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The ability to manipulate fluid interfaces, e.g., to retain liquid behind or within porous structures, can be
beneficial in multiple applications, including microfluidics, biochemical analysis, and the thermal man-
agement of electronic systems. While there are a variety of strategies for controlling the disposition of
liquid water via capillarity, such as the use of chemically modified porous adhesive structures and cap-
illary stop valves or surface geometric features, methods that work well for low surface tension liquids
are far more difficult to implement. This study demonstrates the microfabrication of a silicon membrane
that can retain exceptionally low surface tension fluorinated liquids against a significant pressure differ-
ence across the membrane via an array of porous micropillar structures. The membrane uses capillary
forces along the triple phase contact line to maintain stable liquid menisci that yield positive working
Laplace pressures. The micropillars have inner diameters and thicknesses of 1.5-3 pm and ~1 pm,
respectively, sustaining Laplace pressures up to 39 kPa for water and 9 kPa for Fluorinert™ (FC-40). A the-
oretical model for predicting the change in pressure as the liquid advances along the porous micropillar
structure is derived based on a free energy analysis of the liquid meniscus with capped spherical geom-
etry. The theoretical prediction was found to overestimate the burst pressure compared with the exper-
imental measurements. To elucidate this deviation, transient numerical simulations based on the Volume
of Fluid (VOF) were performed to explore the liquid pressure and evolution of meniscus shape under dif-
ferent flow rates (i.e., Capillary numbers). The results from VOF simulations reveal strong dynamic effects
where the anisotropic expansion of liquid along the outer micropillar edge leads to an irregular meniscus
shape before the liquid spills along the micropillar edge. These findings suggest that the analytical
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Nomenclature

Bo bond number (pgL?/y)

CAH contact angle hysteresis

capillary number (uV/7)
micropillar outer diameter (m)
trench diameter (m)

micropillar inner diameter (m)

free energy (J)

force (N)

gravitational acceleration (m/s?)
height of porous micropillar used in VOF simulation (m)
characteristic length

mode of characteristic length
micropillar pitch (m)

pressure (Pa)

maximum Laplace pressure

total burst pressure

volumetric flow rate (m?/s)

R radius of curvature of meniscus (m)
r radius of curvature of pore edge (m)
radius of liquid droplets (m)
Surface Evolver

TPL triple phase contact line

t time (s)

tr bursting time (s)

t trench depth (m)

membrane thickness (m)

volume (m?)

velocity (m/s)

We Weber number (2pVL/[y)

S

-

BT US NS0 mmAagy

pLa,max

ApLa,tot
Q

rdroplet

<SS

Greek symbols

o volume fraction

B meniscus center-point angle (°)

Y surface tension (N/m)

0a apparent contact angle (°)

Oy intrinsic contact angle (°)

0* critical contact angle (°)

K surface curvature (m~')

u dynamic viscosity (Pa s)

p density (kg/m>)

T time constant for the oscillation of liquid droplet

1) angular location of triple line (°)

w angle between the top surface and outer micropillar
edge

Subscripts

f fluid

g vapor

La laplace

l liquid

la liquid-air interface

NW non-wetting

sl solid-liquid interface

sa solid-air interface

tot total

w wetting

prediction of burst Laplace pressure obtained under quasi-static condition (i.e., equilibrium thermody-
namic analysis under low capillary number) is not applicable to highly dynamic flow conditions, where
the liquid meniscus shape deformation by flow perturbation cannot be restored by surface tension force
instantaneously. Therefore, the critical burst pressure is dependent on the liquid velocity and viscosity
under dynamic flow conditions. A numerical simulation using Surface Evolver also predicts that surface
defects along the outer micropillar edge can yield up to 50% lower Laplace pressures than those predicted
with ideal feature geometries. The liquid retention strategy developed here can facilitate the routing and
phase management of dielectric working fluids for application in heat exchangers. Further improvements
in the retention performance can be realized by optimizing the fabrication process to reduce surface

defects.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Porous structures with the capacity to retain low surface ten-
sion liquids (e.g. dielectric refrigerants, oils) against an imposed
pressure difference are increasingly needed in many applications,
including oil transportation [1], water/oil separation [2,3],
microfluidics [4], and thermal management of micro/power elec-
tronic systems [5]. In the microelectronics industry, increasing per-
formance demands necessitate both more memory and more
central and graphics processing unit (CPU and GPU) cores, result-
ing in increased device density and consequent thermal manage-
ment challenges. Likewise, for power electronic systems, gallium
nitride (GaN) high-electron-mobility transistors (HEMT) can
improve the performance of radar amplifiers, hybrid/electric vehi-
cles, and LED arrays; however, thermal limitations prevent full
exploitation of this technology, where transistor-level power den-
sities can exceed 10 kW cm 2 [6]. For these applications, thin-film
evaporative cooling in porous media (<40 wm) with a small pore
size (<5 um) can enable high heat transfer coefficients, exceeding

10° W m~2 K~ ! at operating temperatures <100 °C [7-9]. However,
this performance requires stable liquid-vapor interfaces in porous
structures. A stable liquid-vapor interface can greatly benefit from
low surface tension liquid retention in these structures under pres-
sure, which is currently a challenge.

This problem is especially important for data centers, which
represent about 2% of U.S. electricity consumption and are respon-
sible for 2% of global CO, emissions (similar to the aviation carbon
footprint), [10,11]. In particular, the miniaturization of computing
systems and electronic circuits has culminated in three-
dimensional (3D) stacked chips for high-end servers. Though offer-
ing dramatic manufacturing and electrical design advantages, this
approach poses significant thermal problems in the implementa-
tion of high-performance 3D integrated circuits (3D ICs) with
power densities that will soon exceed 5 kW cm™ [12]. As a poten-
tial solution, interlayer two-phase evaporative cooling is consid-
ered a promising approach for heat removal, but it requires
dielectric working fluids to avoid the difficulties associated with
water in direct contact with microelectronic devices [13].
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Despite the potential of dielectric liquids, most previous studies
have been limited to microheat exchangers that use water as a
working fluid. Previous studies have reported that venting vapor
bubbles from water in microchannels through hydrophobic mem-
branes can improve flow stability and facilitate heat transfer at the
solid-liquid interface [14-16]. While thin-film evaporative micro-
heat exchangers integrated with nanoporous alumina membranes
have demonstrated heat flux removal up to 0.6 kW cm2 [14],
more recent studies have shown thin-film porous copper struc-
tures with heat flux removal exceeding 1 kW cm~2 with superheat
<10 K using water, as well as the potential to implement phase
separation using liquid retention membranes [9,17]. Despite the
recent advances in phase routing microheat exchangers using
water as the working fluid, mechanisms for maintaining stable
liquid-vapor interfaces for low surface tension liquids (i.e., y <
0.015 N/m) are lacking.

However, there have been many recent efforts to design
non-wetting surfaces for non-polar hydrocarbon-based liquids
[18-21] (i.e., superoleophobic or superomniphobic). Naturally
occurring superoleophobic surfaces in air have been observed on
Springtails (Collembola Entognatha), a wingless arthropod which
lives in soil, decaying material, and on plants [22]. Their surface
is composed of hierarchical structures of nanoscopic intercon-
nected granules with re-entrant curvature, which prevents them
from suffocation while immersed in polar and non-polar liquids.
Thus, recent bio-inspired surfaces show that with a combination
of proper surface texturing and sustaining a low solid fraction
[1,23,24], it is possible to tune substrate wettability, even for low
surface tension liquids [18,20,25]. Superoleophobic surfaces have
been designed to yield both high and low contact angle hysteresis,
(CAH) [26,27], and recent studies have shown non-wetting sur-
faces for fluorinated-carbon based liquids, which have some of
the lowest measured surface tensions [20,28]. Despite the progress
in development of non-wetting surfaces for non-polar liquids,
there has been no demonstration of low surface tension liquid
retention behind porous membrane structures against a pressure
difference across the membrane.

Capillary stop valves have been used in biochemical systems for
retaining wetting liquids against a driving pressure [29-32]. In
these structures, a sudden expansion of the capillary cross-
section stops the liquid from further advancing along the channel.
While capillary stop valves have been shown to restrict the
advance of aqueous liquids containing surfactants [29,33-36], they
have not been demonstrated to pin non-polar liquids. However, the
meniscus pinning approach applied in these systems holds pro-
mise for low surface tension liquids. Most recently, we have shown
contact line pinning of non-polar liquids using glass capillary
structures, which allow for liquid menisci to transition from con-
cave to convex and do not permit flow, despite pressurization of
the liquid [28].

In this work, we develop a novel approach for retaining low sur-
face tension liquids behind a porous membrane by means of the
design of silicon micropillar structures on its surface. The liquid
retention and bursting behavior is identified by experimental visu-
alization as well as pressure tracing. An analytical model is devel-
oped to predict the pressure of the liquid meniscus with a 3D
capped spherical shape before and after bursting, based on calcu-
lating the total free energy change during the process. The analysis
provides an in-depth understanding of the physics as liquid
advances along the porous micropillar, which comprises five flow
regimes: (1) wicking through the inner channel of the micropillar
structure, (2) pivoting from a concave to convex shape along the
inner micropillar edge (only for high surface tension liquids), (3)
expansion to a hemispherical cap along the outer micropillar edge,
(4) expansion of the meniscus beyond a hemisphere along the
outer micropillar edge, and (5) bursting of the meniscus, where

the contact line advances along the outer surface of the micropillar.
Because the analytical model considers only structures with per-
fectly sharp edges and quasi-static conditions, a transient compu-
tational model using ANSYS-Fluent is performed to predict the
dynamic behavior of the meniscus and explore the associated
dynamic effect on liquid pinning pressure under different flow
rates [37]. Surface defects along the outer micropillar edge are
considered separately by using a computation model employing
Surface Evolver and Comsol Multiphysics, which predicts the static
meniscus shape by computing the minimum surface energy, using
a gradient-descent method [38]. To our knowledge, this paper
presents the first approach to retaining liquids with small equilib-
rium contact angles, such as dielectric liquids (i.e. fluorinated
compounds), using microfabricated micropillar structures. This
approach can aid in phase management related applications that
require stable liquid-vapor interfaces [39].

2. Theoretical analysis

Fig. 1 illustrates the action of the porous micropillar structure in
retaining liquid and shows the contact line dynamics for a wetting
liquid as it advances toward the external orifice. For very low sur-
face tension (e.g., non-polar) liquids, the meniscus initially wicks
through the inner channel of the micropillar and immediately
spreads along the top surface, as shown in Fig. 1(k)-(n). After
advancing to the outer micropillar edge, the meniscus is pinned
and forms a hemispherical shape corresponding to the maximum
Laplace pressure, as shown in Fig. 1(p). The pressure barrier formed
is attributed to the change in meniscus interfacial area. A resistive
capillary force opposes any increase in surface area and therefore
total interfacial energy, and prevents the meniscus from further
expansion [32-34]. A convex meniscus implies a positive pressure
of the wetting liquid with respect to the non-wetting phase (i.e.,
Pw > Pnw)- While the contact line of the meniscus is pinned at
the outer edge, the apparent contact angle, 0,, (between the top
micropillar surface and meniscus liquid-vapor interface) increases
from the intrinsic contact angle of the liquid and micropillar mate-
rial, 0y, until it reaches the critical angle, 0", which corresponds to
the advancing contact angle with respect to the outer edge of the
micropillar structure, as shown in Fig. 1(j). A bursting event corre-
sponds to when the apparent contact angle exceeds the critical
angle (Fig. 1(j)), and the liquid advances along the outer micropillar
edge. The phenomenon related to meniscus pinning is known as
the canthotaxis effect, and was originally presented by Gibbs for
thermodynamically describing the resistance of wetting liquids
spreading along sharp edges [40]. While a molecular understand-
ing of such a characteristic is still unclear, recent studies [41,42]
have demonstrated thermodynamically that once the liquid wets
the sharp edge, the system will always be at its minimum energy
state until the contact angle at sharp edge exceeds the critical
value 0" = w + 0, where w is the angle between the top surface
and outer micropillar edge (e.g., 90° in this study). Therefore, a liq-
uid with higher intrinsic contact angle (i.e., higher solid-liquid
interfacial energy) will be pinned more stably at the edge. That is
to say, for liquids with infinitesimal intrinsic contact angles, the
maximum bursting pressure can be approximated as 6° = 90°,
yielding a hemispherical meniscus shape. For liquids with finite
equilibrium contact angles (i.e., lower solid-liquid interfacial
energy), the meniscus can be expanded beyond a hemispherical
shape that corresponds to 0* = 90° + 6,. In this case, the pressure
at burst does not correspond to the maximum Laplace pressure,
but is lower.

The wicking, pinning, and bursting behavior of liquid along the
porous micropillar structure can be analyzed theoretically using a
free energy approach with a quasi-static assumption [32,33,41,42].
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Fig. 1. Liquid pinning on porous silicon micropillar structures: Liquid initially wicks through the inner channel of the micropillar structure as shown in images (a) and (k).
Liquid then pins along the inner micropillar edge ((b) and (1)). For high surface tension liquids, a convex meniscus is formed along the inner micropillar structure (d), then
advances along the top micropillar surface (e). For low surface tension liquids, the meniscus immediately advances to the outer micropillar edge (n). For all liquids, the
meniscus is pinned along the outer micropillar edge as shown in images (f) and (o). With increasing liquid pressure, the meniscus continues to expand to a hemispherical
shape that yields a minimum radius of curvature and maximum Laplace pressure ((g) and (p)). The meniscus expands until it forms a critical angle, 6*, at which point
depinning at the liquid contact line occurs and the meniscus advances along the outer micropillar edge, which is termed “burst”. Bursting coincides with the hemispherical
meniscus for low surface tension liquids, but high surface tension liquid can sustain stable menisci with volumes exceeding a hemisphere.

A schematic and the dimensions of the structure are shown in
Fig. 2. The advancement of liquid along the porous micropillar
can be described in terms of the total free energy as

(1)

where the surface tension ), y,,, and y,, are correlated by Young'’s

Eot = Eq + Esa + Eig = AgVg + AsaVsq + Ala)1a

Vsa = Vst + V1q COS 9}’ (2)

The corresponding pressure in the liquid associated with the
change in total free surface energy can then be obtained by taking
the derivative of Eq. (1) with respect to the liquid volume and sub-
stituting Eq. (2), which gives

; dE, dAy dA
equation as — et st 2la
q Ap = av, ~ Via (cos Oy av, dV,) (3)
Pressure outlet:
Q‘°‘ U{J,,,,,= 101.3 kPa
/Nb
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g | el all side walls
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Il f
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Fig. 2. (a) Schematic of the theoretical model geometry (top) for a micropillar and scanning electron micrograph of a fabricated micropillar (bottom). (b) Computational

domain for transient simulations of the micropillar structure.
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During the process of liquid penetrating through the micropillar
structure, the change of total free surface energy and liquid volume
at different stages (e.g., wicking, pivoting, advancing, and expand-
ing) can be calculated using the associated geometric boundary
conditions, assuming that the meniscus maintains the geometry
of a capped sphere:

D.D. Agonafer et al./Journal of Colloid and Interface Science 514 (2018) 316-327

3.1. Quasi-static modeling — Surface Evolver

The critical pinning pressures of water on perfect and defective
micropillars are studied using a quasi-static approach via Surface
Evolver [38]. Surface Evolver is a surface energy minimization
program with geometrical constraints such as vertex (or edge)

Wicking:

Etor = Eo — mdhy,, cos 0, (4)
Vit = Vo + Zd*h

(5)

Pivoting: _ nd® (1-sindy _ 1-sino, ), (6)
s Eur Etor = E1 — 5 cos?0, ~ cos?0, Vla
i _ ad® [(1-sin0y)®(2+sin0y)  (1—sin0e)> (2+sin 0a) (7)
Vior = V1 + 57 [ cos3 0y cos3 0,

d
Advancing: _ 8
8 Eior = E; + (P + dI) (—2 20050y _ (o Oy) Via (8)
’,"E,,,, "LJ sin” 0y
o — ) _ 7(1—cos 0y)* (2+cos 0y) 3_ 3 9
ey E> Vtot = V2 + T 24sin® 0y [(d + 21) d ]
o d
Expanding: aD? [1-coso, 1-cosby (10)
5 Ewi Eior = E5 + "2 \sinfo,  sin? 0y Via
(1-cos0q)?(2+€050q)  (1—c0s 0y)* (2+c0s b)) (11)

3
Vror:V3+%{

sin’ 0, sin’ 6y

Combining Egs. (4)-(11) and substituting them in Eq. (3) allows for
theoretical prediction of the pressure variation as liquid flows
through the porous micropillar and gets pinned along the sharp
edge. After the critical contact angle is formed along the micropil-
lar edge, the liquid eventually collapses. Since the edge angle w =
90°, a spherical drop profile cannot be satisfied during the collapse
as the micropillar edge will protrude into the liquid outline. There-
fore, the liquid bursts suddenly and spreads instantaneously down
the side of the micropillar, where the contact line splits into a
capped sphere sitting on the top of the micropillar and a falling
film surrounding the outer micropillar wall [41]. Such a process
is highly non-equilibrium and tracing the free energy is difficult
due to the irregular shape deformation. However, once liquid burst
is over, no additional pressure barrier is present and the flow is
again dominated by the contact line friction as the liquid spreads
freely on the whole substrate. The corresponding liquid pressure
variation after the burst can then be calculated, again using the
change in free energy, by equations 8 and 9, using an initial diam-
eter of D =5 pum.

3. Computational simulation

The pinning and bursting behaviors of two different working
fluids (water and FC-40) are studied using both a quasi-static
and a dynamic simulation method. Comparing the results from
the different computational tools allows for determination of the
flow regions under which the dynamic effect would impact the liq-
uid retention performance of the porous micropillar structure.

position and contact angle, and constraints on integrated quanti-
ties such as fluid volume. The Evolver generates a static liquid
meniscus shape by minimizing the total surface energy of the
meniscus down the energy gradient for the given constraints, from
which a corresponding Laplace pressure can be determined by cal-
culating the surface mean curvature, k. Since Surface Evolver can-
not capture dynamic behavior such as liquid burst, the critical
pinning point is determined iteratively by first obtaining the equi-
librium liquid shape with a fixed volume and then examining the
contact angle at the micropillar edge. Starting with a small volume
of liquid droplet on the top surface of the micropillar, the surface
energy minimization is performed iteratively with a small incre-
ment in volume until the contact angle at the equilibrium state
reaches the burst criterion - i.e., 0 = 90° + 0,. The liquid droplet
volume corresponds to the critical burst volume and the associated
burst pressure is obtained from the Young-Laplace equation using
the minimum mean curvature. Details of the Surface Evolver sim-
ulation can be found in Supplementary Material (Appendix A).

3.2. Dynamic modeling — Volume of fluid (VOF) simulation

A transient three-dimensional simulation model using the Vol-
ume of Fluid method (VOF) is developed to predict the liquid pres-
sure and capture the contact line dynamics as the meniscus
advances from the inner channel to the outer edge of the porous
micropillar structure. The simulation tracks the evolution of the
meniscus and corresponding pressure profile as the meniscus
moves to different locations along the micropillar structure.
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Table 1
Input parameters and modeling setup for numerical simulation.
Input parameters Value
Outer diameter, D 5um
Inner diameter, d 2.5 um
Micropillar height, h 5 um
Membrane width, 16 um
Liquid inlet temperature, T;, 293K
Liquid inlet Mass flow rate, i, 2 x 107 %kg/s 2 x 10%kg/s 1 x 108 kg/s
Ca number 0.001 0.01 0.05
Outlet gauge pressure, poyr 0 kPa
Properties Water FC-40
Surface tension 73 x 1072 N/m 1.6 x 1072 N/m
Viscosity 1.0 x 1073 kg/m-s 4.1 x 1074 kg/m-s
Membrane contact angle 10° 3°
Solution methods Setup

Number of meshes
Surface tension modeling
Pressure-Velocity Coupling

0.8 million hexahedral meshes
Continuous Surface Force (CSF)
Pressure Implicit with Splitting of Operator (PISO)

Green-Gauss Node Based

Spatial discretization Gradient
Pressure
Momentum
Volume Fraction
Time Stepping Method Variable

PREssure STaggering Option (PRESTO!)
Second Order Upwind
Geo-Reconstruct

Global Courant = 2

The VOF model [43,44] employs one set of governing equations
to solve for the liquid and vapor domains, using ANSYS Fluent [45].
The computational solver is implemented to compute the conser-
vation equations below:

Continuity:

{?OC/C oy _
T +V.-(4V)=0, (12)

Momentum:

%(,ﬁwv-(ﬁ V)= -Vp+V. {u(vhvﬁ)] +pg+F,

(13)

where o, p, 1, and F are the phase volume fraction, density,
dynamic viscosity, and body force terms, respectively. The interfa-
cial forces are modeled using the Young-Laplace equation:

F, = 9KV (14)

where 7y and k are the surface tension and surface curvature, respec-
tively. The change in momentum due to the interfacial forces is
expressed using the Continuous Surface Force (CSF) model [46]:

T p
F, prf+ngoc (15)

Fig. 2(b) shows the three-dimensional computational domain
used for the simulation. In this model, a micropillar structure is
considered, with an inner diameter, outer diameter, and thickness
of 2.5 um, 5 pm, and 25 pm, respectively.

In this model, grid independence is established using a 3D
unstructured hexahedral mesh with three different mesh sizes.
The coarsest mesh has 0.3 million computational nodes in the
domain and is refined twice, up to 2.1 million hexahedral nodes.
A mesh sensitivity analysis is performed by monitoring local pres-
sure values at the inlet and outlet of the computational domain.
The final mesh generated has a comparatively modest 0.8 million
nodes, which minimizes computational effort. There is only a min-
imal pressure difference (<1.3%) between the finest mesh size and
the meshes implemented for these studies. The micropillar struc-
tures are periodically arranged, and therefore symmetric boundary
conditions are used for all sidewalls. An inlet boundary velocity is

determined based on a capillary number, Ca, at the micropillar
inlet. In order to explore if the dynamic effects (e.g., viscous and
inertial effects) are significant in the liquid pinning performance,
three different inlet conditions were chosen for the study, with
Ca number = 0.001, 0.01, and 0.05. The surface tension, 7y, is
assumed to be constant, and a constant pressure outlet boundary
condition is applied at the outlet. Details of the input parameters,
fluid properties, and solution methods for numerical modeling
are summarized in Table 1. The maximum Laplace pressure is cal-
culated by subtracting the viscous effects from the total pressure
drop predicted using the Hagen-Poiseuille equation:

128hQ

A =
i nd*

(16)

viscous —

4. Materials and methods

4.1. Design and microfabrication of porous silicon micropillar
structures

To retain both polar and non-polar liquids, we applied micro-
fabrication techniques to create a membrane containing an array
of porous silicon micropillar structures with re-entrant surface fea-
tures. The design and key parameters of the porous micropillar
structures are shown in Fig. 3: D is the outer micropillar diameter,
d is the inner micropillar diameter, D; is the trench diameter, t; is
the trench height, t, is the channel height, and P is the pitch,
defined as the center-to-center distance between adjacent
micropillars. The porous micropillar structures were constructed
using two front-side deep reactive ion-etching (DRIE) steps to
independently delineate trenches and through-holes. An additional
back-side DRIE step followed to define the membrane thickness.
The inner diameter of the micropillars was limited by the resolu-
tion of both the lithography and the DRIE steps, which required a
high aspect ratio through-hole. Therefore, the micropillar inner
diameter was selected as 3 pm, the thickness was selected as 0.7
pm, and the corresponding outer diameter was 4.4 um. The area
of the micropillar arrays fabricated here was 1 mm?. The DRIE etch
produced sharp edges at the intersection of the outer and top sur-
faces of the micropillars (i.e., angle @ > 90" as defined in Fig. 1),
which are beneficial for pinning liquids with infinitesimal intrinsic
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Fig. 3. Schematic and scanning electron micrographs of the porous micropillar
structures fabricated and studied here. (a) Schematic representation of an array of
micropillar structures. The geometrical features of the porous micropillars include
the outer diameter, D; inner diameter, d; trench diameter, D;; trench height, t;;
trench depth, t,; and pitch, P, defined as the center-to-center distance between
adjacent micropillars. (b) Scanning electron microscopy (SEM) image of oblique top
view of the square array of micropillars with a pitch of P =25 pm. (c) Oblique top
view of a single micropillar. (d) Cross-sectional view of a single porous micropillar.
(e) Magnified cross-sectional view of the micropillar, confirming the thickness of
0.7 um. The outer corner of the micropillar has an etch angle less than 90" which
allows lower surface tension liquids to maintain a hemispherical shape along the
outer micropillar edge with diameter, D.

contact angles. See Supplementary Material for microfabrication
process details (Figs. B1 and B2).

4.2. Laplace pressure measurement apparatus

Using the fabricated devices, we experimentally measured the
pressure difference sustained across the membrane, Ap,,, before
and after liquid burst (i.e. Ap,q,) through the porous micropillar
structures. Pressure measurements were accompanied by simulta-
neous visualizations of the menisci using an optical microscope
(Nikon Eclipse 80i) with a Plan Fluorite objective having a numer-
ical aperture (NA) of 0.15. The pinning and bursting events were
visualized from the top of the membrane surface and recorded
using a CCD camera (Thorlabs DCC1545M), as more fully described
in Supplementary Material (Appendix C). The setup included a pro-
grammable syringe pump (Harvard PHD 2000) which pumped lig-
uid through stainless steel tubing (IDEX) with an inner diameter of
62.5 um, connected in series with two different pressure transduc-
ers, one (Omega PX419) with a 0-250 psig range for water, and
another with a 0-5 psig range for FC-40 (see Appendix C in Supple-
mentary Material). In order to achieve an ultra-small liquid flow
rate, the syringe was first partially filled with certain volume of
air by pulling up the piston in ambient atmosphere before drawing
in the working fluid. Then, the syringe containing the liquid-air
mixture was assembled on the syringe pump for injecting the liq-
uid. Such an approach reduced the sensitivity of the system pres-
sure to volume changes, but allowed the pump to deliver a finely

controlled liquid volume to the device, below the minimum pump-
ing rate specified by the syringe pump manufacturer. All pressure
measurements were referenced to the ambient pressure prior to
initiation of the flow. The nominal flow rate at the syringe pump
used for all experiments was 0.4 ml/min. This nominal flow rate
primarily corresponded to compression of gas in the inactive parts
of the system (a far lower actual flow rate was delivered to the
membrane). The liquids used for these studies were deionized
(DI) water and FC-40 (Sigma-Aldrich, St. Louis, MO, USA, CAS Num-
ber: 51142-49-5).

5. Results and discussion
5.1. Theoretical analysis under quasi-static condition

Fig. 4 shows the analytically predicted liquid free energy and
pressure variation as liquid flows through a single porous micropil-
lar. The meniscus initially wicks through the micropillar structure,
which leads to a constant increase in the solid-liquid interfacial
area and a decrease in the liquid-air interfacial area. Since the
interfacial energy between the solid and liquid is far smaller than
that between the liquid and air, there is a constant decrease in total
free energy, which corresponds to a constant negative Laplace
pressure, as shown in Fig. 4(b), point (i). As the meniscus flows
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Fig. 4. Analytical predictions of (a) free energy and (b) liquid pressure variation
during the wicking, pivoting, advancing, expanding, and free spreading (post-burst)
of water through the porous micropillar structure. The predictions were made
based on a quasi-static assumption which neglects any viscous, gravitational, or
other dynamic effects. The dotted red line represents the instantaneous bursting
moment, accompanied by a sudden jump in liquid free energy and pressure. (i)
Wicking through the inner micropillar structure (ii) Pivoting from a concave to
convex shape along the inner micropillar edges (iii) Advancing along the top
micropillar surface and pinning along the outer micropillar edge (iv) Expansion of
the meniscus beyond a hemisphere along the outer micropillar edge and (v)
Bursting (i.e., droplet collapse). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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to the top micropillar surface, it pins along the inner micropillar
edge with an inner diameter, d. At this point, the meniscus pivots
from a concave to convex shape, which results in a transition from
negative to positive Laplace pressure, as shown in Fig. 4(b), point
(ii). After formation of the intrinsic contact angle, 6,, with respect
to the top micropillar surface, a discernable pressure drop occurs.
This pressure drop is attributed to the advance of the contact line
from the inner edge toward the outer edge, during which an
increase in the radius of curvature leads to reduced Laplace pres-
sure across the liquid-vapor interface, as shown in Fig. 4(b), point
(iii). Once liquid wets the edge, an increase in liquid pressure is
observed due to the increase in the contact angle. The maximum
pressure is obtained when the liquid forms a hemisphere, as shown
in Fig. 4(b), point (iv). As liquid expands further beyond a hemi-
sphere while being pinned on the edge, a slight decrease in pres-
sure is observed due to increase in radius of curvature. Once the
burst criterion is reached as shown in Fig. 4(b), point (v), the liquid
collapses spontaneously and a sharp decrease in pressure is
observed. A small pressure is required to drive the liquid to spread
freely on the substrate.

5.2. VOF simulation with dynamic effects

Fig. 5 illustrates VOF simulation results for water, showing the
evolution of the meniscus and the corresponding capillary pres-
sure at different micropillar locations under three flow rates.
The pressure response shown in Fig. 5(a) reveals similar trends
in pressure variation, as predicted from quasi-static analytical
calculations, in which the wicking, pivoting, advancing, and
expansion stages are delineated clearly by changes in pressure.
The fluctuations in the pressure signal are attributed to perturba-
tion and instability during volume growth. Nevertheless, with
increasing flow rate, there is a considerable increase in the liquid
pressure due to the intensified viscous pressure. If the viscous
pressure drop is subtracted based on Hagen-Poiseuille flow, the
critical bursting pressure can be obtained, as shown in Table 2.
The results reveal that when the flow rate is increased by 10
and 50 times, the burst Laplace pressure is reduced by 8.6%
and 53%, respectively. They further suggest that the results
obtained with the quasi-static assumption will no longer hold
for high Ca flow and that the critical burst criterion is dependent
on the liquid velocity.

Fig. 5(b) shows the geometric evolution (i.e., mean curvature
and apparent contact angle) of the liquid droplet, starting with a
flat liquid meniscus (in the middle of the pivoting stage) and end-
ing with liquid burst. It is evident from the difference in critical
contact angle that the shapes of the liquid menisci at the burst
points deviate from a capped sphere. A decrease in the mean cur-
vature, x, is also observed for high Ca flow, which corresponds to a
lower Laplace pressure. The decrease is particularly significant for
Ca = 0.05, where the mean burst curvature is reduced from 0.35
pum~! to 0.28 um~". It is also observed in Fig. 5(c) that the liquid
expands to a larger critical volume before bursting under the
higher flow rate (i.e., high Ca number). This finding suggests that
at sufficiently high flow rates, the surface tension force is no longer
strong enough to instantly restore the shape of the liquid meniscus
to its equilibrium condition. Therefore, the liquid will undergo an
anisotropic expansion with a higher growth rate in the vertical
direction, during which the surface energy is no longer at its min-
imized value. Such a dynamic effect can be quantitatively analyzed
by calculating the change in liquid volume within the time con-
stant, 7, associated with the shape restoration by surface tension.
Considering the perturbation of a liquid droplet held together by
surface tension, the frequency of the nth oscillation mode in air
is given by [47]
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Fig. 5. (a) Comparison of pressure trace curves from VOF simulations under
different flow rates (Ca numbers) with analytical prediction obtained with quasi-
static assumption. The time is normalized, with pivoting starting at t*= 0 and the
bursting occuring at t*= 1. (b) Variation of mean curvature and apparent contact
angle of liquid meniscus under different flow rates (Ca numbers). The time is non-
dimensionalized, with an initially flat meniscus (curvature equals to zero) at t*=0
and liquid bursting at t*= 1. (c) The shape of the meniscus when burst happens
under three different Ca flow. The inconsistency in the liquid profile and pressure
during the process under three flow rates suggests that burst behavior cannot be
described solely by quasi-static analysis.

Table 2

Maximum bursting pressure for three different Ca numbers, using water.
Capillary Viscous pressure Laplace burst Total
number (kPa) pressure (kPa) pressure (kPa)
0.001 19 51 52.9
0.01 18.7 46.6 65.3
0.05 934 239 117.3
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Fig. 6. Percentage change in liquid volume as a function of capillary number within
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geometry to the equilibrium shape (i.e., a capped sphere) by the surface tension
force. The quasi-static assumption that the droplet will always be at its local
equilibrium condition becomes invalid under high Ca numbers, where the change in
liquid volume becomes significant.

f—\/n(n—l)(n+2)+ (17)

rdroplet

where 7y is the surface tension, p is the density, and ry.pie: is the
radius of the droplet. Using water as an example with
Tdropler = 2.5 um, the dominant mode of oscillation frequency
(n = 2) is calculated to be f,_, = 6.11 x 10° Hz. Therefore, the time
constant for the liquid to restore to its equilibrium shape from a
small deformation is given by T = 1/f,_, = 0.16 ps. Fig. 6 illustrates
the percentage change in liquid volume within the specified time
constant 7 for a liquid droplet with hemispherical geometry under
different Ca numbers. The result shows that for Ca number of
0.001, 0.01 and 0.05 respectively, the liquid droplet undergoes
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0.2%, 2% and 9% volume changes before its surface can be restored
to an equilibrium spherical shape. Therefore, the liquid meniscus
will not be able to maintain its minimum energy state during
expansion under high Ca number conditions. The competing effects
of the surface tension and the dynamic forces cause the liquid
meniscus to oscillate in shape while expanding in volume, therefore
resulting in different characteristics for the pressure traces and
burst criterion. Since the deformation in meniscus geometry is
stronger for high Ca number flows, the liquid droplet will exhibit
greater burst volume, larger burst curvature x, and smaller burst
pressure under high flow conditions.

5.3. Experimental burst behavior

As discussed previously, the pressure/flow relationship as the
meniscus advances through the membrane is influenced by
quasi-static and dynamic effects and depends on the thermophys-
ical properties of the liquid and flow rate. The flow rates required
to perform burst pressure experiments in the capillary regime
are too low to readily access (Quaer=2.4 x 1077 ml/min and
Qrc.20=1.2 x 10~8 ml/min). We therefore conducted burst pres-
sure experiments with a liquid-air mixture, using a syringe pump
that supplied a constant plunger speed corresponding to a flowrate
Q = 0.4 ml/min, but with a much smaller and variable flowrate sup-
plied to the membrane (with the remainder accounted for by gas
compression). Specifically, the syringe was filled with a portion
of air prior to being filled with the liquid and assembled on the syr-
inge pump, the pressure source. For all experiments, the liquid was
initially close to the membrane surface before the system was
pressurized by the syringe pump. When the syringe pump was
turned on, the liquid immediately contacted the membrane, while
the air within the inactive portions of the system started to be
compressed and a pressure increase was observed. We observe
no liquid leakage around the membrane surface during
pressurization.

The liquid pinning and bursting behavior was directly visual-
ized, as shown in Fig. 7. By converting the original videos to 4-bit
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Fig. 7. (a) Optical image of the tops of the micropillars obtained from CCD camera (Thorlabs DCC1545M). (b) Original and binary images of micropillars with defects and
without defects. (c) A schematic of a micropillar and corresponding part in the optical images. (d) Burst process of a micropillar without defects. The color of structure covered
with liquid will turn dark. (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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Fig. 8. (a) Early-bursting initiated from contaminated sites. Ap,, ..« for early-bursting events are less than 50% of the predicted theoretical values for both FC-40 and water.
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burst process of a micropillar with defects. The structure covered with liquid will turn dark. (c) Zoomed-out view demonstrating liquid bursting and spilling from a single

micropillar with a defect.

grayscale images, pellucid views of the wicking, pinning, and
bursting process were obtained that allow for identification of
the wetted and non-wetted regions from light contrast at different
locations. When the liquid is wicking through the inner channel of
the micropillar, the top surface and trench have not been covered
with liquid. Hence these regions exhibit a light color, while the
pore area (with liquid wicking inside) is dark. As the liquid spreads
over the top surface and gets pinned on the sharp solid edge, the
whole top surface becomes dark due to a thick layer of liquid
blocking the reflection. After liquid bursts from the edge, it spills
into the trench, where the whole micropillar becomes dark.
However, the top surface becomes slightly lighter again as the
thick layer of pinned liquid becomes thinner after collapsing.

It was also observed in the experiments that the burst always
occurs first at a single micropillar which has either a defect or con-
taminant. As shown in Fig. 8, surface contaminants and possible
damage to the silicon micropillar structures occur in the micropil-
lar array. These surface contaminants can act as ‘microbridges’
between the trench area of the micropillar structure and the top
membrane surface, and allow liquid to wick along the top mem-
brane surface and lead to local flooding around the micropillar
trench area at much earlier time steps. Any further increase in vol-
ume causes the liquid to further advance to adjacent micropillars.
As more volume of liquid is added, flooding occurs adjacent to
neighboring micropillars. Fig. 8(b) shows a zoomed-out view when
liquid bursts and spills from the contaminated side of the micropil-
lar while it gets pinned on the outer edge of other defect-free
micropillars. These defective micropillars act as pressure releasing
valves that allow liquid to preferentially flow toward these ‘open-
ings’ and penetrate the porous membrane with less resistance.
Therefore, the overall pressure barrier is reduced due to the

presence of these defects, and the system-level liquid pinning per-
formance is degraded significantly.

Experimental values of critical burst pressure Ap;, 4, using the
micropillars fabricated in this study and glass capillary structures
studied previously [28] are plotted against the micropillar outer
diameter, D, ranging from 5 to 840 um in Fig. 9(a). This plot con-
firms the Laplace pressure increases with decreasing D. The exper-
imental values of Apy, ., for micropillar with an outer diameter of
D =5 pm versus liquid surface tension, as well as corresponding
theoretical calculations and numerical simulations for an ideal
micropillar geometry using Surface Evolver, are shown in
Fig. 9(b) for v =0.005-0.1 N/m. The theoretical values of Ap, mnax
are calculated based on the Laplace pressure for an outer micropil-
lar diameter, D, and 6" =90, based on the meniscus forming a
spherical cap along the outer micropillar edge. While the simula-
tion results from Surface Evolver and the theoretical results are
in good agreement, the experimental values of Ap,, .., are lower
than theoretically predicted values for both FC-40 and water. Apart
from the dynamic effects discussed in Section 5.2, we further attri-
bute the lower measured Laplace pressures to the presence of sur-
face contaminants and possible damage to the silicon micropillar
structures, as shown in Fig. 8(a—c). These defects and contaminants
cause local flooding at low liquid pressure, which results in an
effective increase in micropillar diameter and further decrease of
the pressure barrier for liquid retention. The effective max burst
pressure then becomes smaller than the theoretical max burst
pressure predicted, due to an increase in the effective outer diam-
eter of the micropillar, as shown in Fig. 8(b). Thus, the applied pres-
sure never rises as high as the predicted value for FC-40 and water.
The effects of surface defects and surface contamination on the
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Fig. 9. Experimental, theoretical, and simulation results for Ap;, ... (a) Experimen-
tal values of the maximum pressure for four different outer diameters for an array
of micropillars and glass capillary structures [28]. (b) Experimental, theoretical, and
numerical results for Ap,, .« plotted against p. Numerical results are obtained using
Surface Evolver to predict the Ap,, ,,, for micropillar structures with and without
the presence of structural defects. See Supplementary Material (Appendix C) for
more details.

maximum Laplace pressure can be accounted for using the simula-
tion models, as discussed in the next section. Detailed pressure
trace curves for both water and FC-40 can be found in Supplemen-
tary Material (Appendix D). The experimental measurements of
transient pressure response do not agree with the theoretical and
VOF simulations closely due to the presence of compressed air in
the flowing channel. However, the critical burst pressure is in good
agreement with the predicted values obtained in Surface Evolver
for micropillars with defects, and by VOF simulations that predict
dynamic effects (i.e., Ca > 0.01).

5.4. Effect of structural defects and surface contamination

The maximum Laplace pressure corresponding to a stable
meniscus on a micropillar with a structural defect was determined
using Surface Evolver [38] (see Supplementary Material Appendix
A for detailed information). Results for these simulations are
shown in Fig. 9(b). The Young-Laplace pressure was calculated
for micropillars with a 5 um outer diameter, D. In order to simulate
surface defects along the outer micropillar edge, a 90° notch

2.75 pm deep was generated. The model predicts that the presence
of structural defects along the outer edge of a micropillar can lead
to a larger meniscus radius of curvature due to pinning of the lig-
uid on the lateral wall along the structural defect. The Ap;, . for
micropillars with structural defects are approximately 50% lower
than the theoretically predicted values for both FC-40 and water,
as shown in Fig. 9(b). These values corresponds closely with the
experimentally measured values. For model validation, static lig-
uid menisci shapes and corresponding pressures are also predicted
for micropillars without the presence of defect sites. The model is
within 4 percent of the analytical results for both FC-40 and water.

6. Summary and concluding remarks

In this study, we demonstrate liquid retention using an array of
identical micropillar structures with re-entrant surface geometry.
While such a geometry has been used for creating superoleophobic
surfaces with strong liquid repelling characteristics in extensive
studies [18-21,23-25,48-50], retention of low surface tension liq-
uids behind porous membrane structures remains an unexplored
area. Experimental visualization of the liquid advance along the
porous micropillar array fabricated in this study reveals liquid pin-
ning along the outer edge of defect-free micropillars and preferen-
tial liquid bursting from micropillars with defects or contaminants.
An analytical model, based on free energy analysis with a 3D
capped spherical geometry, was developed to predict the Laplace
pressure as the shape of the meniscus on the micropillar structure
evolves with increasing pressure. The expression takes a similar
form to the models derived by Man et al. [32] and Chen et al.
[33], but provides a more thorough analysis for describing the
change in system pressure from wicking to bursting. Predications
from the analytical model agree well with the results obtained
from Surface Evolver for defect-free micropillars, but deviate from
the experimental measurements of burst pressure by a significant
margin. Two mechanisms were identified to elucidate this discrep-
ancy, based on VOF simulation and Surface Evolver modeling. (1)
Under high Ca number flow, the liquid meniscus deforms from
its equilibrium geometry, therefore resulting in a higher liquid vol-
ume, larger radius of curvature, and smaller Laplace pressure
before burst. This dynamic effect is intensified with increasing flow
rate, which leads to attenuated liquid retention under high flow
rate. (2) Contaminants and structural defects create microbridges
that allow liquid to spread to local neighbor regions at low liquid
pressure, which reduces the pressure barrier for liquid bursting
from the porous micropillar array. These effects provide new
insights into the classical understanding of liquid pinning along a
sharp edge, developed based on a quasi-static assumption
[40-42,51]. With these effects, the study demonstrates maximum
retention pressures of 39 kPa and 9 kPa for water and FC-40. The
mechanism for retention of non-polar liquids relies only on geo-
metrical features and is, therefore, independent of the intrinsic
properties (i.e., surface energy) of a membrane material. This study
opens up the possibility of developing membrane structures for
applications that require stable liquid-vapor interfaces in multi-
phase systems. Future investigation into the role of surface defects
and dynamic effects (e.g., high flow condition or evaporation)
should be pursued to optimize the liquid retention performance
and gain better understanding of the liquid pinning mechanism
at sharp edges under non-equilibrium and non-ideal conditions.
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