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ABSTRACT

Capillary rise, where liquid climbs narrow spaces against gravity, plays an important role in both natural and technological processes. This
study investigates capillary wetting in rounded polygon corners, a less-studied area in microfluid mechanics with significant implications for
industries such as nanotextured surface cleaning, micro-soldering, food technology, and water harvesting. Through experimental analysis, we
examine the relationship between capillary rise height and the geometric parameters of curvature radius and angle in rounded polygonal pil-
lar and array structures. Our findings reveal a direct correlation where the capillary rise height increases as the radius of the corner increases,
emphasizing the critical role of corner geometry in enhancing capillary action. This research not only deepens understanding of capillary
behavior in complex geometries but also provides valuable insights for optimizing capillary-based applications across. By considering the
influence of geometric complexity on capillarity, our study paves the way for innovative approaches in the design and development of effi-
cient systems for fluid manipulation and control.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0231539

Capillary behavior in narrow spaces is a fundamental phenome-
non observed both in nature and in various technological applica-
tions.1–3 This intriguing phenomenon, driven by the interplay of
cohesive and adhesive forces, is observed not only in practical fields in
microfluid mechanics4 but also in numerous practical applications.5,6

In our daily lives, capillary action can be seen in the way plants trans-
port water from their roots to their leaves, defying gravity to nourish
their uppermost parts.7–9 Similarly, the absorption of ink by paper,10

the movement of water through a sponge,11,12 and the functionality of
everyday items like paper towels all rely on capillary principles. These
simple yet essential processes highlight the capillary action in everyday
surroundings.

In the industrial area, capillary action plays an important role in
several advanced technologies and processes. For instance, in the
cleaning of nanotextured surfaces, understanding capillary wetting can
lead to the development of more efficient cleaning methods that ensure
thorough removal of contaminants at the microscopic level.13–16 In dip
coating processes, which are used to apply uniform coatings to com-
plex geometries, the capillary rise of liquids is crucial for achieving con-
sistent and defect-free coatings.5,17 In food technology, specifically in
the chocolate coating process, capillary action is essential for evenly
distributing melted chocolate over confections, ensuring a smooth and

uniform finish.18 Micro-soldering, used in the assembly of microelec-
tronics, relies on capillary forces to draw molten solder into tiny gaps
and around intricate components, ensuring reliable electrical connec-
tions.19,20 Additionally, water harvesting technologies, especially those
designed for arid regions, depend on optimizing capillary structures to
maximize water collection from dew and fog.21–23

Despite the extensive research on capillary rise on cylindrical pil-
lars, as shown in Fig. 1(a), the behavior of liquids in more complex
shapes, such as rounded corners at polygonal pillars and array [see
Figs. 1(b) and 1(c)], remains insufficiently studied to the best of our
knowledge. Understanding the capillary action in these more complex
shapes is important, as they are often encountered in practical applica-
tions and natural phenomena.24,25 The analysis of capillary rise in
rounded corners of polygonal pillars and pillar arrays is particularly
challenging due to intricate interplay between capillary forces and geo-
metric features, like curvature radius and corner angle. Sharp corners
present additional difficulties as they are mathematically considered
singular points, making theoretical analysis complex and often infeasi-
ble. In contrast, rounded corners can avoid this singularity, allowing us
to provide more robust theoretical predictions. Gaining insight into
these behaviors is essential for achieving more accurate predictions
and optimization in various fields, including microfluidics, materials
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science, and biological systems. Through experimental analysis, the
effects of geometric parameters on capillary rise can be understood,
leading to the development of theoretical models that accurately pre-
dict these behaviors.

To measure the rise height at the rounded corners of polygonal
pillars, we fabricate the pillars with a specified fillet radius, r, using a
high-precision 3D printer (Micro cDLM, EnvisionTEC) with a z-axis
resolution of approximately 1lm. Given this high resolution, we
believe that the surfaces of the pillars are sufficiently smooth, minimiz-
ing the potential impact of surface roughness on capillary rise. The
smoothness of these surfaces ensures that the capillary action is pri-
marily governed by the geometric features of the pillars, such as the

corner radius and angle, rather than by microscopic irregularities. The
resin material used in this 3D printing process is not hydrophilic, mak-
ing it unsuitable for our capillary wetting experiments with water. To
address this limitation, we treat the surfaces of the polygonal pillars
with a plasma treatment machine (Zepto, Diener), thereby rendering
them hydrophilic and suitable for capillary wetting experiments.

To provide a comparative analysis, we measure the contact angles
on both plasma-treated and untreated surfaces. The plasma-treated
surfaces exhibit a significantly reduced contact angle of approximately
166 2�, compared to 656 7� on the untreated surfaces. This reduc-
tion in contact angle on the plasma-treated surfaces indicates a sub-
stantial enhancement in wettability, which is critical for efficient
execution of capillary rise experiments. However, this hydrophilic
effect induced by plasma treatment can diminish over time due to sur-
face aging or contamination. The experiments are conducted over a
short period, during which the enhanced hydrophilic effects of the
plasma treatment are maintained. We prepare a solution of water with
blue dye, which enhances the visibility of the water interface and facili-
tates precise measurement without altering the physical properties of
the water (see Fig. 1). Upon immersing the hydrophilic polygonal pil-
lars into the dyed water, capillary action causes the water to rise against
gravity until it reaches an equilibrium height. For the pillar array, we
experiment a triangular array, as shown in Fig. 1(c).

We optically measure the capillary rise height on the polygonal
pillar. We note the rise height at two distinct locations: along the plane
of the polygonal faces, hs, and at the rounded corners, hc, as illustrated
in Fig. 1(b). For the pillar array [see Fig. 1(c)], we measure the rise
height at the pillars, hp, and in the spacing between pillars, hd. Our
measurements indicate that hc < hs and hp < hd, which is attributed to
the geometric effects of the corners. These observations show the influ-
ence of corner geometry on capillary rise and provide essential data for
validating our theoretical models.

The capillary rise height on a cylindrical fiber can be theoretically
described by the equation hf � r ln(lc/r), where lc¼ [c/(qg)]1/2 repre-
sents the capillary length, c is the surface tension, q is the liquid density,
g is the acceleration due to gravity, and r is the radius of the fiber.26 The
capillary length, lc, typically represents the radius of curvature of the liq-
uid meniscus, as illustrated in Fig. 2(a). The theoretical expression for
the capillary rise height, hf, is applicable under the condition that the
fiber radius is much smaller than the capillary length, specifically
lc � r. Under these circumstances, the logarithmic dependence on the
radius provides an accurate prediction of the rise height. However, this
model fails when applied to the rounded corners of polygonal pillars
and array configuration. The observed rise height at the corners, hc and
hp, exceeds the predicted height hf derived from the cylindrical fiber
model. This discrepancy indicates that the cylindrical model does not
account for the geometric complexities introduced by the polygonal
shape, array, and rounded corners. Therefore, a modified theoretical
model is required to accurately describe the capillary rise in these more
complex geometries, taking into consideration the effects of corner cur-
vature and angular variations. To accurately predict the capillary rise
on polygonal structures, we assume that an additional force is exerted
at the corners, leading to an increased capillary rise height beyond the
theoretical hf. We first investigate the rise height on individual polygo-
nal pillars, then extend our analysis to triangular pillar arrays.

Based on the assumption of the additional force, we can express
the rise height at the corner of the polygonal pillar as hc,

FIG. 1. Experimental images of capillary rise on rounded structures. (a) Cylindrical
fiber. (b) Rounded triangular pillar. (c) Pillar array.
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hc � hf þ acDhc; (1)

where ac is the prefactor and Dhc represents the increment in rise
height. The prefactor, ac, in Eq. (1) was determined through a series of
calibration experiments, where capillary rise heights were measured
across various geometric configurations and the data were fitted to the
theoretical model. We typically express Dhc as the equilibrium rise
height by balancing the effective capillary pressure, Dpc, against the
hydrostatic pressure, qgDhc. The effective capillary pressure can be
approximated as Dpc � F/A, where F � cw denotes the surface force,
with c being the surface tension and w the width of the planar section.
Considering geometric feature [see Fig. 2(b)], w¼w0 � 2rtan[(p
� /)/2], where w0 is the width of the polygons, r is the radius of the
rounded corner, and / is the angle subtended by the corner. The area
A is determined by the projected area of the liquid meniscus on the
rounded corner, which adopts a trapezoidal shape: A � [r(p � /)
þ lc]lc. Figure 2(b) shows capillary wetting on the rounded corner of a

triangular pillar, while the inset of Fig. 2(b) illustrates the trapezoidal
projected area of the liquid meniscus. By balancing the effective capil-
lary pressure, Dpc, and the hydrostatic pressure, qgDhc, we derive Dhc
� lc

2w/A of Eq. (1), where lc¼ (c/qg)1/2 is the capillary length. This
theoretical framework of Eq. (1) provides a comprehensive under-
standing of the increased capillary rise height at the rounded corners
of polygonal pillars, offering insight into the complex interplay
between geometric features and capillary forces. By incorporating these
considerations, fluid behavior in applications involving capillary action
in complex geometries can be more accurately predicted and effectively
controlled.

The theoretical equation proposed in this study, as described in
Eq. (1), are validated through a series of experimental observations.
We optically measure the capillary rise height on rounded polygonal
pillars, as depicted in Fig. 3(a). In our experiments, we distinguish
between the capillary rise height at the corners, hc, and the planes, hs,
of the pillars. Figure 3(b) presents a detailed analysis of hc for triangu-
lar pillars with varying corner radii, r. The inset of Fig. 3(b) provides
top-view images of the rounded triangular shapes, illustrating the
increase in r. The graph compares the current theoretical model for hc
(black dashed lines) with the previously established model for hf � rln
(lc/r)

26 (red dashed lines).
Our experimental data reveal a significant discrepancy between

hc and hf at smaller corner radii, which gradually diminishes as r
increases. As the corner radius decreases, the relative contribution of
the side surfaces becomes more pronounced, thereby increasing the
effective capillary pressure at the corners. This enhanced capillary pres-
sure leads to a higher hc at the corners compared to hf observed in
cylindrical structures with the same radius. Notably, when r
approaches the radius of the inscribed circle of the triangle (i.e.,
r¼ 1mm), the rise height hc converges with hf (Dhc¼ 0). This conver-
gence suggests that at larger corner radii, the capillary rise behavior
approximates that predicted by the simpler cylindrical fiber model.26

The agreement between our theoretical model for hc and the experi-
mental results shows the robustness of our approach in capturing the
nuances of capillary rise in polygonal geometries. This validation high-
lights the critical role of corner radius in modulating capillary rise and
provides a refined framework for predicting fluid behavior in polygo-
nal pillars with rounded corners.

At the planar sections of the pillar (denoted as w), the capillary
rise height, hs, can be expressed geometrically using a linear interpola-
tion method as follows:

hs � hc þ as 1� hc=lcð Þw; (2)

where as is a prefactor determined to fit the experimental data pre-
cisely. Similar to the observations in Fig. 3(b), Fig. 3(c) shows signifi-
cant discrepancy between the theoretical rise height hf and the
experimentally measured hs. This discrepancy decreases as the corner
radius r increases. Despite the simplicity of our scaling law of Eq. (2), it
effectively captures the experimental data for hs. Furthermore, we ana-
lyze the curvature, j, at the plane sections, as depicted in Fig. 3(a),
with respect to varying r. The curvature can be approximated by the
expression j � (hs � hc)/w

2. Figure 3(d) shows that the theoretically
predicted j aligns closely with the experimental results, demonstrating
the accuracy of our model. Specifically, the liquid meniscus in the
wider pillar tends to stabilize, forming a nearly flat interface, especially
along the planar surface of the pillar. This confirms that for wider

FIG. 2. Model schematics of capillary rise height. (a) Cylindrical fiber. (b) Rounded
triangular pillar. The inset indicates the projected area.
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polygonal pillars, the capillary rise is governed by the capillary length,
leading to a more uniform and predictable meniscus shape.

To systematically evaluate the influence of corner angle on capil-
lary rise, we fabricate a series of rounded polygonal pillars with corner
radius fixed at r¼ 0.4mm, ranging from triangular to octagonal
shapes. Figure 4(a) illustrates the capillary wetting observed on these
various polygonal pillars. We optically measure the capillary rise height
at the corners, hc, for each polygonal configuration and plotted these
values against the corresponding corner angles, /, as shown in
Fig. 4(b). According to Eq. (1), the rise height, hc, is a function of not
only the corner radius, r, but also the corner angle, /. At lower corner
angles, the liquid meniscus curves more sharply, resulting in a higher
projected area of the liquid meniscus at the corners, which decreases
hc. Conversely, at higher corner angles, the area is less pronounced,
leading to an increased hc. Thus, both the corner radius and angle sig-
nificantly influence the rise height.

The theoretical predictions for hc across different corner angles
demonstrate a strong correlation with the experimental data, confirm-
ing the validity of our model. Specifically, for lower corner angles (e.g.,
in triangular and square pillars), the theoretical prediction agrees well
with the experimental hc. However, at higher corner angles (e.g., hex-
agonal and octagonal pillars), we observe a slight discrepancy between
the model predictions and the experimental results. This divergence
can be attributed to the fact that the size of pillars with larger corner

FIG. 3. Comparison between the theoretical model and experimental results.
(a) Experimental measurements of capillary rise heights at the corners, hc, and
planes, hs, of polygonal pillars. (b) Plot of hc vs corner radius r. The black line repre-
sents the theoretical prediction from Eq. (1), while the red dashed line indicates the
theoretical height, hf. ac¼ 0.3. (c) Plot of hs vs corner radius r. The black line corre-
sponds to the theoretical prediction from Eq. (2). as¼ 1.3. (d) Plot of curvature, j,
vs corner radius r. The black line shows the theoretically predicted j.

FIG. 4. Various polygonal pillars. (a) Experimental images showing capillary wetting
on rounded polygonal pillars with shapes ranging from triangles to octagons.
(b) Plot of hc vs corner angle /. The black line represents the theoretical prediction
from Eq. (1).
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angles extends beyond the typical capillary regime, thereby introducing
additional factors that are not fully captured by the current theoretical
model. These factors may include variations in surface tension effects
and deviations from ideal geometric assumptions.

We now move on to the capillary wetting behavior in a triangular
pillar array. In addition to individual triangle-shaped pillars, we fabri-
cate arrays of three pillars arranged in a triangular configuration and
conduct capillary rise experiments varying the pillar radius, rp, and
spacing, d. We measure the rise height at the pillars, hp, and in the
spacing between pillars, hd, as shown in Fig. 1(c). Our experiments
reveal that both hp and hd increase with increasing r, but they decrease
inversely with increasing d.

Figure 5(a) illustrates the schematic model for capillary rise on
triangular pillars. For the rise height in the spacing, hd, the driving
force for the capillary rise is induced by the surface tension at the pillar,
described as Fc � cr. The resisting force due to gravity can be
expressed as Fw � qgdlchd, considering the liquid volume, dlchd, sur-
rounding the pillars. Balancing these forces leads to

hd � adrlc=d; (3)

where ad is a prefactor determined to precisely fit the experimental
data. We plot Eq. (3) with respect to d and compare it with the experi-
mental results for various r. Figure 5(b) demonstrates good agreement
between the theoretical model and the experimental data for different
values of r and d.

For the rise height at the pillars, hp, we recall the additional
height, similar to the expression in Eq. (1),

hp � hf þ apDhp; (4)

where ap is a prefactor and Dhp is an additional rise height of the pillar
array. The capillary pressure between the spacings, c/d, effectively
raises the liquid column to a height greater than hf. This effective pres-
sure balances with the additional hydrostatic pressure qgDhp, leading
to Dhp � c/(qgd). Our theoretical model, described by Eq. (4), is cor-
roborated by the experimental results [see Fig. 5(c)]. Please note that
hp converges to hf as d increases since the effective capillary pressure
diminishes with larger spacing, reducing its influence on the liquid col-
umn rise. This physical explanation qualitatively accounts for capillary
wetting on cylindrical fibers and interactions within complex struc-
tures such as polygonal shapes and arrays, showing parallels between
Eqs. (1) and (4).

We conduct additional experiments to further investigate the
dynamics of capillary rise over time, specifically focusing on the rise
dynamics at the corners and flat faces of the rounded polygonal pillars.
As shown in Fig. 6, our experimental results demonstrate that the capil-
lary rise initially exhibits a time dependence proportional to t1/2, consis-
tent with the Lucas–Washburn law.27 This indicates that in the early
stages, the liquid ascends along the surface of the pillars at a rate pro-
portional to the square root of time. As the liquid approaches the equi-
librium height, the rate of rise decreases, and the capillary rise height
gradually approaches the equilibrium value. Our experimental findings
provide clear evidence that the capillary rise in these structures con-
forms to the expected behavior described by the Lucas–Washburn law.

In this study, we investigated the capillary wetting behavior in
rounded polygon corners and triangular pillar arrays. Through experi-
mental analysis, we explored the relationship between capillary rise
height, curvature radius, and corner angle in polygonal pillars. Our

findings reveal that hc increases as r and / increase, emphasizing the
critical role of corner geometry in capillary action. We extended our
investigation to triangular pillar arrays, examining how variations in
pillar radius and spacing influence capillary rise. The results demon-
strated that both hp and hd are positively correlated with pillar radius
and inversely proportional to the spacing between pillars.

The model developed in this study, based on scaling analysis, is
intended to capture the general trend of capillary rise at polygon

FIG. 5. Capillary wetting on triangular pillar array. (a) Schematic representation of
the modeling approach, shown in top and side views. The curvature of the side
meniscus is typically expressed as the capillary length, lc. (b) Plot of hd vs d. The
solid lines represent the theoretical model of Eq. (3). ad¼ 1.5. (c) Plot of hp vs d.
The solid lines correspond to the theoretical model from Eq. (4), while the dashed
lines indicate the theoretical height hf. ap¼ 0.04.
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corners rather than to provide precise predictions through detailed
numerical analysis. The scaling approach simplifies the complex inter-
actions between capillary forces and geometric features, allowing for
general insights into how these forces drive liquid rise along the cor-
ners of polygonal structures. While this model effectively captures the
overall trend of capillary rise, the incorporation of prefactors is neces-
sary to refine the comparisons with experimental results, as the scaling
analysis alone does not account for all the nuances of real-world geom-
etries. Our observations indicate that the prediction model with a con-
stant ac¼ 0.3 shows good agreement with experimental data across a
range of corner radii, as illustrated in Fig. 3(b). Additionally, the model
performs well for different corner angles, maintaining consistency
even when ac is held constant at 0.3. This suggests that the chosen pre-
factor effectively captures the essential physics governing capillary rise
in these complex geometries, reinforcing the robustness of the simpli-
fied model under varying conditions.

The agreement between our theoretical predictions and experi-
mental observations across different geometrical parameters validates
the robustness of the theoretical model. Our findings highlight the crit-
ical influence of corner radius on capillary rise heights and curvature,
providing physical insights for predicting capillary behavior in polygo-
nal structures. We expect our study to contribute to the broader under-
standing of capillary phenomena in complex geometries, offering
valuable perspectives for future technological advancements in various
industries. As the corner radii of polygonal pillars increase, the theoret-
ical model proves especially useful in the design of wicking materials
used in heat pipes and other thermal management systems. The tem-
perature of the liquid and its environment significantly affects capillary
rise in rounded polygonal pillars due to its impact on surface tension.
As the temperature increases, surface tension decreases, resulting in a
lower capillary rise height, while lower temperatures increase surface
tension, leading to a higher rise. These temperature-dependent varia-
tions are critical for applications requiring precise control of liquid
movement and must be considered in design and operational
processes.
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