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GRAPHICAL ABSTRACT

« A theoretical method is developed to
design porous structures with
controllable flow.

« Two novel capillary flow elements,
i.e., accelerator and resistor, are
designed.

« Controllable capillary flow is achieved
by assembling the designed capillary
elements.

« The extension of the developed
method to 3D conditions is discussed.
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Hypothesis: Control of capillary flow through porous media has broad practical implications. However,
achieving accurate and reliable control of such processes by tuning the pore size or by modification of
interface wettability remains challenging. Here we propose that the liquid flow by capillary penetration
can be accurately adjusted by tuning the geometry of porous media.
Methodologies: On the basis of Darcy’s law, a general framework is proposed to facilitate the control of
capillary flow in porous systems by tailoring the geometric shape of porous structures. A numerical sim-
ulation approach based on finite element method is also employed to validate the theoretical prediction.
Findings: A basic capillary component with a tunable velocity gradient is designed according to the pro-
posed framework. By using the basic component, two functional capillary elements, namely, (i) flow
accelerator and (ii) flow resistor, are demonstrated. Then, multi-functional fluidic devices with control-
lable capillary flow are realized by assembling the designed capillary elements. All the theoretical designs
are validated by numerical simulations. Finally, it is shown that the proposed concept can be extended to
three-dimensional design of porous media.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

architectural structures [2], to industrial settings including
paper-based microfluidics [3], medical diagnosis [4], energy-

Capillary-driven flows in porous media, also referred to as
imbibition, are governed by multi-scale interfacial interactions of
gases, liquids and solids and consequently represent a challenging
aspect of engineering problems. Fluid flow in porous media is
frequently encountered in diverse contexts ranging from natural
systems, such as flow in biological tissues [1] and rising damp in
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harvesting devices [5], and oil recovery [6]. Following a rapid
expansion in the application of paper-based microfluidic devices,
the ability to control and promote capillary fluid flow in porous
media is of increasing interest in recent years [7], particularly as
such control can facilitate the improvement of chemical sensing
and medical diagnostic devices [8,9].

The study of liquid flow in capillary tubes has a rich history.
Pioneering work dates back to Lucas [10] and Washburn [11],
who over a century ago established a diffusive relationship
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between the flow distance L and time ¢ (i.e., L?> = D-t, where D is the
diffusive coefficient depending on the tube size, liquid properties,
and the interface properties between liquid and the tube wall
[12]). This law is valid when the effect of gravity can be ignored
[13], and has been extended to characterize capillary flow in con-
verging [14] and tortuous tubes [15]. In comparison with the cap-
illary rise in a hollow tube, the capillary flow in porous media is
much more complex, but shares a similar dynamic mechanism,
related to the effective pore radius [16].

As similar dynamics are involved, the Lucas-Washburn law has
been applied to describe the unidirectional capillary flow in homo-
geneous porous media [16], and has also been modified to analyze
non-unidirectional (i.e., radial and hemispherical) capillary flow
[17,18]. Moreover, several fundamental and practical aspects of
capillary flow in porous media have been the subjects of recent
research efforts, including the effects of liquid evaporation
[19,20], gravity [21], swelling of the porous matrix [22,23], and
fractal and disordered microstructures [24,25]. Additionally, the
capillary flow has been utilized as an inverse method to infer the
effective properties of porous media, such as the pore size distribu-
tion and porosity [26].

In recent years, several approaches have been employed to con-
trol fluid flow in porous media, including the compression of paper
to decrease its average pore size [27], surface treatments to alter
wettability [28], and the use of packed beads to achieve graded
permeability [29]. However, accurate, consistent and robust mod-
ification of surface interactions in porous materials is problematic,
particularly in biomedical applications, and most porous media are
not conducive to the control of fluid flow by variation of pore size
or porosity [30]. In contrast, geometry-based methods for flow
velocity control present a simpler and more robust approach [7].

For the purpose of facilitating the control of fluid flow, porous
media with variable cross-sections in the direction of flow are
commonly used [7]. In earlier studies, simple structures with vari-
able geometries were considered, including triangular shaped blot-
ting paper and multi-sectional porous media [31,32]. It has been
shown that the time dependence of liquid front motion in expand-
ing porous media deviates from the one-dimensional Lucas-
Washburn law [33] and by means of a numerical method, flow in
complex-shaped and heterogeneous porous media were also inves-
tigated [34,35]. Recently, the effects of gravity and evaporation,
have been incorporated into approaches to flow-control design
[36,37]. In addition, it has been shown that the velocity of capillary
flow in capillary tubes and porous media can be regulated by
employing concepts of capillary elements, in the form of flow
diodes, resistors, and keys [38-41].

Most aforementioned studies are on the capillary flow in porous
systems with fixed geometries, with a few focusing on the geomet-
ric design to produce a targeted fluid velocity distribution. Regulat-
ing capillary-driven flows in paper-based microfluidics has been
the subject of recent studies in which the shape of a porous struc-
ture yielding constant liquid front velocity was designed and vali-
dated by experiments [42]. An iterative computational
optimization approach has also been proposed for the design of
porous structures with constant flow velocity and constant volu-
metric flow [43]. However, the inverse design of porous structures
with the generally controllable capillary flow, to the best of our
knowledge, has yet to be thoroughly explored and is the objective
of the present work.

Here we introduce a framework to achieve a controllable flow
velocity by tailoring the cross-sectional profile of homogeneous
porous media. Within this framework, a basic capillary flow com-
ponent is designed to achieve a flow process with constant velocity
gradient in the sample. On this basis, two typical functional capil-
lary elements, namely flow accelerators and resistors, are designed
by tailoring the cross-sectional shape of multi-sectional porous

media. Moreover, a simple example of a fluidic device with control-
lable capillary flow process in porous media is achieved by assem-
bling the designed capillary elements. Additionally, in order to
verify the theoretical design of the geometrical profile of shaped
porous media for the purpose of controlling capillary flow, a
numerical simulation based on a finite element method is devel-
oped to simulate flow in shaped porous media. Even though the
design of the porous structures presented involves two-
dimensional (2D) conditions, the adaptation of this methodology
for three-dimensional (3D) structures is also discussed.

2. Basic concept

A generalized homogeneous porous medium consisting of mul-
tiple sections with uniform thickness T is considered in this study
(see Fig. 1(a)). To facilitate the analysis, two sets of coordinates are
considered. The global coordinate, X, starting from the end of the
rectangular section, and a series of local coordinates, x;, indicating

the i" variable section from input to output ends, wherei =1...n.
As shown in Fig. 1(a), the length of each section is L;. The initial
rectangular section with length Ly and uniform width W, serves
to supply the hydrodynamic load [42,43], followed by multiple sec-
tions with variable widths along the x; direction as w;(x;), in order
to provide the targeted flow. The expression of w;(x;) depends on
the prescribed flow velocity along the flow direction and the initial
value at each section denoted by w;(0) = W;_; according to the
condition for continuity. Owing to its uniform thickness, flow in
this porous medium is uniform in the transverse direction.

It should be noted that the liquid front in non-uniform porous
structures is generally not a straight line perpendicular to the flow
direction, as considered in a one-dimensional (1D) model, but
rather an arc, as shown in Fig. 1(a). Therefore, this case should be
regarded as a 2D problem [33]. However, previous studies have
indicated that the relative error of the 1D model with the assump-
tion of a flat liquid front, in comparison with the 2D model, is com-
paratively small for moderate opening angles [37,42]. Therefore, to
simplify the analysis, we adopt the 1D assumption of a flat liquid
front (see the dashed line in Fig. 1(a)) to establish the theoretical
model through which geometric control of fluid flow is imparted.

3. Theoretical background

To design the geometric shape of a porous structure with a
desired distribution of velocity in the flow direction, the relation-
ship between the segment width and the flow velocity should be
obtained. Here, we first consider a porous structure combined with
a rectangular supply sample and a variable section, see Fig. 1(b).
The lengths of rectangular and variable sections are L, and L,
respectively. The width of the rectangular section is Wy, which is
also the width of the input end of the variable section, i.e.,
wy(0) = W,. At the edge of the variable section, a triangle is con-
structed with hypotenuse tangents to the curved boundary (see
the yellow dash-dot line in Fig. 1(b)). The length of the midline
of this triangle is Lr,, and the width of the two-stage structure con-
sisting of a rectangle and a triangle can be expressed as

Wo , 0<X <o
W(X)_{Wo'<1+%)-, Ly <X<Lo+lIn W

where X is the global coordinate along the flow direction, with the
original point at the end of the rectangular section, as shown in
Fig. 1(b).

Capillary flow is governed by interfacial properties the gas,
liquid and solid phases, as well as their interactions, in the media.
Considering Darcy’s law and the conservation of mass, the
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Liquid front

Ly(Ly,) L

Fig. 1. Schematics of a porous medium with variable cross sections: (a) Oblique view of the whole structure with multiple sections; (b) Top view of the first two sections; (c)

Top view of any two adjacent sections.

governing equation of the liquid front at the variable section can be
expressed as [37]

L L :
PC:‘%"(LHLR -1 {ﬁﬂn(ﬁ;l_l)] 1 2)
where p is the viscosity of the liquid, ¢ and k are the porosity and
permeability of the porous medium, respectively, and
P. = 20cos0s /Ry is the capillary force, which is also the pressure
difference between reservoir (Pa,) and the liquid front (P, — Pc),
depending upon the air-liquid surface tension o, the equilibrium
contact angle of the liquid with the solid 0s, and the effective pore

radius of the porous medium R.y. The expression I =dl/dt corre-
sponds to the liquid front velocity, with I being the liquid front posi-
tion in the global coordinate system (i.e., the length of the wetted
region measured from the beginning of the reservoir).

It should be noted that Eq. (2) is valid in the range of
Lo <1< Lo+ Ly, and the velocity [ varies with position for a given
geometric shape, and the velocity field is not uniform along the
flow direction at a specific time. However, in the present work,
we focus only on the velocity at the liquid front.

According to Eq. (2), the liquid front velocity at the input end of
the variable section, i.e., | = Ly, can be obtained as

vo=1 =D/l 3)

[

where D = P.k/¢pu is the diffusion coefficient. Moreover, the gradi-
ent of the liquid front velocity with respect to position (i.e., the
velocity gradient), at the input edge of the variable section, can be

obtained by reordering Eq. (2) and deriving I to I as
o oot
ol Lg[‘ﬁ

(4)

I—Lo
By setting Ly, = o4 - Ly in which o4 is a non-dimensional factor, Eq.
(4) can be re-arranged as

1- o 1
: = (5)

o Lé

a, =D

where a; = 9l/al is the gradient of the liquid front velocity at the
input end of the variable section. This parameter describes the veloc-
ity distribution along the liquid flow direction. It is clear that the sign
of the velocity gradient a; depends on the value of ¢,i.e.,0 < oy < 1
denotes a; > 0, corresponding to a positive gradient (here we refer it
as acceleration, more precisely, velocity increases with position);
while a; < 0 or o; > 1 denotes a; < 0, corresponding to a negative
gradient (deceleration, i.e., velocity gradually decreases); o; =1 is
found when a; = 0, and a uniform velocity is present.

Assuming the liquid front velocity gradient a, is constant for x;
in the variable section, the corresponding liquid front velocity can
be written as

v1(X1) = Vo + a1 - X1 (6)

Substituting Egs. (3) and (5) into Eq. (6), the velocity z;(x;) can be
related to the length of the rectangular section Ly by the following
expression

vwm>_p.<%+1—a1§g (7)

o L2

At any position x; of the variable section, an isosceles triangle
can be found with its two equal sides tangent to the boundary
curves, as shown in Fig. 1(b) by a dotted line, with a median length
of I (x;). At the input end of the first variable section, i.e., x; = 0,a
contracted notation is given as [{(0) = Ly, . Subsequently, a rectan-
gle with length [’ (x;) is connected to the triangle vertex, with
11 (0) = Lg,, meaning Lg, = Lo.

Analogous to the analysis of 7, from the combined structure

with rectangular and triangular sections (i.e., Eq. (3)), the velocity
v1(x1) can be obtained as

vi(%) =D/l (x1) ®)
Combining Eqgs. (7) and (8), we can get
Iy () =15, / (LBu 41 - n xl) )
1
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Moreover, as Eq. (4) is valid for any position x;, we can obtain

b IR TGV ke i 1A (10)

Substituting Eq. (9) into Eq. (10), we can get

1 241 0 1-0 2 1—0oy
15‘ >(X1) :Lzzs’o <—LBU +X1>/ |:m <L30 +OC—1X1> + % L§0:|

l—O(l
(11)

The geometric relationship at position x; can be expressed as
dx; = f%dwl (x1)tan6(xy) (12)

where tand(x;) = 21" (x;) /w1 (x;) is the tangent of the base angle of
the triangle. Integrating Eq. (12), we obtain

wi(x1) x1 11— x2 1—01 X
WO_Exp{(LBO+2- ” g JARES 2 E (13)

This equation indicates the cross-sectional profile of the vari-
able section in the porous media in terms of the capillary flow with
constant liquid front velocity gradient. In other words, if we know
the distribution of the liquid front velocity gradient during the flow
process in advance, the geometric shape profile of the porous sam-
ple can be inversely determined. Specifically, when «; = 1, Eq. (13)
will reduce to a simple exponential function, which corresponds to
the special case of uniform velocity, i.e., a; = 0, and is consistent
with previous results [42].

According to this general model, we can tailor the geometric
shape of the porous sample by combining multiple sections to
yield a prescribed liquid front velocity. For the i variable section,
as shown in Fig. 1(c), one can find a triangle with midline length Lr,,
in which the hypotenuse is tangential to the curved boundary, and
a rectangle with length Lp,_| is connected to the end of the triangle,
see the yellow dashed and dotted lines. In the same way, based on
the derivation of the above model for the first two sections, Eq. (13)
can be extended to any variable section (i.e., i =1...n) by replac-
ing the subscript index 1 — i and 0 — i — 1 (see Fig. 1(b)).

For each variable section, as shown in Fig. 1(c), three parame-
ters are needed to determine the shape function w;(x;), i.e., the
initial width, W;_;, the rectangle length, Ls ,, and the non-
dimensional factor, o;. Ls_, can be obtained through Eq. (9) by
incorporating the geometric information of the previous section as

. 1— o

Ly, = Iy (L) =L 1/<LBH +— ’Li> (14)
1

where i=1...n. Specifically, for i=0, Lg, =L,. The non-

dimensional factor «; can be determined from the given distribution

of the velocity gradient at each section, a;, through the following

correlation

oci—l/<D~l“i21+1> (15)

a;

Additionally, considering structural continuity, the initial width
of each variable section is equal to that of the end of the preceding
section, i.e.,

Wi = wi(Ly) (16)

where i = 1...n. Specifically, the width of the input end of the first
variable section is equal to the width of the rectangular section, W.

For each section, substituting Eqs. (14)-(16) into Eq. (13), the
cross-sectional profile of the porous structure can be precisely
obtained. The procedure constitutes an explicit method to achieve

a controllable flow process by inversely designing the geometric
shape of homogeneous porous media. In the following sections,
we will employ this methodology to implement the design of cap-
illary elements based on porous media, and further demonstrate
the realizability of controllable capillary flow by assembling the
designed capillary elements.

4. Numerical method

As mentioned in the preceding section, a flat liquid front is
assumed in the theoretical model, which is only accurate and valid
for a 1D situation. In order to verify the feasibility of the theoretical
design of the capillary elements and the porous samples with con-
trollable flow features, a numerical method based on the Scaled
Boundary Finite Element Method (SBFEM) [44] is employed to sim-
ulate a full 2D problem.

The 2D capillary penetration process in porous media can be
controlled by a set of simultaneous partial differential equations
[37], viz., Darcy’s law

k,‘

v=-—VP 17
I (17)
and the conservation of mass
ki
V-lpl- ﬁ VP || =F (18)

where p is the fluid density, k; = k/¢ is the interstitial permeability,
and F is a source term. In the case of capped devices, F was set to
zero. Otherwise, the liquid evaporation is not negligible, and it
can be calculated as F = . /H¢, where m, is the evaporation rate.
The above Egs. (17) and (18) govern the 2D penetration process in
the full region. By solving the set of equations in a given region,
one can obtain the full liquid flow velocity field, as well as the liquid
front boundary of the penetration region at any time.

In the finite element analysis, the boundary conditions of the
numerical model are defined such that the left and right surfaces
are non-penetrable and symmetrical, and the reservoir-
contacting boundary is stationary. The arbitrarily curved boundary
is discretized as a series of linear segments with different slopes.
Based on the continuity of the velocity field, i.e., the absolute value
of velocity cannot change instantly, an appropriate flux is added to
a boundary to modulate the direction of velocity along the slope of
the next segment. Consequently, the whole region is solved to re-
determine the velocity of the liquid front for the next time step.
Moreover, a mesh sensitivity study has also been conducted a pri-
ori to ensure the convergence of the numerical models.

5. Design and validation of basic capillary component

As we have shown in Section 3, the flow velocity gradient can be
related to the geometric shape of the tailored porous structure. For
an arbitrary flow process with complex velocity distribution, it can
be approximated by a number of piecewise parts with a constant
velocity gradient. Here, a capillary flow sample with a constant
velocity gradient is introduced. It can be used as a basic component
for the design of functional capillary elements.

Consider a homogeneous porous medium with the variable
cross-sectional profiles to realize the control of the flow velocity.
It can be implemented by a porous medium consisting of three sec-
tions, i.e., a rectangular section appended to a variable section
which is followed by another rectangular section. The middle vari-
able section can be treated as a control section to maintain a con-
stant gradient of flow velocity. As schematically shown in Fig. 2(a),
three cases with different velocity gradients at the control section,

i.e., a=D/2I2 0, and —D/2L?, are considered, shown in different



M. Liu et al./Journal of Colloid and Interface Science 539 (2019) 379-387 383
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Fig. 2. (a) Designed shape profiles of three capillary elements with different velocity gradients, i.e., red, blue and pink colors correspond to the acceleration, uniform velocity
and deceleration cases, respectively; (b) Comparison of numerical simulations (symbols) and theoretical predictions (lines) of liquid front velocity versus position along flow
direction; (c)-(e) The simulated results of flow region at specific time with pressure profiles for three elements, in which the contours from red to blue indicate the pressure
level varying from P to Pam-Pe. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

colors. The corresponding width distribution of the variable control
section can be determined by employing the theoretical methodol-
ogy, of Eq. (13) in conjunction with Eqgs. (14)-(16), developed in
Section 3. Specifically, the green profile represents a regulator
yielding uniform velocity, and the red and blue profiles represent
those imparting acceleration and deceleration, respectively.

For the purpose of validating the theoretical design of the basic
capillary component shown in Fig. 2a, the flow process in a shaped
porous medium under 2D conditions is simulated by using the
numerical method described in Section 4. The flow processes in
the components, as shown in Fig. 2(a), are simulated, and the sim-
ulated results of the flow region at a specific time (here we choose
the middle point of the liquid front located at the middle position
of the control section as a reference) with pressure profiles of the
full field are shown in Fig. 2(c)-(e). It can be seen that the simu-
lated liquid fronts are not straight lines for all the three cases. To
simplify the comparison, we choose the average value of the posi-
tion along the concave curve to represent the liquid front position
and consider the average velocity to represent the liquid front
velocity during the flow process.

The simulated results of the distribution of liquid front velocity
in the designed components are shown in Fig. 2(b) as symbols. In
addition, the position-dependent velocity predicted by the theoret-
ical model is also included and represented by solid lines with
different colors. The results are nondimensionalized by two scaling
parameters Iy and v,, with [y being the length of the rectangular
supply sample and z, the liquid front velocity at the end of the
supply sample. Good agreement between the numerical

simulations and theoretical predictions on the velocity variation
is obtained for all three cases (Fig. 2b). Specifically, the relative
error for all the three cases (i.e., a=D/2L3, 0, and —D/2L3) is less
than 10%. It also should be noted that the relatively large error
can be found near the first interface between two adjacent sec-
tions, owing to the drastic changes of width and the corresponding
uneven pressure distribution [37].

It can also be seen that liquid front velocities in both the initial
and narrower rectangular sections follow the Lucas-Washburn law
while those in the control section do not. The velocity in the con-
trol section of all three elements is shown to vary linearly, includ-
ing acceleration, deceleration, and uniform velocity, shown by red,
blue, and green colors in Fig. 2(b), respectively. These constant
velocity gradients and the corresponding closely matched simula-
tion results indicate that the basic component is able to control the
velocity in capillary flow processes. Therefore, it can be adopted to
facilitate the design of functional capillary elements, as demon-
strated in the following section.

6. Controllable capillary flow

Precise control of capillary flow in porous media is of growing
interest for both scientists and engineers, with broad applications
in the field of capillary-driven devices [7]. Previous works mainly
focus on fluid flow in channels or tubes, but not much work has
dealt with porous media. Here we consider a homogeneous porous
medium with a variable cross-sectional profile to realize the
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accurate control of the flow velocity. We demonstrate the design of
two types of capillary elements with specific functions. By assem-
bling the functional capillary elements, a fluidic device to achieve a
simple example of controllable capillary flow is obtained.

6.1. Functional capillary elements

Inspired by the recent studies on capillary elements in channels
or tubes [39-40], we demonstrate the design two types of func-
tional capillary elements, i.e., flow accelerators and flow resistors,
based on the capillary flow in porous media, to achieve specific
objectives of flow regulation.

I) Capillary flow accelerator

For capillary-based microfluidic devices, such as chemical reac-
tors and detectors, a controllable and constant flow velocity is usu-
ally needed, and within a given device different flow velocities may
be required within a single porous medium to realize the function
of grading reaction or detection. To this end, inspired by a typical
electrical element, “amplifier”, to increase the magnitude of a sig-
nal, a fluid flow “accelerator” can be introduced. More specifically,
flow accelerators can be used to tailor the capillary flow, imparting
different uniform velocities in individual sections of a multi-
sectional porous sample. Here, in a generalized concept, capillary
flow accelerators are designed not only to increase but also to
decrease flow velocities.

Two accelerators are designed to either increase or decrease
flow velocity in a stepwise manner (i.e., velocity gradients at con-
trol sections in the accelerators are setas v; = vy, v3 = (1 £ 1/4)vp
and vs = (1 £ 1/2)vy, where the subscript represents the position
in series of the variable section), the geometric shape profiles are
shown with red and blue colors respectively. For each accelerator,
adjacent control sections with constant flow velocity are connected
by an accelerating (or decelerating) section to maintain the contin-
uous transition of velocity. Correspondingly, the velocity gradient
at each section is calculated as ay=a3=0a5=0 and
a, = as = +D/I2 for the cases of increasing or decreasing flow,
respectively. As a reference, the profile of the sample with contin-
uous constant velocity is also included by a black dotted line.

The theoretical predictions of the variation of liquid front veloc-
ity with position along the flow direction in the designed acceler-
ators are plotted in Fig. 3(b) as lines where the two cases with

gradually increasing and decreasing velocities are marked with dif-
ferent colors. For comparison, the results of the corresponding FEA
simulations for both accelerators are also included and represented
by symbols. It is clearly seen that the numerical simulations match
closely with the theoretical predictions for both cases. Similar to
the basic capillary component designed in Section 5, a larger error
is found at the junction of adjacent sections due to the sudden
changes in width. These novel functional devices provide the pos-
sibility of piecewise controlling flow velocity in capillary-driven
fluidic devices, with implications for practical applications, such
as chemical reactors based on microfluidics, which require precise
control of localized flow velocities.

II) Capillary flow resistor

Capillary flow resistors, i.e., elements used to reduce the capil-
lary flow velocity, have been widely applied in capillary-driven
microsystems [40]. Existing designs of flow resistors focused on
capillary flow in tubes or channels [38,40], while the idea of a flow
resistor based on porous media has yet to be explored. Here we
demonstrate a flow resistor device based on 2D porous media.
The resistor considered here involves both positive (i.e., decreasing
the flow rate) and negative (i.e., increasing the flow rate) resis-
tances. In contrast to flow accelerators, in these elements, the
velocity is not uniform. Rather than tuning the velocity of the liq-
uid front, control of total flow time is achieved by tailoring succes-
sive acceleration and deceleration stages.

Fig. 4(a) shows the geometric profiles of the capillary flow resis-
tors with positive and negative resistances. The resistors are
designed using the methodology developed in Section 3, which is
based on multi-sectional porous media. The control section con-
sists of two adjacent accelerating and decelerating components
with a constant velocity gradient and is sandwiched between
two sections with constant velocity. For the designed resistors,
from the red one to the blue one, the velocity gradients at the

two sections in the control region are a = +3D/4L2, +D/2I2,

$D/2L§ and F3D/4L2, respectively. For reference, the profile of a
sample with constant velocity is included and shown as a black
dotted line. Theoretical predictions and numerical simulations of
liquid front velocities versus position along the flow direction for
four resistors are plotted in Fig. 4(b). Good agreement is found
between simulations and predictions for all four cases. Relative
errors are found to be greater in positive resistors than for negative

(b) 2.0

1.5

v(X)/v,

0.5

0.0

0.5

1.0 15 2.0 25 3.0
x/L,

Fig. 3. (a) Designed shape profiles of capillary flow accelerators with the function of increasing (red) or decreasing (blue) the liquid front velocity; (b) Comparison of
numerical simulations (symbols) and theoretical predictions (lines) of liquid front velocity versus position along flow direction for both two accelerators. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(b) 20
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Fig. 4. (a) Designed profiles of capillary flow resistors yielding positive and negative resistances; (b) Comparison of numerical simulations (symbols) and theoretical

predictions (lines) of liquid front velocity versus position for all four resistors.

resistors. It also should be noted that the total flow duration in the
control section can be tuned by changing the resistance, allowing
the design of flow elements with controlled residence time.

For the applications in microfluidic and diagnostic devices, the
residence time of a fluid or analyte in a given part of the device
is of critical importance [32]. For a flow velocity of vy, by introduc-
ing a dimensionless parameter, k, which is also be called resistance
coefficient, the peak velocity in the control section of a resistor can
be expressed as v, = (k+ 1) - vp. It is clear that the parameter k is
related to the velocity gradient in the control section and can be
used to characterize the resistance of flow resistors. Specifically,
when k < 0, the resistor presents positive resistance, while nega-
tive resistance will be found when k > 0. As a special case, k =0
means zero resistance, and a constant velocity v, through the con-
trol section is obtained. Generally, the range of parameter k can be
from —1 to infinity. However, when the value of k is much larger or
smaller than 0, the geometric shape profile will be too sharp and
difficult to achieve. Thus, here we only consider the range of k
between to —0.5 and 0.5.

When the length of the control section is I, the total flow time
in this section of the reference sample is calculated as ty, = I/ vo.
Accordingly, the total flow time in the control section of the resis-
tors can be obtained as t. =2/(2 + k) - to. Following this correla-
tion, the normalized total flow time, t./ty, can be plotted as a
function of the resistance coefficient k, as shown in Fig. 5. The sim-
ulated results of four designed resistors are also included for the
purpose of comparison and are consistent with the theoretical
results. It is clear that the resistance of the resistors can be tuned
by changing the value of k, i.e., tuning the velocity gradient via
changing the geometric shape of the control section in the
resistors.

In this section, two novel capillary elements, i.e., flow accelera-
tor and flow resistor, are shown. To facilitate the design of capillary
flow devices, we introduce a symbolic representation of capillary
elements with their corresponding features and functions (see
Table 1). We will further demonstrate the design of a controllable
flow device by assembling these functional capillary elements.

6.2. Controllable capillary flow in assembled device

Controllable (or programmable) flow in capillary force driven
microfluidic networks has drawn attention towards applications
in improved diagnostic devices [38,45]. Most controllable fluidic

0
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Fig. 5. The normalized total flow time in the control section of capillary flow
resistors t [t as a function of the resistance coefficient k.

devices are designed using multiple disjunct components, and only
a single function can be achieved in a separate device [46]. We
demonstrate here the design of a continuous flow device with
multi-functions based on porous media to achieve controllable
capillary flow.

As a simple demonstration of controllable capillary flow in por-
ous media, a sample with assembled capillary elements is pre-
sented here. The geometric shape of the designed sample is
shown in Fig. 6(a), and combines two functional elements i.e., a
resistor (a = —D/2L2 and D/2L3) shown by blue lines, appended
by an accelerator (a = 3D/2L2 and 0) shown by green lines. A basic
component is contained at the front of the resistor to supply a con-
stant velocity (a = 0) as a reference, as shown by red lines. For each

Table 1
Symbolic representations, flow features, and function of the designed capillary
elements including (i) flow accelerator and (ii) flow resistor.

Symbolic Flow feature Function
Accelerator v Control of constant velocities
{E at different sections
A
o 3
Resistor AAAA ¥ Regulate the total flow time
R :
o X
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Fig. 6. (a) Designed shape profiles of porous sample with programmable capillary flow; (b) Comparison of numerical simulations (symbols) and theoretical predictions (lines)

of liquid front velocity versus position along flow direction of porous sample.

variable section, the geometric shape profile is calculated from the
obtained theoretical model.

By employing the proposed numerical method, the capillary
flow process in the sample is simulated, and the variation of liquid
front velocity with position is plotted in Fig. 6(b) as symbols, with
the theoretical results included as solid lines. The theoretical
design of the controllable capillary flow device is verified by the
good agreement between numerical and theoretical results. By
assembling the designed functional capillary elements, we can
realize controllable flow processes in porous media. It is clear that
the designed flow process is deviated from the classical Lucas-
Washburn law corresponding to specimens of uniform width, as
shown by the dash-dotted line. The flow process can be further
tuned by changing the parameters of each component. As shown
in Fig. 6(b) with thin solid lines, the total flow time can be tuned
by the resistor element, and the flow velocity at each stair can be
tuned as required by the accelerator element. Additionally, more
complex flow processes can be achieved by combining multiple
elements.

7. Extension to 3D porous structures

In the previous analysis, we considered only the structure with
sections of constant thickness, see Fig. 7(a), which can be treated as

()

Fig. 7. Sketch of designed programmable capillary flow samples based on porous
media: (a) 2D structure; (b) 3D structure with rectangular cross section; and (c) 3D
structure with circular cross section.

a 2D structure. For some applications, the cross-sectional shape
needs to be changed in two dimensions, e.g., the circular or rectan-
gular cross section changes along the flow direction, as shown in
Fig. 7(b) and (c), and the porous sample should be treated as a
3D structure. Such capillary flow in three dimensions is naturally
of great significance across diverse engineering applications
[47,48]. Even though the proposed theoretical model (i.e., Eq.
(13)) is derived from a 2D geometry and based on the 1D liquid
front assumption, it can nevertheless be extended to describe the
flow process in a 3D structure [37].

The theoretical model presented in Section 3 (Eq. (13))
describes the variation of the width of a 2D porous sample with
a constant thickness. For a 3D porous structure, if the cross-
sectional shape changes in two dimensions proportionately, the
variation in each dimension corresponds to the square root of the
variation of the cross-sectional area. That means, the general vari-
ation of cross-sectional size for both 2D and 3D porous structures,
i.e.,, the width or thickness for the 2D case in Fig. 7(a), and the
radius or edge length for 3D cases in Fig. 7(b) and (c), can be

expressed as

1
wi(x) Tfxi 1 1-0 x? 11— x \*
W _Exp[ ( +2 / e % LBil

(19)

i1 n\Lg_, o L,EZ,H

where n indicates the number of the variable dimensions. n =2
means that the cross section of the porous sample is varied in
two dimensions, and n = 1 means only one dimension of the cross
section will change. In addition, when n = 1, Eq. (19) will reduce to
Eq. (13), with respect to the 2D special case. By employing this gen-
eral equation, controllable capillary flow in 3D porous structures
can be designed systematically.

8. Discussions and conclusions

In this work, a novel approach is introduced whereby the geo-
metric shape of porous structures is tailored to achieve control-
lable capillary flow. Through a methodology based on Darcy’s
law, we designed basic capillary flow components to maintain a
constant flow velocity gradient, in which the flow processes devi-
ate from the Lucas-Washburn law [10,11]. This component design
provides greater versatility relative to earlier approaches which
allowed only for constant velocity or flux (flow rate) in porous
media [42,43]. The components designed here offer a new pathway
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to either increase or decrease flow velocity in a well-controlled
fashion, enabling the achievement of complex liquid front
dynamics.

Based on the proposed basic component, two types of novel
capillary flow elements, i.e., flow accelerators and flow resistors,
are developed. Different from previous designs consisting of chan-
nels or tubes [39-40], the current capillary elements are based on
porous media, and only the geometrical shape is varied to control
flow. The flow features of these capillary elements and their advan-
tages with respect to the regulation of flow processes have been
systematically discussed. It is found that both the local flow veloc-
ity and the total flow time can be precisely regulated in specific
control segments of the porous structures, with implications
towards new types of diagnostic and microfluidic devices.

We further demonstrate the design of a multi-functional device
that assembles the designed capillary elements to achieve control-
lable capillary flow with broad adjustability, which is made as a
single unit rather than a flow circuit consisting of many separate
parts [38,46]. To expand the application range, the extension of
the theoretical methodology to 3D cases is also discussed. In addi-
tion, the feasibility of these theoretical designs is verified by simu-
lations based on the developed numerical method. In future
studies, the capillary elements developed here can be assembled
to yield porous devices with yet more complex flow features.
Moreover, the present study only focuses on the design of geomet-
ric shape, the precise tuning of the flow process can be further
enhanced by considering external effects, e.g. evaporation
[19,20], gravity [21], and swelling of the porous matrix [22,23], etc.
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