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Abstract: High-aspect-ratio (HAR) micropillar arrays offer a wide range of applications in micro-
contact printing, switchable transparent optical windows, superhydrophobic surfaces, mechanical
sensors, and actuators, due to their properties such as large surface area and excellent mechanical
compliance. However, owing to their high aspect ratio, these microstructures are prone to lateral
deflection by elastocapillary forces in liquid environments, which is known as top-gathering, limiting
their manufacturing processes and applications. Here, the impact of symmetry on evaporation
triggered top-gathering of micropillars was studied numerically. The initiation of the micropillar
deflection due to capillary forces under varying force distributions was simulated using a COMSOL
Multiphysics simulation package. The simulation was carried out for the configurations of two, four,
and an array of micropillars. For the four micropillar configuration, a new equation was suggested
for calculating the micropillar deflection due to elastocapillary forces, using force distributions
around the micropillars. The suggested equation was verified by comparison with the experimental
observations. The effect of droplet evaporation on deflection/top-gathering of micropillars was
also investigated. It was found that initiation of deflection is due to asymmetry at the rim of the
droplet, generating domino-like deflection of the other micropillars. This study provides a new
equation/criterion for estimating deflection of the micropillars, suggesting array designs that are
resistant to such deflections when interacting with liquids.
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1. Introduction

Micro texturing of surfaces imparts various functionalities such as control over
their wettability and enhancement of their actual surface area [1-4]. The incorpora-
tion of patterned micropillars onto a surface through various fabrication techniques,
e.g., soft-photolithography [5] and replica modeling [6] is a common method of surface
micro texturing.

High aspect ratio (HAR) micropillars are slender microstructures whose heights (verti-
cal lengths) are considerably higher than their other dimensions, giving rise to their high
surface area to volume ratio. The micro texturing of surfaces using high-aspect-ratio (HAR)
micropillars enables their applications in dry adhesives [7], elastomeric smart windows [8],
micro contact printing [9,10], microfluidics [11-13], actuators [14], airflow sensors [15],
contact sensors [16], and anti-wetting surfaces [17,18]. However, an increase in their aspect
ratio makes them susceptible to deformation under capillary forces, limiting their practical
applications [19,20]. The elastocapillary collapse (top-gathering) of these slender micropil-
lars after rinsing with liquids and their subsequent natural evaporation has been reported
earlier, during their fabrication process [21,22]. Other studies have reported elastocapillary
top-gathering of the micropillars during their applications that involve interaction with
liquids [23]. This evaporation-triggered elastocapillary top-gathering depends on geometry,
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surface energy, and chemical composition of the micropillars, as well as surface tension
and evaporation rate of the liquids they are interacting with [24-26]. Some studies have
used adjusting geometry and chemical composition to avoid elastocapillary top-gathering
of the micropillars [27,28]. Specifically, certain aspect-ratio and spacing of the micropillars
have been suggested to prevent their collapse/top-gathering, when they interact with
liquids [25,29]. However, initiation of such a top-gathering process on a wide range of
micropillars (i.e., with varying geometry and chemical composition) and their interaction
with various liquids is still unknown. Understanding the initiation of the top-gathering
process necessitates direct observation of the capillary menisci between the micropillars,
as this ultimately determines the capillary force applied to each micropillar. Previous
studies used either a capillary interaction energy (AW,) [25,30,31] or a bending moment
(Mp) [29,32] for estimating the capillary force (F;). Chandra et al. [25] derived an expression
for the elastocapillary force between two cylindrical micropillars partially immersed in a
liquid based on the equations for the capillary interaction energy given by Kralchevsky
etal. [33]. However, the expressions they presented are applicable only to colloidal particles
attached to a liquid-fluid interface and not for the solid particles (i.e., micropillars which are
fixed to the substrate). Hence, the equation derived by Chandra et al. [25] is not applicable
for estimating the elastocapillary force exerted to micropillars that are fixed to the substrate.
More importantly, the equations for the capillary interaction energy are derived assuming
that the contact angle (here after referred to as 6) subtended between the capillary meniscus
and the cylinder sidewall surface is around 90°. It is clearly stated by Kralchevsky et al. [33]
that the derived equations for the elastocapillary interaction energy are valid and applicable
only when the above condition is satisfied (i.e., 8 ~ 90°). Additionally, Hansson et al. [11]
reported that the criterion for the micropillar stability provided by Chandra et al. [25] is
in good agreement for micropillar with diameters of d > 50 um, whereas the micropillar
with smaller diameters collapsed at a much larger spacing than that predicted by the
criterion [34]. Alternatively, Kim et al. [29] have used the bending moment due to capillary
forces, estimated from the surface tension of the liquid () and its contact angle with the
micropillar (6) to estimate elastocapillary force between micropillars. The stability of the
micropillar against capillary forces and the stiction of the micropillar after drying have also
been explained using a bending-to-resisting moment ratio and a ratio of adhesion energy
change to the elastic energy change, respectively [29].

However, none of these studies address the importance and effects of symmetry and
force distribution around the micropillar on their potential top-gathering. Micropillar arrays
may have variable spacing since it is not viable to fabricate them with perfect symmetry [35].
The vertical capillary rise of a liquid is related to the spacing of two micropillars based on
the minimum free energy principle and interfacial analysis [36]. Therefore, elastocapillary
force exerted on the micropillar by the capillary meniscus on its sides can vary. Significant
asymmetries might result in uneven force distribution around the circumference of the
micropillar, leading to its deflection. This deflection, when transmitted to the other stable
micropillars, may initiate the top-gathering of micropillar arrays [37]. In this work, a
numerical method was developed to study the effect of symmetry of the micropillar arrays
and force distribution on their deflection/top-gathering. The results of this study suggest
certain structural symmetry of the micropillars to avoid their elastocapillary top-gathering
during wet chemistry manufacturing and applications that involve liquids.

2. Numerical Method

First, capillary interaction between two vertical and cylindrical micropillars partially
immersed in water was studied (Figure 1a). COMSOL Multiphysics simulation package
(version 5.4, 2018, COMSOL Inc., Stockholm, Sweden) is used to simulate the micropillars’
deflection. For comparison purposes, similar experimental data obtained by Chandra
et al. [25] were used in these simulations. The micropillars have a height of (h = 9 um)
and a diameter of (d = 0.75 um) with elastic modulus of (E = 1.2 GPa). The type of the
mesh that is used is tetrahedral and the complete mesh consists of 45,000 domain elements,
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22,826 boundary elements, and 4140 edge elements (Figure 1c). The model is then given
boundary conditions, such as material parameters or elements that restrict the model’s be-
havior. The program can then predict each element’s response in relation to other elements.
Fixed boundary conditions limit any rotation or movement at the base of the micropillar,
and deflection of the top can be monitored for various applied loads and material prop-
erties. During the evaporation, the water with surface tension of (’y = 72.5%1\]) forms a
contact angle of (8 = 60°) with the micropillar sidewall/s, observable through the capillary
meniscus. To study the effect of force distribution, “capillary force percentage, x” was
introduced to estimate the effective capillary force acting on the micropillar based on the
distance between them (p). Kralchevsky et al. [33] correlated the strength of the capillary
interaction energy to the capillary rise, which is dependent on the distance between the
two cylinders. Kralchevsky et al. [33] provided Z—;’ plots in which h, and h, are capillary
rise heights at some finite and infinite separation distances, respectively. These parameters
are defined as Equations (1) and (2) [33] in which g is the capillary curvature defined as
m and d is the diameter of the micropillar.

_d cos(8) 8
o = 2 Ln ('yqd(l + sin())) )

he = dcoZS(G) Ln ( 16 ) 2
'yzqzd( /P — 2 + P)

They concluded that the capillary rise could reach a maximum value of 2/,. A similar
approach was used in this paper to calculate the capillary force percentage by correlating
it with the capillary rise as described in Equation (3). For infinite micropillar separation
h¢ equals to i, meaning x = 0% and when the capillary rise is maximum (k. = 2h,), the
capillary force percentage becomes x = 100%.

o= M=l 400 3)
N

To show applied capillary force on the micropillar, circumference of the micropillars is
divided into ‘n” number of segments. Considering the uniform distribution of the horizontal
component of the capillary force around the circumference of the micropillar (Figure 1a),
the point force applied to each segment can be obtained as (f; = F:/x) in which the capillary
force (F;) can be derived as Equation (4).

F. = ntdyysinf 4)

For points (segments) located around the circumference of each micropillar, assuming
an interval of 15°, the number of segments can be obtained as (1 = 360°/15° = 24). This
interval of n = 24 is chosen such that the force distribution along the circumference of
the micropillar can be assumed uniform. The effect of ‘n” and the assumed interval of
each segment (15°) on the micropillar deflection is found to be small (Figure 1d) and,
hence, can be used for developing the model. To be able to show effective zone of the
capillary force on the micropillar, F;; and Fj, which are the amount of the capillary force
applied to opposite sides of a given micropillar is used (Figure 1b). This is because the
asymmetry caused by different distances between neighboring micropillars can result in a
variety of different amounts of force being imposed on a micropillar. Using this approach,
different combinations of the capillary force distribution (F;; — F;) applied on two sides
of the micropillar (Figure 1b) were examined and the resulting deflection (J) was evaluated
for each combination, considering all (X-Y-Z) and only X-Y components of the capillary
force. It is to be noted that the capillary force distribution (F;; — Fj) is not subtracting
two forces but is the force distribution difference. For example, F;; — Fz of 100%-30%
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force distribution means that the capillary forces are as F;; = f; or 100% (for h, = 2h,) on
one side and Fj = 0.3f; or 30% (for h. = 1.3h,) on the other side. On the other hand, it
translates that one side of the micropillar withstands 100% of the capillary force due to small
distance between the micropillars (high capillary rise), while the other side withstands
30% of the capillary force due to a larger distance of micropillars (low capillary rise). It is
to be noted that Fy; is being applied to the effective zone of the capillary force which is
considered from 300° to 60°, considering the angles measured from the positive x-axis with
positive values for counterclockwise (Shown in Figure 1b). The impact of effective zone of
capillary force on simulations is explained in the results.
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Figure 1. The interaction energy between two micropillars. (a) Schematic showing the capillary
meniscus around two micropillars partially immersed in water, forming a contact angle of ‘6’. Various
spacing of neighboring micropillars leads to the capillary rise on the sides of the micropillar of varying
heights, resulting in an unequal force distribution. (b) Schematics showing two partially immersed
vertical micropillars in water. The dark blue circles around the micropillars are the effective zone of the
capillary force and the top right one shows the capillary forces (F;; and Fy, ) acting on their opposite
sides. Effective zone of the capillary force by neighbor micropillar is from 300° to 60°, considering the
angles measured from the positive x-axis with positive values for counterclockwise. (¢) Meshing, and
force distribution (of 100%-30%) along the circumference of the micropillar (diameter of d = 0.75 um
and height of h = 9 um) used for simulating the deflection, due to the capillary forces. (d) Shows the
deflection of the micropillar for different number of segments indicating that the number of segments
is negligible.

To further verify the effect of symmetry on the micropillar stability, four micropillars
partially immersed in water arranged in a square array configuration was simulated.
The micropillar dimensions and the water parameters are kept same as that of the two-
micropillar configuration. For the four micropillar configuration, the F;; of 100% zone
lies in the first, second, and fourth quadrants (from 300° to 150°). The deflection of the
micropillar was simulated for different force distributions, and for different elastic modulus
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values of E = 0.745, 1.2, 3, 6, and 10 GPa. To simulate the initiation of top-gathering
on a multiple micropillars, a water droplet in Wenzel state was placed on array of them
(Figure 2a). The micropillars in this case also have the exact dimensions as those in the
two-micropillar configuration. The type of the mesh used is tetrahedral and complete mesh
consists of 134,113 domain elements, 58,626 boundary elements, and 7056 edge elements
(Figure 2b).

(b)

(pum)

o N & O @

P

/1))0

Figure 2. (a) Schematic shows a water droplet placed on an array of micropillars in a Wenzel state
(b) Meshed array of micropillars in COMSOL Multiphysics. Height and diameter of each micropillar
are 9 ym and 0.75 um, respectively.

3. Results and Discussion

Figure 3a,b show the simulation of the same micropillar with and without the Z
component of capillary force in effect; it is obvious the effect of Z-component of the
capillary force on the micropillar deflection could be considered negligible. As mentioned
before, effective zone of the capillary force on the neighbor micropillar in case of two
micropillar configuration was considered from 300° to 60°. Another example in which
the effective capillary zone was extended from 285° to 75° was modeled to examine how
it affects the deflection. The simulations showed that altering the range of this effective
zone on the circumference of the micropillar has a minor effect on the deflection at higher
asymmetric force distributions which can be neglected (Figure 3d). Focusing on the primary
purpose of this paper, Figure 3d demonstrates how the deflection reduces when the force
distribution moves toward symmetry both with and without Z component consideration.
As is evident, the force distribution of 100%-15%, which is more asymmetric, induces more
deflection than the force distribution of 100%-90%, which is more symmetric. It is possible
to conclude that the micropillar deflection reduced with the improving symmetry of the
capillary force distribution around the circumference of the micropillar, which highlights
the influence that symmetry has on the stability of the micropillar.

For a four-micropillar arrangement, the Z component’s impact and the capillary force’s
effective zone are likewise insignificant. In order to determine how the elastic module
of micropillars affects their stability, deflection vs. elastic modulus (E) for various force
distributions was plotted (Figure 4a). As expected, the graph’s trend is consistent with the
previously collected experimental data [11,25]. Deflection values decreased exponentially
with increasing elastic modulus, meaning that higher values of elastic modulus yield less
deflection. The deflection of the micropillars was plotted for various force distributions
with varying elastic moduli. Interestingly, a linear relationship is observed between the
micropillar deflection and the force-distribution (Figure 4b) similar to that of the two-
micropillar configuration (Figure 3d). This linear relationship enables developing of an
equation to determine the micropillars” deflection under various force distributions. From
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the conventional beam deflection relation [38], the deflection of the micropillar due to a
point load of f; is calculated from Equation (5).
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Figure 3. (a) 2D (X-Y only) and (b) 3D (X-Y-Z) are COMSOL simulation results. The micropillars
height is 1 = 9 um and their diameter is d = 0.75 um. The top right of each micropillar displays the
amount of its deflection in pm which are rounded to the hundredths place. (c) Shows negligible effect
of effective capillary force zone. The green line shows the deflection of the micropillar for effective
zone of the capillary force extended from 285° to 75°, which is close to that of 300° to 60° (red one).
(d) Shows the increase of the micropillar deflection with an increase in asymmetric force distribution
as well as negligible effect of the Z component of the capillary force on the micropillar deflection.

For n = 24 in four micropillar configuration, the deflection (J) of the micropillar for a
given force distribution can be expressed as Equation (6). This linear equation is derived
from Figure 4b and it is applicable for micropillars with different heights, diameters, and
elastic moduli:

d~75(x1 —x3)6" (6)

x1 and x, are the capillary force percentages on two sides of the micropillar, where
(x1 — xp) gives the percentage of force distribution. Capillary force percentages for different
micropillar radius (r) were plotted (Figure 4c,d). It is possible to obtain x; and x; from these
figures by determining the distance of neighbor micropillars from the micropillar whose
deflection is supposed to be calculated. After that, by substituting these numbers into
Equation (6) (Supplementary Materials, Notes S1), deflection caused by asymmetry could be
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(a)

Deflection, 6 (um)

(c)

Capillary force percentage, x

calculated. In practice, the surface containing the micropillars experiences different kinds of
force distributions and needs to be designed for the maximum asymmetric force distribution
to be stable against the capillary forces. Using the terms of Equation (6), the most asymmetry
happens when one side of the micropillar has the least capillary rise (x = 0), which is
the case for the isolated capillary bridging. Based on the simulations, it is preferable to
prevent the micropillars from having even slight deflections (0.5 um) for an isolated
capillary bridging case depending on the micropillar height and spacing; once slightly
deflected the asymmetry is enhanced (or the inherent symmetry is lost) which further
deflects the micropillar. That is why the threshold for a micropillar’s collapse is 0.5 um; if
the micropillar deviates by this much horizontally, the vertical component of the capillary
force will contribute to its collapse/top-gathering with other deflected micropillars.

(b) o9
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Figure 4. (a) Plot showing the effect of elastic modulus on the micropillar deflection for partially
immersed four micropillar configuration for different combinations of capillary force distribution
percentage (Fy,—Fy,). (b) The deflection values plotted against the force distribution (instead of elastic
modulus, E). (c) Plot showing the effect of micropillar geometry (diameter, d = 2r and pitch, p) on
the capillary force percentage (x). The capillary interaction force decreases with increasing pillar
separation distance (p ). (d) The zoomed in portion of the plot in (c) for p/d ranging between 1 and 5.

To verify our model with experimental data, a four-micropillar configuration with di-
ameter of d = 0.75 pm, height of i =9 pm and pitch of p = 1.5 um immersed in water (which
forms a contact angle of 8 = 60°) is simulated. Our model for two different elastic moduli
of E =745 MPa and E = 1.2 GPa showed the deflection of § = 0.77 um and ¢ = 0.46 um,
respectively. These amounts were calculated for the micropillar that experiences the highest
asymmetry level that is possible for the micropillar which is for isolated capillary bridge.
Based on this calculation, the micropillar with elastic modulus of 745 MPa collapses while
the one with E = 1.2 GPa is stable, which is consistent with the experimental data obtained
by Chandra et al. [26]. Furthermore, deflection values for the micropillars used in the
experiments described by Hansson et al. [11] were calculated to verify the validity of
the presented model (Supplementary Materials, Notes S52). Comparing the results of our
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Theorical

Experimental

Simulation

model to experimental data [11] as well as theoretical studies [17] shows its effectiveness in
properly predicting the collapsing behavior of the micropillars (Figure 5).

Collapsed Non-Collapsed

Collapsed Non-Collapsed

Collapsed

Non-Collapsed

1 1 1 1 1 1

10 50 100 150 200 300 400
Pitch (um)

Figure 5. Comparison between numerical simulations of this study and experimental/theoretical
work of others in prediction of collapsing behavior of a micropillar (# = 150 um, d = 20 um, and
E = 5.5 MPa with varying pitches). The simulation results agree with the experimental [11] and
the theoretical data [24]. The green and red sections indicate stable (non-collapsed) and unstable
(collapsed) micropillars, respectively.

A water droplet in the Wenzel state was replicated over a grid of micropillars. This
allowed to further verify the effect of symmetry on the top-gathering of the micropillars.
As observed at the receding corners of the droplet, micropillars experience higher force
gradients across their circumference due to the asymmetry. The micropillars at the center,
symmetrically surrounded by other micropillars, are more stable to capillary forces, when
compared to the corner micropillars. For such a case, there are a variety of force distributions
during water droplet evaporation. The force distribution on a micropillar depends on the
micropillar location and the amount of water surrounding it. The micropillars at the corners
due to asymmetry initiate the top-gathering phenomenon which continues to the center
micropillars similarly to a chain reaction (see Figure 6). The top-gathering may also start
from the center and form another chain reaction in parallel due to the surface defects.
The simulation demonstrates that the top-gathering of the micropillars starts due to a
spontaneous loss of symmetry in the successive menisci located below the water droplet.
A break in symmetry could be caused by a missing pillar in the array, small changes in
the positions of the pillars, or the bending of the pillar at the edge of the droplet. The
bending of the pillar at the edge of the droplet causes a slight change in the symmetry
of the meniscus, which is then amplified by the interaction of capillary and elastic forces.
The initiation of the micropillar deflection, which eventually lead to top-gathering, can
be prevented by choosing the appropriate material. Increasing the elastic modulus of
the micropillars and/or decreasing the aspect-ratio can prevent the initial onset of the
micropillar deflection. The modeling results for the micropillar array match up with the
experimental findings of Garcia-Gonzalez et al. [37] where it was shown that symmetry
break results in top-gathering of the micropillars from the rim of the evaporating droplet
to its central part. Following the initiation of the deflection process at the outside edge of
the droplet, the process of evaporation causes pairs of micropillars to bend either toward
or away from each other. This further disrupts the symmetry of the structure and leads to
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the top-gathering of more micropillars. Capillarity and elasticity, two conflicting factors,
are taken into consideration to understand the process of symmetry breakdown. From a
capillary standpoint, having two symmetric menisci is energetically more advantageous
than having asymmetric menisci. The capillarity promotes deformation which is in contrast
with the elasticity that prevents it. Here, it is shown that the asymmetrical force distribution
is a key factor in the initiation of top-gathering and that the micropillar array becomes
mechanically more unstable and more prone to top-gathering as this asymmetry increases.
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Figure 6. The effect of symmetry on micropillar stability. (a) Simulation results showing the progres-
sive top-gathering phenomenon during water evaporation (b) Top-view of the micropillars deflection.
The micropillars height is & = 9 um and their diameter is d = 0.75 um. Max number next to the
micropillars displays the maximum amount of the deflection in um. The labeled numbers on the axis
are in um directing the coordinates of the micropillars. The amount of deflection is shown by the
bar on the right side of the picture. As it is evident, at the onset of top-gathering, side micropillars
initiate the top-gathering process which is due to asymmetric force distribution. As the evaporation
progresses the final stage shows the complete top-gathering of the array which is compatible with the
experimental data reported in [37].

The results of this study should be considered in the context of its limitations. Al-
though the accuracy of this simulation is thought to be satisfactory, the study’s underlying
assumptions should be taken into account when using it in other situations. Some of these
assumptions are that the shape of the micropillars is limited to circles and that the rate of
evaporation is negligible.

4. Conclusions

The elastocapillary behavior of the HAR micropillar arrays during liquid evaporation
was studied. It was concluded that the distribution of force around the micropillar has a
substantial influence on its deflection behavior. This was confirmed for two, four, and arrays
of micropillars configurations. The simulation results for four micropillar configuration
enabled developing a new expression for estimating the deflection of the solid micropillar
based on the capillary forces instead of using the capillary interaction energy. The effect of
force distribution was used in this expression, enabling the design of stable HAR micropillar
arrays against the capillary forces. It was shown that the micropillars having uniform force
distribution along their circumference are more stable against the capillary forces when
compared to the ones which suffer from uneven force distribution. The new expression
for the micropillar deflection was verified by comparing the numerical results with the
experimental observations. The effect of symmetry was also simulated on the array of
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micropillars. It was shown that edge of droplet suffers from asymmetry which can initiate
the top-gathering of the micropillars in the array. It was also found that to have a stable
array of micropillars, the elastic modulus should be selected in a way that they meet the
deflection criteria of the micropillar that has the highest asymmetry, which is the isolated
capillary bridge. This was performed to ensure that even the highest asymmetry part of the
array will not be unstable to initiate top-gathering of the entire structure. These findings are
significant for the design of stable HAR micropillar arrays with applications in the fields of
micro-contact printing, flow sensors, biosensors, and elastomeric smart optical windows.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings13020292/s1, Notes S1: Calculation of the Micropillar
Displacement (5): Water; Notes S2: Calculation of the Micropillar Displacement (8): Butyl acetate;
Notes S3: Deflection Calculation Equations; Figure S1: Capillary force percentage of water as a
function of pitch over diameter. By knowing the distance of neighbor micropillar and its diameter,
capillary force percentage could be found; Figure S2: Capillary force percentage of Butyl acetate as a
function of pitch over diameter. By knowing the distance of neighbor micropillar and its diameter,
capillary force percentage could be found.
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