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a b s t r a c t

Computing flows and phase transport in porous media requires a physically representative geometric
model. We present a simple method of digitizing the structure of fibrous porous media commonly used
in polymer electrolyte membrane (PEM) fuel cells, the so-called gas diffusion layer (GDL). Employing
an inverted microscope and image recognition software we process images of the GDL surface collected
vailable online 29 October 2009
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manually at different focal lengths with micrometer accuracy. Processing the series of images allows
retrieval of local depths of the salient in-focus structural elements in each of the different images. These
elements are then recombined into a depth-map representing the three-dimensional structure of the GDL
surface. Superimposition of the in-focus portions of the structural elements distributed throughout the
stack of images yields digitized data describing the geometry and structural attributes of the 3D surface

al.
hree-dimensional structure
mage reconstruction

of the GDL fibrous materi

. Introduction

Characterization of transport properties within porous media
s becoming increasingly dependent on computational methods.
ecause of their nature, these methods utilize a digital represen-
ation of the porous media. The numerical modelling of geometric
lements representing the real porous material is a well established
ractice for obtaining the digital porous structures [1–3]. Such
ethods superimpose the geometrical elements into a continuous

periodic) network employing different hypotheses of superpo-
ition. However, the somewhat ad hoc structures obtained by
umerical models should be considered as artificial in the sense
hat the geometric superposition is somewhat ad hoc and result-
ng structures are not an exact representation of the real porous

aterial.
The gap between artificial and natural digital porous structures

eads to uncertainties and incomplete understanding on how the
pecific details of the porous structure affect multiphase transport
or instance. Indeed, the difference between the artificial and natu-

al structures may not be obvious at first glance, and could result in
iscrepancies between computed and actual imbibition/drainage
egimes. A more accurate digital representation of the real porous
edia could therefore lead to more accurate theoretical modelling
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and predictions. In this context, the possibility of identifying the
structure of water transport pathways/network over larger por-
tions of a GDL using a fast, sufficiently sensitive and inexpensive
method would be particularly useful.

Recently, it was demonstrated that the methods based on X-
ray micro-tomography could provide structural digital information
of fibrous porous media with sufficient accuracy [4–8]. However,
in spite of its many advantages, X-ray micro-tomography requires
an expensive specialized facility that limits its applicability. In this
paper we propose an alternative technique which only requires
standard optical microscopy complemented by modern image pro-
cessing algorithms. Our method is able to provide detailed and
almost 3D displays of large areas of a GDL sheet, and is thus a
good potential complement to slower and much more expensive
tomography techniques.

Three-dimensional object cannot be fully represented by a
single optical image (not a hologram) recording an intensity mod-
ulation without loosing a noticeable amount of information about
the 3D shape. However, recording an object using a series of opti-
cal images can indeed preserve the information on its 3D geometry
by distributing this information through all the images making up
the recorded series. There are two ways to go about this record-
ing: either consecutively sweeping a focal distance or moving the
object through the constantly set focal plane. The application of spe-

cial algorithms to this image series allows retrieval of the object’s
shape and reconstruction of the 3D profile.

All the image reconstruction methods discussed in literature can
be distinguished by processing the difference between two con-
secutively recorded images and can generally be placed between

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:berejnov@gmail.com
dx.doi.org/10.1016/j.jpowsour.2009.10.050
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wo extremes [9,10]. The first category consists of the convolu-
ion methods [11–18] employing the blur portions of an image for
onstructing the depth-map of the original object. In contrast, the
econd category [19–25] uses the sharp portions instead subtract-
ng those sharp portions from the image stack and fusing them
pon the different filtering algorithms. As a result, the first cate-
ory requires only a limited number of the images and a perfectly
alibrated optical system outputting the three-dimensional image
ith a poorly textured surface. The second category is much less
icky for the optical calibration; it operates with a large number
f the images and can easily output the coarsely textured three-
imensional surface. In practice, the second category perfectly
ts the conditions for imaging the surfaces of the fibrous porous
aterials that have both the microstructured texture and well

eveloped micro-relief. Various common microscopes operating
ith either the common bright-field, fluorescent, or confocal opti-

al schemas can effectively acquire the images suitable for these
usion algorithms. Higher resolution techniques such as AFM, are
ot considered here because the focus is the structure of the porous
edium, rather than that of the individual fibers in the GDL.
The standard microscopy based reconstruction method is

emonstrated in this paper by using an inexpensive bright-field
icroscope and low cost image processing software. A rapid
ethod was developed to allow construction of digital images of

ighly irregular porous textured surfaces. The technique employs a
anually operated upright optical microscope Leica DM LM with a

ombination of Helicon Focus (HF) software as an image processing
nit. The HF based processing is found suitable and can deliver a
easonably accurate 3D shape of very complex fibrous structures
26]. We believe the method can be of benefit in both laboratory
ork and for material quality control in mass production.

. Experimental and materials

In our experiments we used the Toray carbon paper B-
/060/40WP from E-TEK Company, USA [27] as a sample of
he porous fibrous material. The thickness of the sheet of this
arbon paper was ∼200 �m and the diameter of the carbon
lament was about 8 �m. The carbon paper samples measur-

ng 2.5 cm × 2.5 cm were mounted horizontally on the Leica
M LM microscope stage. The microscope was used in the

nverted mode. The resolution of positioning in the X–Y plain
as 0.1 mm. The positions of the stage along the Z-axis were

et by the microscope focal wheel with the micron scale cal-
brations for two intervals: 1 or 4 �m at 0.5 �m of accuracy
The series of the multi-focus images for a given view area were
aken by varying the position of the stage along the Z-axis within
he 4 �m interval and then processed with the HF software.

For the light sources we used a combination of a mercury
amp and an external diffusive light source mounted directly on
he microscope objective. The external light source has a circular
eometry and contains eight white-LEDs. We used the micro-
cope objective 10×/0.30 HC PL Fluotar, Leica, Germany. The
-bit images were captured with a Retiga 1300i black/white cam-
ra and preprocessed with the software QCapture Pro 6.0 from
Capture Inc.

. Method

.1. Basics of image reconstruction
A portion of the micro-sample surface that does not belong to
he optical plane appears unfocused in an image recorded through
he microscope objective, whereas an image portion positioned
n the optical plane is focused well. This blurring effect obviously
ources 195 (2010) 1936–1939 1937

makes an interpretation of the surface texture difficult and uncer-
tain. The reason for this uncertainty lies in the rather small value of
the depth-of-field, DOF, for the microscope objectives [26]. The DOF
can be understood as the thickness of an imaginary layer including
an optical plane in the middle and positioned at a certain dis-
tance from the objective surface; all the sample surface’s elements
included in the DOF look focused. The DOF is a function of the objec-
tive lenses and the light wavelength and could be roughly estimated
[28,29] as

DOF ≈ �

Na2
,

where � is a wavelength of light that can be estimated as ∼0.65 �m,
and Na is the numerical aperture of the objective. The typical micro-
scope objectives (first number is the magnification and second one
is Na): 5 × 0.15, 10 × 0.30, 20 × 0.40, and 50 × 0.50 provide the fol-
lowing values of the DOFs: 29 �m, 7.2 �m, 4.1 �m, and 2.6 �m,
respectively.

The small DOF of the microscope objective is a source of the
poor focusing capability over the whole attainable sample depth.
However, the small DOF can be turned into a powerful advantage
with the help of modern image analysis algorithms. The small value
of the DOF allows sweeping of the sample though the objective
focal plane, sequentially recording images of the sample surface.
The output of this acquisition is a stack of images in which every
image contains different portions of the sharp and blurred aspects
of the recorded sample surface. These stack of images are indexed
with respect to the position to the focal plane.

3.2. Image acquisition and processing

The method employed recording of the multiple images in
sequence as the sample surface was moved through the objec-
tives focal plane. The images were arranged to overlap the whole
attainable depth-profile of the sample surface. For the purpose of
demonstrating the technique, and in order to restrict the num-
ber of manually acquired images to a reasonable number while
spanning ∼100 �m across the GDL, a DOF of 7.2 �m was used to
acquire the data presented in this paper. With this setting 28 images
[100/(DOF/2)] are required to span the 100 �m height. In fact 25
images were used. Other DOF values can be used and are docu-
mented in Ref. [26], and it should be noted that the DOF does not
directly correlate with resolution, and better resolution that the
DOF can in fact be achieved [26].

The image stack was then processed by the Helicon Focus soft-
ware [30]. HF selected the in-focus portion of the sample surface
from each image in the stack. It superimposed all the in-focus por-
tions combining them into a single image and outputted a new,
synthetic 2D image of the original surface that was sharp every-
where. Essentially, HF extended the DOF over the whole attainable
relief of the sample, creating a focused image over the whole of the
sample’s surface.

Operating with the image stack, the HF software constructed a
map of the depths/altitudes (defined arbitrarily) for those surface
elements that could be processed and distinguished as being the
in focus elements. This depth-map represents the 3D profile of the
sample’s surface relief. HF approximated the depth-map and out-
putted the 3D surface of the sample interface in the OBJ format
suitable for numerical applications [26].

3.3. Calibration of the reconstruction method
Digitizing the surface of a sample involves multiple processing
steps. Therefore it is a matter of interest to estimate the accuracy
of the reconstruction process. The general idea here is to measure
and compare the test objects in two ways: by measuring the object
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Fig. 1. The method of obtaining the structural data by processing the stack of images
(a) with the Helicon Focus software; all images are recorded for different stage posi-
tions with respect to the microscope objective. The resultant image (b) contains only
t
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he in-focus portions numerically superimposed. The depth-map image (c) repre-
ents the local depths for the all pixels of the resultant image (b) with respect to an
rbitrarily chosen zero-level image within the stack; the coding is done in the grey
olor scale at left representing the pixel’s depth in �m.

irectly and after the 3D reconstruction. This calibration proce-
ure was performed with two sample objects [26]. One was an

nclined optical calibration standard from Leica: a flat microscope
lide with a 2 mm grid scale with 10 �m tick marks resolution.
or the second sample, noting that the calibration procedure does
ot require an object having the same scales as the GDL fibers,

ut simply a well defined 3D surface providing the entire range of
urface depth variations (Z-direction) relevant to GDL applications
i.e. 0–100 �m), a metal wavy copper mesh consisting of 100 × 100

eshes per square inch and wire of 0.0114 cm diameter was found
o fit the requirements perfectly. The objective was 10 × 0.30 with
Fig. 2. 3D surface of fibrous carbon paper constructed by Helicon Focus software.
This surface is an approximation of the 3D projection of the depth-map image
presented in Fig. 1(c).

an image size of 1300 × 1030 pixels, the resolution in the X–Y plane
is 1.5 pixels �m−1. The HF software was able to reconstruct an ele-
ment having a height of 100 �m with 1–2% accuracy [26].

4. Results

Fig. 1(a) represents a stack of the acquired raw images with a
typical example up front. It is clearly seen that the fibrous structure
in this image consists of both the blurred and in-focus portions.
The areas of both those portions depend upon the particular 3D
structural profile of the sample surface. The structural elements
that are blurred in Fig. 1(a) are perfectly in focus in the other images
in this stack and vice versa.

Employing the HF software and the stack of raw images we con-
struct a synthetic image containing only the focused image parts
(Fig. 1(b)). On this panel we can distinguish the important struc-
tural elements of the carbon paper. Particularly, panel (b) of Fig. 1
demonstrates a combination of two overlapping networks: the car-
bon fiber network and the binding web network. The two distinct
structures, the fibers and webs, are well recognizable. Every pixel
of Fig. 1(b) also has an index of its parent image in the image stack
from which the pixel was gathered. The panel (c) in Fig. 1 represents
only information from those indexes.

Because every two images in the stack are separated by 4 �m
along the Z-axis we could turn an array of the image indexes into
an array of the depths, representing how far the particular image
is from the arbitrarily chosen top image (Fig. 1(a)). The panel in
Fig. 1(c) visualizes the 3D profile of the carbon paper’s texture
recorded in the image stack of Fig. 1(a) and processed in Fig. 1(b).
The white areas in the image presented in Fig. 1(c) indicate the
bottom parts of the deep wells with depths of ∼100 �m measured
from the sample surface. We take the zero-level of the sample
surface from the black fibers in Fig. 1(c), those fibers are closest
to the microscope objective. Approximating the depth-map pre-
sented in panel (c) the HF software constructs the 3D surface of
the examined fibrous sample (Fig. 2). Although the reconstruc-
tion spans the entire 100 �m depth of the GDL, the 3D perspective
rendering in the figure allows visualization of near surface lay-
ers only. Close examination of the reconstructed image in Fig. 2
shows a slight waviness in the fiber. This is due to both the res-
olution and the 3D reconstruction algorithm. The 3D surface is

not exact in the sense that the raw data was filtered and approx-
imated by the algorithm using a polynomial spline 3D surface
(the exact method is not disclosed by HF, the software supplier).
The waviness indicates small discrepancies between the particu-
lar approximation function and the spatial sampling of the chosen
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ata set. This can be remedied by refining the choice of approx-
mation function by for example recognizing the long side of the
ber and decreasing the degree of the polynomial along that direc-
ion. At the current proof and concept stage the output of the
F software is reasonable and sufficient to demonstrate the func-

ionality of the method.

. Conclusion

Using a simple manually operated microscope and inexpen-
ive software we developed a method for rapidly constructing
he 3D surface of fibrous porous media. The method consisted of
wo major steps: (1) acquiring the series of images from a sam-
le through the sequential movement of the microscope stage and
2) applying the Helicon Focus software to the image stack. The HF
oftware generated the sharp synthetic image of the whole attain-
ble sample’s profile and the 3D surface of the measured sample
nterface.

We found this method to be very convenient for inspecting, dig-
tizing, and characterizing the microstructured surface of fibrous
arbon papers.
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