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A B S T R A C T   

Nitrocellulose membrane (NC), as a paper-like matrix with microscale porous structures, has found widespread 
applications in biomedical fields due to its excellent biological features and physiochemical properties. In these 
biomedical applications, diffusion, convection, and binding reaction of biomolecules (e.g., acids and proteins) in 
NC through wicking flow is the fundamental physical process. However, the optimization of NC based biomedical 
devices has been limited by the lack of the understanding on the wicking flow behavior of NC membranes from 
the microstructural point of view. To address this, we experimentally and theoretically investigated the micro-
structural effects on the wicking flow behaviors (e.g., permeability, effective pore radius) of NC membrane and 
found that the wicking flow is highly dependent on the pore-morphology characterizing parameters (e.g., 
porosity and pore size). We further developed a theoretical model yielding a closed-form solution to predict the 
microstructure-permeability relation, which was validated by our experimental results. Our theoretical model 
would be a powerful tool for tailoring the wicking flow behavior of NC membranes through controlling the 
microstructural parameters, and thus for optimizing NC membrane-based biomedical devices from the view point 
of material design in the future.   

1. Introduction 

Nitrocellulose (NC) membrane, as a paper-like matrix with micro-
scale porous structures, has found widespread applications in biomed-
ical fields, mainly due to its excellent biocompatibility, unique 
physiochemical properties (e.g., appropriate pore size, high surface 
area), and the ability to immobilize various biomolecules (e.g., proteins, 
nucleic acids) [1]. For instance, NC membrane is commonly used for 
immobilizing nucleic acids in southern blots and northern blots, and 
immobilizing proteins in western blots [1]. It is also widely used as 
substrate materials in various diagnostic devices (e.g., lateral flow as-
says (LFAs), where NC membrane serves as the reaction surface upon 

which the critical immunocomplexes form [2]), where antigen-antibody 
binding or nucleic acid hybridization occurs [3]. In these biomedical 
applications, diffusion, convection and binding reaction of acids and 
proteins are the fundamental processes [4], where wicking flow in NC 
membrane plays a critical role. For instance, the protein transfer (via 
electrophoretic transfer) in western blots [1] and the transport of 
nanoparticles in LFAs [5] are both driven and greatly affected by the 
wicking flow in NC membrane materials. Therefore, it is of great 
importance to understand and control the wicking flow in NC for these 
biomedical applications. 

The wicking flow in NC membrane and other paper-like porous 
materials has been extensively studied, mostly from macroscopic point 
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of view [6–15]. For instance, Elizalde et al. [6] proposed a fluid dy-
namics model for homogeneous porous paper with arbitrary 
cross-sectional shapes, which enables determining the cross-sectional 
profile required for a prescribed fluid velocity or mass transport rate. 
Fu and coworkers [7–9] developed the electrical circuit analogy of fluid 
flow through a porous channel to predict mass flow rate distributions in 
paper network. Effects of evaporation on the wicking dynamics in the 
filter papers for paper-based diagnostics were experimentally and 
numerically studied by Liu et al. [10]. B€ohm et al. [16] summarized 
recent advances and outlined design strategies for successful micro-
fluidic paper-based applications. Chaudhury et al. [17] proposed a 
generalization in the pertinent diffusive dynamics to understand and 
control capillary-driven transport of a fluid within the complex porous 
matrix of paper. Based on these macroscopic models as mentioned 
above, various methods have been developed for controlling fluid flow 
and reagent transport in LFAs and paper-based analytical devices by 
creating hydrophobic barriers such as wax [11,12] or polymer [18], 
alteration of the geometry of the paper network [13], or integration of 
fluidic valve in the flow channel [14,15]. However, existing studies were 
limited to modeling and controlling the wicking flow at the macroscale, 
thus could not be used in the material design of NC by considering the 
microstructural effects. 

NC membrane has a complicated three-dimensional (3D) micro-
structure which looks like inter-connected particles arranged in a 3D 
matrix. Actually, the microstructure of a porous material has been found 
to have significant effect on the pore-scale flow [19,20] and diffusion 
[21] behavior, and thus on the reagent dispersion, mixing and chemical 
reaction within the porous structure, which is commonly to see in 
chemical engineering [22,23] and biomedical applications [24]. In 
particular, in case of diffusion-limited reactions the flow transport 
dominates the whole physiochemical process, e.g., the antigen-antibody 
binding reactions in the shear flow [4]. Therefore, the microstructure of 
a porous material serving as the reaction bed plays a significant role in 
determining the overall performance of biochemical reactors [22–24]. 
Although microstructural effects of paper have been studied extensively 
using various high-end technologies such as space and time-resolved 
confocal fluorescence microscopy [25,26], the microstructural effects 
on the wicking flow and transport in NC membranes with unique pore 
morphology have not been explored yet. 

The flow permeability is an important fluid mechanical property that 
determines the wicking flow behavior in porous materials [27], which 
relies only on the microstructure of porous materials themselves [27]. 

The microstructure-permeability relationship have been widely 
explored for the two common types of porous materials: the granular 
and foam matrix materials. For instance, the well-known Blake-Kozeny 
model [28] has been the most famous formulation to determine the 
permeability of granular materials usually with a low porosity (<0.5). 
Byon et al. [19,29] investigated the effect of particle size distribution 
and packing structure on the permeability of sintered porous wicks. 
Based on three representative types of particle arrangements, Ngo et al. 
[30] investigated the permeability of microporous wicks with geometric 
inverse to sintered particles. Recently, Zhang et al. [27] correlated the 
permeability of microporous copper structures fabricated using 
template-assisted electrodeposition with neck diameter, porosity, and 
pore diameter. As the microstructure of matrix porous materials differs 
from the granular materials, the models for granular type failed to 
predict the permeability of the matrix materials. Consequently, specific 
models have been developed based on the microstructure of matrix 
materials, including the classic tetrakaidecahedron model [31], the 
cubic cell model [32,33], the Kelvin’s model [20], as well as the W–P 
model [34] with minimized surface area. As shown in Fig. 1, the 
microstructure of NC membrane is obviously different from the granular 
and matrix porous materials, which nevertheless, can be viewed as a 
hybrid of the latter two. The existing models built for the granular and 
the matrix materials could not predict the permeability of NC membrane 
accurately. 

In this study, we aim to explore the microstructural effects on the 
capillary flow behavior of NC membrane with a focus on its 
microstructure-permeability relationship. First, we characterized the 
pore microstructure of NC membrane by measuring its particle/pore size 
distributions and porosity. Then, we measured the permeability and 
effective pore radius of NC membranes with different microstructures 
through capillary flow experiments. Subsequently, we proposed a 
geometrical model (e.g., particle-cubic unit cell model) to represent the 
pore morphology of NC membrane. Based on the idealized unit cell 
model, the permeability of NC membrane was numerically and theo-
retically modeled as a function of pore microstructural parameters. 
Finally, we discussed effects of the microstructure on the capillary flow 
behavior of NC membrane. Our theoretical model would be a powerful 
tool for tailoring the wicking flow behavior of NC membranes through 
controlling the microstructural parameters, and thus for optimizing NC 
membrane-based biomedical devices from the view point of material 
design in the future. 

Fig. 1. The microstructures of several representative porous materials. (a) NC membrane; (b) sintered granular media [48]; (c) metal foam matrix.  
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2. Materials and methods 

2.1. Pore structure characterization 

Porosity. Common methods for measuring the porosity of a porous 
medium include mercury-intrusion porosimetry [35], nitrogen adsorp-
tion [36] and weighting method [37]. Since mercury-intrusion poros-
imetry relies on external pressure to overcome surface tension of 
mercury being pressed into the pore of the membrane, which may 
destroy the pore structure of NC membrane due to its brittleness, it is not 
feasible to measure the porosity using this method. On the other hand, 
nitrogen adsorption is often used to characterize pore size distributions 
of micropores and mesopores with diameters below 2 nm and 50 nm, 
respectively [38], thus not suitable for NC membranes typically having 
pore diameters exceeding 1 μm as well. Therefore, in the present study, 
the weighting method was employed to measure the porosity of NC 
membranes. The porosity ε is defined as: 

ε¼Vpore

V
¼

mb � ma

ρ⋅V
(1)  

where Vpore is the pore volume, V is the sample volume. ma is the dry 
weight of sample, mb is the wet weight of sample, and ρ is the density of 
saturation liquid. Table 1 listed the measured porosities of the four NC 
membranes with different wicking velocities supplied by the manufac-
turer. For each specification, the weighting experiments were repeated 
five times with the deviation of the calculated porosity less than 5%. 

Pore/particle size distributions. A series of microstructure images of 
NC membranes were taken using the FEI Quanta 400 scanning electron 
microscopy (SEM). Since NC membranes were not conductive, sputter 
coating treatment was performed before SEM imaging. The diameters of 
gold nanoparticles used in the coating were less than 20 nm [39], while 
the pore diameters of NC membranes were on the order of 1 μm 
(Table 1). Therefore, sputter coating should not affect the microstruc-
ture images of the present NC membranes. 

2.2. Permeability measurements 

Theoretical basis of rate-of-rise experiment for porous media. Liquid 
imbibition in a porous medium such as paper is balanced by capillary, 
gravitational, viscous and inertial forces. 

With evaporation and inertial effects ignored, analytical solutions for 
capillary wicking flow in horizontal (without gravity) and vertical (with 
gravity) conditions can be written as [37,40]: 

h2 ¼
4Kσ
εμreff

t (2)  

Kρ2g2

εμ tþ
2σ
reff

ln
�

1 �
ρgreff

2σ h
�
þ ρgh ¼ 0 (3) 

Here, the density ρ, the dynamic viscosity μ, the surface tension σ and 
the gravitational acceleration g are all constants. reff (¼rp/cosθ) is the 
effective pore radius, where rp is the equivalent radius of the capillary, 
and θ is the contact angle between the solid and liquid at the flow front. 

The height of liquid uptake h was recorded with capillary time t during 
experiments. The permeability K and the effective pore radius reff can 
then be obtained by fitting the experimental data under the circum-
stances that the porosity ε has been obtained in Section 2.1. 

Experimental setup. To measure the permeability and effective pore 
radius which are both microstructure dependent, capillary flow exper-
iments for four different NC membranes (Table 1) were designed for 
tests in both horizontal and vertical positions (Fig. 2). 

The experimental setup included a sealed box, a thermo-hygrometer, 
a digital video camera, and a compact positioning stage. The sealed box 
was made of polymethylmethacrylate (PMMA), and there was no heat 
source in it, ensuring the temperature in the box remained almost con-
stant at the room temperature of 25�Cand the humidity above 99% was 
maintained to avoid evaporation during capillary flow experiments 
(monitored by the thermo-hygrometer 605-H1, TestoTM). The digital 
video camera (FDR-AX30, SONYTM) had a frame rate of 50 fps and a 
screen resolution of 1920 � 1080. The compact positioning stage was 
used to gently press the tip of NC membrane into water in the horizontal 
tests, after which the capillary flow experiment was initiated. The stage 
was installed on a one-dimensional linear traverse (XSlide, VELMEXTM), 
which was programmable to move with an accuracy of 0.076 mm. 

2.3. Permeability modelling 

Particle-cubic unit cell model. To model flow transport in a porous 
medium, accurate representation of its pore geometry is crucial. A close 
examination of the SEM images suggested that the microstructure of the 
present NC membrane might be described as a combination of the 
particle-packing model [19] for granular media such as sintered metal 
wicks and the cubic model for fibrous media such as highly porous 
cellular foams [32,33]. Therefore, by replacing cylinders in the cubic 
cell model with solid spheres (particles), a particle-cubic unit cell model 
was proposed for NC membranes, as shown in Fig. 3(a), where d and dp 
are the particle and pore sizes, respectively. Other assumptions were 
listed as follows: 1) there was no overlap or gap between adjacent par-
ticles; 2) the particles were immovable with fluid flow; 3) the particles 
were rigid. 

To establish a formal relationship among different geometrical pa-
rameters characterizing a NC membrane, the particle-cubic unit cell as 
shown in Fig. 3(a) was analyzed. The volume of the unit cell is: 

Vcell ¼ d3
p (4)  

while the total volume of particles is: 

Vparticle¼
4
3

π
�

d
2

�3

⋅
��

dp

d
� 1
�

⋅12⋅
1
4
þ 8⋅

1
8

�

(5) 

According to Eq. (1), the porosity of the idealized NC membrane is: 

ε ¼ Vcell � Vparticle

Vcell
(6) 

Substituting Eqs. (4) and (5) into Eq. (6) yields: 

ε¼ π
3

�
d
dp

�3

�
π
2

�
d
dp

�2

þ 1 (7) 

Equation (7) shows that the microstructural parameters (i.e., 
porosity, particle size and pore size) are not independent: the porosity is 
a function of particle to pore size ratio. The inverse correlation of Eq. (7) 
is: 

d
dp
¼ ϕðεÞ (8)  

with 

Table 1 
Statistical results of microstructural parameters of NC membranes.  

Specification* Porosity Particle 
size d (μm) 

Pore size 
dp (μm) 

Average 
d (μm) 

Average dp 

(μm) 

HFC07502 90.5% 1.2-3.9 4.8-14.8 2.061 8.323 
HFC09002 87.4% 1.2-4.2 4.0-18.0 2.335 8.885 
HFC13502 86.6% 0.8-2.2 1.5-12.0 1.384 4.909 
HFC18002 80.9% 0.9-3.3 1.8-9.3 1.759 4.044 

* MilliporeTM, HFC07502, HFC09002, HFC13502 & HFC18002, labelled by 
nominal capillary flow time, i.e., the seconds required for a liquid to move along 
and completely fill a strip of 4 cm [24]. 
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ϕðεÞ¼ 1
2
þ cos

�
1
3

�

π þ arccos
�

12
π ð1 � εÞ � 1

���

(9) 

Numerical model. Fig. 3(c) displayed the unit cell model and 
boundary conditions used in numerical simulations to calculate the 
permeability of NC membrane. A multi-block unstructured mesh 
incorporating fully tetrahedral elements was generated in Gambit 2.4.6, 
as shown in Fig. 3(c). To capture the flow and thermal boundary layers, a 
size function was employed to refine the local mesh around solid-fluid 
interfaces. 

To simplify the numerical problem, the following assumptions were 
made: 1) the flow was three-dimensional steady-state laminar Darcy 
flow; 2) the physical properties of water were constant; 3) the flow 
process did not involve temperature changes. Correspondingly, the 
governing equations of the numerical model were expressed as below. 

Continuity equation: 

r ⋅ ðρvÞ ¼ 0 (10) 

Momentum equation: 

ρ Dv
Dt
¼ � rpþ μr2v (11)  

where ρ and μ are the density and viscosity of water, respectively. 
A commercial CFD (computational fluid dynamics) code (ANSYS 

Fluent 14.5) was employed to solve the problem as formulated. The 
SIMPLE algorithm was applied to couple the pressure and velocity for 
numerical analysis [41–43]. A second-order upwind scheme was applied 
to discretize the convective terms of the governing equations. The iter-
ative convergence criterion was chosen as 10� 3 for momentum 

Fig. 2. Rate-of-rise experimental setup: (a) horizontal test; (b) vertical test.  

Fig. 3. Permeability modelling methods. (a) Unit cell geometrical model; (b) Projection of the particle-cubic unit cell along the orthogonal axis; (c) computational 
domain and mesh. 
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equation. For selected cases, this was verified to be small enough to 
ensure the predicted results were independent of the chosen values. To 
check grid independency, the number of elements was systematically 
increased from 0.4 million to 2 million: the results showed no difference 
as the grid number was varied. 

Non-slip boundary conditions were applied on the particle surfaces. 
Periodic boundary conditions were imposed on the external surfaces of 
the computational domain. Pressure gradient was specified across the 
inlet/outlet boundaries. Volumetric flow rate along the flow direction 
was calculated from the numerical simulation. Then the permeability 
was calculated according to the Darcy’s law, as: 

K¼ �
μQ
A

⋅
dx
dP
¼ �

μQ
d2

p
⋅
dp

ΔP
¼ �

μQ
dpΔP

(12)  

where Q is the volumetric flow rate and ΔP is the pressure difference 
between the inlet and outlet. 

Theoretical model. Using the cubic cell model of Fig. 3(a), Plessis 
et al. [44] developed an analytical expression of permeability for high 
porosity cellular metal foams, as: 

K ¼
ε

108ðχ � 1Þ
d2

p (13)  

where χ is the tortuosity of fluid flow across the porous solid matrix. The 
tortuosity of the porous matrix is defined as the quotient of the total 
winding path length (which is available within the representative cubic 
cell for flow under a constant cross-section A) and the basic streamwise 
dimension of the porous medium microstructure [44]. In short, the 
tortuosity is the ratio of the path that the flow actually travels to the 
theoretical shortest path through the porous medium, which represents 
the resistance of fluid flowing through the porous medium smoothly. 

According to Plessis et al. [44], the tortuosity χ of the cubic cell 
model is: 

χ ¼
εd2

p

Ap
(14)  

where Ap is the cross-sectional area of the pore in a porous medium. 
Given that the tortuosity χ could also be expressed as χ ¼ Vf/(dpAp), Vf 
being the void part of the cubit cell [45], when χ ¼ 1 (i.e., Vf ¼ dpAp) the 
cubic cell would become a cavity without solid obstruction, i.e., the fluid 
channel becomes an empty one. In this case, there was no obstruction to 
the flow and the permeability became infinite [44], as indicated by Eq. 
(13) when the tortuosity approached a value of one. For the 
particle-cubic unit cell model as shown in Fig. 3(a), Ap should be 
modified by projecting it along the orthogonal axis (referred to Fig. 3 
(b)), as: 

Ap ¼ d2
p � π

�
d
2

�2��dp

d
� 1
�

⋅4⋅
1
2
þ 1
�

¼ d2
p �

π
2

ddp þ
π
4

d2 (15) 

Substituting (15) into (14) yields: 

χ ¼ ε

1 � π
2⋅

d
dp
þ π

4

�
d
dp

�2 (16) 

Finally, upon substituting further (9) and (16) into (13), the 
permeability of the proposed particle-cubic unit cell model was obtained 
as: 

K
d2

p
¼

ε

108

8
<

:
ε

1� π
2⋅ϕðεÞþπ

4½ϕðεÞ�
2 � 1

9
=

;

(17)  

3. Results and discussion 

3.1. Pore-structure characterization 

To characterize the pore-structure, we obtained the SEM images of 
four NC membranes with different specifications, e.g., HFC07502, 
HFC09002, HFC13502 & HFC18002 from MilliporeTM. We also 
measured their porosity using the weighting method as mentioned in 
Section 2.1. As shown in Fig. 4(a–d), the NC membranes exhibited cross- 
linked and granular microstructures. The pore size decreased from 
HFC07502 to HFC18002, while the particle sizes were almost the same. 
In order to determine the exact value of relevant microstructural pa-
rameters, for each specification, about 500 data points of particle size 
and pore size were extracted from SEM images. Fig. 4(e–l) showed the 
pore/particle size distributions, while Table 1 listed the corresponding 
statistically averaged pore/particle sizes. 

As shown in Fig. 4(e–l), the particle size exhibited the Gauss distri-
bution while the pore size distribution was closer to the skewed distri-
bution. The particle size of HFC18002 showed an exceptional skewed 
distribution compared to the normal distribution in the remaining 
membranes, which may be caused by the larger statistical error for 
HFC18002 membrane: it had the lowest porosity, with particles lumped 
together as shown in the SEM image. However, there was no doubt that 
the unevenness of pore sizes was more obvious than that of particle sizes. 
In addition, while the four specifications had similar average particle 
sizes, their average pore sizes and porosities were obviously different. 
This was consistent with that visually observed from the SEM images 
and the experimentally measured average pore radius given in Table 1. 

Before we can model the microscale flow in porous materials at the 
pore level, a geometrical model representing the major features of the 
pore morphology should be developed. To this end, we proposed a 
particle-cubic unit model for NC membrane, based on which the theo-
retical relation among geometrical parameters had been derived. As 
shown in Eq. (7), the parameters characterizing pore structure, i.e., 
particle size d, pore size dp and porosity ε, are not independent. On the 
contrary, the porosity is only a function of particle to pore size ratio. For 
comparison, the theoretical curve of Eq. (7) and the experimental data of 
Table 1 were plotted together in Fig. 5. Relatively good agreement was 
achieved. Errors of porosities for different specifications were 1.61%, 
4.18%, 3.26% and 2.00%, respectively, suggesting that the idealized 
particle-cubic model is adequate in representing the pore geometry of 
the present NC membranes. 

3.2. Microstructural effects on the wicking flow behavior 

In order to relate the microstructure with the wicking flow behavior, 
we measured the wicking flow dynamics of four NC membranes having 
different specifications, with each specification repeated five times. For 
NC membranes of the same specification in the same condition, the data 
points overlapped with each other for different samples (maximum de-
viation less than 2%). A typical sequence of imbibition pictures for the 
four NC membranes (HFC07502, HFC09002, HFC13502 and 
HFC18002) was displayed in Fig. 6(a), which showed that the capillary 
flow speed was fast during the initial stage and then gradually 
decreased. Typical data of uptake height plotted as a function of capil-
lary time from HFC07502 to HFC18002 were presented in Fig. 6(b) and 
(c) for horizontal and vertical tests, respectively, showing that the 
wicking speed decreased from HFC07502 to HFC18002. The height of 
water uptake and the capillary flow time satisfied the power relationship 
of 1/2 in line with the Washburn equation (Eq. (2)). Volume change of 
these NC membranes was not obvious so that swelling effect may be 
ignored. 

Based on the experimentally measured uptake height versus capil-
lary time curves, the permeability and effective pore radius could be 
fitted according the theoretical solutions given in Eqs. (2) and (3). 
Table 2 listed the results for the present NC membranes, showing that 
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the both the effective pore radius and permeability decreased from 
HFC07502 to HFC18002. 

It can be seen from the SEM images (Fig. 4) that from HFC07502 to 
HFC18002, the particle arrangement became more and more crowded 
and dense, and the degree of stacking was gradually increased. Given the 
average particle size almost constant, a denser stacking of the particles, 
led to a smaller pore size, a lower porosity and a higher particle/pore 
size ratio. Both the measured wicking velocity (Fig. 6) and permeability 
(Table 2) decreased from HFC07502 to HFC18002, which can be 
attributed to the decreased pore size and porosity (Table 1). The effec-
tive pore radius (Table 2), an equivalent pore size obtained based on the 
capillary model, had an order of magnitude ~ O (10 μm), similar to that 
of the measured physical pore diameters (Table 1), although their actual 

values were different. 

3.3. Comparison of different permeability models 

We have obtained the permeability of four NC membranes with 
different microstructural parameters using experimental, numerical, 
and theoretical approaches separately. Fig. 7 compared the present 
theoretical, experimental and numerical results of NC membrane 
permeability. As indicated by the theoretical relation of Eq. (17), the 
dimensionless permeability is only a function of porosity. It was seen 
that the maximum deviation of our experimental, numerical and theo-
retical results was less than 5%, thus further validating the present 
particle-cubic model and theoretical permeability model. 

In addition to the particle-cubic model proposed in the present study, 
there exist other pore-structure based models for the permeability of 
porous media. Calmidi [32] proposed a cubic cell model for foam matrix 
and developed an empirical formula to calculate the permeability, as: 

K
d2

p
¼ Cð1 � εÞm

�
df

dp

�n

(18)  

where C ¼ 0.00073, m ¼ � 0.224, n ¼ � 1.11, and the ratio of fiber 
diameter to pore size is: 

df

dp
¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
1 � ε

3π

r

⋅
1
G

(19)  

G¼ 1 � e� 1� ε
0:04 (20) 

Yang et al. [46] adopted the theoretical model of Beeckman [47] for 
the tortuosity of foam matrix and modified the permeability formula of 
Eq. (18) as: 

K
d2

p
¼

ε
h
1 � ð1 � εÞ1=3

i

108
h
ð1 � εÞ1=3

� ð1 � εÞ
i (21) 

Yang et al. [46] demonstrated that the modified formula unified the 

Fig. 4. Microstructure characterization. (a–d) SEM images of NC membranes; (e–h) frequency histogram of pore diameter of NC membranes; (i–l) frequency his-
togram of particle diameter of NC membranes. 

Fig. 5. Porosity plotted as a function of particle to pore size ratio: model pre-
dictions versus experimental measurements. 
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previously reported data over a wide range of porosities and pore sizes. 
Byon et al. [19] proposed a particle-packing model for sintered metal 

wicks and obtained a permeability formula based on numerical simu-
lations, as: 

K
d2

p
¼

ε3

150ð1 � εÞ2

"

1þ 4:03 exp
�

3:29
d
dp

��
d
dp

�2
#

(22) 

Finally, the Blake-Kozeny equation [28] widely used to calculate the 
permeability of granular porous media was given by: 

K
d2

p
¼

ε3

150ð1 � εÞ2
(23) 

As shown in Fig. 7, for the present NC membranes, existing corre-
lations based on the cubic cell model and the particle-packing model 
induced significant deviations compared to our experimental results. 
The cubic cell model was developed for the matrix type of porous ma-
terials such as metal foams with high porosities (>0.9), whereas the 
particle-packing model was applicable for granular porous material 
having relatively low porosities (<0.5). Typically, the pore geometry of 
a NC membrane (having a porosity between 0.7-0.9) can’t be regarded 
as the matrix or granular, but is close to a combination of the two. 
Therefore, existing correlations are not applicable to NC membranes 
with unique pore structures, and it is necessary to adopt the particle- 
cubic cell model to simulate flow transport in NC membranes more 
accurately. Our geometrical model and theoretical permeability model 
will be useful tools in tailoring the capillary flow behavior of NC 
membranes by controlling the microstructural parameters, and opti-
mizing the NC-based biomedical devices from the view point of material 
design in the future. 

4. Conclusions 

The effects of pore morphology on capillary flow properties with a 
focus on the permeability of NC membranes were investigated using a 
combined experimental, theoretical and numerical approach. For 

Fig. 6. (a) Typical sequence of imbibition obtained during an experimental run with four different NC membranes (horizontal test). The interval between consecutive 
pictures was 30 s. From left to right, the images in each group corresponded to HFC07502, HFC09002, HFC13502 and HFC18002; (b–c) height of water uptake 
plotted as a function of capillary flow time for four different NC membranes in horizontal and vertical positions, respectively. 

Table 2 
Fitting results of effective pore radius and permeability of selected NC 
membranes.  

Specification* Effective pore radius reff (μm) Permeability K (μm2) 

HFC07502 24.303 1.427 
HFC09002 24.283 1.238 
HFC13502 13.170 0.428 
HFC18002 10.107 0.220 

* MilliporeTM, HFC07502, HFC09002, HFC13502 & HFC18002, labelled by 
nominal capillary flow time, i.e., the seconds required for a liquid to move along 
and completely fill a strip of 4 cm [24]. 

Fig. 7. Dimensionless permeability plotted as a function of porosity: compar-
ison among different theoretical models and the present numerical/experi-
mental results. 
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selected NC membranes with different specifications, their microstruc-
tural parameters such as particle/pore size and porosity were measured 
and characterized. Then the capillary flow properties (e.g., permeability 
and effective pore radius) were measured using the rate-of-rise experi-
ment. A microstructural geometry model (termed the particle-cubic unit 
cell model) was proposed to represent the pore structure of the NC 
membrane. The porosity thus predicted depends only upon the particle 
to pore size ratio, which was validated by experimentally measured pore 
geometry data. Based on the particle-cubic model, numerical simula-
tions were also performed to calculate the permeability. In addition, a 
closed-form solution of the permeability was obtained by quantifying 
the tortuosity of the particle-cubic model. Results from the rate-of-rise 
experiment, numerical simulation, and closed-form solution collapsed 
on a single curve. It was found that the microstructure of NC membrane 
greatly affects the capillary flow behavior: with the particle size almost 
constant, the denser stacking of the particles leads to a smaller pore size, 
a lower porosity, and a higher particle/pore size ratio, thus yielding 
lower capillary wicking velocity and lower flow permeability. Finally, it 
was demonstrated that existing theoretical models of permeability for 
matrix foam and granular porous media are not applicable to NC 
membranes as the latter exhibit a unique pore structure. The particle- 
cubic model as developed in the present study appeared to capture 
well the behavior of fluid flow across the NC membranes. In the future, 
to further improve the model, capillary flow properties integrating 
reactive transport need to be considered for various biomedical 
applications. 
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