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ABSTRACT

A method of a computer-aided analysis and a description of three-dimensional (3D) morphological
structure of porous membranes based on two-dimensional images of cross-sections of a material is
presented in the paper. The parameters of pores’ shape factor regularity are defined. Theoretical
backgrounds of regular pores analysis based on a statistical approach are presented. The method
was implemented in a computer program MeMoExplorer™, which is also shortly described in the
paper. Results of application of the method for analysis of a series of electron microscope images
of cross-sections of samples of polyethersulfone membranes are presented. Suggestions concern-
ing possible extension of 3D analysis of morphological structure on irregularly shaped pores in the

concluding section are given.
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1. Introduction

Porous materials in the form of membranes and/or scaf-
folds play a substantial role in various areas of technology
and biomedical applications [1-4]. In particular, they can be
used in biological tissue engineering as a support for bio-
logical cells cultivation and forming artificial organs [5-8].
In this case, they should meet some specific requirements
which roughly can be divided into several groups: physical,
mechanical, biochemical, etc. [9-12]. Physical requirements
concern permeability of a porous material for selected types
of particles, a susceptibility of inner surface of pores to bio-
logical cells adhesion and seeding, heat conductivity, etc. A
mechanical strength and an elasticity represent the next group
of requirements. The third group covers the requirements
on the absence of harmful biochemical reactions between
the material and the cells, controlled biodegradability of
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the material, while the process of cells colony growth is
in progress, etc. These requirements thus should be esti-
mated and carefully controlled during the process of porous
material production.

Physical properties of porous materials are directly
influenced by their micromorphological structure [13-19].
The size and the shape of pores should provide a microen-
vironment for cells migration and seeding. In addition, small
pores in the walls of membranes should facilitate cells nutri-
tion and removal of the metabolic waste products. Hence, a
quantitative evaluation of a morphological structure plays
a substantial role in porous materials production as well as
in their technological or biomedical applications. For this
purpose, samples of porous materials are cut into cross-sec-
tions subjected to microscopic examinations. Pores visible in
the specimens can be parameterized and classified accord-
ing to their size and shape by using computer techniques.
In a former publication [20] on this topic, a method of the
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quality of polyethersulfone (BASF) membranes assessment
based on computer-aided image analysis was described. The
porosity characteristics were based there on the statistics of
automatically measured areas of cross-sections of segmented
(selected and contoured) pores. However, it was clear that
some physical properties, like for example, permeability
of porous materials, depended on three-dimensional (3D)
rather than on two-dimensional (2D) morphological struc-
ture of the material. Unfortunately, the fragility of the ana-
lyzed materials makes cutting several parallel slices from
any given sample of the material impossible. Therefore, the
set of measurable parameters is limited to those concerning
a single 2D section of any sample. On the other hand, a 3D
morphological structure of pores in individual samples of a
material is of a great interest. The aim of this paper consists
thus in explaining which information concerning the morpholog-
ical 3D structure of pores, substantial for a membranes quality
assessment, can be extracted by computer-aided analysis of 2D
images of cross-sections of membranes.

Two approaches to explain this issue are presented as
follows: (1) statistical extension of the results of 2D image
analysis on the third dimension and (2) analysis of the histo-
grams of the brightness level within the areas of segmented
pores. The first approach is not quite new, in medical car-
dio-diagnosis the 3D-volume of some inner organs is roughly
evaluated on the basis of their 2D imaging in X-ray or ultra-
sound modalities [21,22]. Such approach is admissible at the
assumption of convexity and sufficient regularity of the form
of examined objects. However, in the case of some types of
porous membranes this assumption is not quite valid, the
pores may arise as irregular cavities surrounding squeezed
fibrous material and none of the known geometrical objects
can be used as a satisfactory model of their shape. In such
case, an alternative approach to membranes porosity evalua-
tion, based on combined morphological and statistical deep
analysis of 2D images, but without the use of the concept of
exactly segmented pores, is proposed.

2. Materials

Samples of membranes obtained by dry-wet phase
inversion method [23,24] from a mixture of copoli-l-lactide-
glycolide (Corbion) and BASF using dioxan-1.4 (POCh) as
a solvent were analyzed. In another series of experiments
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solutions of Corbion in dichloromethane (POCh) and BASF
in N-methyl-pyrrolidone (MERCK KGaA, Darmstadt, Germany)
were used. This gave several types of produced membranes
to be examined. The samples of so-obtained materials were
cut, covered by 7-10 nm thick gold layers (K550X Emitech
Sputter Coater), and so-prepared cross-sections were visu-
alized in 300 x and 1,000 x magnification by scanning elec-
tron microscope (SEM) Hitachi TM1000. The series of images
presenting the cross-sections of various types of membranes
then were subjected to more advanced computer analysis.

Figs. 1(a)—(c) illustrate the variety of shapes and sizes of
pores visible in the cross-sections of membranes (all images are
presented in the same 1,000x magnification): from the pores
of quasi-ellipsoidal shape (a) through the areas surrounding
moderately irregular fibrous structures (b) up to the areas
surrounding highly irregular quasi-fibrous structures (c).

The images were provided for analysis of 10 series,
containing from 6 to 21 images, each series representing a
selected type of a membrane. An exemplary series of images
representing an Ig-PVP (polyvinylpyrrolidone) type porous
material (obtained by the use of fibrous gel as a precursor of
pores and polyvinylpyrrolidone added as a component of the
solving medium [23,24]) are shown in Fig. 2.

3. Methods
3.1. Theoretical backgrounds

Pores can be defined as holes disseminated and penetrating
solid materials. A porosity, in general, is an important
(sometimes — positive, sometimes — undesired) property
of a material. However, the notion of porosity needs to be
more strictly defined, because, as shown in Fig. 1, it can
be referred to the pores of a various density, size, and/or
form. It seems thus reasonable to characterize porosity by
several measurable parameters selected adequately to the
given application area. Theoretically, the following strictly
defined parameters could be taken into consideration in a
first step:

¢ Pores density:

total volume VV of pores in a sample of material

@

g:

total volume V,, of the sample
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=

Fig. 1. Various types of pores forms: (a) quasi-ellipsoidal, (b) interfiber moderately irregular, (c) interfiber highly irregular.

1,000x magnification.
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Fig. 2. A series of SEM-images of Ig-PVP (polyvinylpyrrolidone)-type porous material cross-sections. (The abbreviation MWCk is

only a membranes mark. It is not chemically relevant.)

* Histogram H of volumes V of pores, their mean valueV__,
standard deviation V_, and, if necessary, higher-level
statistical moments;

¢ Shape factor f of pore given by the (one of several possible)

formula:
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where S denotes the inner surface area of a pore and V, the
pore’s volume. The shape factor fis equal to 1 for a spherical
pore and increases unlimitedly in other shapes (e.g., f=1.382
in cubes). Therefore, f seems to be suitable to be used as a
characteristic of pores shape regularity. Unfortunately, this
cannot be exactly done exactly, because the input data S and
V in 2D images of cross-sections of pores are directly inac-
cessible. A solution of this problem, based on the following
assumptions, is thus proposed:

e Assumption 1

The size and shapes of pores are random variables,
statistical characteristics of which are specific for a given
type of porous materials.

* Assumption 2
In isotropic materials, statistical characteristics are inde-

pendent of a spatial orientation of 1D (linear) or 2D (planar)
cross-section of a sample of the material.

¢ Assumption 3

The higher is the regularity of pores shape the higher
may be the accuracy of 3D porosity characteristics evaluation
based on the analysis of 1D or 2D measurable parameters.

In particular, the shape factor f can be substituted by the
following 2D shape factor R_ of a contoured pore’s section:

lZ

s 4nS

©)

where [ denotes the length (perimeter) of contour and S, the
area of the cross-section of a pore. Both parameters in the
2D image can be relatively easily measured [20]. The shape
factor R is equal to 1 for circular contours and increases
unlimitedly for other shapes (e.g., R, =1.273 for squares).

On the basis of R_all segmented and contoured pores in
a 2D image can be preliminarily divided into two classes:

o regular,if 1 <R <R
e irregular, if R > R*,

where R* > 1 is an arbitrarily selected regularity level of pores’
cross-sections.

If reqular pores (e.g., by fixed R* = 1.1) are the dominant
ones in the 2D image then they can be processed like if they
represent almost spherical shapes. However, it does not
mean that radii 7, of visible pores sections can be identified
with the real radii r of pores. A regular spherical pore can be
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cut by a plane on various distances d to the sphere center O
and the observable radius r, of a pore’s cross-section depends
on d as shown in Fig. 3.

The analysis of regular pores sections (like those shown
in Fig. 1(a)) may provide only the radii r, and their histogram
h(r)) approximating the (a priori unknown) probability density
function (pdf) u(r ). Further considerations are based on:

* Assumption 4

The sphere can be cut (symmetrically, in the upper
or lower hemisphere) at distance d to the center O equally
distributed in the interval [0,r] (and, similarly, in the lower
hemisphere).

If one normalizes all distances under consideration by
dividing them by r; all so-normalized distance-values are
below underlined. Then r = 1 and d satisfies the inequality
0 < d £ 1. Moreover, from the Pythagoras theorem for the
right-angled triangle composed of the sides r, 7, and 9, it is
obtained that: -

3= J1-1 4)

According to Eq. (4), for any chosen 7, € [0,1] the observed
radii 7, of spheres cross-sections such that 0 < r.o<r

correspond to the sections, distances d to the center O of
which satisfy the inequality (see Fig. 3), then:

1-(r) <8< 5)

On the other hand, due to Assumption 4, the normal-
ized length d of the interval given by Eq. (5) is equal to the
probability that the sphere has been cut within this interval.
Finally, the probability of A satisfying the 1nequa11tyr < r is
given by the formula:

Plr<r}=1-1-(x) ©)

Recalling the non-normalized distances, this formula can
be presented as a conditional probability distribution of r_ under
given r:

Fig. 3. The scheme of a spherical pore cross-section by horizontal
plane.

This function is shown in Fig. 4. However, this is still not
what is needed for calculation of r when r_ has been mea-
sured. This only says that if in an image a large number N of
qua51 -circular cross-sections is observed, then the percentage

p(r*) of cross-sections satisfying the condition 7, - r < r<ris
approx1mated by the formula:

P(r)= 1—[2] x100 (8)

For quasi- spherlcal pores, cross-sections of which sat-
isfy the condition 7,-r < r < r for large (i.e., close to 1) 7,
their 3D volumes can be calculated using the approx1matmg
formula:

ng%xrj ©)

However, evaluation of pores volumes based on Eq. (9)
neglects the fact that some particular cross-sections corre-
sponding to pores of very large r may exist among the major-
ity of the other ones satisfying the condition r = 0.

For a given population of selected regular cross-sections
in a given image the histograms of their areas S, perimeters
I, shape factors R, and equivalent cross-section radii as well
as the corresponding mean values and standard deviations
can be calculated:

nzFEO.SMX\/E
T

Similar data can be calculated for volumes given by
Eq. (9); however, in this case the validity of the evaluated
data is limited by the probability given by Eq. (7).

(10)

4. Software

For computer-aided analysis of cross-sections of porous
membranes, a specialized program MeMoExplorer™has been
designed. It is an original work dedicated for the Microsoft
Windows 10 operating system. The lowest grade of software
uses one of the best (and fastest) low-level image processing
tool — Intel Open Computer Vision Library (OpenCV). It has
been written in the most advanced and effective program-
ming C/C++language, using two development environments:

)

*
* F

Fig. 4. Conditional probability of 0 <7 <r* as a function of r*,
for given r.
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Microsoft Visual Studio (Image Processing) and Embarcadero
(Borland) RAD Studio (Graphical User Interface). The main
task of MeMoExplorer is the full automation of the mem-
brane image processing operations and precise morpho-
metric measurements of pores present in membranes for an
objective estimation of their size distribution and preparation
of data for a statistical analysis, which can be performed using
another software tools (e.g., Excel). A computer analysis of
membranes, and more specifically, of their images obtained
from the electron microscope, is intended to evaluate the
morphological parameters of the porous microstructure and
the reproducibility of obtaining these parameters in a com-
plex membrane production process.

The developed program can be easily operated by the
end users (technicians and biochemists) and, for this pur-
pose, it is equipped with legible interfaces (see Fig. 5), and
offers, in particular, the possibility of automatic:

* acquisition of a series of microscope images of cross-
sections of membranes to be analyzed (see Fig. 2);

* acquisition of sets of selected typical images to be used as
reference images for classification of the analyzed images
into group (see Fig. 5(a), the down right corner);

¢ segmentation and contouring of cross-sections of pores in
the analyzed images;

* classification of the analyzed images based on their
similarity to the reference images;

* measurement of areas (S) and perimeters (I) of the
contoured cross-sections of pores;

¢ selection of objects for analysis;

¢ calculation of shape factors (R) of the cross-sections of
pores, division of the cross-sections into the regular and
irreqular ones;

* calculation of approximate values of volumes of regular
pores;

* calculation of histograms, mean values, and standard
deviations of the evaluated parameters in the series of
analyzed images; and

¢ edition of final reports of the analysis.

5. Experiments

Experiments were aimed to prove the possibility of auto-
matic evaluation of selected parameters characterizing the

advanced, 3D morphological structure of porous materials on
the basis of analysis of SEM images of their 2D cross-sections.

e Starting steps.

For a preliminary selection of images recommended to
analysis, a collection of reference images was prepared. For
this purpose, 11 sets of exemplary images (10-58 elements
in a set), representing various technological types of mem-
branes indicated by an expert, were used. In each image, the
pores were automatically contoured. A typical pair of images
before and after contouring is shown in Fig. 6. Next, the areas
of contours in the image were measured and a histogram
h(S)) of contours size divided into 8 size-classes was calcu-
lated. The number of objects analyzed in the image, the max-
imal, minimal, mean value, and standard deviation of their
size were also calculated by the program. A typical screen of
the MeMoExplorer™ program containing the results of the
discussed data is shown in Fig. 7. In addition, the histograms
g(n) of the numbers of pores in the size classes and of total
image areas covered by them were calculated. This type of
histogram is shown in Fig. 8. In the downer part of this his-
togram, the total areas covered by the cross-sections of the
classes are shown.

From all images of any given class, an image contain-
ing the highest number of contours, size of which exceeded
300 mm? (the most important pore size from the membrane
application point of view) was selected.

The selected image was then used as a reference image
representative for given (suggested by the examples) simi-
larity classes of porous materials. A typical collection of ref-
erence images of 11 similarity classes is shown in Fig. 9 (the
numbers assigned to the reference images were also used to
denote the classes).

¢ C(lassification of the series of images.

Each series of images intended to analysis was assigned to
one of the preliminarily distinguished 11 classes; this assign-
ment was based on the highest similarity (minimal absolute
distance) of the group of histograms h(S ) to the histograms
of the reference images. The series of images was included
into the class, preference histogram of which was the most
frequently indicated as the closest one to the histograms of
the analyzed images.

< Fint, et (0 ot mage e >

Fig. 5. The screenshots of typical screens of MeMoExplorer™: (a) image acquisition page and (b) objects selection page.
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TM-1000_5079

a)

Fig. 6. An image prepared to analysis: (a) original and (b) after automatic contouring.

Relative frequency of pores in 8 size classes
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Fig. 7. A typical histogram of the size of pores in a selected image.

® Pores’ shape regularity assessment.

The classified series of images was next subjected to the
assessment of the shape factor R_of pores (low shape factors
corresponded to regular, quasi-circular cross-sections). For
each series a histogram f(R ) of the values of R (see Eq. (3)) was
calculated. The R_axis was divided into six intervals accord-
ing to the indications of an expert. Fig. 10(a) presents a typi-
cal histogram of this type, calculated for an image assigned to
class #11. It can be noticed, that in this case 84.3% of pores in
the analyzed image satisfied the condition 1 <R _<2. This may
be interpreted as a recommendation for image analyzed at
the assumption that the majority of pores are quasi-spherical.
For comparison, Fig. 10(b) presents a histogram of R_values
calculated in an image assigned to class #3. In this case, only
64.77% of pores were classified as quasi-circular. The mean
values of R_ in the compared images were also different: 1.02
in class #11 and 2.27 in class #3.

Objects (cross-sections of pores) accepted for the analysis
were next taken into account for evaluation of their approx-
imate volumes V_using the Egs. (9) and (10). Fig. 11 shows a
histogram e(V) of evaluated volumes of pores satisfying the
condition of sufficient shape regularity.

Total area of pores in 8 size classes in ralation to the whole image area

Image area = 1230x950 = 1216000 pixels = 182681 um2

0.49%  1.10% %

(3-8> (820>

100> (1081505 (150

Actual sums of pore areas in 8 size ranges (um2)

Fig. 8. A distribution of the rate of image area covered by cross-
sections of pores in various size-classes.

Similar calculations were performed in all 11 series of
images. However, only one series satisfied the condition of
sufficient shape regularity. The rest of series should thus be
analyzed using an alternative approach.

The last experiment was aimed to a preliminary prov-
ing of the possibility of extraction of additional data useful
for 3D porosity analysis from 2D images. For this purpose,
the reference image #10 (see Fig. 9) was taken into consider-
ation. Using the “watershed” approach [23], the image was
contoured at 100%, 50%, 35%, and 0% of the luminance scale
(0-255 levels). The obtained contoured images are shown in
Fig. 12. The black spots in images (a)-(d) present the areas
of pores’ cross-sections, luminance of which does not reach
the level of 100%, 50%, etc., of the luminance scale. This is
the additional information that provides a relative insight
into the 3D structure of pores. A possibility of extraction of
this information results in two assumptions: (a) isotropy of
porous materials in all three dimensions and (b) statistical
independence of morphology characterizing parameters
measured in three mutually perpendicular directions. These
assumptions can be verified for two admissible directions
on the plane of specimens’ visualization. The possibility
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Fig. 9. Reference images used for classification of porous membranes; the numbers of images are also used to denote the
classes of membranes.

Relative frequency of pores in 5 shape classes
shape factor = perim2 / (4 * pi * area)

Relative frequency of pores in 5§ shape classes
shape factor = perim2 / (4 * pi *area)
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Fig. 10. Typical histograms f(R ) of shape factor R_in two images assigned to different classes: (a) class #11 and (b) class #3.
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Frequency of pore volumes in 8 volume classes

(5.2-22.6>
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6.08 um3
23938817.

Fig. 11. A histogram e(V) of an evaluated volume of regular-
shape pores.

& SelectionGray.tif 25% & progo0.tif 25%

& prog37.tif 25% o ==

Fig. 12. Cross-sections of a specimen of porous membrane de-
tected at (a) 100%, (b) 50%, (c) 35%, and (d) 0% of luminance-scale
level.

of extension of the results of 2D image analysis on the 3D
morphological analysis is of particular importance if porous
membranes are used as scaffolds for biological cells cul-
tivation. In this case, getting specimens of porous material
sliced is practically impossible and statistical extrapolation of
observable data seems to be a unique method enabling to 3D
porosity characteristics of the materials.

Statistical interpretation of such information will be the
topic of a next publication.

6. Conclusions

3D morphological structure of porous materials influ-
ences on their biophysical properties and plays an important
role in their applications. In particular, it is substantial for
porous membranes designed for biological cells cultivation

scaffolds. The microscope images of cross-sections of artifi-
cial porous membranes provide information about their 2D
morphological structure. It has been shown that at specified
assumptions concerning regularity of shapes of a sufficiently
high percentage of pores, the 3D volume of pores can be
evaluated within a controlled statistical error.

For this purpose, a special computer program
MeMoExplorer™ can be used. It has also been shown that
a deeper computer-aided analysis of the 2D images of
cross-sections of porous materials extends the possibility to
evaluate the 3D morphological structure of pores of more
irregular shape.

This is possible assuming;:

isotropy of porous materials in all three dimensions,
e statistical independence of morphological parameters
measured in three mutually perpendicular directions.

The validity of these assumptions can be experimentally
proven for two admissible directions on a 2D plane. This pos-
sibility seems to be of a great importance for an optimization
of the properties of porous materials dedicated to production
of scaffolds for cultivation of biological cells.
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