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Abstract

Pronounced fingering of the waterfront is observed for in-plane wicking in thin, aligned electrospun
fibrous membranes. We hypothesize that a perturbation in capillary pressure triggers the onset
of fingering, which grows in a non-local manner based on the waterfront gradient. Vertical and
horizontal wicking in thin electrospun membranes of poly(ethylene-co-vinyl alcohol) (EVOH) fibers
with varying fiber alignment and degree of orientation is studied with backlight photography. A non-
local transport model considering the gradient of the waterfront is developed, where fiber orientation
is modeled with a correlated random field. The model shows that a transition from straight to highly
fingered waterfront occurs during water uptake as observed in the experiment. The size and shape
of the fingers depend on fiber orientation. Based on good model agreement, we show that, during
wicking in thin electrospun membranes, fingering is initially triggered by a perturbation in capillary
pressure caused by the underlying anisotropic and heterogeneous membrane structure which grows
in a non-local manner depending on the waterfront gradient.

1 Introduction

Electrospun nanofibrous membranes (ENM) are soft materials with promising biomedical applications as
scaffolds for tissue engineering [1, 2], advanced wound dressing [3, 4] or drug delivery [5, 6]. Electrospun
membranes show furthermore potential in filtration [7, 8], as waterproof, yet vapor open, textiles [9, 10,
11] and gas diffusion layer in fuel cells [12, 13].
Wicking is the spontaneous uptake of a wetting liquid into a porous medium by replacing a non-wetting
fluid. Unlike classic porous media such as sedimentary rock, where liquid interfaces navigate into a
network of pore bodies, during wicking in ENM a film with continuous waterfront develops, stretching
between and over many fibers [14]. Attention has been paid to water transport normal to the ENM-
plane [9, 10, 11], but not much to in-plane transport. An extended overview of experimental methods
to study wicking in primarily fibrous porous media is given by [15]. Experimentally studying wicking
has traditionally been done by tracking the waterfront with optical methods [15]. Such methods work
best for flat and fairly transparent materials with saturated piston-like uptake, i.e. without strongly
varying moisture content upstream of the waterfront. Wicking is a macroscopic phenomenon that is
determined by water/air/solid interactions at pore scale. Experimental techniques at pore scale, like
X-ray tomographic microscopy (XTM) have become a popular tool to obtain 3D images of real porous
structures [16]. However, XTM has yet to have the required spatial resolution to capture adequately
ENM systems [17], and thus is not able to resolve the inter-fiber void structure of ENM, nor the imaging
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of the water filling process of these voids. Scanning electron microscopy (SEM) readily achieves a spatial
resolution of few nanometers even for large samples and, under low vacuum atmosphere, requires little to
no sample preparation. Although SEM can only access the sample surface, the approach provides useful
information when the surface is representative for the bulk of the porous medium. Further, environmental
(E)SEM under water vapor atmosphere allows to a certain extent the observation of liquid water along
the fibrous structure. As a result, the optical method of backlight photography is the main method of
investigation at hand to study wicking in ENM.
Pore network models (PNM) are widely used to study flow in heterogeneous porous media [18, 19, 20, 21].
The challenge for the applicability of PNM lays in the necessary set of pore information, i.e. the capillary
pressure in two-phase pores and the throat conductivity. The translation of the notion of pores to ENM is
difficult because liquid menisci are not confined locally to pore bodies, but are rather stretched between
and over several fibers. ENM are not networks of connected pores and throats, but rather porous
media with low solid fraction and local heterogeneity. Continuum models are able to include such local
heterogeneity by varying flow properties on the material domain [22, 23], but cannot capture the far-range
influence of distorted liquid interfaces. Lattice-Boltzmann-Method (LBM) is a popular direct numeric
method that captures two-phase phenomena, but is still too computationally costly to resolve the exact
geometry of ENM on fiber scale. The implementation of sub-resolution processes, e.g. contact angle
hysteresis on rough surfaces [24, 25], is an ongoing challenge for coarse-grain-like models. Theoretical
and experimental works on hysteresis and wetting of rough surfaces often discuss the superposition of
different effects, e.g. surface wetting and volume restriction for droplet deposition[26]. In other cases,
curved water-interfaces and an apparent contact angle equal to Young’s angle are assumed to derive
the capillary pressure for uptake from an unlimited reservoir[27], while it can be shown, that wicking is
a free energy minimization process[28, 29] where the work is provided by wetting hydrophilic surfaces.
Thus, there is research need for an alternative modeling approach or a modification of current models to
capture the intriguing phenomenon that is wicking in ENM.
This study discusses in-plane water wicking in thin electrospun membranes of poly(ethylene-co-vinyl
alcohol) (EVOH) fibers. The process is experimentally documented with backlight photography. After
an initial period of a straight waterfront, a transition to pronounced fingering is observed which is not
yet explained. ESEM helps to understand the underlying interaction of water with the fibrous structure.
Finally, a numerical model is developed that recovers the characteristic wicking dynamics of water in
electrospun EVOH membranes.

2 Materials and methods

2.1 EVOH membranes

A solution of 12% poly(ethylene-co-vinyl alcohol) (EVOH, Soarnol A4412, Nippon Gohsei, Japan) dis-
solved in hexafluoroisopropanol (Sigma Aldrich) (HFIP):water (3:1) is electrospun for 4h at 10µl/min,
under a potential difference of 22 kV (+16 -6kV) and a distance from spinneret to collector of 25 cm. The
fiber are collected on a 250x250 mm aluminum foil wound around a rotating drum. The drum rotation
velocity is varied from 500, 1000, 1500 to 2000 rpm to induce different degrees of fiber orientation [30].
The membranes are then left to dry overnight in a vacuum oven. The membrane thickness is measured
to be 30 µm using X-ray tomographic microscopy for one small sample taken at the the center of one
membrane and estimated to be comparable in all other cases as the same deposition process was used.
Samples of 60x30 mm2 are cut with razor blades, with the longer side either parallel or normal to the
principal fiber orientation. An adhesive aluminum tape is glued around the short sides of the samples
and carefully flattened to seal the membrane at these ends. Small fishing weights are attached to one
of the aluminum tapes to straighten the membrane without stretching the sample when hanged into the
setup for the vertical wicking experiment.

2.2 Environmental scanning electron microscopy

Scanning electron microscopy (SEM) is employed to characterize each prepared membrane with one small
sample for each set drum rotation, and consequentially degree of fiber alignment. Without any further
preparation, the sample is laid flat on the sample stage of a scanning electron microscope (Thermo Fisher
Scientific Quanta 650 FEG). The chamber pressure is set to 70 Pa of water vapor pressure in low vacuum
mode and microscopic images are acquired at 2000x magnification. The fiber orientation is then analyzed
with the OrientationJ-plugin [31] for Fiji/ImageJ [32] using a size of 2 pixels for the structure tensor
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corresponding to the thickness of the thinner fibers and cubic splines to calculate the image gradient.
The interaction of water with the fibrous structure is investigated by ”Environmental”-SEM (ESEM),
allowing higher water vapour pressure. A paperclip that acts as a support for a small strip of ENM is
clamped on a metallic sample holder in the shape of a small bucket. One end of the strip hangs in the
sample holder. The setup is placed on a Peltier stage and cooled to -3°C. When increasing the water
vapor pressure to 700 Pa, water condensates in the sample holder and acts as a reservoir in contact
with the membrane, allowing the onset of horizontal wicking in the ENM-strip. This method allows the
acquisition of microscopic images at the surface of the ENM during water wicking.

2.3 Backlight photography

Backlight photography exploits the change in material transparency when the material becomes wet.
The thin membranes are ideal for backlight photography due to their diffusive transparency to visible
light. The sample holder in figure 1 consists of a rack with a slit cross-piece that allows to hang the
prepared membrane samples with two binder clips, while weights at their base keep the sample in the
vertical plane. The lowest millimeters of the membrane sample reach below the edge of a rectangular
container that acts as water reservoir. The reservoir is connected through a tube to a water canister.
By lifting or lowering the canister, the water level inside the reservoir can be adjusted by hydraulic
equilibration.
The sample holder is placed in front of a commercial camera (Nikon D90) that is connected to a personal
computer for remote control and image acquisition. The sample is illuminated from the back side by an
array of LEDs which light is diffused by a milky plastic sheet (figure 1).
Before each sample acquisition, the focal length of the camera objective (Nikkor Micro 60mm 1:2.8 G)
is adjusted and after the acquisition, a picture of a reference calibration plate is taken at the same focal
spot as reference yielding the pixel size. The camera settings aperture, illumination time and sensor
sensitivity (ISO) are adjusted once for a wet test sample and kept constant throughout the experiment
for all samples.
This experimental protocol is followed for all samples: image acquisition is started with one frame every
two seconds. After taking a few frames, the water canister is manually lifted about one meter above the
experimental stage to provoke fast inflow into the reservoir. Once the water level reaches the upper edge
of the reservoir, the canister is placed on a prepared platform to keep the water at this set level. This
procedure ensures that wicking in all submerged samples occurs under identical starting conditions, i.e.
at a constant water level. Small variations in timing are corrected in the image analysis by calibrating
t = 0 at the appearance of the waterfront in the field of view of the camera. After 10 minutes, the
acquisition frequency is reduced to one frame every five seconds and continued for another 25 minutes.
Finally, the reservoir is drained and the sample removed.
The horizontal wicking experiment is performed in a slightly modified setup to study wicking without
the influence of gravity. A thin metal rod is placed across the reservoir to hang a small part into the
reservoir, while the sample is held horizontally. Camera and light source are rearranged to allow the same
experimental procedure. Experiments are performed in a room with controlled ambient conditions at
37% relative humidity and 23◦C. Given the fragility of the samples, each experiment uses a new sample
and no sample is reused.

2.4 Image processing

Digital image processing is performed using a Python script employing the standard libraries NumPy,
SciKit-image and Joblib. All frames are cropped to exclude the edge of the sample patches, the upper
part of the sample that remained dry until the end of the acquisition and the lower section where the
image is distorted by a thick capillary bridge between sample and the water surface in the reservoir
(shadowy zone at the bottom of figures 8). The file timestamp gives the corresponding physical time of
the frame, which is then manually calibrated for each sample to determine the onset of uptake at t = 0.
Water-wetted parts of the membrane appear clearly brighter than the dry part (figure 8). The rbg-
image data is converted to grayscale according to cathode ray tube (CRT) phosphor weighting (Gray =
0.2125Red+0.7154Green+0.0721Blue). A grayscale threshold is chosen manually for every sample, to
convert the image data into a binary matrix of wet and dry pixels. The waterfront position y(x, t) is
extracted by counting the height of the pixels per column. The mean waterfront position is calculated
as ⟨y(t)⟩x, where the front maximum and minimum are the respective profile extremes. The waterfront
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Figure 1: Experimental setup for backlight photography.

length is calculated by adding up the distances between the front pixels of every column k, i.e.

p =
∑
k

√
[y(xk+1)− y(xk)]

2
+ [xk+1 − xk]

2
(1)

where the spacing between columns (xk+1 − xk) is one pixel. The waterfront length is converted to SI
units (meter) knowing the pixel size. The pixel size is determined and considered in the processing for
each sample separately with the optical calibration plate. The average pixel size is 9.97 µm, with 9.39
µm and 10.07 µm as found minimum and maximum. The pixels are squares with equal lengths in both
directions.

2.5 Theory

Bell, Cameron[33], Lucas[34] and Washburn[35] developed a one-dimensional model describing wicking in
porous media as capillary rise in a cylindrical tube governed by the balance of capillary pressure pc, hydro-
static pressure due to gravity pg and pressure drop due to viscous dissipation pv (equation 2a). In most
cases, turbulent effects are negligible because wicking is slow as displayed by small Reynolds numbers.
The solution of the differential equation 2b disregarding the short initial inertial phase occurring in some
combinations of liquids and porous media[36] is given by equation 2c [34]:

pc = pg + pv (2a)

ρgh0 = ρgh+ R̂Ah
dh

dt
(2b)

ln

(
h0 − h

h

)
+

h

h0
= −Kt

h0
(2c)

K =
ρg

R̂A
(2d)

where ρ
[

kg
m3

]
is the liquid density, g

[
N
kg

]
the gravitational acceleration and h0 [m] the maximal uptake

height when dh
dt = 0 (equation 2b), h = h(t) is the current wicking height, R = R̂h the flow resistance

for the momentary h, R̂
[
Pas
m4

]
a distance specific resistance factor and A

[
m2

]
the cross-section area

of the pore space. Initially, for h ≪ h0, gravity can be neglected and the uptake dynamics reduces to
Washburn’s square root of time law:

h(t) =
√

2Kh0t = C
√
t (3)

The parameters K
[
m
s

]
, h0 [m] and C

[
m√
s

]
are accessible from uptake experiments measuring h(t),

where C is the initial slope of the uptake versus square root of time, h0 the maximum uptake height and

K = C2

2h0
. For a cylindrical tube, C is given as [35]

C =

√
γr cosϑ

2η
(4)
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where γ
[
N
m

]
is the surface tension of water in air, ϑ [◦] Young’s contact angle, η [Pas] the dynamic

viscosity of the liquid and r [m] the tube, i.e. pore radius. This model can be applied to wicking under
the condition that the waterfront moves uniformly in porous media, i.e. h(x, t) ≈ h(t). This is not
always the case, like demonstrated in [37, 38, 39] showing that the fluid interface can show quite distinct
shapes under forced flow conditions, such as capillary and viscous fingering. Another wetting process
showing fingering is the runoff of a thin film, where the onset of fingering is found to a surface tension
induced instability [40, 41]. While showing similarities, the mechanisms at play in capillary and thin-film
fingering cannot explain wicking fingering in ENM. Capillary fingering follows percolation paths induced
by pore geometry while the millimeter wide fingers in ENM are much larger than the underlying pore
structure with micrometer wide inter-fiber voids. Thin film fingering during runoff develops from modes
of the liquid-air interface while fingering in ENM happens inside a porous medium with water/fiber/air
interfaces. In the following, we develop a model describing fingering occurring during wicking in ENM.
The capillary pressure is defined as the change of free energy dF per unit volume dV (equation 5), which
can be determined by the change of interface area water-air dAwa and wetted solid surface area dAws.

pc = −dF

dV
= −γ (dAwa − cosϑdAws)

dV
(5)

Given the small membrane thickness, we approximate the problem to be two dimensional assuming
translational symmetry (∂p∂z = 0, ∂q

∂z = 0, ∂K
∂z = 0) with the z-axis in the direction normal to the

membrane plane. Then, the change of water-air interface area equals the change in thin water film area
sticking on the two faces of the membrane

dAwa = 2dsdh (6)

where ds is the length of the waterfront in the unit volume dV and dh the movement of the waterfront.
The change of wetted solid surface is written as

dAws = αdsdh (7)

where α is a scaling factor describing the specific fiber surface area wetted when advancing the
waterfront by dh. When the waterfront is a straight line, ds = ds0. When the waterfront is non-linear,
the length is described introducing a factor ls ≥ 1 (figure 2)

ds = lsds0 (8)

where ls equals the gradient of the waterfront with respect to infinitesimal short ds0, or

ds =
∂s

∂s0
ds0 (9)

Introducing (6), (7) and (8) into equation (5), we get

pc = −γ (2− α cosϑ) lsds0dh

dV
(10a)

dV = bds0dh (10b)

pc = −γ (2− α cosϑ) ls
b

= pc0ls (10c)

where the volume dV is described by the product of waterfront movement dh, the membrane thickness
b and straight horizontal baseline ds0 (equation 10b). The capillary pressure at a given location of the
waterfront is found to be equal to the capillary pressure pc0 for a straight waterfront times a factor
ls equal to the gradient to the non-linear waterfront. pc0 is mostly determined by the specific surface
area related to α. EVOH exhibits partial wetting with a contact angle typically around 50°. An exact
contact angle measurement is currently not attainable for the actual sub-micrometer electrospun fibers.
However, cosϑ only varies little for 50◦ ± ∆ϑ. This means that when fingering is initiated and the
waterfront is non-linear, the factor ls > 1. During fingering, the free energy rate and capillary pressure
increase when the waterfront evolves from a straight front to a non-linear one. Since the waterfront
is initially straight fingering needs to be triggered by a small perturbation in capillary pressure by the
underlying heterogeneous fiber structure of the membrane. At that moment, the perturbation can grow
into a finger by non-locally increasing the capillary pressure. We note that the factor ls is not a constant
but depends on the local gradient of the waterfront which depends on the finger shape (figure 2).
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Figure 2: Schematic representation of lengthened waterfront for perturbed waterfront.

2.6 Model

For modeling wicking two approaches at two different scales can be considered. The first approach is a
discrete approach at fiber scale, where fibers with sub-micrometer radii form a complex mesh in a thin
membrane with a thickness of around 30 µm. Computational costs make direct simulation of wicking
in this fibrous structure unfeasible. The second approach considers that, during the uptake, water rises
up to several millimeters, after which it forms fingers, which are several millimeters wide reaching up
to a height of around 30 mm. At this mm-scale the membrane may be considered as a macroscopic
continuum and wicking can be modeled as a 2D flow process. The length dimensions are obtained from
the experiments presented below. To mathematically describe the wicking process, we follow a control
volume technique, where the membrane is divided into a 2D regular grid of square elements with equal
size ∆. The flow between grid neighboring elements is described by:

qij = Aijgij (pj − pi) (11)

where gij is the conductivity between two nodes described below and pi and pj are the pressures within
the nodes. Aij is the adjacency matrix which is one for neighboring pairs, 1√

2
for diagonal neighbors

taking into account their longer diagonal distance, and zero anywhere else (figure 3). The pressure in
the water-filled domain is solved applying conservation of mass

0 =
∑
j

qij (12)

As boundary conditions of the water-filled domain, zero inlet pressures (pi = 0) are prescribed at the base
of the domain while at the waterfront the prescribed pressures are pci − ρgyi, where yi is the height of
the element to consider gravity and pci the capillary pressure. Using equation (11) and (12), the effective
flow in the elements at the front can be calculated for each time step and their degree of saturation si
can be updated as

si(t) = si(t−∆t) +
qi(t)

v0
∆t (13)

where v0 = b∆2 is the element volume. Once si reaches a degree of saturation close to one (si ≥ 0.98),
the element i is considered filled, removed from the front and its non-wetted neighboring elements are
added to the waterfront.
The grid conductivity gij

[
m3

Pas

]
is

gij =
C2b

ρgh0 (si + sj)

1

1 +
√
2

(14)
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Figure 3: Schematic representation of the model grid. An element i is connected to its neighbors where
the distance gives the value in the adjacency matrix to scale the conductivity gij .

The factor 1
1+

√
2
scales the combined conductivity of diagonal and straight element connections (see

equations 11 and 12) to be in correct relation with the Lucas-Washburn model (equation 3). The
derivation can be found in the appendix (section A.1). The parameters h0 and C, respectively the
maximal uptake height and the initial slope of the uptake curve versus square-root of time (see equation
3), are determined from the experiment. The model calculates the filling state of the grid elements and
provides the waterfront position based on the grid size ∆. At the heart of the model is the calculation
of the waterfront capillary pressure pci with equation (10c). For the control volume, the length of a
straight waterfront equals the element size, or ds0 = ∆. When the waterfront is non-linear, the factor ls
in equation (10c) has to be determined. A continuous waterfront is derived from the rugged grid element
front by smoothing the yi coordinates of the waterfront elements with a Gaussian filter (σa). In a next
step, the coordinate pairs (x′

i, y
′
i) at the waterfront are determined where y′i is the maximum yi at xi = x′

i

for a certain element column. These pairs of coordinates are considered to sufficiently approximate the
smooth waterfront. ∆xi and ∆yi are calculated as second order accurate central differences of x′

i and
y′i respectively. The in the model implemented waterfront length has counts of elements as unit and
consequently the dimensionless factor lsi per element is then

∆xi =
x′
i+1 − x′

i−1

2
(15a)

∆yi =
y′i+1 − y′i−1

2
(15b)

lsi =

√
(∆xi)

2
+ (∆yi)

2
(15c)

In a next step, lsi is smoothed with a Gaussian filter (σc) and remapped to the front coordinates (xi, yi)
from the nearest coordinate pair (x′

i, y
′
i).

To trigger finger formation, a perturbation in capillary pressure is added based on the underlying mem-
brane anisotropic and heterogeneous fiber structure. Heterogeneity is modelled by a random field adding
spatially correlated noise to a chosen constant capillary pressure pc0 in each element. This perturbation
in the capillary pressure is motivated by small variances in the fibrous structure and available fiber sur-
face at sub-micron fiber scale. Due to fiber alignment, the random field of pc0 will show an anisotropic
spatial correlation, i.e. pc0 varies less in fiber orientation than in the direction normal to fiber direc-
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Figure 4: pc0 random field for wicking in a) fiber direction and b) normal direction. The color gradient
denotes the deviation from the mean capillary pressure of the grid element.

tion. While this assumption is reasonable and the SEM images confirm an anisotropic image correlation
in fiber orientation, i.e. fiber alignment, (figure 6), taking in account this assumption in the model is
not straightforward. We model the random field by first assigning a random perturbation to each grid
element

pc0i = pc0 (1 + ∆pN) (16)

where ∆p is a noise factor and N a random number between -0.5 and 0.5. In a next step, the obtained
and uncorrelated random field is transformed into an anisotropic correlated random field using a two-
dimensional Gaussian filter with different correlation lengths in x- and y-direction, σx and σy to reflect
the fiber alignment in the membrane, as shown in figure 4. We note that the color contrast in figure 4b
is stronger because the long image correlation length σ in fiber direction is effective beyond the lateral
domain dimension leading to more pronounced smoothing in figure 4a. As shown in the later model
analysis, we can accept this discrepancy as it has negligible influence.

3 Experimental results

3.1 Scanning Electron Microscopy

3.1.1 fiber orientation

Figure 5 shows the obtained SEM-images of the ENM samples. They reveal an open pore structure with
low solid fraction, i.e. the membranes show a high porosity. The fiber orientation distributions obtained
from the SEM-images for the different samples are presented in figure 6a. Due to the collector drum
rotation, all samples show a preferred fiber orientation in the direction of the drum rotation (0°). While
there is a notable probability to find fibers to be orientated in all directions for slow drum rotation (500
rpm), the probability that fibers are oriented at more than ±45° from the drum rotation plane is clearly
reduced for higher rotation speeds. Also, the distribution becomes higher and narrower, centered around
0° for higher rotation speeds. A measure for the fiber alignment, called degree of orientation, is defined
as the standard deviation σ obtained from fitting a normal distribution to the orientation distribution.
With increasing drum rotation, the fibers in the ENM are more aligned as shown by the decrease of the
alignment value in figure 6b. Apart from the degree of fiber orientation, no substantial differences in
thickness, contact points and inter-fiber spacing are observed across the membranes.

3.1.2 water-fiber interaction

Figure 7 contains an ESEM-image of the zone between dry and wet ENM. The waterfront is indicated
by fibers lighted up (white zone), while the part left of the waterfront is more grayish showing that water
fills the membrane submerging the fibers in water. The waterfront boundary shows overall a smooth
line on large scale (≈ 100 µm), but a short-range wavy pattern is present at smaller scale (≈ 10 µm).
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(a) (b)

(c) (d)

Figure 5: Scanning electron microscopy of ENM prepared with a) 500 rpm, b) 1000 rpm, c) 1500 rpm
and d) 2000 rpm drum rotation speed.
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Figure 6: Fiber orientation statistics for membranes prepared at different collector drum rotation speeds.
a) distribution of fiber orientation from SEM with fitted Gaussian (dashed) and b) obtained Gaussian-σ
as orientation variance
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Figure 7: ESEM image of ENM at the boundary between wet (left) and dry (right) zones. Red frames
mark zones of interrupted surface film for a view into the bulk layers of the membrane.

Further, liquid bridges span directly at fiber scale (≈ 1 µm). Overall, the waterfront appears as a smeared
interface zone consisting of a collection of wetted fibers forming a rather continuous front shape at larger
scale, and quite independent from the fiber scale pattern. This waterfront pattern is very different to
the waterfront in classic porous media where the front is a liquid meniscus spanning well-defined pore
bodies.

3.2 Backlight Photography

Figure 8 shows a series of raw images for different samples obtained by backlight photography showing
the vertical wicking along fiber orientation (figure 8 a-f), the vertical wicking normal to fiber orientation
(figure 8 g-k) and the horizontal wicking along fiber orientation (figure 8 l-o). Vertical wicking along
fiber direction shows initially a rather uniform waterfront (figure 8c), then thin spikes appear (figure
8d) that grow in length forming fingers (figure 8e) before they reach a maximal height, after which they
thicken laterally forming a broccoli shape (figure 8f). For vertical wicking normal to fiber direction,
fingers appear at a similar time (figure 8d and h), but they tend to grow laterally (figure 8h) and i),
resulting in a rather wavy waterfront because the small initial horizontal spikes are caught by the main
waterfront. Horizontal wicking in fiber direction undergoes comparable behavior to the vertical rise, as it
also leads to formation of parallel fingers. Due to the horizontal test setup, a large angular water bridge
forms below the horizontal membrane as seen by the large dark area at the bottom of the images (figure
8m-o).
The wicking height over time is used to describe the wicking dynamics. As a result of the necessary
cropping of the images (see red frames in figure 8), early uptake and a part of the stage with a stable
waterfront cannot be considered (figure 8b). The front height is determined as the average waterfront
position across the width of the sample. Figure 9 shows the mean height versus time for wicking along
and normal to the fiber orientation. All curves show two parts: a first experimentally apparently linear
part, followed by a second period where the maximum height is slowly attained. However upon closer
examination, the early phase (t < 150 s) can be fitted to a square-root of time behavior (equation 3)
providing the wicking constant C used later as model input (table 1). Deriving a hydraulic radius r from
C would give a value of 6 nm (equation 4) which magnitude has no relation to the actual membrane
structure. The uptake is much slower than predicted by Washburn’s law (equation 4, blue curves in
figure 9), when using the mean fiber distance as pore size (around 1 µm). This indicates that the
wicking process cannot be considered as a classical pore filling process, but rather as a flow along the
fibers, forming a thin film at the two sides of the thin fibrous membrane and so filling the porous space at
the same time. In the cases of wicking in fiber direction (black curves in figure 9), the maximum height
for t > 1400 s is about 20 mm and independent of the drum rotation (degree of fiber orientation). In the
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(a) -130 s (b) -46 s (c) 20 s (d) 107 s (e) 386 s (f) 926 s

(g) 19 s (h) 122 s (i) 272 s (j) 472 s (k) 2237 s

(l) -47 s (m) 74 s (n) 197 s (o) 241 s

Figure 8: First row a-f: vertical uptake along fiber orientation of 1000 rpm membrane, the red frame
shows how the copping is done; second row g-k: vertical uptake normal to fiber orientation of 1500
rpm membrane; third row l-o: horizontal uptake along fiber orientation of 1500 rpm membrane, time
calibrated for images taken before and after water enters the cropping frame.
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Figure 9: Average height (solid line) and standard deviation (light area) over time for samples taken
from membranes produced with drum rotation a) 500 rpm, b) 1000 rpm, c) 1500 rpm and d) 2000 rpm.
Black - fibers oriented along wicking direction; red - normal to wicking direction; blue - Washburn for
r = 1 µm

cases of wicking normal to the fiber orientation (red curves in figure 9), the initial flow rate and maximum
height decrease with increasing drum rotation. We note that wicking on 1000 rpm membrane is missing
because too much material of the small membrane patches has been used for testing the experimental
setup. For wicking in the horizontal plane, thus without the influence of gravity, and along the fiber
orientation, the wicking front shape is qualitatively equivalent to vertical wicking (figure 8). The same
membranes are tested in horizontal and vertical wicking as shown in figure 10a and no difference in
uptake behavior is observed. The fingers are very similar and the uptake flattens out after about 500
s. In contrast to the Lucas-Washburn model (equation 2) where the maximum height is due to the
balance of capillary force and gravity, gravity apparently does not play role in the wicking process in
ENM. Since we have a film at both sides of the membrane, evaporation may play an important role and
might finally stop the uptake process, when the inflow equals the evaporation rate. To get an estimate
of the evaporation rate, a small dish filled with water is placed on a micro-balance and its mass loss
over time recorded. We remark that the evaporation rate from the membrane itself during wicking can
be different, due to a different local mass transfer coefficient or due to the heat produced by the lamp.
The measured evaporation rate per area is multiplied twice with the wet membrane area at a given time
to account for both sides of the membrane. When the waterfront advances, additional water surface
can undergo evaporation leading to increasing evaporation losses. The cross-section of the wicking flow
in the membrane remains constant while the waterfront advance becomes slower leading to decreasing
wicking flux and consequently to lower water volume flux from the reservoir. We observe a crossover
of the evaporation losses compared to the effective wicking uptake at around 400 s (figure 10b), which
matches roughly the onset of the flattening of the uptake curve. This means that the maximal wicking
height is limited by evaporation and not by gravity. Figure 11 illustrates the evolution of the waterfront
length over time as average per drum rotation. The samples with wicking normal to the fiber orientation
(red curves in figure 11) display a slow increase in waterfront length which reaches its maximum at the
end of the uptake, with the exception of more rapid increase at the onset for the 500 rpm membrane. The
samples with wicking along the the fiber direction (black curves in figure 11), show a strong increase of

12



0 200 400 600 800 1,000 1,200 1,400
0

5

10

15

20

25

time [s]

h
ei
g
h
t
[m

m
]

mean
horizontal

(a)

0 200 400 600 800 1,000 1,200 1,400
0

1

2

3

time [s]

vo
lu
m
e
fl
u
x
[1
0-

1
1
m

3
/s
]

water uptake
evaporation

(b)

Figure 10: a) Mean front position for wicking in 1500 rpm membrane along fiber orientation. Black:
average of samples from the 1500 rpm membrane (including horizontal), blue - horizontal experiment, b)
Black: derivative of black curve in a) scaled with sample width and estimated membrane thickness, i.e.
effective volume flux, orange: estimated evaporative losses at water film on membrane upstream from
the front.

waterfront length starting at t ≈ 50 s attributed to the formation of fingers and reaching the maximum
waterfront length at t ≈ 400 s. After that, the waterfront length decreases again for the samples with
wicking along fiber orientation (figure 11b,c and d) reflecting the widening and merging of the initially
sharp fingers (figure 8d-f). Actually, the waterfront length of wicking along fiber direction reaches up to
four times the initial front length. Figures 12 and 13 are galleries of the waterfront shape of every sample
at its maximal measured waterfront length for wicking along and normal to fiber orientation respectively.
The samples in figure 12 with high drum rotation (>500 rpm) show prominent fingers pointing in the
same direction as the wicking flow. Wicking normal to the fiber orientations for samples prepared from
the same batch (figure 13 >500 rpm) also show fingers. However, they do not point sharply in wicking
direction, but rather spread laterally as branches in the style of a pine tree (figure 8k and 13) and only
appear late in the uptake process. The samples with low drum rotation or low degree of fiber orientation
(500 rpm, figures 12 and 13) show fingers growing as wedges in apparently random directions, showing
little difference between different fiber orientations.

4 Simulation results

Figure 14 and 15 compare the experal and simulation results of uptake along fiber orientation. We study
the influence of heterogeneity (with and without random field), i.e. pc0 as random field or constant, as well
as the influence of capillary pressure increase due to waterfront gradient: local (ls = 1) versus non-local
(ls ≥ 1) approach. Figure 14 shows the results for the local approach (ls = 1, deactivated increase due to
waterfront gradient) for membranes without and with heterogeneity. For the homogeneous case (constant
pc0), a square root of time behavior as described by Lucas-Washburn is recovered. For the heterogeneous
case, the uptake is faster than the for homogeneous case, but still slower than the experiment. The
evolution of the waterfront is compared with the experimental results in figure 14b). Heterogeneity leads
to an increasingly distorted waterfront, but no formation of fingers is observed as in the experiment.
Figure 15a) shows the non-local simulation (ls ≥ 1) results taking into account the increase of capillary
pressure due to the waterfront gradient. Figure 4a) displays the random field with mean pc0 = 136 Pa
and a deviation of maximal 10 Pa and high spatial correlation mimicking the fiber orientation. We note
that evaporation, which has an increasing influence with time by enlarging the surface film area and
results in higher absolute evaporative volume losses, is not included in our model. Therefore, we only
consider the period until t < 600 s, which is also the crucial time span where fingers are formed. The
waterfronts at selected time steps are displayed in figure 15b. Due to computational limitations a slender
domain is simulated compared to the experimental one, but large enough to identify the trend of the
wicking dynamics.
The wicking front dynamics show good agreement between simulation and experiment. While both
simulation and experiment show an almost linear uptake behavior for early time, only the experimental
curves ease off for t > 400 s because of evaporation. Qualitatively similar fingers appear and grow at
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Figure 11: Average waterfront length (solid line) and standard deviation (light area) over time for samples
taken from membranes produced with drum rotation a) 500 rpm, b) 1000 rpm, c) 1500 rpm and d) 2000
rpm. Black - fibers oriented along wicking direction; red - normal to wicking direction.

about the same time (t ≈ 130 s) and position (y ≈ 2.5 mm) in simulations and in experiment (figure 15).
In figure 16, the results are presented for wicking normal to fiber direction by swapping the parameters
σx and σy in the random field. The uptake dynamics show less agreement with experiments (figure 16a).
The appearance of fingers in normal direction and the consequential formation of large wet knobs cannot
be captured (figure 16b). The uptake dynamics and front shape deviate for later times. Table 1 lists the
model parameters used in the simulation. Based on these values a parametric analysis is performed.
Figure 17 shows the simulation results for two selected parametric sweeps of the model (see table 2)
while keeping the other parameters as reported in table 1. Figure 17a shows the results for different
noise levels indicating the level of heterogeneity. We observe that a minimum heterogeneity is required
to trigger the formation of fingers, here at least a noise level of ∆p = 0.9. Simulations with low noise
adhere to uptake in a homogeneous porous medium described by the Lucas-Washburn law, do not show
fingers and have much slower uptake dynamics, while high noise runs show stronger finger formation and
faster dynamics than the experiment. The mean capillary pressure is the same for all runs and due to
the subsequent domain smoothing step, differences and absolute value of the variance are actually small
(see table 2). On the other hand, heterogeneity alone is not sufficient to trigger the formation of fingers.
Figure 17b shows that a minimum anisotropy and spatial correlation in capillary pressure is necessary
to form fingers. Only runs with

σy

σx
> 40 show fingers in figure 17b. Figure 17c shows the waterfronts for

the runs at t = 145 s, i.e. at the onset of fingering for the curves in figure 17a (left) and b (right). Not
only is the uptake faster for higher noise levels and heterogeneity, also the fingers are longer already at
the beginning of finger formation. The lateral location of the fingers is the same for all runs and depends
on the underlying random field.

5 Discussion

The studied thin ENM show pronounced front fingering during wicking which is enhanced by a preferred
fiber orientation. We suggest a perturbation in capillary pressure to be the origin of these wicking
fingers followed by a non-local growth of fingers due to an increase in capillary pressure due to a non-
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Figure 12: Waterfront shapes during wicking at maximal finger extension for flow along fiber orientation
for different drum rotation, thus different fiber orientation.

Table 1: Parameters used in simulations.

symbol description value
b membrane thickness 30 µm

domain size y 21.75*/18** mm
domain size x 5.25*/6.75** mm

∆ grid element size 75 µm

g gravitational acceleration 9.81 N
kg

ρ water density 1000 kg
m3

C wicking constant 0.475 mm√
s

h0 wicking height 15 mm
pc0 derived base capillary pressure 137.34 Pa

effective pc0 standard deviation 2.29*/4.65** Pa
σa front smoothing length 150 µm
σc waterfront correlation/smoothing

length
350 µm

∆p pc0 raw noise 1.25
σx noise x correlation/smoothing length 58.3 µm*/3.5 mm**
σy noise y correlation/smoothing length 3.5 mm*/58.3 µm**

*along fiber orientation, **normal to fiber orientation
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Figure 14: a) Comparison of simulation without capillary pressure increase to experimental uptake in
fiber orientation calibrated for the cropped experimental images. black - one 1000 rpm sample, red - mean
simulation front for domain with random field; dashed and dashed-dotted respective front minimum and
maximum, blue - simulation front for domain without random field, with straight front and equivalent
to Lucas-Washburn. b) comparison of waterfront shape evolution of heterogeneous (with random field)
domain (red) to experiment (black).
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Figure 15: Wicking along fiber orientation. a) simulated waterfont position in red, dashed and and
dashed-dotted front minimum and maximum. black - median of waterfront positions of all 1000 rpm
samples with standard deviation as gray area. Black dashed and dashed-dotted the respective medians
of the front minima and maxima, blue - waterfront position of the 1000 rpm example shown in b). b)
Waterfront of simulation (red) and experiment (black) at selected time steps marked in a).
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Figure 16: Wicking normal fiber orientation. a) simulated waterfont position in red, dashed and and
dashed-dotted front minimum and maximum. black - median of waterfront positions of all 2000 rpm
samples with standard deviation as gray area. Black dashed and dashed-dotted the respective medians
of the front minima and maxima, blue - waterfront position of the 2000 rpm example shown in b). b)
Waterfront of simulation (red) and experiment (black) at selected time steps marked in a).

Table 2: Parametric sweeps and corresponding effective pc0 standard deviation.

noise σx
σy

σx
pc0 standard deviation

0.3 58.3 µm 60 0.59 Pa (0.4%)
0.9 58.3 µm 60 1.77 Pa (1.3%)
1.1 58.3 µm 60 2.16 Pa (1.6%)
1.25 58.3 µm 60 2.45 Pa (1.8%)
1.4 58.3 µm 60 2.75 Pa (2.0%)
1.8 58.3 µm 60 3.50 Pa (2.5%)

1.25 175 µm 20 1.47 Pa (1.1%)
1.25 87.5 µm 40 2.01 Pa (1.5%)
1.25 58.3 µm 60 2.51 Pa (1.8%)
1.25 43.8 µm 80 2.92 Pa (2.1%)
1.25 35 µm 100 3.45 Pa (2.5%)
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Figure 17: Wicking height (solid), base (dashed) and tips (dashed-dotted) versus time for a) simulations
with varying noise parameter and b) simulations with varying pc0 correlation in x-direction. c) Waterfront
at t=145 s: left-noise sweep, right - σx sweep. Noise 1.25 and ratio

σy

σx
= 60 are the experimentally

matching simulation parameters.

linear waterfront. Section 2.5 derives the effect of the waterfront shape on the change of free energy for
advancing the waterfront and consequently the capillary pressure. We could also interpret this as in the
case of fingering the wetting process depends not only on the local value of the capillary pressure pc0,
but also on the gradient of the waterfront. Such an approach shows similarity to the gradient approach
and in an integral formulation to the non-local approach, where the response at a certain point depends
not only on the local value, but also on some information stemming from the neighborhood of this point
[42].
The free energy evolution contains two variables, the wet surface and the water-air interface. Due the
small thickness of the membranes and the open pore space, the water-air interface formed by the thin
film on the membrane surface strongly reduces the capillary pressure that would otherwise be expected
for porous media with comparable void sizes. The uptake is consequentially much slower than predicted
by the Lucas-Washburn model.
The continuity of the waterfront stretching over multiple inter-fiber voids, on the other side, gives rise
to a non-local effect on the capillary pressure influenced by the waterfront shape described in equation
(10). Waterfront locations with distorted front shape have more available solid surface area and can
produce a stronger capillary suction than a straight front shape. Perturbations of the waterfront grow
into fingers because the available fiber surface is larger than in the case of a straight front while the ratio
of produced water-air interface to wetted solid surface stays constant.
The membranes appear rather homogeneous at the millimeter length scale and the SEM images give no
indication of heterogeneity at the size of the formed fingers as for example observed in fractured porous
media [23]. From experiments it is not clear what triggers the finger formation, but it is apparent that
a spatial correlation and heterogeneity is required to trigger fingering and growth of fingers as shown by
longer and sharper fingers for increased fiber orientation. Coincidentally highly aligned and close fibers
will produce pathways that result in sharp membrane sections with locally increased capillary pressure
instigating finger formation. Experimentally, the waterfront has a shape affected by features as small as
fiber perimeters, which is currently unattainable for modeling. Section 2.6 describes a large scale model
based on the balance of capillary pressure and viscous dissipation. Macroscopic material characteristics
can be estimated by matching the early uptake phase, which displays its still straight waterfront, to the
classic Lucas-Washburn model, e.g. the capillary pressure without increase of capillary pressure due to
a non-linear waterfront.
The capillary pressure for the distorted waterfront is calculated from the front shape. We find good
agreement of our proposed mechanism in the uptake dynamics and also the finger front characteristics.
A drawback of the proposed model is that most model parameters are obtained from matching the
simulation to the experimental observation and do not directly relate to actual microscopic parameters.
Since the samples for wicking along and normal to fiber orientation are taken from the same membrane,
there are no differences in macroscopic characteristics like porosity, pore size distribution or wettability,
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yet the wicking dynamics differ strongly.
We attempt to reproduce this behavior with our model by varying the heterogeneity and anisotropy of
the pore structure. Fingers appear only over a certain heterogeneity limit and concurrently a certain
minimal spatial correlation to achieve a critical size of front perturbation. Similar to the experiment
with increasing fiber alignment, fingering becomes more pronounced for stronger and more anisotropic
imposed heterogeneity.
We believe that our model provides an explanation for the mechanism of wicking fingering in thin ENM.
There are apparently several possible variables that could have additional qualitative and quantitative
influences on the wicking fingering dynamics including fiber wettability, fiber thickness, fiber stiffness,
membrane thickness and liquid viscosity. Further research is necessary to connect the variables assumed
for the model to experimentally accessible membrane structure parameters. For example, while our model
considers gravity because of the low estimated capillary pressure, the increase in capillary pressure due
to fingers advances the front beyond the maximal uptake height h0, which corresponds to the limit of
experimental uptake in normal orientation of fibers. While the experimental uptake limit appears as a
reasonable value for h0 and a suitable reference for the capillary pressure, the experimental uptake is
clearly limited by evaporation and not by gravity.

6 Conclusion

We studied in-plane wicking in thin electrospun membranes of submicron sized EVOH fibers by back-
light photography. The wicking dynamics is not only found to be much slower than expected for the
predominant inter-fiber pore size, but also a pronounced waterfront fingering is observed with different
front shapes and uptake dynamics by varying fiber alignment and orientation. We suggest a capillary
pressure increase due to subtle waterfront perturbations caused by small anisotropic membrane hetero-
geneity trigger the onset of fingering. The perturbations grow into fingers because distorted front shapes
produce stronger capillary pull than a straight front. A non-local control volume model considering the
influence of the waterfront shape on the wicking process is developed to reproduce the experimentally
observed water uptake. Despite the coarse length scale of the model compared to the membrane struc-
ture, good agreement is found for the finger formation and wicking dynamics. A potential approach for
an improved model could be the employment of volume-of-fluid computational-fluid-dynamics, lattice-
Boltzmann-method or level-set-method with the challenge to implement the non-local waterfront effect.
Such an approach would still rely on fitting parameters, but would allow finer grids and help together
with wider experimental parameter variation to identify or derive the underlying physical properties.
Further improvement can be found in including evaporation into the model. Studying a wider range
of experimental variables including batch-to-batch variation, membrane thickness, different liquids or
polymers could allow to better understand the link between the microscopic membrane structure and
macroscopic wicking dynamics.
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A Appendix

A.1 Derivation of model conductivity

The conductivity gij is derived from Darcy’s law and Washburn’s law without gravity, taking as input
the wicking constant C and the capillary pressure pc0 = ρgh0. Darcy’s law is

pc = RQ = khQ (17)

where R is the flow resistance for a capillary of length h and k the length specific resistance factor. The
flow rate Q can be written as the product of capillary cross-section area A and front velocity ḣ.

pc = ρgh0 = khAḣ (18)

Solving the differential equation gives Wasburn’s law

h(t) =

√
2ρgh0

kA
t = C

√
t (19)

The cross-section area A is the product of the membrane thickness b and the element size ∆. The wicking
constant C can be described by

C2 =
2ρgh0

kb∆
(20)

The base conductivity g0 is the inverse base resistance between two fully wet elements.

g0 =
1

k∆
=

C2b

2ρgh0
(21)

One element is connected to three elements of the next lower row in the grid: To one next neighbor
and diagonally to two next nearest neighbors. The decreased conductivity of the diagonal elements is
taken into account in the adjacency matrix with the value 1√

2
. g0 has to be corrected by 1 +

√
2 as the

sum of the three connections and the degrees of saturation s of the elements i and j to yield the correct
row-by-row conductivity described by the linear Washburn law giving the conductivity gij in equation
(14)

gij =
C2b

ρgh0 (si + sj)

1

1 +
√
2

(22)

which recovers accurately Washburn’s law for the homogeneous case (figure 14).

A.2 High-resolution X-ray tomographic microscopy

A small piece of membrane was examined with X-ray tomographic microscopy. A three millimeter wide
strip is placed in a 5 mm wide tube on top of a rod with a short piece sticking out of the tube. The rod
is placed on the rotating stage of the RX Solutions Easy Tom XL and the field of view focused on the
small piece. The voxel size is 0.52 µm. A representative slice and a 3D rendering are shown in figure
18. The membrane has a thickness of around 30 µm, yet not perfectly uniform. Despite strong local
tomography and ring artifacts, the membrane can be resolved, but not the composing fibers.

A.3 Time-resolved X-ray tomographic microscopy

During the experimental campaign in [29], a narrow (3 mm) strip of ENM was placed in the sample holder
and wicking recorded with the same setting at one full tomographic scan per second. The narrow strip
leads to folding at the edges when wetted and the mounting cannot prevent movement of the sample.
Consequently, only a few scans provide useful qualitative data during early wicking showing only a small
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(a) (b)

Figure 18: a) tomographic slice white) and b) 3D visualization of X-ray tomographic microscopy of
membrane with voxel size 0.52 µm.

part of the sample. Figure 19 shows a selected scan during water rise in the membrane. The voxel size is
2.75 µm and the sub-micron fibers show too little absorption to be resolved. However, water filling the
inter-fiber void space and forming a thin film on the membrane surface can be observed shown as solid
gray wedge in figure 19. The waterfront is straight in trans-membrane direction confirming the quasi-2D
approach presented in this work.
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