, which allows 
for more precise control over drop volume. Subsequently, the advancing 
contact angle was measured after injecting the water by increasing its 
volume to 15 μL. Receding contact angles were measured by with-
drawing a fixed amount of water from the droplet in steps, and subse-
quently, the contact angle was measured after each volume reduction 
step. The experiments were repeated in three different positions for both 
electrospun mats. 

2.4. Surface topography analysis 

The surface topography of the electrospun samples was scanned and 
quantified using the tapping mode on an NT-MDT Solver Scanning Probe 
Microscope (NT-MDT Spectrum Instruments, Moscow, Russia) – a type 
of atomic force microscope (AFM). A detailed analysis of the scanned 
topography was performed using Gwyddion, an open-source program 
for the visualization and analysis of Scanning Probe Microscopy (SPM) 
data [21]. The surface topography obtained for the 12 × 12 μm2 scan is 
shown in Fig. 2. The protrusions visible in the AFM plots belong to the 
constituent fibers present in the electrospun mat. 

To determine the amplitude and wavelength of the wrinkle folds, the 
AFM data file was opened in the open-source software Gwyddion. 
Several crossing lines were drawn on the fiber, where the wrinkles were 
prominently visible. The surface profile data of the fiber along the lines 
were then extracted. Specifically, the surface profiles comprising wrin-
kles with well-defined peaks and valleys were obtained. The individual 
profiles were carved out separately by fitting a circle having a diameter 
as that of the constituent fiber in the electrospun mat. Subsequently, the 
values of amplitude and wavelength of the wrinkles were extracted from 
the protrusions lying on the surface of the fibers. The mean of the peaks 
was calculated, which was then averaged with the valley depth to obtain 
the value of the amplitude. The distance between the consecutive peaks 
along the curved fiber surface was calculated to obtain the magnitude of 
the wavelength. A step-wise approach for determining the amplitude 
and wavelength of the wrinkle surfaces is given in Figure S1 (see sup-
plementary information). 

Fig. 2. AFM image analysis of electrospun mats (ES-A: a, b; ES-B: c, d). Here, the roughness is depicted in the planar view (a, c) and in the form of a 3D surface plot 
(b, d). The root mean square (RMS) roughness obtained for the ES-A and ES-B are found to be 414.29 and 439.26 nm, respectively. 
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3. Results and discussion 

3.1. Structural analysis of electrospun mats 

Fig. 3a and b depict the 3D rendered images of electrospun samples 
along with their fiber orientation distribution. As expected, a consider-
able proportion of in-plane fibers are aligned preferentially in the vi-
cinity of the rotational direction (70–90◦) in ES-B, whereas the fibers in 
ES-A follow quasi-random characteristics (see Fig. 3c). As it is well 
known for electrospun mats, a majority of the fibers primarily lie in the 
XY plane, also demonstrated via out-of-plane fiber orientation distri-
bution (see Fig. 3d). The ES-A is a relatively more planar structure in 
comparison to the ES-B. These results matched well with the previous 
research work [22] that also demonstrated the planar structure of the 
electrospun mats. To quantify the orientation characteristics of fibers, 
we computed the 3D orientation parameter (I) based upon the following 
equation [23], 

I =
∫ π

0 dβ
∫ π

0 J(β,ϕ)sinβΩ(β,ϕ)dϕ;

J(β,ϕ) =
∫ π

0
dγ

∫ π

0
sinχ(β,ϕ, γ, ζ)Ω(γ, ζ)sinγdζ

(1)  

sinχ(β,ϕ, γ, ζ) =
[
1 − {cosβcosγ + sinβsinγcos(ϕ − ζ)}2 ]1/2 

where χ is the angle formed between the axes of two fibers with 
orientation distributions, i.e., Ω(β,ϕ) and Ω(γ,ζ), β,γ are the out-of-plane 
(polar) fiber orientation angles, and ϕ and ζ are the in-plane fiber 
(azimuthal) orientation angles according to the spherical co-ordinate 
system, respectively. 

The value of I for a 3D structure is bounded between 0 (unidirec-
tional) and π/4 (random). Table S1 shows that the magnitude of I is 
higher in the case of ES-A that corresponds to the randomness. A word of 
caution is needed here: a variety of fiber orientation distributions in the 
in-plane and out-of-plane directions can yield the same magnitude of I 
[24]. This is analogous to the Hermans orientation factor of ’zero’ that 

could either indicate the isotropic orientation of fibers or implies that all 
the fibers are aligned at 54.7◦ [25]. Therefore, the value obtained for the 
orientation parameter should be viewed cautiously. Nevertheless, the 
preferential alignment of fibers reduced the porosity of ES-B in com-
parison to ES-A, as depicted in Table S1. Accordingly, the narrow pore 
size distribution of ES-B was observed and compared to ES-A (see Figure 
S2). 

3.2. Metastable state of liquid on wrinkled electrospun fibers 

The pioneering work of Wenzel [2] by generalizing Young’s equation 
for rough surfaces revealed the important concept of enhancing surface 
wettability via an increase in the contact area. The Wenzel state of the 
liquid invokes the thermodynamic arguments to explain the deviations 
in the apparent contact angle, as obtained from Young’s equation [26], 
by assuming that the liquid follows the surface texture. The apparent 
contact angle of a homogenous rough surface (θ*

W) was thus, predicted 
by introducing the roughness factor r - the ratio of the actual macro-
scopic area of a rough surface to that of a smooth surface with the same 
geometric shape and dimensions [2,27]. Therefore, 

cosθ*
W = rcosθY (2)  

where θY is the equilibrium contact angle determined on the smooth 
surface in accordance with Young’s equation. 

The roughness in an electrospun mat can be created by the surface 
topology of the fibers and also by the overlapping constituent fibers 
made via fiber-fiber contacts in a typical nonwoven mat [28]. Particu-
larly, the roughness factor associated with the overlapping fibers (rel) 
can be defined as the ratio of the actual surface area developed as a 
result of fiber-fiber contacts or overlapping fibers to that of a smooth 
surface in a typical representative volume element (RVE) [29]. Using the 
first principles of stereology and orientation average approaches, rel can 
be obtained, as shown below [29]. Later, we will discuss the roughness 
created by the surface characteristics of fibers. 

Fig. 3. Morphological analysis of electro-
spun samples performed via the X-ray micro- 
computed tomography technique. 3D 
rendered images of (a) ES-A and (b) ES-B 
presented along with their (c) in-plane and 
(d) out-of-plane fiber orientation distribu-
tions. Here, 90◦ indicates rotational (prefer-
ential) and planar directions in the in-plane 
and out-of-plane fiber orientation distribu-
tions, respectively. Videos of the 3D rendered 
images acquired by Bruker microCT ® CTvox 
3.2.0 are given in the supplementary infor-
mation. Here, the CTvox, a 3D visualization 
software by Bruker, Belgium, has been used 
to reconstruct the data obtained from an X- 
ray microCT scan.   
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rel = 1+
(π + 4Vf ψ)k2

j

4I
(3)  

where ψ =

∫ π

0
dβ

∫ π

0
dϕΩ(β,ϕ)J(β,ϕ)K(β,ϕ)sinβ;

K(β,ϕ) =
∫ π

0
dζ

∫ π

0
dγΩ(γ, ζ)

sinγ
sinχ(β,ϕ, γ, ζ)

;

cosχ = cosβcosγ + sinβsinγcos(ϕ − ζ);

kj =

∫ π

0
dϕ

∫ π

0
|sinβcosβ|Ω(β,ϕ)dβ 

where Vf is the fiber volume fraction. 
Roughness is a key parameter in maneuvering the wettability of a 

surface, especially when r > 1; then, hydrophilicity or hydrophobicity of 
the surface gets amplified depending upon the inherent nature of the 
solid [30]. A rough surface with an appropriate combination of texture 
and surface energy may not allow the liquid to penetrate into these 
textures [31]. Thus, a liquid droplet beads-up to form a composite of a 
solid–liquid-air interface by trapping the air pockets inside the surface 
textures, and the liquid wets only a fraction of the solid surface. In this 
direction, the pioneering work of Cassie-Baxter [3] is noteworthy in 
predicting the apparent contact angle of a composite interface (θ*

CB), as 
shown in the following equation. 

cosθ*
CB = f1cosθY − f2 (4)  

where f1, f2 are the area fractions of the solid/liquid and liquid/air in-
terfaces, respectively. 

Similar to the theoretical approach used for predicting rel, the f1 and 
f2 can also be related to the fiber and structural parameters of an elec-
trospun mat, as shown below [28]. 

f1 = n(π − θY) (5)  

f2 = 1 − nsinθY (6)  

n =
8Vf IF

π + 4Vf ψ
(7) 

where F =
∫ π

0 dβ
∫ π

0 dϕΩ(β,ϕ)K(β,ϕ)sinβ and f1 + f2⩾1 
One of the ways to identify the onset of the metastable CB state is by 

obeying equations (2) and (4) simultaneously [12]. Thus, the threshold 
contact angle (θ′ ) between the two wetting regimes is obtained by 
equating θ*

Wand θ*
CB in equations (2) and (4), respectively, 

cosθ
′

=
− f2

r − f1
(8) 

The stable CB state would be favored when θYis larger than θ′ [12]. 
Herminghaus [32] argued that the metastable state can still be achieved 
in a substrate with finite hydrophilic characteristics provided that the 
surface roughness is present in the form of ’overhangs’ that allows 
pinning of the three-phase contact line (TCL) [33]. In such cases, the 
roughness profile is not a single-valued function, and dual- or multi- 
scalar roughness can provide an equilibrium position even for hydro-
philic substrates [34]. Given the fact that polystyrene is a weakly hy-
drophilic polymer (θY=83◦), the dual-scale roughness of the electrospun 
mat and that of the constituent fibers are poised to alter the hydrophilic 
characteristics. In this scenario, the liquid droplet is suspended on the 
fibers, as the investigated electrospun mats possess high bulk porosity 
(see Table S1). Further, the pinning of a TCL occurs due to the overall 
roughness created by hydrophilic fibers, leading to the metastable [35] 
or so-called modified ’Cassie-Baxter’ state. The effective contact angle 
on the rough surface is determined by a small displacement of the 
contact line (dx), which implies a change in surface energy (dE) [36,37], 

dE
dx

= − cos(π − θ*
CW)γLA + f2γLA + f1rf rel(γSL − γSA) (9) 

where θ*
CWis the apparent contact angle in the modified CB state, rf is 

the fiber roughness, γ is the surface tension or energy per unit area, and 
the subscripts, SL, SA, and LA, represent the solid–liquid, solid-air, and 
liquid–air, respectively. 

Using Young’s equation, i.e., γLAcosθY = γSA − γSL and minimizing the 
energy, i.e. dE

dx = 0, would modify the equation (9) as, 

cosθ*
CW = f1rf relcosθY − f2 (10) 

In equation (10), the θ*
CW can be predicted using the fiber and 

structural parameters of polystyrene-based electrospun mat except for 
the fact that rf is unknown. To compute rf , the wrinkled morphology of 
the constituent polystyrene fibers can be hypothesized as folds applied 
in the form of the sinusoidal pattern [38] and subsequently rolled-up 
preferentially to form the fiber. These simple micro-wrinkled features 
allowed us to utilize the roughness factor of an idealized sinusoidal 
surface [39,40], as shown below. 

rf =
4πA
λρ2

∫ ρ

0

{
λ2x2

4π2A2 + x2sin22πx
λ

}1
2

dx (11)  

where ρ( = RsinθY) is the radius of the projected liquid drop on the 

surface [41], R
(

=

[
3V

π(1− cosθY)
2
(2+cosθY)

]1
3
)

is the radius of the sphere that 

forms a liquid drop [41], V is the volume of the liquid drop, A and λ are 
the amplitude and wavelength of the sine wave, respectively. 

Combining equations (3), (5) - (7), (10), and (11) would predict the 
apparent contact angles in the static and dynamic modes. In equation 
(10), the apparent advancing contact (θ*

adv) and receding contact angles 
(θ*

rec) have been predicted by replacing θY with the corresponding 
advancing (θadv) and receding (θrec) contact angles on the smooth sur-
face, respectively. It should be noted that the equation (10) is useful for 
predicting the apparent contact angle in the modified CB state, specif-
ically for the materials with a low-level of roughness. The Wenzel 
equation fails for surfaces with high-level roughness as it leads to the 
magnitude of cosines that goes beyond the bounds of − 1 and +1 [39]. 

Roughness is pivotal in creating a large number of metastable con-
figurations, and each of them is separated by an energy barrier [39]. 
These multiple free energy barriers are instrumental in avoiding the 
presumable Wenzel regime. As aforementioned, the roughness in an 
electrospun mat is induced by the surface morphology of the fibers and 
the protuberances created by fiber–fiber contacts. Specifically, wrin-
kling on the fiber surface imparts the first level of hierarchical roughness 
that can potentially assist in the formation of a metastable state. The 
underlying mechanism of the surface wrinkling in polystyrene-based 
electrospun mats is plausibly an outcome of the mismatch between the 
shell and the core deformations during solvent evaporation [14]. Ac-
cording to Johnson and Dettre [39], the externally imparted energy 
applied in the form of vibrations, pressures, etc., should be lower than 
the height of the energy barrier for attaining the metastable state on the 
sinusoidal surface. As expected, the TCL would pin at the highest energy 
barrier till the advancing drop moves the contact line beyond the 
sticking point, and subsequently, the fluid enters the valley of the sur-
face [40]. 

The presence of roughness in the form of a sinusoidal surface causes 
the equilibrium contact angle (θY) to be less or greater than the apparent 
contact angle (θ*) [42]. This depends upon whether the gradient of the 
solid at the line of contact is positioned in the same or the opposite di-
rection to the liquid surface. For the metastable state, the observed 
macroscopic contact angle on the sinusoidal fiber surface is presumed to 
be θ*( = θY + α), where α

{
= tan− 1[(2πA/λ)(sin2πx/λ) ]

}
is the slope 

angle of the solid–liquid surface [39,42]. Here, α is minimum (αmin) and 
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maximum (αmax) when sin2πx/λ = − 1 and sin2πx/λ = 1, respectively. 
Accordingly, these geometrical constraints would provide the minimum 
and maximum apparent contact angles as θ*

min = θY − αmax and θ*
max =

θY + αmax, respectively [40]. In this research work, the calculated values 
of θ*

min and θ*
max are 39◦ and 128◦, respectively, and these values repre-

sent the absolute limits to receding and advancing contact angles [42]. 
Interestingly, the height of the energy barrier attains zero as θ* ap-
proaches θ*

min and θ*
max but such magnitudes of θ* are unlikely to be 

detected realistically on a hydrophilic surface [39,40]. 
A commonly used rule of thumb suggests that the height of the en-

ergy barrier scales with the amplitude (A) and the slope angle (α) 
[39,40]. Higher magnitudes of amplitude are inevitably beneficial for 
attaining a composite surface, but it may still be energetically preferable 
for the liquid to penetrate in the valleys. This suggests that the wetting of 
the sinusoidal surface is bound to take place in the region defined by the 
TCL (see Fig. 4). Accordingly, the asperity present on the fiber surface 
that comes in direct contact with the TCL is expected to be wetted. Based 
upon the methodology employed by Bormashenko et al. [43], the energy 
barrier required to fill an asperity (Etrans) can be approximately 
expressed as − 2πR〈A〉γLAcosθY , where 〈 〉 represents the mean value. A 
10 μL drop lying on a given asperity (〈A〉 = 26 nm, and 〈λ〉 = 168 nm) 
exhibits the following parameters, R = 1.79 mm, γ = 0.072 J/m2, θY =

83◦, thus the magnitude of energy required to wet this asperity is 2.56 ×
10-3 nJ. The energy barrier required to wet a weakly hydrophilic sinu-
soidal surface is several orders of magnitude lower in comparison to a 
moderately hydrophobic post [43,44]. Thus, the sinusoidal surface that 
directly comes in contact with the TCL is expected to be wetted fully, as 
illustrated in Fig. 4. 

In the past, the re-entrant structure of the electrospun mat has suc-
cessfully led to the development of superhydrophobic characteristics 
from hydrophilic fibers [8,45]. The re-entrant structure ensures a robust 
metastable state of the liquid, and the wrinkles present on the fiber 
surface can create a ’doubly re-entrant’ structure. Analogous to the 
microscale posts with nanoscale vertical overhangs [46], the liquid can 
be suspended on the wrinkled fibers with the aid of surface tension only. 
Fig. 4 depicts the movement of the drop edge present on the top of the 
curved fiber surface. Here, when the drop shifts from position A to B, the 
resultant vector of the surface tension acts to move the drop back to A, 
leading to pinning of the drop [39] (see Fig. 4). On the other hand, when 
the drop shifts from C to D, the resultant acts in the direction of D, 
leading to the spreading of the drop. This competition of resultant 
vectors of surface tension can effectively lead to the composite wetting 
state of the wrinkled surfaces, which are not in direct contact with the 
TCL (see Fig. 4). The metastability of the composite wetting state is also 

enhanced due to the presence of stochastically aligned fibers that trap 
the air in the highly porous structure of the electrospun mat. 

High bulk porosity of an electrospun mat is a crucial factor in 
enhancing the hydrophobicity, though it also corresponds to the sagging 
tendency of the TCL, which affects the robustness of the metastable state 
[28,47]. To gain deeper insight into the robustness of the metastable 
state of the electrospun samples, we revisited the dimensionless pressure 
difference across the liquid − vapor interface (P*), using porosity and 
fiber orientation distribution as key material parameters in the following 

equation, i.e. P* = 2n
F

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1− n2sin2θY

√

ncosθY+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1− n2sin2θY

√

]

[28]. The significance of P* 

implies a wet-through resistance of the meniscus possessing maximum 
curvature before touching the substrate. In other words, the higher 
magnitude of P* suggests more robustness of the metastable state of the 
liquid on the substrate. Table S1 shows that the magnitude of P* is 
reasonably higher for ES-B than ES-A. As aforementioned, ES-B pos-
sesses a preferential structure that provides sufficient hindrance to the 
movement of the TCL. It is plausible that the formation of a new inter-
face of solid–liquid occurs continuously in a random structure. 

In general, a trade-off between the fiber alignments, topological as-
pects of the wrinkled fiber surface, and overall bulk porosities has 
resulted in similar magnitudes of apparent (static) contact angles in ES-A 
and ES-B (see Table S1). Similarly, the advancing contact angles of the 
electrospun mats were nearly found to be the same, as shown in Table 
S1. However, the receding contact angles (θ*

rec) of ES-A and ES-B were 
significantly different. Thus, the contact angle hysteresis (CAH) was 
much higher (~57◦) in ES-A than that of ES-B (~34◦). Such results 
clearly indicate that the orientation of the fibers primarily influences the 
dewetting properties (θ*

rec and CAH) of the surface rather than the static 
and advancing contact angles. In this study, the preferential orientation 
of fibers in ES-B is apparently insufficient to distort the shape of the 
water drops from that of a spherical cap (see Figure S3). Such distortion 
has been observed elsewhere with more highly aligned fibers [48]. 
There are other factors that also affect the elongation of the water drop, 
i.e., fiber diameter, porosity, type of polymer, fiber morphology, and 
volume of liquid. Nevertheless, an automated in-house developed in-
strument has been used for the measurement of roll-off angles to confirm 
the metastable CB state of the water droplet, as shown in Figure S4. 
Similar to the observations made by Varagnolo et al. [48], the tilting of 
the electrospun samples causes the movement of the front side of the 
TCL and then pinned again while it is being turned upside-down, as 
shown in Fig. 5. However, the rear side of the TCL remains pinned on the 
surface of the electrospun mats. The evolution of the droplet profile 
during the roll-off measurement reduced the contact angle nearly by 30◦

Fig. 4. Schematic depicting the modified CB state of the liquid drop on the surface of the electrospun mat. The first magnified image illustrates the complete and 
composite-wetting states of the wrinkled fiber surface hypothesized as sinusoidal folds. Here, the complete wetting represents the Wenzel regime formed on the 
sinusoidal fold that comes in direct contact with TCL. A composite wetting state is formed as a result of the competition between the resultant surface tension vectors 
depending upon the region of interfacial contact of the solid–liquid phases on a radially aligned sinusoidal fold. These minute details are pictorially highlighted in the 
magnified portion of the fiber. 
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and 20◦ for ES-A and ES-B, respectively. This implies that higher infil-
tration and strong adhesion of water with the electrospun mats occur, 
confirming the metastable CB state [48]. 

A comparison has also been made between the theoretical and 

experimental values of advancing and receding contact angles, as 
illustrated in Fig. 6. In general, a reasonable agreement has been 
observed between the theory and experiments. Here, the theoretical 
apparent advancing contact angle (θ*

adv) and receding contact angle (θ*
rec) 

have been predicted by replacing the θ*
CWin the equation (10). Also, the 

advancing and receding contact angles of water on a smooth flat poly-
styrene surface were considered to be 90◦ and 70◦, respectively [49]. For 
predicting the value of θ*

rec, the maximum magnitude of area fraction of 
solid (f1=1) has been considered by employing the methodology of Choi 
et al. [31] for a grid type of structure (referred to as ‘inverse hoodoo’ in 
ref. [31]). This structure is similar to the characteristics of electrospun 
mats, where the air pockets (or pores) at the surface are discontinuous 
and separated by constituent fibers. Therefore, the TCL recedes locally 
on homogenous solid, and accordingly, the local area solid fraction of 
unity has been considered for computing the receding contact angles. In 
the case of electrospun mats, it is extremely challenging to determine the 
local area fractions as they depend upon the local fiber volume fractions, 
wrinkle fiber topology, and locally arranged fibers. Therefore, the local 
area fractions may vary largely, specifically in the case of ES-A, in which 
the fibers are randomly aligned. Plausibly, the large variation in local 
area fractions has led to the greater differences between the theoretical 
and experimental values of advancing and receding contact angles in ES- 
A. On the other hand, the ES-B is a nonwoven mat that comprises rela-
tively aligned fibrous structure leading to lower differences between the 
local and global area fractions. The detailed calculation procedure of 
apparent advancing and receding contact angles of the electrospun mat 
has been provided in Figure S5. Nevertheless, these theoretical results 
demonstrated that predictive modeling is sufficiently robust and has 
encapsulated a key set of fiber and structural parameters. 

It should be noted that the predictive modeling cautiously consid-
ered the uniform geometry of the fibers, but such ubiquitous nature of 
regular fibers can sometimes be questionable. Polystyrene being a ver-
satile polymer, a variety of arbitrary geometries can easily be created, 
ranging from hollow [50], core–shell [51], to bead-on-string [52] using 
the electrospinning technique. Beaded fibers are well-known to exist in 
the electrospun mats due to the dominance of the surface tension that 
effectively allows the formation of droplets via the Rayleigh instability 
effect [53]. In the past, the hydrophilic poly(caprolactone) beaded fibers 
demonstrated the metastable hydrophobic state [53]. However, the 

Fig. 5. Water droplet (demineralized water is tinted with methylene blue) profiles depicted on the surface of ES-A (a1-a4) and ES-B (b1-b4). Here, (a1, b1) show the 
initial state of the water drop, (a2, b2) exemplify the water drop in the vertical direction, (a3, b3) illustrate the water drop in the upside down state, and (a4, b4) 
demonstrate the final state of the water drop after tilting back to the horizontal position. 

Fig. 6. Comparison between the theoretical and experimental values of 
apparent (a) advancing and (b) receding contact angles of ES-A and ES-B. Here, 
the ES-A and ES-B samples correspond to the preferentially and randomly 
aligned electrospun mats, respectively. 
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higher density of smaller beads tended to enhance the contact angle 
more than a lower density of larger beads. In this research work, the 
elongated beads approximating the prolate spheroid geometry have also 
been sporadically observed. Fig. 7 shows the presence of such elongated 
beads in the electrospun mats. 

These elongated beads possess moderate to high levels of the 
roughness of the fibers, and a sufficient proportion of them ensures 
enhancing the metastable hydrophobic state. 

4. Conclusions 

In this research work, the metastable state of the liquid in contact 
with the polystyrene-based electrospun mats comprising wrinkled sur-
face topography has been investigated via theoretical modeling and a 
systematic set of experiments. Though the inherent nature of the elec-
trospun fibers was weakly hydrophilic, the mats displayed moderate 
hydrophobic characteristics. These experimental observations have led 
to the development of an analytical model of apparent contact angle 
based on the modified Cassie-Baxter state. This predictive model is the 
first of its kind to consider dual-scale roughness due to wrinkled fiber 
topography and fiber-fiber contacts as a key input. Specifically, the 
wrinkled morphology of the polystyrene fibers has been hypothesized as 
folds applied in the form of a sinusoidal pattern for computing the 
Wenzel roughness factor. Further, the energy barrier required to wet a 
weakly hydrophilic sinusoidal fold was found to be extremely low in 
magnitude so that the fully wetted state of the wrinkled surface that 
directly comes in contact with the TCL is manifested. A trade-off be-
tween the resultant vectors of surface tension can effectively lead to the 
composite wetting state over the wrinkled surfaces. Further, the ’doubly 
re-entrant’ structure of the wrinkled fiber surface ensured a reasonable 
robust metastable state of the liquid. The robustness of the metastable 
state of the electrospun mats was quantified via the dimensionless 
pressure difference across the liquid − vapor interface. Further, the X- 
ray microCT analysis has been successfully employed to gain insights 
into these fiber and structural parameters. A reasonable agreement was 
observed between the theoretical and experimental magnitudes of the 
apparent contact angles in the advancing and receding modes based on 
the modified CB state. Intriguingly, the static and advancing contact 
angles in randomly and aligned electrospun mats with water drops were 
observed to be the same, but the receding contact angles were consid-
erably different. 
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