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Micropattern-controlled wicking enhancement in
hierarchical micro/nanostructures†
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Wicking in hierarchical micro/nanostructured surfaces has attracted significant attention due to its potential
applications in thermal management, moisture capturing, drug delivery, and oil recovery. Although some
studies have shown that hierarchical structures enhance wicking over micro-structured surfaces, others have
found very limited wicking improvement. In this study, we demonstrate the importance of micropatterns in
wicking enhancement in hierarchical surfaces using ZnO nanorods grown on silicon micropillars of varying
spacings and heights. The wicking front over hierarchical surfaces is found to follow a two-stage motion,
where wicking is faster around micropillars, but slower in between adjacent pillar rows and the latter stage
dictates the wicking enhancement in hierarchical surfaces. The competition between the added capillary
action and friction due to nanostructures in these two diﬀerent wicking stages results in a strong
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dependence of wicking enhancement on the height and spacing of the micropillars. A scaling model for
the propagation coeﬃcient is developed for wicking in hierarchical surfaces considering nanostructures
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in both wicking stages and the model agrees well with the experiments. This microstructure-controlled
two-stage wicking characteristic sheds light on a more eﬀective design of hierarchical micro/
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nanostructured surfaces for wicking enhancement.

1. Introduction
Wicking on textured surfaces has attracted significant attention
due to its numerous applications in nature and engineered
systems such as thermal management,1–6 moisture capturing,7,8
drug delivery,9,10 biomedical devices11–14 and oil recovery.15 Near
a century ago, Washburn predicted the dynamics of liquid
imbibition into capillary tubes, driven by the surface tension
force, where the imbibition length is proportional to the square
root of time.16 Recent developments1,6,15,17–27 in fabrication
processes of micro, nano and hierarchical surfaces have created
ample opportunities to tune the topography of the structured
surfaces to achieve different wicking conditions. Meanwhile,
several models have been developed to extend the classic Washburn
model for a variety of engineered surfaces.
Bico et al.28 extended the Washburn model for wicking
dynamics in capillary tubes to surfaces with micropillars by
introducing an empirical parameter b to account for the added
viscous resistance due to micropillars. Ishino et al.29 distinguished wicking on micropillar surfaces into short and longpillar scenarios, where the viscous resistance from pillar sidewalls is ignored for short pillars whereas the pillar base
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resistance is neglected for long pillars. Using Surface Evolver
(SE)30 to predict the 3D meniscus shape and the 1D Brinkman’s
equation to approximate the viscous resistance, Xiao et al.31
proposed a semi-analytical model to predict the liquid propagation rate on surfaces with micropillar arrays. Mai et al.20
correlated the viscous resistance enhancement factor b with the
pillar height-to-spacing ratio by simplifying the pillars as channels
having the same porosity and validated the model by wicking
experiments on surfaces with nanopillar arrays. Interestingly,
recent boiling experiments32 have observed delays in the undesirable Leidenfrost eﬀect on surfaces with sparse micropillars, where
the liquid wicking rate is found to be overpredicted by using the
above mentioned models. A recent study by Kim et al.33 considered cases with pillar spacing ranging from dense to sparse and
identified a two-stage wicking motion for sparse pillars where
wicking is faster around pillars but slower in between pillar rows.
The slow wicking stage between pillar rows is mainly due to its
smaller pre-wet surface area per wicking length, resulting in a
weaker driving force in the system free energy. A scaling model
relating the propagation coeﬃcient with fluid properties and
micropillar geometries has been proposed, where the propagation coeﬃcient for sparse pillars is smaller than that of dense
pillars while keeping other parameters the same.33
Recently, wicking enhancements have been reported by adding
nanostructures to microstructures for creating hierarchical surfaces
which are superhydrophilic in an eﬀort to enhance the critical
heat flux of pool boiling and thin film evaporation.1,6,19,34–38
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Others have found that the low permeability of the added
nanostructures, compared to microstructures alone, limits
their role in assisting bulk wicking, resulting in a negligible
wicking improvement.2 For example, the added viscous resistance becomes important when the height of the ZnO nanorods
approaches half of the micropillar spacing for hierarchical
surfaces consisting of ZnO nanorods on micropillars of varying
heights.21 Despite these studies, general guidelines for predicting
the wicking enhancement in hierarchical surfaces of two very
different length scales are yet to be reported.
In this study, the wicking dynamics of hierarchical micro/
nanostructured surfaces is examined by conducting systematic
wicking experiments using ZnO nanorods grown on silicon
micropillars of varying spacings and heights. A two-stage wicking motion is observed on hierarchical surfaces, where wicking
is faster around micropillars but slower in between pillar rows.
The role of nanostructures is diﬀerent in these two stages, where
no obvious wicking enhancement is observed with nanostructures in the first stage, but significant enhancement is observed
during the second stage where wicking is slower in-between
micropillar rows and this second stage dictates the bulk wicking
dynamics. Wicking improvement in hierarchical structures over
bare micropillar surfaces is found to depend on the spacing and
height of the micropillars. A new scaling model relating the
propagation coeﬃcient to the fluid properties and geometrical
parameters of the hierarchical surfaces is proposed, considering
nanostructures in both wicking stages. The model predictions
are compared with our wicking experiments.

2. Experimental methods
In this study, circular micropillars were fabricated by deep
reactive ion etching (DRIE) of silicon (100) wafers where the
etching time was controlled to create micropillars of diﬀerent
heights. The resulting micropillar diameter is fixed at 10 mm,
the center-to-center spacing varies from 30 mm to 60 mm, and
the height varies from 8 mm to 26 mm. To create a hierarchical
surface, ZnO nanorods were grown on bare silicon micropillars
with 25 mm  25 mm sample dimensions via a chemical
process,39 where the growth time and concentration of reactants determine the height and diameter of the ZnO nanorods.
phn
The nanoscale roughness, rn, is determined using rn ¼ 1 þ 2 ,
l
where p is the total perimeter of all nanorods within a square
window of length l of the nanostructure base plane and hn is the
eﬀective height of the nanorods. The same growth time of 4 hours
and concentrations of hexamethylenetetramine (HMT) and zinc
nitrate (1 : 1) at 0.04 M were used, and hence the identical roughness of the ZnO nanorods was maintained for the hierarchical
surfaces. However, the growth time varied from 2 to 5 hours and
the concentrations of HMT and zinc nitrate (1 : 1) varied from
0.01 M to 0.05 M for the nanorod-only cases, resulting in diﬀerent
nanoscale roughness values shown in the ESI.†
Fig. 1 shows the scanning electron microscopy (SEM) images
of the fabricated micropillar (Fig. 1a and b) and hierarchical
(Fig. 1c and d) surfaces. The growth time of 4 hours yields a
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Fig. 1 (a) Schematic of a micropillar surface, showing pillar diameter d,
height h and center-to-center spacing s. SEM images of (b) silicon
micropillars, (c) a hierarchical micro/nanostructured surface, and (d) ZnO
nanorods on the base plane of the micropillar array.

nanorod height of E1 mm, but an eﬀective height of E350 nm
contributes to wicking due to the closely packed nanorods near the
base plane (see the SEM image in Fig. 1d). For the ZnO nanorod
diameter of E30 nm and the eﬀective height of E350 nm, the
corresponding nanoscale roughness of rn E 2.5 is assumed in
the model for hierarchical surfaces, determined based on the
top- and side-view SEM images of nanorods.
To minimize the eﬀects of inertia during wicking, a vertical
wicking mechanism31 is applied in this study. Fig. 2a shows a
schematic of the wicking test setup. The substrate was placed
vertically in a deionized (DI) water bath and the wicking dynamics
was captured using a high-speed camera (Phantom V711) at a
frame rate of 6000 frames per second using a 20 objective
with a spatial resolution of 1 micron per pixel.
A high-powered LED (Thorlabs, Solis-445C) and a beam
splitter were used for illumination. Substrate surfaces were
cleaned with isopropyl alcohol (IPA) and acetone and rinsed
with DI water, followed by air plasma cleaning (18 W and
250 mTorr, Harrick Plasma PDC-32G). The wettability of pure
silicon and ZnO nanofilm coated silicon40 after 4 minutes of
plasma cleaning was experimentally determined by interferometry imaging of a drop contact line region. An intrinsic water
contact angle of y E 41 was obtained for pure silicon and
y E 51 for ZnO nanofilm coated silicon. The intrinsic contact
angle remained the same for about 1 hour and then gradually
increased. Thus, all wicking tests were done within 5 min of
plasma cleaning to ensure a constant intrinsic contact angle.
Fig. 2b shows the wicking process, where the water level and
the wicking front are marked in arrows. The instantaneous
wicking length, the distance of the wicking front from the water
bath, is obtained by averaging at three diﬀerent positions,
equally spaced within the field of view of E10 mm, perpendicular to the wicking direction. Each test is repeated five times
to account for the imperfect flatness of the wicking front.
Assuming the wicking length, a, scales with time to the power
n, i.e., a = Gtn, where n is the wicking index (n = 0.5 in the
Washburn model) and G is the propagation coeﬃcient. In this
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Fig. 2 (a) Schematic of the vertical wicking test, where a high-speed camera is used to record the instantaneous wicking front location on structured
surfaces. (b) An image of wicking over structured surface showing the instantaneous wicking front and the water bath level, which is the position of
wicking front at t = 0 s.

study, the wicking indexes for both microstructures alone and
hierarchical surfaces have been found to be close to 0.5, as
described in the ESI.†

3. Experimental results
To understand the wicking dynamics of hierarchical surfaces, a
comparison of wicking in micropillars with and without nanorods has been given. The wicking dynamics of micropillar-only
surfaces of varying pillar heights and spacings compared with
the existing wicking models is summarized in the ESI.†
Fig. 3 shows the wicking front positions over time as water
wicks over micropillars of diﬀerent diameter-to-spacing ratios

without (the left panel) and with (the right panel) nanorods,
wherein Fig. 3a shows a diameter-to-spacing ratio, d/s, of 0.333
and Fig. 3b shows d/s of 0.2, both at a micropillar height of
13 mm. Here, t = 0 is when the structured surface touches DI
water and water starts to wick vertically from the initial wicking
front position marked in a red dashed line. No significant
wicking improvement is observed due to the presence of nanostructures for micropillar d/s of 0.333 as shown in Fig. 3a.
However, wicking is much faster for hierarchical surfaces compared to the bare micropillar case at d/s = 0.2 as shown in Fig. 3b.
Note that the diameter-to-spacing ratio is varied by changing the
spacing between micropillars while keeping the pillar diameter
fixed at 10 mm such that a lower diameter-to-spacing ratio
corresponds to a larger pillar spacing and a sparser pillar array.

Fig. 3 Wicking dynamics of DI water over micropillar and hierarchical micro/nanostructured surfaces for micropillar diameter-to-spacing ratios
of (a) d/s = 0.333 and (b) d/s = 0.2. No significant wicking improvement due to nanostructures is observed for the d/s = 0.333 case but observable
enhancement is found for d/s = 0.2. The initial wicking front position is marked in a red dashed line. For all cases, the pillar height is kept at h = 13 mm.
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Fig. 4 Experimental wicking length over time for bare micropillars (black squares) and hierarchical surfaces (red squares) for diﬀerent micropillar
diameter-to-spacing ratios: (a) d/s = 0.333 and (b) d/s = 0.2 both at pillar height h = 13 mm. Solid lines denote power-law fittings using data from all five
experiments assuming the wicking index n = 0.5. Shaded areas correspond to the 90% prediction band.

Fig. 4 shows a quantitative comparison of the wicking length
over time for micropillars without (black squares) and with (red
squares) nanorods for the cases shown in Fig. 3. Each experiment was repeated 5 times and the solid lines in Fig. 4 denote
power-law fittings assuming the wicking index n = 0.5.
For d/s = 0.333, the propagation coeﬃcients, G, from curve
fitting are 8.198 and 8.576 mm s1/2 without and with nanorods,
respectively, with only 4.6% increase in G due to the added
nanostructures, very close to the error bar of 4.1% for micropillars.
On the other hand a more obvious wicking enhancement without
and with nanostructures has been observed for the d/s = 0.2 case,
as shown in Fig. 4b, where the propagation coeﬃcients, G, are
4.505 and 5.697 mm s1/2, respectively, with 26% increase due to
the nanostructures. Note that the wicking length measurement is
limited to 10 mm due to the camera field of view. It is also
important to note that the nanostructure roughness of E2.5 is
kept the same for both micropillar diameter-to-spacing ratios
whereas very diﬀerent wicking enhancements are achieved with
and without nanostructures at these two d/s values, indicating that
microstructure geometries play an important role in wicking
enhancement in hierarchical surfaces.
To obtain an in-depth understanding of how wicking
improvement in hierarchical surfaces depends on micropillar
geometries, the wicking dynamics was observed at the individual micropillar level using 20 zoom lens. Fig. 5c shows
the instantaneous wicking front positions over time for both
micropillar and hierarchical surfaces for the micropillar
diameter-to-spacing ratio, d/s, of 0.2. The wicking front position
is measured in the middle of two adjacent pillars perpendicular
to the wicking direction and plotted over two consecutive pillar
spacings along the wicking direction, and t = 0 is defined here
when the wicking front touches the row of pillars located at
a = 6 mm both with and without nanorods. A two-stage wicking
dynamics is observed in this zoomed-in experiment, where the
wicking speed, i.e., the slope of the wicking position over time,
is faster while around pillars but slows down as the wicking
front moves in-between two adjacent pillar rows both with and
without nanorods.

This journal is © The Royal Society of Chemistry 2019

Fig. 5a shows the wicking front positions at three diﬀerent
times for the micropillar-only case, where the wicking front is
uneven around pillars. It takes E1 ms for the wicking front to
move around pillars of 10 mm in diameter, but E25 ms to move
the next 40 mm in-between two pillar rows until the front
touches the next pillar row for the bare micropillar case. This
slower wicking stage between two pillar rows is believed to be
due to its smaller pre-wet surface area per wicking length
compared to the first wicking stage, resulting in a weaker
driving force in the system free energy. As the wicking front
touches the next row of pillars, the two-stage wicking cycle
repeats itself.
Fig. 5b shows the bulk wicking front, marked in a red arrow,
and the nano wicking front inside the nanorod region, marked
in a blue arrow, at three diﬀerent times for the hierarchical
surface. A side-view schematic on the top row of Fig. 5b depicts
the locations of the bulk and nano wicking fronts. It takes
E1 ms for the bulk wicking front to move around pillars, but
E17 ms to touch the next pillar row, 8 ms shorter than that of
the bare micropillar case. In other words, the eﬀect of nanorods
on wicking improvement is not observable in the first (fast)
wicking stage but is obvious in the second stage. The second
stage dictates the wicking enhancement in hierarchical surfaces
where the microscale capillary action is slower than the nanoscale one, and thus the bulk wicking speed becomes the speedlimiting factor. In an eﬀort to identify the underlying physics of
this wicking enhancement due to the nanorods in-between pillar
rows, a side-view schematic of the wicking front for both micropillar and hierarchical surfaces is shown in Fig. 5d.
It is important to note that the intrinsic contact angles of
water on pure silicon and ZnO nanofilm coated silicon are close
to each other (y E 41 and y E 51, respectively) and assumed
equal. For the hierarchical surface, the apparent contact angle
of the nano-rough micropillar base plane is lower than the
intrinsic contact angle of water on ZnO-coated silicon or pure
silicon due to the nano wicking eﬀect, following the relation
of cos yapparent  cos y = (1  fs,n)(1  cos y) Z 041 and hence
yapparent o y for any y 4 0, where fs,n is the solid fraction

Soft Matter, 2019, 15, 6518--6529 | 6521

View Article Online

Published on 18 July 2019. Downloaded by Drexel University on 9/22/2019 12:49:22 AM.

Soft Matter

Paper

Fig. 5 (a) Images showing wicking front positions (the red arrow) at t = 0, 1 and 26 ms when the wicking front touches the first pillar row, just passes the
first pillar row, and touches the next pillar row, respectively. (b) Images showing bulk (the red arrow) and nano (the blue arrow) wicking front positions
at t = 0, 1 and 18 ms for the hierarchical surface when the bulk wicking front touches the first pillar row, just passes the first row and touches the next pillar
row respectively. (c) Wicking front positions over time for micropillars (black squares) and hierarchical surfaces (red squares) for d/s = 0.2 and h = 13 mm
for two consecutive pillar spacings where the wicking front is 6 mm away from the liquid reservoir. A two-stage wicking motion is observed for both
micropillar and hierarchical surfaces. (d) Schematic diagram of the wicking front between two pillar rows for micropillar-only (top) and hierarchical
(bottom) surfaces.

of nanorods.41 The lower wetting angle therefore enhances wicking
of the hierarchical surface compared to the micropillar-only case.
This reduction in the contact angle due to the presence of nanostructures is widely observed in droplet spreading scenarios,42,43
where a nanoscale precursor film assists wetting.44 As shown in
Fig. 5b, a nano wicking front of E40 to 60 mm ahead of the bulk
wicking is observed on the hierarchical surface.
To examine why only limited wicking improvement is
observed for hierarchical surfaces of d/s = 0.333 as shown in
Fig. 4a, a comparison of the wicking dynamics of hierarchical
surfaces for d/s = 0.333 and 0.2 is given in Fig. 6. The bulk and
nano wicking front positions are shown at three diﬀerent times
during one wicking cycle for both cases. The side-view schematics are shown on the top in red and blue arrows indicating
the positions of the bulk and nano wicking fronts, respectively.
For d/s of 0.333, shown in Fig. 6a, the nano wicking front is
ahead of bulk wicking at t = 0 ms, but two wicking fronts are
close to each other at t = 0.5 ms. In the case of d/s = 0.2, shown
in Fig. 6b, the nano wicking front is always ahead of bulk
wicking. As identified earlier, the second (slow) wicking stage

6522 | Soft Matter, 2019, 15, 6518--6529

dictates the wicking improvement in hierarchical surfaces and
is hence the focus of the current analysis. This second stage is
analogous to the scenario of droplet spreading on nanostructured surfaces where two spreading stages are identified:42,43
the synchronous spreading stage, where the droplet apparent
contact line and the nano wicking front move at the same speed,
followed by a hemi-spreading stage where the apparent contact
line stops but the nano wicking front continues to advance.
In the present study, the bulk wicking front advances faster
for the d/s = 0.333 case, analogous to the synchronous spreading
stage with non-distinguishable bulk and nano wicking fronts;
however, bulk wicking is much slower for d/s = 0.2 where hemispreading takes place with nano wicking ahead of the bulk
wicking front. In other words, the distance between the nano
and bulk wicking fronts is found be to a function of the bulk
wicking speed. When the bulk wicking is faster in-between pillar
rows for d/s = 0.333, the wicking capability of the nanostructure
cannot catch up with the bulk wicking speed, resulting in a
smaller nano-wicking length ahead of bulk wicking compared to
the d/s = 0.2 case, as shown in the middle column of Fig. 6.
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Fig. 6 Bulk versus nano wicking front of the hierarchical surfaces for (a) d/s = 0.333 showing two wicking fronts close to each other at t = 0.5 ms and (b)
d/s = 0.2 showing the nano wicking front ahead of the bulk wicking front at all times.

Fig. 7 A comparison of wicking dynamics over two consecutive pillar spacings showing two-stage wicking dynamics on both micropillars and
hierarchical surfaces for a micropillar height of 26 mm and a diameter-to-spacing ratio, d/s, of (a) 0.333 and (b) 0.2. Black and red squares denote
micropillars and hierarchical surfaces, respectively.

To further explore the dependence of wicking improvement
on the micropillar geometry, wicking experiments were conducted on micropillars of varying heights (8–26 mm) and pillarto-pillar spacings (30–60 mm) without and with nanorods. Fig. 7
shows the two-stage wicking dynamics for two consecutive pillar
spacings for micropillar diameter-to-spacing ratios, d/s, of (a)
0.333 and (b) 0.2 both with a pillar height of 26 mm. Similar to
those with a pillar height of 13 mm (shown in Fig. 3–6), no
significant wicking enhancement is observed without and with
nanorods for d/s of 0.333, as shown in Fig. 7a, but obvious
enhancement is observed for d/s = 0.2, as shown in Fig. 7b. The
bulk wicking front positions for micropillar and hierarchical
surfaces are close to each other in the first wicking stage around
micropillars, but the time it takes to wick in-between pillars is
shorter for hierarchical surfaces compared to bare micropillars,
all consistent with the findings from the h = 13 mm cases.
It is important to note that the micropillar height and pillar
density are varied in this study while the nanostructures on the
hierarchical surfaces are kept the same. At a relative high pillar

This journal is © The Royal Society of Chemistry 2019

density, e.g., d/s = 0.333, the wicking speed of the pure micropillar and hierarchical surfaces is almost the same, while at a
lower pillar density, e.g., d/s = 0.2, the wicking speed of hierarchical surfaces is faster. The wicking speed of the speed-limiting
stage when the wicking front is in between two pillar rows
is increased when the pillar density of the hierarchical surface
is lower. This is because the wicking front in the nanostructure is
always faster than the bulk wicking front in the microstructures.
The bulk wicking speed is increased in this stage by decreasing
the apparent contact angle. However, the speed enhancement is
negligible when the wicking front is around pillars.

4. The wicking model for hierarchical
surfaces
In this section, a scaling model relating the propagation
coeﬃcient with the fluid properties and geometrical parameters of micropillars has been developed by balancing the
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surface energy change with the frictional work as liquid wicks
the micropillars. The model is then extended to hierarchical
surfaces by incorporating the eﬀects of nanostructures on
increasing both the capillary pressure and viscous resistance.
Fig. 8 depicts the systems considered in the wicking models
of micropillar and hierarchical surfaces. A unit cell of micropillars consists of two distinguished regions: Region 1 is around
micropillars and Region 2 is in-between pillar rows. Here, the
micropillar spacing, height and diameter are shown as s, h and
d, respectively. Wicking is along the x axis, the pillar height is
along the z axis, and y axis is perpendicular to the wicking
direction. The cross-sectional view of the unit cell is shown in
Fig. 8b assuming the top surface of the wicked liquid is having a
flat meniscus. In the model, the circular micropillars are simplified as rectangular micropillars with length d and width s-L,
shown in Fig. 8c, where Region 1 is considered to be a microchannel bounded by three wall surfaces: two pillar side walls and


pd 2
a micropillar base plane. Here, L ¼ sd 
d is the
4

Paper

equivalent channel width of the rectangular pillars, considering
Region 1 of the rectangular pillars shown in Fig. 8c holds the
same volume of liquid as in Region 1 of the circular pillars
shown in Fig. 8a. Note that the length of the rectangular
micropillar, along the wicking direction, is kept the same as
the diameter, d, of the circular micropillar.
The following assumptions are considered in the model:
(i) The meniscus shape of the top surface is considered to be
flat during wicking and the meniscus height is the same as the
height of micropillars as shown in Fig. 8b.
(ii) Circular micropillars are simplified as rectangular pillars
with length d, the same as the pillar diameter, and width s-L, as
shown in Fig. 8c. Wicking in Region 1 is considered to be
channel flow bounded by three surfaces and in Region 2 is over
a flat surface.
(iii) Flow in both Regions 1 and 2 is considered to be fully
developed.
(iv) Surface contamination and defects are not considered in
the model.

Fig. 8 (a) A unit cell of the structured surface consisting of two distinguished wicking regions: the blue box is Region 1 (around micropillars) and the red
box is Region 2 (in-between pillar rows). (b) Cross-sectional view of the structure along the wicking direction x, showing the flat meniscus on the top as
assumed in the current study. The black dashed box is one unit-cell, consisting of Regions 1 and 2. (c) Wicking in circular micropillars is simplified as
wicking in rectangular micropillars with length d and width s-L, where Region 1 is bounded by three wall surfaces, holding the same volume of liquid as
Region 1 around circular micropillars shown in (a). Schematic of the velocity profiles in Regions 1 and 2 is shown where u1(y,z) is the x-velocity of the
wicking liquid in Region 1 (bounded by three wall surfaces) and u2(z) is the x-velocity in Region 2 (over the micropillar base plane). Wicking in hierarchical
surfaces is modeled assuming nanostructures in both Regions 1 and 2.
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(v) Gravitational eﬀects are not considered since the Bond
number, Bo = rh2g/g,33 is very small O (106–105).
The model is based on balancing the total work done to
overcome the frictional resistances as liquid wicks from the water
bath level to the wicking front with a change in the surface energy
of the system as liquid wicks over one-unit cell, expressed
a
as Wtotal ¼ DE, where a is the wicking length and Wtotal is the
s
work done to overcome frictional resistance for one unit-cell of
length, s. The change in the surface energy of the system as liquid
wicks over one-unit cell of the micropillar surface consisting of
Regions 1 and 2, as shown in Fig. 8a, is given by
DE = g[(rm  fs,m) cos y  (1  fs,m)]s2
(1)
pdh
where rm ¼ 1 þ 2 is the roughness measure of micropillars,
s
pd 2
fs;m ¼ 2 is the solid fraction of a unit cell, and y the intrinsic
4s
contact angle.
Frictional losses arise due to liquid wicking in Regions 1 and 2
of the unit cell. In Region 1, for bare micropillars, wicking flow can
be considered to be a channel flow, bounded by two pillar side
walls and a pillar base plane, as shown in Fig. 8c. The x-velocity
of the wicking flow in Region 1, u1, depends on both y and z
coordinates and can be derived assuming no-slip conditions on
L
L
three side walls, i.e., u1(y,z) = 0 at y ¼  , y ¼ , and z = 0, and
2
2
@
a free surface on the top, i.e., ðu1 ðy; zÞÞ ¼ 0 at z = h, following
@z
     
 y 2 
z
z 2

u1 ðy; zÞ ¼ U1;max 2
14
(2)
h
h
L
Here, U1,max is the maximum velocity of Region 1 at z = h and
y = 0. Shear forces exerted by the no-slip walls are calculated
@u1
¼
from the velocity gradient as F1;s ¼ 2A1;s m
@y y¼L=2
Ð h @u1
@u1
dz for the side walls and F1;b ¼ A1;b m
¼
2md 0
@y y¼L=2
@z z¼0
Ð L=2 @u1
dy for the bottom surface, where A1,s is the area
md L=2
@z z¼0
of the side wall and A1,b is the area of the base plane of Region
1. The work done to overcome the frictional resistance can be
calculated by multiplying the shear force with the distance
travelled by the wicking flow. For Region 1, the wicking front
travels a distance d such that the friction work for the side walls
h
becomes W1;s ¼ F1;s d  d 2 mU1;max and for the bottom surface
L
L
it follows W1;b ¼ F1;b d  mU1;max d 2 .
h
Flow in Region 2 can be considered to be flow over a flat
surface with x-velocity u2, as shown in Fig. 8c, whose profile
depends on z only and can be derived assuming no-slip conditions on the base plane (u2(z) = 0 at z = 0) and a free surface on


@
the top
ðu2 ðzÞÞ ¼ 0 at z ¼ h , following
@z
     
z
z 2
u2 ðzÞ ¼ U2;max 2
(3)

h
h
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Here, U2,max is the maximum velocity in Region 2 at z = h. The
shear force exerted by the bottom surface is calculated from
@u2
@u2
¼ sðs  dÞm
,
the velocity gradient as F2;b ¼ A2;b m
@z z¼0
@z z¼0
where A2,b is the area of the base plane of Region 2 and m
is the liquid viscosity. For Region 2, the wicking flow travels
a distance s  d, leading to frictional work, W2;b ¼
U2;max
.
F2;b ðs  dÞ  sðsdÞ2 m
h
Considering the same amount of liquid is flowing
:
:
:
from Regions 1 to Region 2, i.e., Q1 = Q2, where Q is the
volumetric flow rate, it leads to U1,avgL = U2,avgs, assuming the
meniscus maintains a constant height of h. Here, the average
velocity considering fully developed flow in Region 1 is
1 1Ð L=2 Ð h
4
u1 ðy; zÞdydz ¼ U1;max and in Region 2 is
U1;avg ¼
L h L=2 0
9
1Ð h
2
U2;avg ¼ 0 u2 ðzÞdz ¼ U2;max . This leads to the relation
h
3
between maximum velocities of Regions 1 and 2 as
2
U1;max L ¼ U2;max s. Thus, the total work done to overcome the
3
shear forces within one unit cell combining Regions 1 and 2
can be expressed as Wtotal = W1,b + W1,s + W2,b following


sðs  dÞ2 sd 2 h d 2 s
þ 2 þ
Wtotal  mU2;max
(4)
h
L
h
Introducing the microstructure roughness rm ¼ 1 þ

pdh
, eqn (4)
s2

becomes
Wtotal  mU2;max






s3
d
d
d
hs
1
ðrm  1Þ 2
1
þ
h
s
s
s
L

(5)

Considering that L2 E s(s  d) for s 4 d and L E s and
U2,max B U2,avg, it yields





s3
d
d
d
h
ðrm  1Þ
Wtotal  mU2;avg 1 
1
þ
(6)
h
s
s
s
ðs  dÞ
As observed in the experiment, the slow wicking stage, i.e.,
Region 2, dictates the wicking dynamics such that U2,avg can be
approximated as the velocity of the wicking front, following
da
U2;avg  . This leads to
dt





da s3
d
d
d
h
1
ðrm  1Þ
1
þ
(7)
Wtotal  m
dt h
s
s
s
ðs  dÞ
a
Substituting eqn (1) and (7) in Wtotal ¼ DE and integrating, it
s
follows





1 s3
d
d
d
h
m 1
1
þ
ðrm  1Þ
s h
s
s
s
ðs  d Þ
ð
ð
 ada  g rm  fs;m cos y  1  fs;m s2 dt
and utilizing the wicking length versus time relation a = Gw/ot1/2,
it yields the following relation for the propagation coeﬃcient
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without nanorods, Gw/o, as
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
rm  fs;m cos y  1  fs;m
gh
u




(8)
Gw=o  Iw=o ¼ u
t
d
d
d
h
m
1
ðrm  1Þ
1
þ
s
s
s
ðs  dÞ
Eqn (8) describes how the propagation coeﬃcient for micropillars without nanorods is related to fluid properties, such as
viscosity m and surface tension g, as well as the topography of
micropillars, such as roughness rm, solid fraction fs,m, diameter
d, height h, spacing s and wettability y. Note that this scaling
model for the propagation coeﬃcient of wicking in micropillars
is inspired by Kim et al.,33 where the shear forces in two diﬀerent
regions are added to calculate the total viscous resistances.
However, in the current study, the friction work instead of the
friction forces is added to balance the change in the surface free
energy since forces in diﬀerent regions should not be added.
The model for the propagation coeﬃcient in micropillars is
then extended for hierarchical surfaces, where nanostructure is
considered in both Regions 1 and 2. For a hierarchical surface,
the change in the system free energy as liquid wicks one unit
cell consisting of Regions 1 and 2 follows
DE = g[(rn(rm  fs,m)) cos y  (1  fs,m)]s2

0



sðs  dÞ2 sd 2 h d 2 s
þ 2 þ
h
L
h

0

Eqn (13) indicates that the viscous resistance enhancement factor,
b0 , depends on the nanostructure topography, such as porosity e,
1
permeability 2 and height hn. The propagation coeﬃcient for
a
micropillars with nanorods, Gw/, can hence be expressed as
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u r r f
gh
u
n m
s;m cos y  1  fs;m



 0 (14)
Gw=  Iw= ¼ u
t
d
d
d
h
bm
ðrm  1Þ
1
þ
1
s
s
s
ðs  dÞ
Eqn (14) describes how the propagation coeﬃcient for micropillars
with nanorods is related to fluid properties and micropillar
topography, similar to eqn (8), as well as nanorod topography,
such as roughness rn and b 0 . For the micropillar-only case, by
setting rn = 1 and b 0 = 1, eqn (14) reduces to eqn (8).

(10)

5. A comparison between models and
experiments






s3
d
d
d
h
ðrm  1Þ
1
1
þ
h
s
s
s
ðs  dÞ
(11)

In this section, the propagation coeﬃcients predicted by
the models are compared against the experimental results of
wicking on both micropillar and hierarchical surfaces. Fig. 9a
shows the experimental values of propagation coeﬃcient,
Gw/o,exp., with respect to the parameters of micropillar geometries
(diameter, spacing and height), material (the intrinsic contact
angle) and fluid properties (surface tension and viscosity),
defined as Iw/o in eqn (8). The experimental values of the
propagation coeﬃcient for micropillars, Gw/o,exp., scale well with
Iw/o predicted by eqn (8). The black dashed line in Fig. 9a is
the least-square fitting with R2 = 0.99 and its slope is the
proportionality constant, which is 0.35 for the bare micropillar
cases, accounting for the eﬀects of surface defects and the
assumptions made in the modeling section.

Eqn (10) can be rewritten for hierarchical surfaces as
Wtotal  mb0 U2;avg

which leads to the following expression for the viscous resistance
hn2 dP
enhancement factor, b0 , assuming the average velocity u ¼ 0
3b m dx
taking the format of flow over a flat surface
,"
pﬃ
hn2 2
1  ea ehn
0
pﬃ
pﬃ
a
b ¼
pﬃﬃ
3
a ehn ea ehn þ ea ehn
(13)
#
pﬃ
ea ehn  1
pﬃ
pﬃ
þ pﬃﬃ
1
a ehn ea ehn þ ea ehn

(9)

Here, rn is the nanostructure roughness. The nanostructure is
considered on the bottom surface and two side walls of Region
1, as well as the bottom surface of Region 2, such that
it increases the frictional resistance compared to bare micropillars. Considering b 0 as the resistance enhancement factor,
the work done to overcome the frictional resistances of the
L
0
bottom surface of Region 1 follows W1;b  b0 mU1;max d 2 and
h
h
0
0 2
for the side walls, W1;s  b d mU1;max . Similarly, for Region 2,
L
frictional resistances of the bottom surface can be scaled as
U2;max
0
. This leads to the total work done to
W2;b  b0 sðs  dÞ2 m
h
overcome the shear force for a hierarchical surface as
Wtotal  mb0 U2;max



dn
 0:2 in the present study . Here, dn, sn and fs,n are the
sn
diameter, spacing and solid fraction of nanorods, respectively. All
parameters in the Brinkman’s equation are determined based on
the nanostructure geometry obtained from the SEM images. The
average velocity obtained from the Brinkman’s equation is given by
"
pﬃ
dP 1
1  ea ehn
pﬃ
pﬃ
u ¼
p
ﬃﬃ
dx a2 m a ehn ea ehn þ ea ehn
(12)
#
pﬃ
ea ehn  1
pﬃ
pﬃ
þ pﬃﬃ
1
a ehn ea ehn þ ea ehn

where the constant b 0 can be calculated by solving the Brinkman’s equation for flow through a porous medium, i.e.,
d2 u
dP
dP
m 2  e  ma2 eu ¼ 0, where
is the pressure gradient
dz
dx
dx
pdn2
1
is the porosity and 2 ¼
driving the flow, e ¼ 1  fs;n ¼ 1 
4sn2
a
ln fs;n 1=2  0:738 þ fs;n  0:887fs;n 2 þ 2:038fs;n 3 þ o fs;n 4
sn2
4p
dn
is the permeability of the nanorods and is valid for o 0:5731
sn
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Fig. 9 Experimental values of propagation coeﬃcients, Gexp., for wicking on (a) micropillar and (b) hierarchical surfaces are plotted against predicted
model I obtained from eqn (8) and (14) respectively, with good linearity.

Similarly, Fig. 9b shows the experimentally determined
propagation coeﬃcients for the hierarchical surfaces, Gw/,exp., with
respect to the parameters of micropillar geometries (diameter,
spacing and height), material (the intrinsic contact angle), nanorod
geometries (diameter, spacing and height) and fluid properties
(surface tension and viscosity), defined as Iw/ in eqn (14). Good
linearity is achieved between Gw/,exp. and Iw/ for the hierarchical
surface with the red dashed fitting line as shown in Fig. 9b
corresponding to R2 = 0.99 and its slope is the proportionality
constant, which is 0.94 in the present study.
The height of the micropillars is also varied in the present
study and the results show that the wicking improvement of
hierarchical surfaces over micropillars depends on the micropillar height. Fig. 10 shows the hierarchical to micropillar
propagation coeﬃcient ratio as a function of the micropillar
diameter-to-spacing ratio for diﬀerent micropillar heights
with symbols denoting the experimental results and lines for
model predictions determined using eqn (8) and (14) with the
proportionality constants obtained from linear fitting. Wicking
enhancement in hierarchical surfaces is only observed when
the ratio is higher than unity. The experimental results show
that for a fixed diameter-to-spacing ratio, such as d/s = 0.2,

wicking enhancement increases with the decrease in the micropillar height, consistent with model predictions. Agreement
between experiments and the model is also obtained for a
certain micropillar height. For all the micropillar heights,
wicking enhancement is found to be a strong function of the
micropillar diameter-to-spacing ratio. The smaller the d/s ratio
or the larger the pillar-to-pillar spacing, the stronger the
enhancement. This is consistent with our two-stage wicking
model: for a larger pillar-to-pillar spacing, the length of the
slow wicking stage (Region 2) increases such that the eﬀect of
nanostructure wicking is more significant. Fig. 10 also shows
that the higher the micropillar height or the smaller the
diameter-to-spacing ratio the stronger the bulk wicking in
hierarchical surfaces and smaller the wicking enhancement
when compared with bare micropillars. Thus, the relative
position of nano and bulk wicking fronts or the nanostructure
wicking dynamics in the two wicking stages is crucial in
determining the wicking enhancement in hierarchical surfaces.
It is important to note that for a large height, h, and a large d/s
ratio, the hierarchical surface may experience wicking suppression compared to micropillars alone, due to the increased
friction losses of nanorods as a result of a higher bulk wicking
speed for high, dense pillars. The results also show large
discrepancies between the model predictions and experiments
for shorter pillars, mainly due to the actual meniscus shape
during wicking deviating from the model assumption of a flat
meniscus having the same height as the pillars.

6. Conclusion

Fig. 10 A comparison of hierarchical to micropillar propagation coeﬃcient
ratio between the scaling model (lines) and experiments (symbols) as a
function of the diameter-to-spacing ratio for diﬀerent heights of micropillars.

This journal is © The Royal Society of Chemistry 2019

In this study, the role of micropatterns in the two-stage wicking
dynamics of hierarchical surfaces has been studied by changing
the micropillar geometry (e.g., pillar spacing and height) while
keeping the nanostructures the same. Wicking improvement
in hierarchical surfaces over micropillars is found to highly
depend on the micropillar geometry. The added capillary action
due to the nanostructures is found to be trivial when the
wicking front moves around pillars where the microscopic
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capillary driving force is strong, but significantly helps the
wicking process when the wicking front moves in between
pillar rows with a weaker microscopic capillary force. Wicking
enhancement in hierarchical surfaces is related to the relative
positions of the bulk and nano wicking fronts, which determine
the apparent dynamic contact angle, and is found to be more
obvious for the cases of larger pillar-to-pillar spacing. Hence,
adding nanostructures to the existing microstructures for
wicking enhancement is expected to be more eﬀective for
sparse microstructures.
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