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This work describes a setup for the experimental and theoretical study of the mass transport of a

penetrant through a two-dimensional model-material microstructure consisting in a homogeneous

matrix with slender obstacles. Experiments were performed using polydimethylsiloxane (PDMS)

specimens with a controlled pattern of randomly distributed laser-ablated microscopic slender holes

that mimic the obstacles to the diffusion of the penetrant, 1-octadecanol (ODOL). Mass transport of

ODOL throughout the patterned PDMS matrix was monitored by means of Confocal Raman microscopy.

Rigorous numerical simulations of ODOL transport in transient regime were performed using the

Boundary Element Method for exactly the same model-material microstructure topology used in the

experimental tests. It was found that both, experiments and BEM simulations very well capture local

barrier effects of the obstacles to the ODOL transport. The whole strategy provides a valuable base for

validation and experimental verification of theoretical models of mass transport through heteroge-

neous membranes with complex barrier structure.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The control of transport properties through heterogeneous
systems has technological importance in many polymeric-based
materials such as foams, blends and composites. Mass transport
is particularly relevant in composites obtained by addition of
layered silicates with dimensions in the nanometer scale (nano-
clays) to a polymer matrix. This family of materials, referred in
the literature to as nanocomposites, has shown dramatic
improvements in, for instance, gas barrier properties, with very
low volume fraction of fillers (below 5%), which can be exploited
in applications such as coatings, packaging and controlled drug
release, among others.

The barrier effect in nanocomposite materials can be rationa-
lized in terms of the increment in path length experienced by the
penetrant as it moves through the polymer matrix in the presence
of the physical barriers imposed by the filler [1]. On a finer scale,
the penetrant may also interact with the filler altering its mass
transport coefficient compared with that in the neat matrix [2]. At
this point, characteristics of the barriers such as length-to-
thickness ratio, volume fraction, orientation and state of aggrega-
tion are expected to affect the overall transport behavior of
the composite system. Several models have been proposed to
ll rights reserved.
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describe the reduction of permeability in composite systems in
terms of the increased path length or tortuosity. A recent review
summarizes many of them [3]. Most of the models assume that
the barriers have a regular and uniform shape, with some specific,
ordered or random, spatial distribution [1]. The penetrant trajec-
tory is idealized as a one-dimensional path which experiments
abrupt changes in direction when the penetrant encounters a
barrier, see Fig. 1. This family of simple models uses the so-called
tortuosity factors to account for the effects of aspect ratio, volume
fraction and aggregation of barriers on diffusivity or permeability
[1,4]. As these models typically yield closed formulas for the
apparent membrane permeability, we may refer to them as
analytical.

Over the last years, the field of computational modeling of
materials has experienced a sustained progress. High perfor-
mance numerical methods such as Boundary Elements (BEM)
and Finite Elements (FEM) have made possible numerical simula-
tions of heat and mass transport for fairly complex material
microstructures. The advantage of computational models is that
the actual material structure can be described in detail. Thus, the
effects of shape, size, orientation and spatial distributions of every
phase can be precisely accounted for with much more precision
than in above-mentioned analytical models [5–7]. With a
continuously spreading use in material science, computational
modeling has turn into a valuable tool to assist materials devel-
opment. For instance, the combination of computational model-
ing with optimization algorithms allows for the design of the
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Fig. 1. Idealized barrier effect showing the increment in the diffusion path of a

molecule as it encounters the impenetrable barriers.
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material micro/nanostructure in order to achieve a customized
set of macroscopic transport properties [8–10].

On the experimental side, some efforts are still needed,
particularly in terms of the design of reliable systems for model
validation. The limitation is not related with the availability of
suitable experimental techniques but with the ability to control
and/or characterize the material structure in order to match that
represented in computer simulations. The possibility of generat-
ing model materials with well-defined and easily controlled
structural features appears as a first necessary step to be con-
sidered for model validation. This strategy was first explored by
Liu and Cussler [11], who used lithographically printed mem-
branes with well-defined (regular) barrier structures to carry out
experiments that served to test the basis of some of the most
representative analytical models for mass transport.

We propose in this work an experimental setup and a measure-
ment procedure devised to monitor the mass transport of a
penetrant through a two-dimensional model-material microstruc-
ture consisting of a homogeneous matrix with a random distribution
of slender obstacles. The system has been conceived as a benchmark
test for the validation of numerical BEM predictions for the
penetrant diffusion throughout the material microstructure in
transient regime, with no constraints in terms of phase size, amount,
or distribution. The matrix is made from cross-linked poly(dimethyl-
siloxane) (PDMS), with the obstacles mimicked via a controlled
pattern of randomly-placed laser-ablated microscopic slender holes.
The holes, which perform as impenetrable barriers, hinder the mass
transport of the penetrant, 1-octadecanol (ODOL). Mass transport of
ODOL through the microstructure is monitored by means of Con-
focal Raman microscopy, a technique that allows chemical discri-
mination between components with sub-micrometer spatial
resolution. With this technique, we can directly determine a map
of ODOL concentration throughout the patterned samples, which
can be in turn contrasted with the numerical results obtained by
BEM simulations.
PDMS

z y

x
2. System design

To facilitate measurements and comparison with calculations,
the experimental setup has been designed in accordance to the
following five basic pre-requisites:
ODOL
i.
Patterned reservoir

The diffusion has to be two-dimensional, this is, the mass
transport in the direction of the specimen thickness should be
negligible;
 holes
ii.
 The matrix has to be patternable at micron level;
Fig. 2. Schematic of the experiment design: patterned PDMS specimen, ODOL
iii.

reservoir and reference system.
The geometry and microstructure topology has to be easily
tailored at the experimental scale;
iv.
 Mass transport of penetrant in the matrix has to be described
by a single diffusion coefficient, preferably in the range
10�6–10�8 cm2/s;
v.
 Diffusion has to be virtually suppressed at room temperature
to facilitate the micro-spectroscopic characterization of the
specimen.

The material matrix is PDMS, which was chosen because is
patternable by a variety of methods, including soft lithography
and laser ablation. A microstructure of holes with slender shape,
and specific positions, orientations and volume fraction is used to
mimic the effect of the obstacles on mass transport, see Fig. 2.

The holes are patterned in the PDMS matrix by laser ablation.
Depending on how finely the laser is focused on the sample,
patterned features below 10 mm have been reported using this
technique [12]. Soft lithography was also considered, but it was
discarded because it requires a series of somewhat complicated
steps to produce the desired pattern [13]. On the contrary, laser
ablation can be directly carried out on the preformed matrix in a
single step.

The diffusing molecule is ODOL, a long chain alcohol. The
diffusion of ODOL in PDMS is expected to be mostly Fickean, as
cross-linked PDMS behaves essentially as a viscous liquid above
its glass transition temperature (� �100 1C). Moreover, as the
melting point of the alcohol molecule is about 57 1C, ODOL
diffusion can be virtually stopped by freezing when the system
is cooled at room temperature, and then further activated by
heating above 57 1C. By supplying ODOL molecules from a
reservoir located at one of the specimen ends, see Fig. 2, diffusion
should proceed through the obstacle field given by the preformed
holes. Initially, diffusion should be driven by the concentration
gradient in y-direction, to become bi-dimensional (xy) as soon as
ODOL molecules encounter the obstacles. As the features to be
spatially resolved are on the micron scale, confocal Raman
microscopy is used for the measurements. Besides, the differences
between the chemical structures of the PDMS and ODOL mole-
cules are expected to provide enough spectral contrast to be
individually identified and spatially resolved throughout the
specimen.

2.1. Experimental

PDMS networks were prepared from a commercial formula-
tion, Sylgard 184 (Dow Corning, Midland, USA). 1-octadecanol
(ODOL) was obtained from Aldrich (Japan) and used as received.
Specimens were prepared as follows. First, a thin PDMS film,
200 mm thick, was synthesized onto a microscope slide using
spacers to control sample thickness. The film was then cured in an
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Fig. 3. An actual image of the carved PDMS specimen.
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oven at 80 1C for about 3 h. After the PDMS curing, the specimen
was patterned using laser ablation to produce a set of holes
with pre-established positions and dimensions. Laser ablation
was also used to cut the external specimen boundary and to
carve the repository for the penetrant. Laser ablation was per-
formed using two instrumentations: i) a commercial VersaLASER
VLS3.60 engraving machine with 60 W nominal laser power
(maximum) which allowed to carve sample features with dimen-
sions above 200 mm; ii) a research-grade laser ablation system
equipped with a femtosecond 800 nm laser beam focused through
a microscope objective of 40� , which allowed to produce much
finer sample features, as small as 10 mm. Most of the specimens
used in this work were produced using the VersaLASER machining
system.

An actual picture of a specimen mounted onto its glass slide
substrate is shown in Fig. 3, where the carved reservoir for ODOL
supply and the set of preformed holes can be observed. Notice
that thin PDMS walls were used to surround the reservoir in order
to prevent liquid ODOL from spilling out. For diffusion experi-
ments, the reservoir was loaded at room temperature with a
calculated amount of ODOL, enough to fill it completely. The
whole specimen was horizontally placed with the glass slide at
the bottom and the PDMS film on the top, on the aluminum plate
of a temperature-controlled laboratory oven (71 1C). Diffusion
was promoted by heating the specimen at specified temperatures,
above ODOL melting temperature, under N2 atmosphere. As the
specimen was placed horizontally on the aluminum plate, i.e.
normal to the z-axis in Fig. 3, gravity had no effect on ODOL
transport, which should only occur by diffusion as a consequence
of the concentration gradient in y-direction. The specimen was
checked for ODOL leaking by capillarity between the PDMS film
and the glass substrate, but it never occurred due to the excellent
contact between PDMS and the glass plate. Over the course of the
experiment, particularly for the longest annealing times, the
reservoir was refilled with fresh ODOL in order to keep its supply
at a constant level.

After pre-established periods of time, the specimen was
removed from the oven, cooled back at room temperature, and
mounted on the microscope stage for its spectroscopic character-
ization. The orientation of the specimen on the stage was the
same as in the oven, i.e. horizontally, with the PDMS film on top.
The optical axis of the microscope was normal to the PDMS
surface; this is, coincident with the z-axis in Figs. 2 and 3. Using
this configuration, the motion of the stage in x and y directions
allowed for the examination of the complete surface of the PDMS
film. Two-dimensional Raman maps were constructed point-by-
point using a Renishaw Via Reflex spectrometer system equipped
with a charge-coupled device (CCD) detector of resolution
1040�256 pixels, and coupled to a Leica microscope with a
computer-controlled stage. An Ar laser line (514 nm, 50 mW) was
used as excitation source in combination with a grating of
2400 grooves/mm. The laser power was kept below 10% to avoid
damaging the sample while obtaining good spectra quality.
Excitation and collection of light were performed via a Leica
objective 50� (0.75 NA), with the laser in line focus mode. With
this configuration, the instrument yields nominal spatial resolu-
tions of 0.5 mm and 6 mm in both the x and y directions,
respectively. Local spectra were recorded using 1 s acquisition
time and one accumulation. The focus track option was used in
each measurement to properly find the localization of the sample
surface, with70.1 mm precision. A typical experiment, consisting
in 50 local spectra recorded using the above settings, took about
15 min to complete.
2.2. Computer simulations

The two-dimensional transient mass transport problem was
modeled using the Boundary Element Method (BEM). The BEM
was selected for the computer simulations due to its simplicity in
the problem discretization, limited to the specimen outer bound-
ary and the hole boundaries, and its superior accuracy when
compared to other methods to deal with problems presenting
strong discontinuities [14], particularly advantageous in our case
as we expect strong gradients in the concentration and flux fields
in the vicinity of the obstacles. The versatility of the BEM for the
numerical evaluation of the barrier properties of flake-filled
membranes was demonstrated by Chen and Papathanasiou [6].
Besides, we have recently used BEM for the solution of heat
diffusion problems in micro-heterogeneous materials [5,8].

The BEM was used to solve the Fickean transient diffusion
problem [14],

r
2C ¼D

@C

@t
, ð1Þ

where C is the ODOL intensity field, D is the diffusion coefficient,
and r2 is the Laplacian operator. The diffusion coefficient, D,
associated to the transport of the ODOL in the neat PDMS matrix
was set as a constant.

A BEM formulation with time-dependent fundamental solu-
tions was used to solve Eq. (1) [14]. This approach avoids the
introduction of domain integrals into the BEM formulation, and
so, the ‘‘boundary only’’ characteristic of the method is preserved.
On the other hand, the formulation is computational expensive,
since every time increment requires to restart the time integra-
tion from the initial conditions. To reduce computing time, the
implementation of the BEM solver was optimized in two ways:
redundant recalculations were reduced by storing the solutions
for every time step to be later reused in the integration of
subsequent time steps, and the program was coded to run in
parallel using OpenMP and FORTRAN. Computations were carried
out in a GNU/Linux-based multi-core workstation with two
4-core Xeon CPUs and 16 GB of RAM. The models were discretized
using constant elements.

Following the experimental approach, the obstacles to the
diffusion were assimilated to holes in the BEM model. The
discretization strategy was devised based on preliminary tests
performed to explore the model convergence and error [15]. Thus,
obstacles were discretized using 5 elements in the thickness and
10 elements in the length, making a total of 30 elements per hole
(see Fig. 7(b) and (c) below). The element size for the discretiza-
tion of the external boundary was set equal to the obstacle
thickness. The boundary conditions were set as zero flux along
the obstacle (hole) boundaries and along the external boundary,
with the only exception of the y¼0 side, the specimen end
coincident with the ODOL reservoir, see Fig. 2. The reservoir
was modeled using a Dirichlet boundary condition with a fixed
concentration C0. Internal points were used to compute the
concentration profiles within the model domain.
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3. Results and discussion

3.1. Diffusion in the homogeneous matrix

We start discussing the spectral characteristics of the compo-
nents, a first necessary step towards the characterization of ODOL
transport in neat PDMS. Fig. 4 shows Raman spectra of pure PDMS
and ODOL in the 2700–3100 cm�1 region, the base for the
spectroscopic characterization. The major peaks can be assigned
to the stretching of the C–H bonds of –CH2- units in ODOL (2845
and 2882 cm�1) and the –CH3 groups of PDMS (2906 cm�1). The
very different spectral profiles anticipate good discrimination
between components by Raman microscopy.

For the characterization of the transport of ODOL in PDMS,
diffusion experiments were carried out using homogeneous non-
patterned samples similar to those seen in Fig. 3, with a reservoir
for the supply of ODOL molecules at one of its ends. Diffusion in
the y-direction was promoted by annealing the whole specimen
at temperatures above the melting temperature of ODOL. Fig. 5
shows a sequence of Raman spectra measured at different loca-
tions along the y-axis, this is, at different distances from the ODOL
reservoir (see Figs. 2–3), after 6 h of annealing at 100 1C. Spectra
were taken at the surface of the specimen, using the focus-track
feature of the instrument, in order to avoid attenuation of spectral
intensity with depth. It can be seen that the spectral profiles
reveal a progressive decrement of the 2882 cm�1 peak (assigned
to ODOL) with the distance from the ODOL reservoir. This
behavior indicates that ODOL has diffused into the PDMS matrix.

Raman spectra were processed by component analysis to
obtain individual contributions of ODOL and PDMS to the whole
local spectrum. Overall, any of the spectra obtained were effec-
tively reconstructed from a linear superposition of pure ODOL and
pure PDMS spectral forms, plus a polynomial function to account
for changes in baseline [16]. In this way, the analysis yields the
individual contribution of the two species, directly connected
with their relative amounts. Fig. 6 shows the ODOL contribution,
in the form of ODOL intensity, as a function of the distance from
the reservoir for several annealing times. What we refer to as
ODOL intensity (A.U.: arbitrary units) is the actual intensity per
sampled volume, which is a measure of ODOL concentration in
mass per unit volume. In the initial condition, ODOL is absent in
the PDMS matrix, as it can be seen from the ODOL intensity
profile reported for zero time in Fig. 6(a). Then, with time, ODOL
diffuses and progressively increases its concentration in the
matrix; see Figs. 6(b) to (d). It can be seen that the intensity data
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are somewhat noisy; this behavior is attributed in a major part to
the crystallization of ODOL at room temperature on the PDMS
surface, a phenomenon also observed in diffusion of alkanethiols
in a similar matrix [17].
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We tested the validity of a simple Fickean diffusion model to
fit the data and to characterize the whole process through a single
transport coefficient, D0. The Fickean character of ODOL diffusion
was first confirmed by plotting the data in terms of the char-
acteristic variable y/(4t)0.5, with t being the annealing time [18].
We found that the whole set of data could be superimposed onto
a single curve. Next, we fit those data to a one dimensional
Fickean model with a constant diffusion coefficient, subjected to
boundary conditions of semi-infinite supply [18]. We assumed
that the ODOL concentration for the repository, C0, remained
constant in time, this is, the repository was supposed to be large
enough to supply as much ODOL as it was demanded by the
diffusion process. The lines in Fig. 6 represent the Fickean model
predictions for the best fit of the diffusion coefficient, D0¼3.3
(70.1)�10�6 cm2/s. On the other hand, the value for C0¼0.083
(70.001), in mass per unit volume, resulted from the measure-
ment of the ODOL intensity per sampled volume in the proximity
of the reservoir. Overall, we see that the fitting is satisfactory. The
value for D0 resulting from the analysis compares very well with
that found for alkanethiols transport in a similar matrix at room
temperature, 5�10�7 cm2/s [17]. In summary, the experimental
data confirms that diffusion of ODOL in PDMS at 100 1C is
essentially Fickean, at least up to diffusion times of 12 h.

3.2. Diffusion through the model material with obstacles

Fig. 7 shows an actual picture of the specimen used for the
diffusion experiments of the model material with obstacles and
its corresponding BEM model. The obstacles in the form of holes
had a nominal width a¼200 mm and a length 2d¼2000 mm. They
were placed with its length parallel to the x-axis; this is,
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Fig. 7. Specimen with barriers to diffusion: (a) actual picture (whitish marks are due

indicate directions of mappings for the Raman microscopy. Dimensions are in mm.
perpendicular to the overall diffusion direction, and distributed
randomly throughout the specimen. The volume fraction of
obstacles f was set 0.03. This setup constitutes a rather challen-
ging case, as the small values of the obstacle aspect ratio, a¼2d/a,
and relatively low amount of obstacles, anticipate minor changes
in the overall (or apparent) diffusivity of the whole specimen,
DApp. For instance, the model due to Lape and Cussler predicts
that the overall diffusivity of this material is about 80% that of the
pure matrix [1]. As a consequence, the ODOL concentration
profiles should not deviate significantly from those of the homo-
geneous matrix, except by local perturbations in the zones near
the obstacles. The capture of these perturbations justifies the local
Raman measurements and the high-resolution BEM simulations.
On the other hand, there are the effects of these local perturba-
tions, combined for all the obstacles in the sample, that determine
the macroscopic specimen response, DApp, as it is calculated in
conventional permeability experiments.

The methodology applied for confocal Raman characterization
was similar to that described in the previous section for the
homogeneous matrix. ODOL intensity profiles along the specimen
were produced from the Raman spectra monitored along a set of
lines in the directions x1¼14.8 mm, x2¼20 mm, and x3¼30 mm;
and y1¼2 mm, y2¼3 mm, and y3¼4 mm, see Fig. 7(b). Particular
interest was put to probe the concentration fields nearby the
obstacles.

The BEM model discretization is depicted in Fig. 7(b), while
Fig. 7(c) is a close-up with the discretization of an obstacle, see
the Computer Simulations section for the description of the
discretization strategy. The concentration of the ODOL reservoir
was set C0¼0.083, the same value used in the earlier Fickean fits,
via the Dirichlet boundary condition along the side y¼0. The
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(c) x3¼30 mm. Data from Raman microscopy analyses (filled symbols), BEM models (open symbols ) and a Fickean analytical model without obstacles (dotted lines).

Table 1
Discrepancies of the BEM results and the Fickean analytical solution with respect

to the experimental measurements. Labels (a), (b) and (c) used in the identifica-

tion of the paths make reference to those of Fig. 8.

Path (mm) Time (h) NRMSE BEM NRMSE Fick

(a) x1¼14.8 3 0.2063 0.3613

6 0.1330 0.2755

12 0.1480 0.3592

(b) x2¼20 3 0.1044 0.0983

6 0.0934 0.1050

12 0.0701 0.0829

(c) x3¼30 3 0.0543 0.1943

6 0.0768 0.1551

12 0.1705 0.2292
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diffusion coefficient for the simulations was set to D¼3.3�
10�6 cm2/s, in accordance with the mean value of D0, that
obtained for the diffusion experiments of ODOL in pure PDMS
reported in the previous section. The value for the time incre-
ment, Dt, was set to 120 s. The internal points for the computation
of the concentration profiles were placed to define lines in the
directions xi and yi specified in experimental setup, see Fig. 7(b).
The distance between the internal points was set equal to
400 mm.

Fig. 8 shows the evolution with time (ti¼1 h, 6 h and 12 h) of
the ODOL intensity profiles along the specimen length, for the
positions x1¼14.8 mm, x2¼20 mm and x3¼30 mm. The closed
symbols correspond to the experimental data from the Raman
measurements. Once again, the oscillations observed in the
experimental results are attributed to the crystallization of ODOL
at the temperature of the micro-spectroscopic analysis (25 1C).
The results of the BEM simulations are shown in open symbols.
There are also included in the plots the analytical solution of
Fick’s law for a system without obstacles (continuous lines). The
vertical dotted lines indicate the position of the preformed holes,
in correspondence with Fig. 7(b). The differences between numer-
ical models and experimental data for all the results in Fig. 8 were
assessed via the Normalized Root Mean Square Errors (NRMSE), as
summarized in Table 1. The NRMSE was computed for the
discrepancies of both, the BEM results and the Fickean analytical
solution, with respect to the experimental measurements, using
in every case the maximum spread of the experimental results as
normalization factor.

We see from Fig. 7, that two holes are placed at the very
beginning of the diffusion path along x1¼14.8 mm, at positions
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y¼1 mm and 1.5 mm. Their influence on the concentration field is
clearly reflected in Fig. 8(a), as shown by the discontinuities
observed in the ODOL intensity profiles at the positions coin-
cident with the barriers. The concentration of ODOL predicted
ahead of the obstacles by the Fickean model, which ignores the
presence of the obstacles, is much higher than that observed
experimentally. In contrast, the barrier effect to the ODOL diffu-
sion is well captured by both, the experimental and BEM results.
In this sense, the results in Table 1 show that the discrepancies in
terms of NRMSE between the Fickean model and the experimen-
tal measurements are between 1.7 and 2.4 times larger than those
between experiments and BEM results.

The distribution of the obstacles along the path x2¼20 mm is
different to that discussed for x1, as the holes are now mostly
located in the central third of the specimen length, see Fig. 7(b). In
accordance to this, the obstacles produced no effects on the ODOL
profiles for the observation at t1¼3 h in Fig. 8(b), and the
experimental results are well predicted by both, Fickean and
BEM models; see in Table 1 that the discrepancies for both sets of
results are nearly the same, within 2%. On the other hand, the
effects of the obstacles operate in later stages of the experiment,
t2¼6 h and t3¼12 h, where the penetrant has reached the
obstacles, giving rise to discontinuities in the ODOL intensity
profiles. Both, Fickean and BEM solutions yield similar results,
with discrepancies with respect to the experiments in the range
7–10%, see Table 1.

The path at x3¼30 mm has holes distributed along the
complete sample length. Consequently, the discontinuities due
to the obstacles on the concentration profiles can be appreciated
at all the observation times. This case results in the worst
performance for the Fickean model. As seen in Table 1, the
discrepancies of the Fickean model predictions and the experi-
mental measurements are 1.35–3.6 times larger than those
performed by BEM. Finally, it is worth to mention that the above
results confirm the behavior anticipated earlier for the overall
ODOL profiles along the specimen length: the low volume fraction
of obstacles has mainly local effects. The ODOL profiles along the
specimen can be assimilated to that of the homogeneous matrix
with perturbations in the neighborhood of the obstacles.

Fig. 9 shows results for the ODOL concentrations profiles
across the specimen, at different y positions, y1¼20 mm, y2¼

30 mm and y3¼40 mm, and for several diffusion times. Raman
data are represented by solid symbols, open symbols correspond
to BEM simulations and the continuous horizontal lines are the
predictions of the Fickean model for the homogeneous case. It can
be seen that, due to the presence of obstacles, the diffusion front
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Fig. 9. Intensity per sampled volume ODOL profiles across the specimen for selected y-p

and the Fickean diffusion model. Data from Raman microscopy analyses (filled symbol

(dotted lines).
resulting from the experiments and the BEM model is not
constant, as it is the case of the homogeneous Fickean solution.
Note that in these cases, the monitored paths do not intersect
the obstacles, so the profiles are continuous, with peaks and
valleys that correspond to ‘‘windows’’ between the obstacles and
the ‘‘shield’’ effect of the obstacles, respectively. Remarkably,
Fig. 9(b, c) shows that the ODOL concentration in the region
x¼20–25 mm is predicted to be above that calculated from the
Fickean model. From Fig. 7(b), it can be observed that the
measurement line is located right behind two adjacent holes, so
BEM is correctly predicting the accumulation of ODOL that cannot
diffuse due to the presence of the obstacle. As for the previous set
of results, BEM predictions are in better agreement with the
experimental data than those of the Fickean model, as reflected
by improvements in discrepancies up to 65%.

In summary, it can be concluded from the above results that
the BEM predictions are in better agreement with the experi-
mental data that the simple Fickean solution. NRMSE in the range
0.05–0.21 for BEM solutions are remarkably good, considering we
are capturing, experimental and numerically, local and relatively
small perturbations in the ODOL intensity field. In this sense, it is
important to consider that due the high gradients in the vicinity
of the obstacles, the ODOL intensity measurements are very
sensitive to position, that is, small errors in positioning may lead
to rather large variations in ODOL intensity.

We end the paper with a comment about the feasibility of using
the presented experimental setup to obtain global measurements,
representative of the geometry of the whole specimen, besides the
local analysis shown earlier. For instance, the kind of experimental
data shown in Fig. 9 can serve as a basis for the determination of a
global or apparent diffusivity, as the integrated profile along the
complete diffusion front is a measure of the amount of mass that has
diffused up to that time, for this position. A representation of the
mass diffused versus square root of time should yield a linear plot
whose slope is related with the apparent diffusion coefficient of the
heterogeneous system, DApp [18]. Compared with the values of D0

that characterize the homogeneous matrix, the analysis yields the
relative diffusivity DApp/D0, a variable used to describe the reduction
of permeability as a function of system micro/nanostructure in most
of the fundamental models in the literature.
4. Conclusions

We have presented an experimental setup conceived for the
study and monitoring of barrier effects in materials with model
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microstructures consisting in a homogeneous matrix with
impenetrable obstacles. Experiments were performed using PDMS
specimens with a controlled pattern of randomly distributed
laser-ablated microscopic slender holes that mimic the obstacles
to the diffusion. Laser ablation was found very efficient at
producing any type of holes morphology with perfectly controlled
positions and orientations, and with dimensional features ranging
from 1000 mm up to 10 mm. In this way, materials with well-
defined morphologies could be synthesized in basically two steps
consisting in PDMS curing followed by laser carving. The experi-
mental system designed to monitor mass transport, based on
confocal Raman microscopy, allowed the non-invasive monitoring
a long chain alcohol diffusion (ODOL) through the generated
morphologies, thus providing valuable experimental data on the
alterations of the penetrant concentration fields caused by the
obstacles.

Diffusion of ODOL in the homogeneous PDMS matrix was
Fickean. ODOL diffusion was also characterized in a matrix with a
relatively low amount (f¼0.03) of moderately elongated obstacles
(a¼10). The experiments showed that the carved holes acted as
obstacles for ODOL diffusion, altering the concentration fields
nearby the holes. Details at local level were well captured by the
experimental technique, despite the relatively minor overall barrier
effect predicted for the studied case. Numerical simulations for the
process were performed via high-resolution Boundary Element
analysis, based only on the geometrical and topological details of
the material microstructure and on a transport coefficient for ODOL
in neat PDMS, which was independently determined. Overall, we
found that BEM simulations were in excellent agreement with
Raman results, which is particularly remarkable given that no fitting
parameters, typical of theoretical models, were necessary to carry
out the calculations.

The proposed experimental and numerical tools have excellent
potential as means for the verification and validation of theore-
tical models for mass transport through heterogeneous systems.
Model materials microstructures with obstacles of arbitrary
shape, positions and orientations can be numerically modeled
and fabricated for the experimental testing. The spatial discrimi-
nation of the confocal microscopy appears not only suitable to
perform local analysis but also global measurements. This versa-
tility allows tackling not only the analysis of heterogeneous
microstructures as it has been the case in this work, but also
new families of advanced materials such as for instance, func-
tionally graded microstructures.
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Nomenclature

a obstacle width
d obstacle half-length
C0 ODOL concentration in the reservoir
D0 experimentally determined diffusion coefficient of

the homogeneous matrix
DApp apparent diffusion coefficient of the specimen
D diffusion coefficient used in BEM simulations
t annealing time

Greek symbols

a obstacle aspect ratio, 2d/a
f volume fraction of obstacles
Dt time increment in BEM simulations
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