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Abstract

Confocal laser scanning microscopy with fluorescent markers and index matching has been used
to collect three-dimensional (3D) digitized images of electrospun fiber mats and of a borosilicate
glass fiber material. By embedding the fluorescent dye in either the material component (fibers)
or pore space component (the index matching fluid), acquisitions of both positive and negative
images of the porous fibrous materials are demonstrated. Image analysis techniques are then
applied to the 3D reconstructions of the fibrous materials to extract important morphological
characteristics such as porosity, specific surface area, distributions of fiber diameter and of pore
diameter, and fiber orientation distribution; the results are compared with other experimental
measurements where available. The topology of the pore space is quantified for an electrospun
mat for the first time using the Euler-Poincaré characteristic. Finally, a method is presented for
subdividing the pore space into a network of cavities and the gates that interconnect them, by

which the network structure of the pore space in these electrospun mats is determined.

Keywords: Confocal laser scanning microscopy (CLSM), 3D imaging, porous media,

nonwovens, electrospinning, network model



1 Introduction

The characterization of porous media is of critical importance in a wide variety of disciplines and
applications, including mathematics, soil physics, petroleum engineering, biomedical devices,
and materials design [1-3]. It is often desired to understand the relation between the structural
and the functional properties, e.g., fluid filtration properties, of the porous media. On the one
hand, knowing this relation enables the calculation of functional properties based on structural
information; on the other hand, it can facilitate the design of porous materials for desired
functional properties. Given the full 3-dimensional (3D) structure of the porous medium, for
example, computer simulations can be used to solve Stokes’ equation for the calculation of
various static and dynamics properties of a fluid in the porous medium [4-6]. This type of
simulation, however, is computationally expensive. Alternatively, a small number of
morphological metrics characterizing the porous medium can be identified that control a
particular functional behavior. One such example of this approach is the well-known Kozeny-
Carman (KC) model for permeability of a porous medium [7, 8], for which the key structural
parameters are the porosity, tortuosity and the specific surface area of the porous material.
Although the latter approach is, by construction, a simplification of the full relationship between
structure and function, models such as the KC model are still widely appreciated for their
analytical tractability and ease of interpretation. A significant problem often encountered with
such models, however, is the ambiguity with which the controlling structural parameters are

defined and measured experimentally.



The network model is a compromise between the two approaches described above [9]. It was
proposed over half century ago, but only recently has received more attention with the
advancement of better imaging techniques and increased computer power. The network model
treats fluid passages in porous media as (usually, cylindrical) channels that meet at junction
points on a lattice. It has been used to predict static properties of fluids in porous media like
sandstones [10]. In addition, combined with Lattice-Boltzmann simulations [11], the network

model can also be used to calculate the dynamical properties of fluids.

The fibrous materials evaluated in this work were obtained by electrospinning. Electrospinning
is a process that readily produces fibers with diameters in the range of 100 nm to 10 um. The
fibers, and the nonwoven mats comprising them, have great potential in a wide variety of
applications, such as tissue engineering [12, 13], filtration [14], and sensors [15, 16]. This
promise is attributed to several important properties of electrospun mats: small fiber diameter,
high surface area per unit mass, high porosity and small pore size [17]. The bi-continuous nature
of the fiber and pore spaces should also be important for filtration and membrane applications,
through the mechanical integrity provided by the interconnected fiber component and the
robustness against fouling, for example, provided by an interconnected pore space component.
The size and orientation of fibers within a plane on the surface of the electrospun membrane are
typically characterized by image analysis of 2-dimensional micrographs of the electrospun mats
obtained by scanning electron microscopy (SEM). However, relatively little is known about fiber
orientation or curl in the third (or thickness) dimension of the membrane [18], or the variation of
fiber packing with depth. Efforts to extract information about the third dimension from 2D

micrographs have been limited [19].



Total porosity of the membrane can be determined gravimetrically or by intrusive methods like
mercury porosimetry. However, due to the large compliance of electrospun membranes,
determination of the pore size distribution is complicated by deformation of the sample when
pressure is applied during the measurement [20]. Also, analysis of mercury porosimetry data,
like that of many other techniques used to characterize porous materials, requires a pore shape
model to convert pressure to a dimension (e.g. diameter), for which an overly-simplistic
cylindrical geometry is usually employed; the cylindrical pore model is especially inappropriate
for fibrous materials like electrospun mats, as is readily apparent from inspection of a typical
SEM micrograph, such as the one shown in Fig.1. Capillary flow porometry and bubble point
measurements generally require lower pressures to characterize the pore sizes of electrospun
membranes, but still require a pore shape model and are biased towards sampling of constrictions
within channels that span the dimension of the sample (due to the “ink-bottle effect” [20]).
Dead-end pore volumes are not measured at all [21], but are not likely to be significant for the
materials considered in this work. It is expected that the inter-fibrillar spaces are far more
complex than can adequately be represented by such indirect measures and simplistic models.
Sampson proposed a relatively simple analytical model for pore radii in isotropic, near-planar
stochastic networks of rod-like fibers, and predicted highly anisotropic pore shapes [22, 23]. The

interconnectivity of the pore space has yet to be characterized experimentally.

To remedy these problems, the technique developed in this work measures and digitizes the
three-dimensional (3D) structure of electrospun fibrous materials, so that a more thorough and

accurate analysis of both the material and the pore space is possible. With modern imaging



techniques, it has become possible to extract the full 3D structure from porous samples and to
test those metrics that may be controlling in models for the functional properties of porous
media. However, such imaging techniques are often tedious, destructive and/or expensive. In
this work we demonstrate a simple, efficient, nondestructive method for obtaining 3D images of
porous fibrous materials, and develop the necessary analysis tools to extract a number of

morphological and topological properties of the nonwoven material.

Fig.1 A typical scanning electron microscopy image of electrospun fiber mats. The sample is
made of poly(trimethyl hexamethylene terephthalamide) (PA 6(3)T) fibers that are 2.08 =

0.15um in diameter; see text for details

Several methods [24] have been previously used to obtain the 3D structure of porous media;
these can be categorized as destructive or non-destructive. The destructive methods involve
serial sectioning and 2D imaging of each section of the sample. Although these methods are
often tedious, the in-plane (x-y) resolution can be very good, depending on the imaging
technique used, e.g. ~0.2 nm for transmission electron microscopy (TEM) and ~10 nm for

scanning electron microscopy (SEM). The depth (z-direction) resolution depends on how thinly
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the samples can be sectioned. Sectioning done by focused ion beam (FIB) or glass/diamond
knives typically has in-plane and depth resolutions of 15 nm and ~0.05-0.1um, respectively [5,
25]. These techniques have been applied to soil [5], microporous membranes [26], and

electrospun mats [27] .

Non-destructive methods are required when the samples are also used for other analyses in
addition to 3D imaging. For example, simultaneous micro-computed tomography (micro-CT)
and micromechanical testing have been used to study the behavior of tissue scaffolds under
compression [3], the structural change of a strained nonwoven papermaker felt [28], and the
mechanical properties of sandstone [29]; while the permeabilities of sandstones and packed bed
columns have been studied by imaging the water in the void space using magnetic resonance
imaging (MRI) [1, 6]. While micro-CT images the porous medium itself, MRI images the void
space within (e.g. water). The resolution of micro-CT typically ranges from 1 to 50 um [24] and

the best MRI resolution is on the order of 10 um [1].

Confocal laser scanning microscopy (CLSM) is a nondestructive imaging technique based on
optical microscopy that offers in-plane optical resolution down to about 0.2 um. The depth
optical resolution is generally proportional to and about three times that of the in-plane
resolution. The optical resolution (d,,) is related to the incident wavelength (A) and the
numerical aperture (NA), by the equation d,,=0.61A/1.31NA [30]. NA=1.4 for the objective used
in this work. CLSM was first demonstrated on electrospun mats by Bagherzadeh et al. [27].

However, the technique employed by Bagherzadeh et al. is limited to imaging only the first few



microns at the surface of the specimen, due to the scattering of light by the specimen, so that 3D

reconstruction is not possible.

In this work, we employed a refractive index-matching fluid to suppress scattering. By
suppressing scattering, we can demonstrate non-destructive imaging and full 3D reconstruction
of porous fibrous materials up to depths of ~50 um for the first time. We differentiate between
two types of imaging, which we call “positive” imaging and “negative” imaging. In positive
imaging, the contrast agent (a fluorescent dye) is added to the material itself during fabrication;
in negative imaging, the contrast agent is added instead to the index matching fluid. As
demonstrated here, the negative imaging technique can be applied to porous materials that have
not been specifically formulated for imaging purposes. Finally, we use 3D image analysis
algorithms to extract several important structural metrics of electrospun fiber materials, including
several that are not currently achievable by other means. We propose a network model

comprising cavities and gates to characterize the pore space of the material.

2 Experimental

2.1 Materials

Poly(trimethylhexamethylene terephthalamide) (PA 6(3)T) was purchased from Scientific
Polymer Products, Inc. N,N-dimethyl acetamide (DMAc), formic acid (FA), perylene, benzene
and iodobenzene were purchased from Sigma—Aldrich and used as received. F1300 fluorescein
was purchased from Invitrogen. Commercial Grade C borosilicate glass fiber (BGF) filter (1.1

um nominal pore size, C2500) was purchased from Sterlitech.



2.2 Fabrication

Undyed nanofiber mats were fabricated by electrospinning from organic polymer solutions using
a parallel-plate geometry described previously [31]. Briefly, two aluminum plates, each 12 cm in
diameter, were positioned one above the other, with the spinneret mounted in the center of the
top plate and a tip-to-collector distance of 25-40 cm. A high voltage power supply (Gamma High
Voltage Research, ES40P) was used to apply an electrical potential of 23-26 kV to the polymer
solution and the top plate, while the bottom plate (collector) was grounded. The spinneret
consisted of a stainless steel capillary tube (1.6 mm OD, 1.0 mm ID) (Upchurch Scientific). A
digitally controlled syringe pump (Harvard Apparatus, PHD 2000) was used to control flow rate
in the range of 0.01-0.02 mL min™. To render the fibers fluorescent, 0.1 wt% F-1300 dye was
first dissolved in DMAc before adding the PA 6(3)T to form the polymer solution with a
concentration of 34 wt%, which was then used for electrospinning as described. At this

concentration, the dye does not have any apparent effect on the formation of fibers.

2.3 Characterization

2.3.1 Porosity and BET analysis

The porosity €, was measured gravimetrically, i.e. from the basis weight (m) and thickness (#) of
the mat, and the bulk density of the polymer (py), according to the equation ¢, = (l—m/tpf). Due
to the compressible nature of electrospun mats [31], the thickness measurement is prone to

measurement error. To improve reproducibility, the mass was determined independently for five

1 cm diameter samples taken from each mat, and the thickness of each sample was measured



using an adjustable measuring force digital micrometer (Mutitoyo, Model CLM 1.6”QM) with a

contact force of 0.5N.

The surface area of samples was measured using a Physisorption Analyzer (Micromeritics,
ASAP 2020) with krypton as the test gas and Brunauer-Emmett-Teller (BET) theory to obtain
the mass-specific surface area from the adsorption isotherm. The mass-specific surface area was

converted to volume-specific surface area by multiplying with the density of the bulk material.

2.3.2 2-D Fiber Diameter and Orientation

The average fiber diameter of the electrospun fiber mats was calculated from the measurement of
30 to 50 fibers in images taken with a scanning electron microscope (SEM, JEOL-JSM-6060).
SEM images were also taken at a lower magnification as shown in Fig.1 for the analysis of fiber
orientation. The analysis was performed using an algorithm based on the orientation of ‘‘simple
neighborhoods’’, as proposed by Jdhne [32]. The derivatives of the pixel intensity along the x-
and y- directions form a structure tensor, of which one of the eigenvectors represents the local
orientation of the fibers. An orientation angle, ¢, with respect to the x-axis can thus be obtained.
The orientation factor fis computed from the fiber orientation distribution, y(¢), according to Eq.
(1) [33]. The value of f is bounded between 0 (unidirectional) and 2/m (planar random

orientation):

/= [ [ lsin(@' - 9w (@ (D)dgpdp. ()
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2.3.3 Capillary flow porometry

The bubble point diameter, mean flow pore diameter, and pore size distribution were measured
by capillary flow porometry, performed by Porous Materials Inc (PMI, Ithaca, NY). In this
technique, the flow rate of gas through the porous material is measured as a function of pressure
drop across the membrane, both for the dry membrane and for the membrane fully infiltrated
with a wetting fluid (Galwick, surface tension y=15.9 dynes cm™), Fary(AP) and Fyc(AP),
respectively. Upon increasing gas pressure, the point at which the first flow of gas through the
wetted material is detected is called the bubble point, corresponding to channels through the
material with the largest “throat”, or narrow point in the channel. Upon further increasing
pressure, additional channels open up, until the wetting liquid is completely removed from the
channels that span the sample, and the flow rate of gas again approaches that of the dry material.
The pressure drop at which Fy.e(AP)/F4,(AP) = 1/2 is associated with the “mean flow pore
diameter”. It is conventional to convert the measured pressure to pore diameter (s) by assuming

that the Young-Laplace equation for a cylindrical pore applies: s=4Bycos8/AP, where the

contact angle 6= 0° is assumed for a wetting fluid like Galwick, and B is a shape factor for the
pores. B=1 for cylindrical pores; for fibrous media, PMI assumes a value of B=0.715. The
“capillary flow pore size distribution” (g(s)) was estimated by differentiating with respect to
pressure the ratio of gas flow rate through a wet sample to that through a dry sample, and

converting to  pore diameter  using  the Young-Laplace equation, ie.

8(s)==(d[F,../F.,]/dAP)(dAP/ds).
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2.4 Refractive index matching

For imaging purposes, all samples were impregnated with a fluid designed to match the
refractive index (n) of the material (e.g., PA 6(3)T, n=1.566), in order to minimize the scattering
of the laser as it travels deeper into the mats. The use of index matching is essential to the
acquisition of 3D data sets, reaching depths of 50-100 um into the sample. The design of the
index matching fluid (IMF) is accomplished using a miscible pair of fluids having different
indices of refraction, one higher and the other one lower than the index of refraction of the
material of interest. The fluids should be able to wet the material, but not dissolve or swell it.
Benzene and iodobenzene were chosen to form the IMF used in this work. Their refractive
indices are 1.501 and 1.62, respectively. The composition of the IMF was determined using the
following equation [34]:

2 2 2 2
n n,—n

12" =¢ 2 1 (2)

2 2~ 2 > 272
n, —2nl n; —2n1

n

where ¢ is the volume fraction; and the subscripts 1, 2 and 12 represent benzene, iodobenzene
and the mixture of the two, respectively. The IMF for PA 6(3)T (refractive index n=1.566 [35])
contained 45.1 vol% benzene and 54.9 vol% iodobenzene, while the IMF for BGF (n=1.514
[36]) contained 89 vol% benzene and 11 vol% iodobenzene. The wettabilities of both benzene
and iodobenzene were tested by putting a drop of each of these liquids onto the membranes. Both
liquids were absorbed immediately, with zero contact angle, indicating good wettabilty. SEM
images were taken before exposure to the IMF and again after the IMF evaporated; no changes in

the morphologies of the membranes were observed.
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2.5 3D Image Generation

The 3D structures of PA6(3)T mats and the BGF membrane were imaged using a confocal laser
scanning microscope, CLSM (Zeiss LSM 700). A fluorescent dye was used for contrast, but the
sample preparations for “positive” and ‘“negative” imaging differed slightly. For positive
imaging, in which the sample material itself is fluorescently dyed, F-1300 (a nonvolatile polar
fluorescent dye) was added into the solvent used for electrospinning and subsequently
incorporated uniformly into the fibers themselves; the concentration of dye in the fibers was
about 2 mg g”'. For negative imaging, in which the liquid that fills the pore space is fluorescently
dyed, 0.1 wt% perylene (a non-polar dye) was first dissolved in benzene before mixing with
iodobenzene; the perylene concentration in the final mixture for the imaging of PA6(3)T and
BGF was 0.4 mg ml™" and 0.78 mg ml™, respectively. To prevent the evaporation of the IMF, a
cover slip was used, and the edges of the cover slip were sealed by lacquer (a clear nail polish).

The samples used for imaging were cut to a size of approximately 5x5 mm®.

An oil-immersion objective with a magnification of 63X was used to image the membranes. The
immersion oil was designed for high magnification imaging, and has a refractive index of 1.518,
which is the same as that of the cover slip. Since the laser intensity attenuates as it travels
through the sample, the laser power for three depths, corresponding to the top, middle, and
bottom of a sample, was optimized manually and the Spline Interpolation correction algorithm
(Zeiss) was used to determine the appropriate laser intensity for all intermediate depths. The
excitation wavelengths for F-1300 and perylene are 488nm and 405nm, respectively. The in-
plane digital resolution (um/pixel) was determined by the imaging area and the pixel resolution

of the image (1024 x 1024); thus, the digital resolution is 0.1um/pixel and 0.05um/pixel for
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images with areas of ~100 x 100 um” and 53 x 53 um’, respectively. For the depth digital
resolution i.e. pixel size in the z-direction, the focal plane was incremented by 0.2um. With these
parameters, acquisition of a complete, 3D image of 50 um depth requires a total laser exposure
time of about 30 min. Higher resolutions would require longer imaging times, which can result in
photo bleaching of the dye. The resulting 3D images were reconstructed using Fiji, an open-

source image processing package commonly used for biological image analysis [37].

3 3D image analysis of porous membranes

3.1 Preprocessing of 3D images

3D geometrical image analysis was performed using software developed in-house. The images
comprise a 3D array of volume elements, or “voxels”, whose values correspond to the gray scale
intensity measured at each voxel. For the fluorescent imaging technique used in this work, the
gray scale values are expected to cluster around two populations, corresponding to “material”
and “pore space” voxels, respectively. Images collected in the negative imaging mode were
inverted so that material voxels correspond to higher gray scale values for purposes of

subsequent analysis.

Segmentation was performed using a simple thresholding method. For those samples where the
gray scale distribution was bimodal, such segmentation is straightforward; the gray scale value
corresponding to the local minimum between the two peaks is the natural choice for the cutoff
value G, to distinguish the material voxels from the pore space voxels. More advanced

segmentation methods exist [32] and have been employed in the analysis of fibrous media, for
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example, with micro-CT data on paper [38], where it may be desired to distinguish several
different types of components. However, such methods often come with additional complexity.
For example, the region-growing method [38] first requires a selection of “seeds” based on the
gray scale distribution, followed by an additional criterion to determine “similarity” between a
“seeded” region and a voxel under consideration. Thresholding is a single parameter method
whose adequacy for the current application can be justified a posteriori, for example through

validation against independent measurements of fiber diameter by SEM.

Notwithstanding the foregoing discussion, the fluorescent imaging technique employed in this
work does incur some practical difficulties that complicate thresholding in some cases. One
difficulty we encountered is that the brightness of the voxels generally decreases with increasing
depth into the sample due to light absorption, even after application of the correction for laser
power along the z-axis (c.f- 3D Image Generation). As a result, the gray scale distribution can
shift with increasing depth, resulting in broadening of peaks in the gray scale distribution and
loss of a clear separation between material and pore space populations if combined into a single
overall distribution. To handle this case, we determine the function G.(z) separately for each
slice of voxels at a depth z (a “z-slice”). To obtain a smooth function for G.(z), the gray scale
distribution was averaged over layers about 10 wm thick, or 50 z-slices, which is larger than the
typical diameter of the fibers. This smooth G.(z) function can then be used in 3D image analysis
to apportion voxels to material or pore spaces slice by slice. A second complication, which is not
unique to thresholding, is that we work with samples having small volume fractions of material
or in which the material dimensions are near the optical resolution of the microscope; in such

samples, it is difficult to resolve the material peak separately from the pore space peak. In these
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special cases (only), if an experimental value of porosity is available, we select the gray scale
cutoff G, in the 3D image so that the volume fraction of voxels in the pore space peak equals the

experimentally measured porosity.

3.2 Porosity (¢) and Surface Area (S) Measurement

After segmentation of the 3D image, porosity and interfacial surface area are readily determined
by direct counting of voxels and voxel sides. The porosity € of the membrane is calculated by
counting the fraction of voxels whose gray scale value is less than G.. The solidity, or solid

(material) volume fraction, is simply equal to 1—¢.

The interfacial area between solid material and pore space is calculated as the total area of voxel
side surfaces that are shared by one material voxel and one pore space voxel. A number of
images taken at different locations within the same sample are used to compute the means and
the standard deviations of porosity and surface area. The specific surface area, defined as the
total interfacial area divided by the total material volume, S/V(I—¢), is related to the inverse of
the characteristic dimension of the material, to within a shape factor Bs that is of order unity for
simple material geometries. For example, in the case of samples comprising uniform, cylindrical
fibers, the characteristic dimension is the fiber diameter d and Bs = 4; i.e., the specific surface

area is equal to 4/d.
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3.3 Fiber and pore radius distributions

The size distributions of the material space and the pore space of a sample provide detailed
information about the morphology of the two complementary spaces, from which common
metrics such as the average fiber diameter or pore diameter are readily obtained. This analysis is
performed by fitting spheres into the material space and the pore space, respectively. For this
purpose, two radii, Ry and R,, are defined in each space. The boundary radius R, is the shortest
distance between a voxel (i, j, k) and any voxel of the opposite kind, i.e., material or pore space,
and measures how close this voxel is to the nearest interface. The covering radius, R., of a voxel
(i, ], k) 1s defined as the largest boundary radius Rp ;,, of any voxel (/, m, n) of the same kind such
that the distance between voxel (I, m, n) and voxel (i, j, k) is smaller than Rj . In other words,
R. of a material voxel (i, j, k) is the radius of the largest sphere allowed in the material space that
covers, or includes, (i, j, k). By this definition, R, is always equal to or greater than R}, for any
given voxel. Thus, every voxel in the 3D data set is characterized by its indices, gray scale
value (or indicator value), boundary radius and covering radius: (i, j, kK, g or I, Ry R.).
Probability distributions P(R.) are obtained from the histograms of voxels with covering radius
R, in the material and pore spaces, respectively, and are commonly taken to be the volume-
weighted distributions of the material and pore radii in geometrical analyses of porous media[39,
40]. For media comprising very high aspect ratio fibers, the volume-weighted distribution of
material radii is equivalent to the area-weighted fiber radius distribution; the number distribution

is obtained by dividing each element of the histogram by the square of radius,

Pn(rmater) o P(R:m[er) / (R:mter)Z, (3)

where ™" is the fiber radius and the average fiber diameter becomes

d=2 <rmater> =an (rmater )rmaterdrmater. (4)
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Meanwhile, the volume distribution of the pore space, P(Rf”’e) , 1s understood to be the relevant

morphological property measured by mercury porosimetry [39], so the average pore radius by

this method is

s=2(R™ ) = [P(RI™)RI™dR!™. (5)

The two radii, R, and R., are closely related to two common morphology operations in image
processing, erosion and dilation [41]. For a given threshold, Ry, all the voxels with R, > Ry,
constitute the eroded space for a structural element consisting of a sphere of radius Ry,; all the
points with R, > Ry, constitute the dilated space for the same structural element. As illustrated in
Fig.2, the operation of erosion followed by dilation (called “opening”) serves the purpose of

removing information with length scale smaller than Ry, in a digital image.

Solid Material Solid Material
| I [
1 1 1 1 r=="= r===j
i ‘ I ' i : i l
L 20+8 Ll i L+5 ! ‘\\ ", 21+8 ) !
T TIzziindiiiiio ; T i
: L . ! ! :
1 1 \

; ! VM , ; :
Ceeeeen oot 0y ey ’

Pore Space Pore Space

(a) (b)

Fig.2 Illustration of the eroded pore space (Ry=R, enclosed by dashed line) and the
corresponding dilated space (R.=Ru, enclosed by dotted line) using two different Ry, values: (a)
Ruw=L; and (b) Ry,=L+0. Note that the channel connecting the two larger pore spaces contributes
to both the eroded and dilated pore spaces when its radius is greater than or equal to L, but does

not contribute when its radius is less than L+06/2
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3.4 Fiber orientation distribution

Another commonly measured morphological property of fibrous materials is the fiber orientation
distribution. To compute the local fiber orientation, each material voxel is assigned a “voxel
group” comprising all of the material voxels in it “neighborhood”. This neighborhood is
determined by a cutoff radius Ry, where Ry is taken to be larger than the upper bound of the fiber
radius, as determined in the preceding section. Three eigenvalues and their corresponding
eigenvectors are obtained by diagonalizing the gyration tensor of this voxel group. The
eigenvector with the smallest eigenvalue, corresponding to the moment of gyration about that
eigenvector, is the local direction of that fiber segment. Spherical coordinates 6 and ¢ of this
local direction are used to represent the orientation distribution of the fibers, where 6 is the polar
angle with respect to the z axis and ¢ is the azimuthal angle within the x-y plane. If desired, a

similar calculation of local orientation could be applied to the pore space.

3.5 Pore space topology

Next, we characterize the topology of the pore space. Two voxels of the same kind (material or
pore space) are topologically “connected” if they share one side surface, or if another voxel is
connected to both of them. By this definition, if two voxels are connected, there must exist a
path within the same space consisting only of connected voxels between them. Therefore the
connectivity of a space (material or pore) is a measure of the number of ways that two arbitrary
points within the space are connected. A “cluster” is defined as a group of mutually connected

voxels of the same type. A small number of clusters in a unit volume implies a high connectivity,

19



and vice versa. Here, we evaluate the topological connectivity for the pore space, but we note

that the operation could also be applied to the material space.

Given a measure X of the topological connectivity of the pore space, an operation such as erosion
that alters the topology can be used to identify the characteristic length scale for the connecting
elements. Comparing Fig.2 (a) and Fig.2 (b), if Ry, is larger than the smallest R, along the path
connecting two pore space voxels, then that connection is broken as a result of the erosion
operation. Therefore, the value of Ry, for which dX/dR, is maximal provides an objective
measure of the characteristic size of “gates” or “channels” between larger aggregates, or
“cavities”, within the pore space. Different choices may be made for the topological metric X.
Here, we employ the Euler-Poincaré characteristic, ¥ = N—C+H, which is commonly used to
quantify the connectivity within the pore space of porous materials [42]. This metric is illustrated
by Fig.3, where N is the number of isolated clusters, C is the total number of redundant
connections and H is the number of “holes”. A redundant connection is one that can be cut
without creating an additional isolated cluster. A hole is an aggregate of material completely
surrounded by pore space, which can generally be neglected for real materials (H=0). Smaller ¢
values correspond to greater topological connectivity. The value of i can be estimated using an
integral geometric approach, described elsewhere [43]. This method has been used to determine
the pore connectivity in soil samples, for example [44]. For purposes of comparison between
samples, we use the specific Euler-Poincaré characteristicy, = %/V to characterize the

topological connectivity X.
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7=N-C+H=2-3+0=-1

Fig.3 An example of Euler-Poincaré characteristic, ¥y = N—-C+H, in two dimensions. Isolated

clusters are shown in white. Redundant connections are identified by dashed ellipses. Adapted

from Ref. [44]

3.6 The pore space network

In this section, we describe a means for characterizing the network structure of the pore space,
comprising populations of “cavities” and “gates” that are mutually connected. A gate describes a
group of pore space voxels that forms a connection between two or more cavities. As described
in the previous section, the characteristic gate size is that for which the topology varies most
rapidly with erosion, i.e. dy,/dRy is maximal. To identify “gate” voxels, we define a lower

bound, R, , and an upper bound, R, that are chosen to bracket the characteristic gate size.
Here, { R, , R} are identified by {R;"“—0, Ry"“ +08}, where R, is the maximal value in the

distribution of dy./dRy, versus Ry, and 6 expresses a range of R, values for which the topology is
most sensitive. The eroded space created by R, = R), is just sufficient to retain the skeletal

structure of the network, as illustrated in Fig.2 (a). Those voxels of this eroded space for which
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R. =R, are then identified as cavity voxels, while those for which R <R belong to gates. In

this way, the voxels in the eroded space are apportioned either to cavities or gates.

After all the voxels in the eroded pore space are identified as gate or cavity voxels, they are first
clustered into distinct gates and cavities based on the connectivity of gate voxels and cavity
voxels, respectively. Next, a gate (i.e. a cluster of gate voxels) is considered connected to a
cavity (i.e. a cluster of cavity voxels) if any voxel in the former shares a side with any voxel in
the latter. Two cavities are considered to be connected if they are both connected to a common
gate. In this way, a network of cavities connected by shared gates can therefore be established.
To characterize this network, we define the coordination number of each gate, Ny, as the
number of cavities that are connected to a given gate, and the coordination number of each
cavity, N.ay, as the number of other cavities that are connected to a given cavity by any gate. Itis
commonly suggested that the pore size distribution measured by capillary flow porometry is
indicative of the smallest diameters of channels (i.e. gates) connecting one side of the membrane

to the other.

4 Results and discussion

4.1 Sample preparation and characterization

Table 1 summarizes the materials analyzed in this work. Groups A, B and C are all electrospun
fiber mats of PA 6(3)T. Groups A and B are similar, except that fluorescent dye was added to
the material component in Group A, and to the IMF in Group B. Group C is similar to Group A

except that electrospinning conditions were changed to produce an average fiber diameter that is
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about half as large. Group D is a borosilicate glass fiber material of comparable morphology,
which serves as a commercially available standard. Fig.1 is an SEM image of a sample from

Group B.

Table 2 summarizes the results of fiber and pore characterization of the samples from Groups A
through D performed by the conventional methods of gravimetry, isothermal gas adsorption,
analysis of SEM micrographs, and capillary flow porometry. Comparison of these results to

those from the 3D imaging analysis is discussed in Section 4.4.

The samples sizes should be large enough to representative of the material being characterized.
The minimum sample size, or representative volume element (RVE), depends on the specific
morphological or physical property being analyzed. Deterministic and statistical measures of
RVE have been proposed [45] and applied to porous media [46, 47]. A previous study of paper,
another fibrous material, suggests that the dimension of the RVE is about 10 times larger than
the characteristic length scale of the morphology (specifically, a covariance of gray scale) for
purposes of both porosity and specific surface area measurement [47]. As evidenced by the data

in Tables 1 and 2, the samples employed in this work easily satisfy this criterion.

Table 1 Summary of samples prepared for analysis.

Sample groups Group A Group B Group C Group D
Material PA 6(3)T PA 6(3)T PA 6(3)T Borosilicate
glass
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Solution concentration (wt%) | 34 34 28 NA
Electrical potential (kV) 26 26 23 NA
Tip-to-collector distance (cm) | 39 39 25 NA
Flow rate (mL min™) 0.02 0.02 0.01 NA
Imaging method Positive Negative Positive Negative
Voxel size (um) 0.1x0.1x0.2 | 0.1x0.1x0.2 0.05x0.05x0.2 | 0.1x0.1x0.2
Sample size (um) 100x100x50 | 100x100x50 | 50x50x50 100x100x50
Number of samples 7 4 4 1
Table 2 Results of conventional characterization methods

Group A Group B Group C Group D
Porosity €,  (gravimetric) | 89.4 = 0.9 89.5+03 88.4+0.5 90.9 £0.2
(%)
Specific surface area, Sger 0.95+0.05 |087+0.03 [263+0.03 |516=0.05
(um)
Fiber diameter, dsgy (um) © | 2.57+£0.14  [2.08+0.15 |[1.13+0.22 |0.77=1.11
Fiber orientation factor, fsem | 0.53 = 0.05 0.42 +0.09 0.53 = 0.05 0.44+ 0.07
(SEM) ©
Mean flow pore diameter, Smgp | 11.5 0.3 83=x03 4.5 +0.09 1.6 0.3
(sum)
Bubble point diameter, sy, | 13.61 £0.03 | 10.6 £ 0.2 56 =0.1 3.6 0.6
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(a) Determined gravimetrically.
(b) Determined from adsorption isotherm using BET analysis
(c) Determined from SEM micrographs

(d) Determined from capillary flow porometry

4.2 Refractive Index Matching
Each sample was wetted with index-matching fluid (IMF) as described in Experimental. The
effectiveness of index matching is illustrated in Fig.4, for both positive and negative imaging

cases. The specimen appears transparent after addition of the wetting solution.

dumnler than a Humv

wt | per ht 10 miles per h
antry tu...... , withtry terrain, with
=_mmm'

Fig.4 Impregnation of PA 6(3)T mats with a wetting fluid of 45.1 vol % benzene and the balance
iodobenzene. (a,b) An electrospun mat of PA 6(3)T from Group A dyed with F1300, (a) as spun
and (b) after wetting with the benzene-iodobenzene mixture. (c, d) An undyed electrospun mat
of PA 6(3)T from Group B (c) as spun and (d) after wetting with the benzene-iodobenzene

mixture containing perylene
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4.3 3D Image Generation

Fig.5 shows 3D images for Groups A, B, C and D, reconstructed using Fiji. The sample sizes are
approximately 100x100x50 pum’. For the positive imaging technique (Fig.5 (a) and (c)), the
fibers are bright green (due to the F1300 dye) and the pore spaces are dark; for the negative
imaging technique (Fig.5 (b) and (d)), the pore spaces are bright blue (due to perylene dye) and
the fibers are dark. Careful examination of Fig.5 (b) or (d) reveals that the blue regions near the
corners are darker than those near the center of the images. This is attributed to chromatic
aberration, because the wavelength (405nm) used to excite perylene is near the lower limit
(400nm) of wavelength for which the objective used is chromatically corrected, i.e. beams of
different wavelength converge to the same focus point. Moreover, the transmittance of the
objective is approximately 40% at a wavelength of 405nm (perylene), compared to

approximately 75% at 488nm (F1300).
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Fig.5 The 3D images reconstructed using Fiji. (a) Dyed electrospun PA 6(3)T mat from Group
A; (b) undyed electrospun PA 6(3)T mat from Group B; (¢) dyed electrospun PA 6(3)T from

Group C; (d) commercial BGF membrane

4.4 3D Image Analysis

4.4.1 Porosity and Specific Surface Area

The gray scale distributions of seven images from Group A (positive imaging) are plotted in
Fig.6 (a). Depending on the imaging conditions, as well as spatial variations in the porous
material, the gray scale distributions are different for different sample images. Therefore the
gray scale cutoff, G, also differs for each sample image; their values range from 15 to 83.
Dividing each sample into several sections in the z-direction, G, is found to be a smooth function
of z, as illustrated by the first inset in Fig.6 (b) for one sample. The second inset in Fig.6 (b)
shows the variation in estimated porosity as a function of sample depth, which confirms that the

porosity is essentially constant in these materials on the 10 um length scale. Fig.6 (c¢) shows one
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of the reconstructed images, based on which we analyze the geometrical properties.

results for image Group B (negative imaging) are shown in Fig.7.
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Fig.6 (a) Gray scale distributions of sample images in Group A. (b) The gray scale distributions

for each of five z-slices from Sample #7 in Group A; inset (1) shows the cutoff function G.(z)

versus z for this sample (with linear fit), and inset (2) shows the porosity versus z for this sample.

(c) A reconstructed image of Sample #7 in Group A
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Fig.7 (a) Gray scale distributions of sample images in Group B. (inset): the same data as the
main plot, showing the full height of the gray scale distributions. (b) A reconstructed image of

Sample #3 in Group B

Following the procedure described in Section 3.2, the porosities (¢) and specific surface areas (S)
obtained for Groups A and B using the 3D image analysis of the CLSM data set are shown in
Table 3, along with other results of the 3D CLSM data analysis. The porosities obtained for
Groups A and B are nearly identical, which confirms the correspondence between positive and
negative imaging methods. The porosities of these materials as determined gravimetrically (g,)
are only slightly lower, at 89.4 = 0.9% and 89.5 + 0.3%.  The difference between the two
methods is attributed to the compressibility of the mats [31], which affects the values determined
gravimetrically, since the thickness of the mat is measured using a micrometer at a fixed force of

0.5N.
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The gray scale distribution for BGF, Group D, is shown in Fig.8; the distribution for PA 6(3)T
Group C was similar. In contrast to Groups A and B, Groups C and D do not exhibit clear
bimodal gray scale distributions; for these groups, the porosity was determined gravimetrically

and used to fix G.. A reconstructed image of BGF from Group D is also shown in Fig.8.
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Fig.8 (a) Gray scale distribution of a sample image in Group D, and (b) A reconstructed sample

image of BGF, Group D

The specific surface areas obtained by 3D image analysis of the CLSM data increase with
decreasing mean fiber diameter (c.f. Table 2 and image analysis below) for all four groups. With
the exception of Group D, however, the values obtained by 3D image analysis of the CLSM data
are significantly larger than those measured by BET analysis of the adsorption isotherms. The
good agreement between the S and S, from the image analysis suggests that the discrepancy is
not due to pixilation in the 3D images. Rather, there appears to be a real difference between the
geometric surface area and that available for adsorption of krypton on the polyamides. The
unusually large value of S obtained for Group B by 3D image analysis can be traced to

background noise due to chromatic aberration during image acquisition.
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Table 3 Results of 3D image analysis of CLSM data.

Group A Group B Group C Group D
Porosity € (%) 93.2+1.9 94.3 + 0.4 N/A® N/A®
Specific surface area, S (um™) | 2.4 0.2 4.6+0.2 39+0.3 49®
Specific surface area, 2.3 4.1 3.96 4.56
S.,=<4/d> (um™)
Number average fiber diameter | 1.99 + 0.4 1.14 £ 0.6 1.09 0.5 1.1 0.2
d (wm)
Volume average pore 16.8 £ 6.0 13.3+£5.0 7.6 3.0 14.7 £ 5.5
diameter, s (um) ¢
Fiber orientation factor, f 0.623 £0.009 | 0.627 = 0.003 | 0.628 + 0.001 | 0.614"
Ry™™ (um) 3.0 2.8 1.4 4.1
O (wm) = 0.4R,;"™ 1.2 1.1 0.6 1.6
Ngate 2.1+0.1 2.08 £ 0.04 2.02 £ 0.04 2.2
Neav 5014 44+0.8 4.8 0.6 8.5

(a) Gravimetric porosity was used to determine grayscale threshold; see text for details.

(b) Only one sample analyzed.

(c) Error estimated as FWHM of P(#™*").

(d) Error estimated as FWHM of P(R.”™).
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4.4.2 Fiber diameter distribution

The area-weighted distributions of fiber radii P(R;"“’“’)for the four image groups are shown in

Fig.9; the means and standard deviations of fiber diameter, computed according to Eq. (3) and

(4), are reported in Table 3. For the fibers in Groups B and C, a second peak in P(RC"’“’”) appears

for small values of P(RC’"“’”) . This peak arises due to the acylindricity of the fibers, and has been

neglected for subsequent characterization of fiber diameter (i.e. the average diameter computed
by Eq. (4) does not include values for R.”*“<0.3 um, corresponding to the local minimum in the
distribution P(R,"“")); this is very similar to the erosion operation with R;=0.3 um in the
material space. For comparison, the means and standard deviations of fiber diameter dspm
obtained in the usual way from SEM images are reported in Table 2. Whereas analysis of SEM
images tends to identify the largest dimension of the fiber cross-section, the use of covering
spheres in 3D image analysis tends to identify the smallest dimension of the fiber cross-section.
For cylindrical fibers, the two approaches should agree, but for acylindrical fibers, SEM
estimates of fiber diameter should be larger than those obtained by the analysis reported here.
For the data collected using the positive imaging technique (Groups A and C), the results are
consistent with the SEM data - the fiber diameter of Group C is roughly half that of Group A,
and the specific surface area is roughly double. The data collected by the negative imaging
technique are noisier, resulting in a smaller estimate of fiber diameter d and a larger estimate of
specific surface area S, than those obtained by SEM and BET, respectively. In addition, a second
estimate of the specific surface area S, can be obtained as the average, <4/d>, under the
assumption that the fibers are perfectly cylindrical and non-intersecting; these values are also
shown in Table 3. Comparison of S.,; to S indicates that the latter yields an estimate consistent

with the approximation that the fibers are cylindrical. It is noteworthy that the BGF is
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characterized by a very polydisperse distribution of fiber diameters, which was already indicated

by Fig.8 (b).
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Fig.9 Boundary radius (R, ) and covering radius ( R""") distributions for the material space

(i.e. fibers) in each sample group. (a) Group A; (b) Group B; (¢) Group C; (d) Group D
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4.4.3 Pore space structure

The pore space distributions P(Rb””’e) and P(Rf”’e) are shown in Fig.10 for Groups A and C. The

distributions for the two sample groups are qualitatively similar; if R, and R, are re-scaled by a
factor of ~2 (the ratio of the mean fiber diameters of the two sample groups), the similarity

between the two sets of samples becomes evident. The average pore diameter s = <2R>

obtained from P(Rf”’e) is reported in Table 3 for all four groups. For the electrospun mats

(Groups A, B and C), s decreases as the fiber diameter decreases. This trend breaks down for the
BGF (Group D), indicative of a difference in pore space structure that can probably be traced to
the very broad fiber diameter distribution found for this group. The ratio of pore space diameter
to fiber diameter (s/d) is about 8 for both Groups A and C. This value is consistent with the
proportionality between pore dimension and fiber diameter reported previously by other methods
[13, 48, 49], but its value is significantly higher than in previous reports. The discrepancy is
likely a result of the limitations of liquid intrusion and extrusion methods for characterizing pore
dimensions, mentioned already in the Introduction, and to differences in which moment of the

pore size distribution is measured by each of those techniques.
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Fig.10 Boundary radius ( R/ ) and covering radius ( R”") distributions for the pore space of

samples in Groups A and C. Note factor-of-2 difference in scaling of abscissas for the two plots

The sensitivity of these results to the values obtained for G, was examined for the data of Group
A. A 10% change in G, resulted in a proportional change in estimates of solidity, specific
surface area and fiber diameter distribution. However, the pore size distribution is relatively
insensitive to such changes, primarily due to the high porosity of the system. Details may be

found in the Supporting Information.

4.4.4 Fiber orientation distribution

Fig.11 shows the distribution of polar angles (0, ¢) for fiber orientation in Group A, measured
using the 3D analysis. The 0 angle is distributed narrowly around 90°, confirming the extent to
which the fibers lie mostly in the x-y plane. The distribution of ¢ can be compared to the in-plane

orientation distribution obtainable from SEM micrographs, also shown in Fig.11. The two
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measurements for in-plane orientation distribution are qualitatively similar, although the analysis
from CLSM data is more symmetric. The orientation factors, fspm and f, are reported in Table 2
and Table 3 for the SEM micrographs and the CLSM data, respectively. The f value given by the
3D data set is about 20% higher than the fsgm value. The discrepancy could be due to the fact that
the SEM analysis only counts fibers that can be imaged near the surface of the mat, and thus

does not provide a complete representation of the overall fiber orientation.
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Fig.11 Fiber orientation distribution in polar angles (0, ¢) for image sample Group A measured

from 3D image analysis and SEM images

4.4.5 Pore space topology

The specific Euler-Poincaré characteristic ((v) and its derivative with respect to Ry, are plotted as
functions of Ry, for Group A in Fig.12 (a). v increases with increasing Ry, between 2 and 6 um,
indicative of the range of diameters of channels within the pore space. The maximum value of
¥v is ~200. The maximum of dy./dRy, appears at Ry, = 3 um. Further insight into the Euler-

Poincaré characteristic is provided by the plots of the number of isolated clusters of pore space
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voxels, N, and the number of redundant connections, C, in Fig.12 (b). For small values of Ry, N
is small while C is large, due to the highly interconnected nature of the pore space in an
electrospun material. As Ry, increases, connections are broken in the eroded space, resulting in
larger numbers of isolated clusters. Beyond Ry~6 um, the number of isolated clusters also
begins to decline, as the erosion operation eliminates entire cavities as well as the connections

between them.

The bubble point diameters (d,) and mean flow pore diameters (d,,;) obtained by capillary flow
porometry for each group are reported in Table 2. Comparison of these values with the geometric

max:

average pore diameters (s) and the characteristic channel diameters (2R, ) obtained by image
analysis of the CLSM data and reported in Table 3 reveals that the values obtained by capillary
flow porometry correspond to neither of the geometric results; both d,,; and dp, lie intermediate
between s and 2R,"™ for all four groups. We interpret this as evidence for the highly
acylindrical geometry of the channels within fibrous materials and in part a consequence of using
the Young-Laplace equation to convert from pressure to channel diameter in these materials.
More appropriate models for fibrous materials are available [50, 51]. Also, since the criterion
dy../dRw, reports the largest circle that can fit within a cross-sectional area of arbitrary shape, it
tends towards smaller values of diameter compared to the “effective” cross-sectional area likely
measured by the porometry experiment. Finally, it is also possible that fibers are displaced under

the applied pressures used in capillary flow porometry, resulting in distortion of the morphology

and a systematic bias towards larger values of diameter.
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Fig.12 (a) Specific Euler-Poincaré characteristic (v and its derivative dy, / dR, (smoothed) as
functions of Ry, the radius of the spherical element used for the erosion operation, for Group A;
(b) Number of isolated clusters, N, and number of redundant connections, C, as functions of Ry,

for Group A

4.4.6 The pore space network

Judging from the width of the peak in dy,/dRy in Fig.12 (a), the topology is sensitive to values

max

of Ry as much as 2 um on either side of R;"“=3 um. Thus, we identify R, = RI™ -5 with a
lower bound of R, where erosion first begins to affect the topology of the pore space, and

R, = RM™ +5with the upper bound of R, beyond which further erosion has little effect on

topology. Then, within the eroded space obtained using Ry<R,’, gate voxels are distinguished
from cavity voxels by the criterion R.<R,". Finally, the gate and cavity voxels are clustered into
distinct gates and cavities, respectively, and their connections (i.e. sharing of at least one

max

common voxel side) are counted. Taking R, = 3 um for Group A, Fig.13(a) shows the

numbers of distinct cavities and gates, obtained as functions of 8. Excluded from this plot are
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those cavities for which the coordination number, N.,,, is zero (i.e. an isolated cluster of cavity
voxels disconnnected from the network) and those gates for which the coordination number,
Ngae, 18 less than or equal to one (i.e. an isolated or dead-end channel). Fig.13 (b) shows the
coordination numbers for cavities and gates (c.f. Section 3.6), also excluding N.,,=0 and Ngu..<l.
For 0.4<6<1.4 um, a picture consistent with the concept of a network of pores spaces is obtained.
In this range of values, most gates join exactly two cavities (Ngwe~2.0) and cavities are
coordinated on average with one to five other cavities via shared gates (Table 3). For values of &
that are either smaller or larger than this range, the pore space is dominated by one or a few
cavities or gates, respectively, and the network description is lost. Thus, to obtain a meaningful
network description of the pore space in Group A, we conclude that gates, or channels, within

the network are characterized by minimum radii between 0.4 and 1.4 um.
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Applying the same topological analysis to Group C (c.f. Supporting Information, Fig. S3) yields
a picture similar to that for Group A. The R;™ value obtained for Group C (c.f. Table 3) is
about half that for Group A, in accord with the similar scaling of pore diameter s with fiber
diameter d. The number densities of cavities and gates increase by about a factor of 8 compared
to Group A, consistent with the finer subdivision of the pore space by a larger number of smaller
diameter fibers. Nevertheless, the coordination of the network in Group C is very similar to that
of Group A, with Ngue~2 and 2<N,,,<5 for 0.2<6<0.6. The metrics confirm the notion that the
electrospun fiber samples in Group A and Group C are topologically similar, with comparable
pore space connectivity, but differ by a scaling factor of the fiber diameter in both material and

pore space dimensions.

By contrast, applying the topological analysis to the commercial borosilicate sample (Group D,
Supporting Information, Fig. S4) suggests Ry = 4.1 um, more similar to Group A, whereas the
average fiber diameter d = 1.1 wm is more similar to Group C. As was observed for Group C,
the number densities of cavities and gates are increased with respect to Group A, in accord with
the presence of small diameter fibers within a broad distribution. The coordination number of
gates remains Ng.,.~2 while the coordination number of cavities doubles to 2<N,,<10 for
0.5<06<1.6. Despite the similar porosities and pore space dimensions for Groups A and D (c.f-
Table 3), the topology of the pore space in the BGF samples of Group D is more “connected”

than that of the electrospun nonwoven samples of either Group A or Group C.
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5 Conclusions

In summary, CLSM with refractive index matching has been employed to obtain 3D data sets of
electrospun PA6(3)T and borosilicate glass fiber mats. Two variations of the method, denoted
“positive” and “negative” imaging are demonstrated, depending on whether the source of
contrast lies within the material component or the pore space component. While the “positive”
imaging approach is generally more robust and offers better signal-to-noise, the “negative”
imaging approach offers greater flexibility with respect to imaging of porous materials that have
not been formulated specifically for imaging purposes. 3D reconstructions of nonwoven fiber
samples up to 100 um in width and 50 um in depth, resolving fibers with diameters as small as
0.6 um, have thus been obtained. For higher resolution, more advanced experimental methods
or analysis tools are required. Tools are developed to analyze the structure of these 3D digitized
reconstructions in terms of porosity, specific surface area, fiber diameter distribution, fiber
orientation distribution, pore size distribution, topological connectivity, and network structure of
the pore space. The analysis results are in reasonable agreement with other experimental
measurements, where available, and yield additional insights into those measurements where
discrepancies persist. Significantly, comparison of two sets of electrospun PA 6(3)T nonwoven
fiber mats on the basis of material and pore space dimensions and topological measures of the
pore space indicates that these materials are topologically similar, but differ morphologically by
a scaling factor comparable to the ratio of their average fiber diameters. On the other hand,
comparison of an electrospun PA 6(3)T nonwoven fiber mat with a borosilicate glass fiber
material reveals differences in the topological nature for the two materials. The BGF has a
broader distribution of fiber sizes, higher topological connectivity (as measure by the specific

Euler-Poincaré characteristic), and a higher coordination number for cavities. To the best of our
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knowledge, this work provides for the first time a detailed, quantitative characterization of both
the morphology and topology of the pore space of a fibrous medium. The resulting metrics are
purely geometrical, and do not rely on simplified material or pore shape models, or fluid
interaction models such as the Young-Laplace equation, to convert transport measurements into

geometrical properties.
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