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ABSTRACT

Due to their unique structural features, electrospun membranes have gained considerable attention for use in applica-
tions where quality of depth filtration is a dominant performance factor. To elucidate the depth filtration phenomena it
is important to quantify the intrinsic structural properties independent from the dynamics of transport media. Several
methods have been proposed for structural characterization of such membranes. However, these methods do not meet
the requirement for the quantification of intrinsic structural properties in depth filtration. This may be due to the com-
plex influence of transport media dynamics and structural elements in the depth filtration process. In addition, the dif-
ferent morphological architectures of electrospun membranes present obstacles to precise quantification. This paper
seeks to quantify the structural characteristics of electrospun membranes by introducing a robust image analysis tech-
nique and exploiting it to evaluate the permeation-filtration mechanism. To this end, a nanostructured fibrous network
was simulated as an ideal membrane using adaptive local criteria in the image analysis. The reliability of the proposed
approach was validated with measurements and comparison of structural characteristics in different morphological con-
ditions. The results were found to be well compatible with empirical observations of perfect membrane structures. This
approach, based on optimization of electrospinning parameters, may pave the way for producing optimal membrane
structures for boosting the performance of electrospun membranes in end-use applications.
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1. Introduction

Electrospun nanofibres are attracting considerable at-
tention in the field of membrane applications due to their
fundamental structural features and corresponding depth
filtration characteristics [1-6]. These features originate
mostly from the random deposition of ultrafine fibres in
the form of an interconnected porous substrate, resulting
in rapid increase in filtration accompanied by reduced
permeability loss [7-10]. Characterization of these pa-
rameters could pave the way to estimating the relative
implantation efficiency of the membranes in demanding
applications where the quality of depth filtration is para-
mount. Lithium battery membranes [11-12], tissue scaf-
folds [13-14], and separation membranes for fuel cells
[15-16] are the most common applications for electro-
spun membranes for depth filtration.

Tehrani et al. [17] virtually modelled a 3D structure of
a fibrous tissue scaffold and introduced a parameter
known as scaffold percolative efficiency (SPE) for eval-
uation of membrane transport properties. The reliability
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of the algorithm was validated by in vitro experiments.
Hossieni et al. [18] modelled the permeability of a 3D
nanofibre structure with a C++ program in a slip flow
regime. They claimed that, due to the fine diameter of the
fibres, the flow field around the fibre was not a con-
tinuum regime and establishing a correction factor for the
conventional expressions was thus needed. Correspon-
dingly, Hossieni and Tafreshi [19] numerically simu-
lated the pressure drop and the collection efficiency at
different aerosol sizes and claimed that their simulation
was compatible with the existing correlations.

Sambaer et al. [20] proposed a 3D structure model
based on image analysis of a polyurethane nanofibre
membrane. They investigated the filtration process in the
slip, transition, and free molecular flow regimes while
several factors such as particle-fibre interactions, airpar-
ticle slip, and sieve and homogenous flow field were
considered. Moreover, Jaganatha ef al. [21] reconstructed
a 3D microstructure based on image analysis to describe
the fluid flow behaviour and permeability of a fibrous
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membrane and compared the results with analytical equa-
tions. A review of the related literature revealed that there
is no satisfactory correlation between structural charac-
teristics and the permeation-filtration process throughout
the depth of a membrane. Exploring the interplay be-
tween depth filtration behaviour and structural character-
istics expedites the process optimization of electrospin-
ning parameters to produce ideal membranes for de-
manding applications. The proposed approach involves
the evaluation of these properties without the use of the
complex theoretical equations typically attributed to dep-
th filtration dynamics, the majority of which have no
correlation with processing parameters.

Image analysis is a non-destructive characterization
method and, due to its ability to detect individual pores,
is beneficial for structural characterizations. The most
important advantage of image analysis, particularly with
respect to the unique architecture of nanofibres, is the
ability to conduct porosity measurements within the dep-
th profile of the image. However, in order to exploit ac-
curate results of quantitative analysis, careful considera-
tion should be paid to morphological features either by
means of programming or software implementation. Con-
sequently, previously proposed algorithms [17,22-24] are
appropriate only in specific cases, and general process
conditions still present key obstacles regarding their ef-
fectiveness. These obstacles mainly originate from struc-
tural imperfections (beading and solution dripping) and
high or low density of fibre deposition. Such measure-
ment obstacles, especially at the nano scale, hinder the
precise evaluation of the actual elements involved in dep-
th filtration.

The main objective of this paper is to introduce a ro-
bust technique based on image analysis for the quantifi-
cation of structural characteristics, and to exploit the re-
sults to evaluate the permeation-filtration mechanism. To
this end, the fibrous network was simulated as an ideal
membrane, and the type and sequence of morphological
operations in the proposed algorithm were defined such
that the deviation of measurements was minimized.
Similar to any method based on image analysis, it is im-
portant to capture and select the images with possible
highest quality and without unexpected noises. Mean-
while, the different fibrous layers in the depth of mem-
brane profile should be distinguished in the selected im-
ages. In addition, due to inhomogeneous distributions of
fibres throughout the membrane, it is of significance that
the images are captured from different regions of a mem-
brane in order to obtaining the highest measurement ac-
curacy. Our technique enables the computation of lay-
ered and overall porosity characteristics of electrospun
nanofibres in different morphological conditions. Fur-
thermore, the interconnectivity, scaffold percolative effi-
ciency (SPE), optimal pore size (OPS) and their corre-

Copyright © 2013 SciRes.

sponding relation to depth filtration were studied. The
reliability of the proposed approach was validated by
measurements and through comparison of the structural
characteristics of several samples in different morpho-
logical architectures. In our last work [25], the prepara-
tion and morphological changes in some of these sam-
ples were discussed based on electrospinning process.

2. Methodology

The permeability and filtration properties of a fibrous
membrane are determined as a function of three crucial
parameters, known as the open area, solid area and in-
terconnection. The proposed method relies on the projec-
tion of the open area (overall porosity) and solid area
(fibrous network) from the image in the 2D plane. While
the interconnection is estimated by the trend of blocking
pore channels throughout the depth of the membrane
profile [17]. This trend can be identified as an increase in
cumulative open area from sublayers to the surface lay-
ers at the membrane profile (see Figure 1).

2.1. Segmentation Procedure

The first step of the proposed algorithm involves the pre-
cise segmentation of a 256 grey-scale image to binary
form using the threshold procedure. Thresholding is a
simple but effective process for object segmentation from
the image background. The procedure is also essential
with regard to obtaining measurement accuracy, and the
selections of the following sequences of morphological
operations are highly depend on it. Of the aforemen-
tioned thresholding methods, only local thresholding
seems to meet the structural requirements of a fibrous
membrane. This may be due to the multilayered archi-
tecture of the membrane, as the intensity gradient of the
image is inhomogeneous, varying locally from surface to
sublayers. The non-uniform intensity gradient throughout
the membrane profile prevents realistic binarization.

The local criterion approach can tackle this segmenta-
tion problem by dividing the image into various sub-
images. The boundaries of local sub-images are deter-
mined based on neighbouring pixels within a specific
radius, while the threshold values dynamically change
over these boundaries [26-30].

In addition, based on the local approach, deviations
caused by applying different magnifications are mini-
mized by selecting the radius of the local region propor-
tionally to the change in magnification. Several local
thresholding methods have been developed, of which the
most commonly applied are mean, median, MidGrey,
Bernsen, Niblack and Sauvola [26,31]. Of these methods,
Bernsen and Sauvola (as an improved version of Ni-
black) have inherent advantages for use in high contrast
areas. However, Sauvola thresholding is edge-sensitive
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Figure 1. (a) Flow chart of the proposed image analysis method; (b) 3D illustration of electrospun membrane segmented by

seven cumulative layers (interval layers) from infinite n layers.

and more appropriate for high-contrast regions with some
faint connection [26,32-34].

On this basis, the Sauvola method seems to be par-
ticularly suitable for fibrous membranes where fibres in-
tersect on several layers forming a porous architecture-
Experimental observation of nanofibre images confirmed
this theoretical concept. As shown in Figure 2, the Sau-
vola method exhibits structural imperfections (beads,
solution dripping) and fibre deposition more realistically
than other versions. The local threshold 7(i,) is indi-
cated as a function of the coordinates (7,f) at each pixel
calculated from Equation (1) [26]:

T(i,j):m(i,j)+{1+K{#—l}} (1)
where k = 0.5 and R = 128.
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2.2. Porosity Characteristics Measurement

Depending on the preferred accuracy of measurement, m
number of images are selected and converted to binarized
mode and the mean porosity computed from Equation (2)
[17]:

P=3p=r33 %55, @

e e a4 mdiTo !

where A is the total scanned area, a; is the pore area j
found on the image i of the corresponding nanofibre mat.
P; is the porosity calculated based on the image number
(?) and m is the preferred number of images. To reduce
image noise and irregular clustering of pixels, applying a
median filter as a smoothing morphological operator and
defining a minimum cut-off value for recognizing the
interested areas is highly recommended. The size (radius)
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Figure 2. Original and binarized images by different local thresholding methods at radius r = 15, (a) Original SEM image
(magnification 2.5 KX); (b) Bernsen; (c) Mean; (d) Median; (e) MidGrey; (f) Niblack; (g) Sauvola.

of local windows for the median filter should be in ad-
herence to the relative ratio of magnification. The pore
size was evaluated by measurement of the maximum
Feret’s diameter, which is defined as the longest distance
between two parallel tangents at an arbitrary angle in the
boundary of a pore area [35-37].

2.3. Layered Porosity Characteristics
Measurement

To study the depth filtration behaviour based on solid
and open area, the structural elements layer by layer
throughout the profile need to be accurately measured.
Finding the edge of overlapping layers by analysing the
intensity variation at selected local windows seems to be
the best approach for layer-by-layer segmentation. One
practical method is to use a differential histogram of in-
tensities by applying unsharp masking where the edges
of overlapped fibres are more discriminated. Unsharp
masking is a manipulating technique used in image pro-
cessing that achieves edge enhancement by amplifying
components that have high intensity [38-40].

In the algorithm, a median filter that is well-known to
remove local outliers from images [41,42] is used as the
unsharp operator at the selected local window. After un-
sharp masking, the histogram of grey-scale contrast has a
unique feature that can be used to segment the edge of
objects from the background locally.

This approach is well-suited for our purposes because
the edges of the image (high intensity contrast) are posi-
tioned exactly at the layer interface.

By exhibiting local contrast values, the differential
grey-scale histogram provides important statistical pa-
rameters for layer-by-layer segmentation (see Figure
3(b)). Theoretically, if we consider the differential histo-
gram as a curve, the area bounded by the x-y (grey-scale
contrast-frequency) plane represents the total pixels in
the image. By selecting a specific grey-scale interval, the
number of pixels within a distinct grey-scale level can be
calculated. The result obtained from this integral calcula-
tion is the solid area (fibrous network) in a given grey-scale
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interval. Subtracting this solid area from the total area
gives the layered pore area between two points (¢ and d)
of grey-scale contrast. Furthermore, the layered porosity
fraction at [¢,d] can be calculated from Equation (3):
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Figure 3. Comparison between (a) a grey-scale histogram
and (b) a differential histogram of grey-scale contrast after
unsharp masking.

d>c 3)

where t(x) is the differential histogram curve, b and a
respectively are the supremum and infimum of grey-
scale contrast, and P, is the layered porosity fraction at
the [c,d] intensity interval.

This approach is well compatible with random depo-
sition of fibre in an electrospinning mechanism in which
each nanofibre layer is positioned at different depths
throughout the membrane profile and should be identi-
fied by a specific interval rather than a discrete value for
grey-scale contrast.

By extracting statistical data such as the mean (x) and
standard deviation (o) from the differential histogram, it
is possible to select the best intervals (INT) that precisely
simulate a fibrous network with finite layers. To add the
interconnectivity of the layers to the simulation, the in-
terval sequence should be such that each interval over-
laps with the previous interval, with the last interval cov-
ering the entire range of grey-scale contrast (Equation

(4)):
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The number of intervals needed for the layered simu-
lation depends on the statistical parameters of standard
deviation, mean, supremum and infimum of grey-scale
contrast. The slight reduction in pore area due to over-
lapping of the different layers in the fibrous network can
be shown by defining the discrete function R, exhibited
in Equation (5) [17]:

R, = [ﬁa,-/ATj ®)

X

where x is the number of layers, @, is the remaining
pore area after x layer depositions, and 4, is the total
area. Overlapping of several layers causes narrowing of
the open areas until the penetration channel is totally
blocked.

If Equation (5) is substituted by data from the grey-
scale contrast, from the modelling using a (infimum
value) as the sublayer and b (supremum value) as the
surface layer, the equation exhibits an increasing trend.
This equation can be modified in the form of Equation

(6):
Iht(x)dx

X
b

R =100x|1-
Iat(x)dx

x<b  (6)

From Equations (3) and (6), when x = ¢ and b = d it
can be concluded that the numerical value of the block-
ing open area is equivalent to the layered porosity at
depth x in the membrane (R, = P,).

Based on the above, the interconnectivity of the fi-
brous membrane can be estimated by finding the best
fitted curve (trend) derived from regression analysis of
layered porosities throughout the depth of the membrane.
Based on the bell shape of the grey-scale contrast histo-
gram and related mathematical principals, it was found
that dose-response curve is the best model for evaluating
the best trends for layered porosities in our simulation
(see Figure 4). Dose-response curves are generally used
to explain the results of in vitro experiments where the
known concentrations of a drug are varied. This template
can be extended to any experiment where by variation of
a known parameter the corresponding results are com-

patible with the basic principle of dose-response relations.

In the present study, however, the aim was to apply this
model to layered porosity only with respect to the regres-
sion of results based on mathematical features, as op-
posed to dealing with dose-response relations. The fol-
lowing two aspects of dose-response regression [43] are
of key importance to our simulation:

1) Half way open area (Os): the cumulative layer with
a half open area in the membrane

Copyright © 2013 SciRes.
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Figure 4. Best-fit (dose-response) curve for layered porosity
from non-linear regression analysis.

2) Hill slope (H): the steepness of the dose-response
curve is described by the hill slope, where a higher value
indicates faster blocking of accessible channels (less in-
terconnectivity), and a low value indicates that the open
area narrows moderately (high interconnectivity).

On this basis, H can be assumed to be the reciprocal
index of interconnectivity of the membrane. The general
model for best fitted curve for layered porosities is illus-
trated in Equation (7):

F() = )
1+10%7°
where Os is the half way open area, x is the grey-scale
contrast and H is the hill slope of the dose-response
curve.

2.4. Intrinsic Structural Properties and Their
Relation to Depth Filtration Elements

Tehrani et al. [17] introduced a factor known as scaffold
percolative efficiency (SPE) to contribute interconnectiv-
ity and mean porosity to the characterization of the per-
meation properties of an electrospun membrane. They
hypothesized that an exponential curve is the best fit for
layered porosity regression, and its slope (b) can be as-
sumed as a reciprocal index of interconnectivity. How-
ever, the layered porosity measurement via our algorithm
revealed that the exponential curve was not sufficiently
compatible for exhibiting the layered porosity trend.
Therefore, the scaffold percolative efficiency factor (or
permeation efficiency constant) was modified via our
approach as follows:

SPE = §—>M°‘“ﬁ“‘ SPE = g ®)

where P is the overall porosity, b is the slope of the ex-
ponential curve and H is the slope of the best-fit curve.

In depth filtration, regardless of the theoretical and
empirical expressions attributed to dynamics and size of
particles, the fractural permeation and filtration effi-
ciency are correlated to porosity and solid area fraction
(fibrous network). The fractural filtration efficiency is
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measured by Equation (9) [44]:

it o

where C, (dp) is the upstream and Cz(dp) the down-

stream concentration corresponding to the particle size d,,.

If it is assumed that each cumulative layer based on its
pores size and solid area (fibre network) acts as a discrete
filtration element, E(dx), the filtration efficiency of the
layer positioned at point x in the depth profile can be
determined from Equation (10):

E(dx) = 100{1— 2 EZ:))] = 100{-%} . (10)

During depth filtration, the rate of change in particle
concentration passing through the depth profile is pro-
portional to the concentration and the constant filtration
efficiency of the membrane (@ ) [45]

dc
C

In the grey-scale contrast histogram, o dx represents
the interval (area) in which the permeated particles are
filtered at depth x in the membrane profile. This area,
known as the solid area fraction, is determined by the
fraction of fibrous networks at depth x in the membrane
profile (Equation (12)):

- dx . (1D

Iht(x)dx
—adv="——. (12)
Lt(x)dx
From Equations (6) and (12), it can be concluded that:
R
100 (13)
E(dx):IOO—RX. (14)

The overall filtration performance of the membrane
can be measured from Equation (15) [46,47], where E
and P are the filtration and permeation in the membrane.

E=100-P. (15)

As represented in Equations (14) and (15), it can be
concluded that the permeation efficiency follows an iden-
tical trend to F(x) (layered porosities approximation), as
well adherence to the negative trend of filtration effi-
ciency in the depth profile of the membrane.

For optimization of the membrane for depth filtration,
the permeation and filtration efficiency should be identi-
cal to 50% (x = Osy, F(x) = 50%). Computing the pore
size distribution at this point may facilitate the elucida-
tion of the quality of depth filtration for particles within a
specific geometrical range. Furthermore, the quality of

Copyright © 2013 SciRes.

depth filtration is dependent on the range of pore size
within the membrane. This range can be named as the
optimal pore size (OPS) and can be estimated based on
the mean pore size of the total and half open areas, and
directly correlates to the size of open areas within the
interconnected structure.

As mentioned earlier, overall porosity and SPE are es-
timated based on averages of n arbitrary images captured
from several regions within the membrane. However, in
the case of depth filtration elements such as F(x) and
OPS, due to inhomogeneous distributions of fibres th-
roughout the membrane, the comparison should be done
on a regional rather than overall basis. As an example,
the reciprocal interconnectivity index and OPS of two
images from different membranes shown in Figure 5 are
measured and reported as follows respectively: OPS; =
[212 - 482], H, = 0.03, OPS, =[370 - 530] and H,= 0.02.
As shown in Figure 5, the trace of the simulated halfway
open channel (E = P, F(x) = 50%) can be identified more
readily in the projection of total open area (overall poros-
ity) in membrane 2 compared to membrane 1) This is due
to the higher interconnectivity and lower tendency for
blocking accessible channels of membrane 2) It is no-
ticeable that the OPS parameter is only a comparative
index for scaling the interconnected open area which is
capable of hosting the transport media in the 3D archi-
tecture, but cannot reflect the real optimal particle distri-
bution without consideration of transport media dynam-
ics in depth filtration.

[-}]

Figure 5: Comparison between simulated open pore areas

. . 100
of (a) the sample image with F(x), :W and
100

1+10((2.66—x)xo.02) at the

(b) the sample image with F(x), =

half cumulative layer (x = Osy) and the projection of open
area in the 2D plane (overall porosity).
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3. Method Implementation and Validation

The overall porosity, mean pore size, interconnectivity
and SPE of each membrane were characterized based on
four FESEM images captured from different areas of the
electrospun web. The proposed algorithm was imple-
mented by Imagel (version 1.43 m), a common-use sci-
entific Java-based software [48], in order to increase its
usability in real-time applications. To investigate and af-
firm the reliability of non-linear approximation of layered
porosities, the GraphPad Prism [49] commercial and sci-
entific software was used. The results are discussed and
validated based on empirical observations of perfect nano-
fibre membrane structures. In the case of depth filtration
elements such as F(x) and OPS, the measurement and
comparison were done on a regional basis. Mean fibre
diameters were evaluated based on 40 measurements of
each sample membrane.

4. Results and Discussion

As alluded to previously, pore interconnections are
formed by random deposition of fibres during the electro-
spinning process. Based on this phenomenon, pore inter-
connectivity in electrospun membranes is correlated to the
mechanism of fibre deposition and the structural imper-
fections induced in the fibrous membrane.

However, the significance of each parameter on the
variation of interconnectivity is different and mostly de-
pends on the degree of induction of such imperfections.
Structural imperfections can be classified in two main
groups. Firstly, imperfections that partially influence the
structural properties of the membrane; bead structure
along the fibre axis and partial solution dripping can be
included in this first category.

Secondly, structural imperfections that interrupt the
entire membrane structure and influence the overall
characteristics of the membrane. Examples of the latter
include high fibre size and low fibre deposition originat-
ing from fundamental processing parameters in electro-
spinning, leading to induced high degree of imperfections
or structural differences in the membrane. To verify the
proposed method, the structural characteristics of seven
samples with different morphological features were mea-
sured and ordered in accordance with their respective
scaffold percolative efficiency (SPE), as shown in Figure
6. It was observed that the morphology and structure of
the first four samples (1 to 4) came close to fulfilling the
perfect criteria for depth filtration due to adequate fibre
deposition. In contrast, the last three samples fell well
short of these criteria due to low fibre deposition resulting
largely from inappropriate processing parameters. The
quantification of interconnectivity (see Figure 7(c)) re-
vealed that when fibre size decreased, interconnectivity
increased. Membrane 1 compared to membrane 2 and

Copyright © 2013 SciRes.

(2) (b)

© (d)

(8

Figure 6. FESEM images captured from membrane sam-
ples 1-7, respectively.

membrane 3 compared to membrane 4 had a higher in-
terconnectivity index, respectively, due to lower fibre size.
On the contrary, in the case of overall porosity this trend
was established inversely for the mentioned samples
(Figure 7(b)). On this basis, fibre size was a dominating
factor in determining SPE (see Figures 7(a) and (g)), and
may have outweighed the effect of lower overall porosity
in the first four samples. This may be due to the influence
of fibre size within entire membrane structures, whereas
reduced porosity only influences the membrane structures
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Figure 7. (a) Mean SPE; (b) Mean overall porosity; (c) Mean
reciprocal interconnectivity (hill slope x 103); (d) Mean
pore size and (e) Mean fibre size of the sample membranes.

partially due to beads and solution dripping (see Figures 6
(a)-(d)). As a consequence, the highest SPE belonged to
sample 1 and this value decreased slightly from sample 2
to 4, respectively.

Although the differences between the measured values
for mean SPE, interconnectivity and overall porosity
seem to be insignificant in the first four samples, it
should be noted that these values were obtained precisely
through segmentation and simulation of arbitrary images
at the nano scale. Furthermore, overall porosity was mea-
sured as the remaining open area after whole fibrous
networks were projected in the 2D plane, and intercon-
nectivity was evaluated based on limited numbers of cu-
mulative layers. Thus, based on the proposed method, it
seems that any slight difference in the value of struc-
tural elements results in considerable differences in depth
filtration performance. In the case of the latter three sam-
ples (see Figures 6(e)-(g)), it can be observed that, in
comparison to samples 6 and 7, sample 5 has higher pore
interconnection and a greater accessible open area for
depth filtration. This trend was also reflected in their re-
spective measurements. In addition, due to having the
lowest fibre deposition, sample 7 (see Figure 6(g)) did
not meet the structural requirement for depth filtration
and, correspondingly, its SPE was considerably lower than
the other membranes. Based on the discussion above, it
was concluded that the results obtained on intrinsic struc-
tural properties are well compatible with empirical ob-
servations of perfect membrane structures.

The F(x) and OPS estimate the quality of depth filtra-
tion in terms of how the accessible channels of specific
pore size are narrowed and block transport media in the
depth profile of the membrane. As previously described,
the depth filtration elements are determined locally based
on individual images captured from specific parts of the
membrane. However, if the deposition of fibres is almost
uniform, this evaluation can be extended to the entire
membrane. The standard deviation of the interconnectiv-
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Table 1. Best fitted curves F(x) for the layered porosities
and their corresponding optimal pore size (OPS).

Image code F(x) OPS (nm)
100
' 14 10(@5000) [274 - 467]
100
i 1410005000 [776 - 1024]
100
) 14 10(©26-2-0016) [294 - 408]
100
! 1+ 10(078-x)0020) [354 - 504]
100
. 1+ 10(@5r0024) [226 - 428]
100
f 1 4+ 10(3:03-0040) [161 - 400]
100
¢ [272 -410]

1+ 10((0.38<\-)x0.057)

ity index and overall porosity can serve as rough indica-
tors of the quality of fibre deposition, in that a higher
standard deviation indicates higher non-uniformity of
fibre deposition throughout the entire membrane. In con-
trast, a small standard deviation indicates that the deposi-
tion of the fibrous network was almost uniform within
the membrane. As Table 1 summarizes, the filtration
elements such as F(x) and OPS were measured locally
based on the single sample images illustrated in Figures
6(a)-(g). Since the standard deviation of the interconnec-
tivity index and overall porosity in the first four samples
was small (see Figures 7(b) and (c)), the corresponding
F(x) and OPS can contribute to the evaluation of the en-
tire membrane.

5. Conclusion

In the present work, a nanostructured fibrous membrane
was simulated as an ideal membrane using adaptive local
criteria in image analysis. The mean overall porosity as a
projection of open area in the 2-D plane, the mean recip-
rocal interconnectivity index, and the mean scaffold per-
colative efficiency (SPE) were measured as the intrinsic
structural properties. Furthermore, depth filtration ele-
ments, such layered porosities F(x) and optimal pore size
(OPS) were locally analysed. The proposed method can
be applied to different morphological conditions even at
high degrees of structural imperfection (low fibre deposi-
tion, beading and solution dripping). The reliability of
the proposed approach was validated with measurements
and comparison of the structural characteristics of several
samples with different morphological architectures. The
results and subsequent comparison were well compatible
with empirical observations of perfect membrane struc-
tures. This approach may open up avenues for optimiza-

Copyright © 2013 SciRes.

tion of electrospinning parameters in order to produce
optimal membranes that meet the requirements of depth
filtration. In addition, this may facilitate exploring the
complex dynamics of transport media through accurate
analysis of structural properties in the depth profile of
nanofibrous membranes.
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