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ABSTRACT: Thermocapillary migration describes the phenomenon in which a droplet placed on a nonuniformly heated
surface can migrate from warm to cold regions. Herein, we report an experimental investigation of the migration of silicone oil
droplets on radially microgrooved surfaces subjected to a thermal gradient; the effects of the initial divergence angle and
divergent direction on the migration behavior are highlighted. A theoretical model is established to predict the migration
velocity considering the thermocapillary, viscous resistance, and radial structure-induced forces; furthermore, the proposed
theoretical derivation is validated. This study advances the understanding of this interfacial phenomenon, which has great
potential for regulating and controlling liquid motion in lubrication systems, condensation and heat-transfer devices, and open
microfluidics.

■ INTRODUCTION

The spreading of droplets on a surface is a complex dynamic
phenomenon that occurs at the triple-phase interface, in which
the well-known Marangoni effect describes movement induced
by unbalanced interfacial tension.1−6 A droplet placed on a
nonuniformly heated hydrophilic surface can migrate from
warm to cold regions in the absence of external forces.7−11

This motion is manifested as thermocapillary migration and
has attracted significant research interest for numerous
applications such as bearings, condensation devices, and
microelectronics.12−16 Typically, rubbing surfaces encounter-
ing thermal gradients can yield starved or even dry lubrication
conditions.17 In condensation assemblies, this migration can
guide the flow of liquid, enhancing the condensation and heat-
transfer efficiency.18 Given that thermocapillary migration
occurs on solid surfaces, investigations of this phenomenon,
particularly on mitigating or reinforcing it, mainly focus on the
surface topography.
Over the past few decades, surfaces have been structured,

textured, or engineered with micropatterns to alter the surface/
interface properties.19−22 Regularly patterned microgrooves are
one of the representative structures and have been widely
investigated.23 The study of Grützmacher et al.24 and our
previous study25 revealed that on surfaces with a regular
pattern of microgrooves, the migration parallel to the patterned
microgrooves was accelerated, whereas it was pinned when

perpendicular to the pattern. This anisotropic property is
appealing and has inspired researchers to design heteroge-
neous, mixed, or gradient patterns of microgrooves to achieve
better performance.
By systematically changing the width of the grooves,

Sommers et al.26 achieved a variable-width microgroove
pattern to control droplet motion in a direction perpendicular
to the grooves. Similarly, Grützmacher et al.27 designed a
multiwidth mixed microgroove pattern to enhance motion
parallel to the grooves. Bliznyuk et al.28 fabricated stripe-
patterned microgrooves with different area densities, which
exhibited preferential liquid spreading in the direction parallel
to the stripes. Moreover, properly designed gradient micro-
groove shapes, such as triangle grooves, can alter the liquid
movement.29

These intelligently designed microgroove patterns have
exhibited many idiosyncratic capabilities for regulating liquid
migration. In addition to the shape, geometry, density, and
arrangement of microgroove patterns, radial gradient micro-
grooves represent a typical pattern configuration. Intuitively,
radially designed microgrooves appear to be advantageous for
guiding, gathering, and converging a liquid on the surface,

Received: May 7, 2019
Revised: June 11, 2019
Published: June 21, 2019

Article

pubs.acs.org/LangmuirCite This: Langmuir 2019, 35, 9169−9176

© 2019 American Chemical Society 9169 DOI: 10.1021/acs.langmuir.9b01352
Langmuir 2019, 35, 9169−9176

D
ow

nl
oa

de
d 

vi
a 

N
A

N
JI

N
G

 U
N

IV
 A

E
R

O
N

A
U

T
IC

S 
&

 A
ST

R
N

T
C

S 
on

 J
ul

y 
19

, 2
01

9 
at

 1
5:

00
:4

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.9b01352
http://dx.doi.org/10.1021/acs.langmuir.9b01352


where the initial divergence angle between two adjacent
grooves and the divergent direction are very important
parameters. Confirming and enhancing these features has
great potential for applications in condensation and heat-
transfer devices. However, a review of the available literature
indicates that there is little experimental and analytical data
available regarding the migration on radially microgrooved
surfaces.
Hence, in this study, thermocapillary migration experiments

with silicone oil droplets were performed on silicon substrates
with radial microgroove patterns. The effects of the divergent
direction and initial divergence angle on the migration velocity
were investigated. A theoretical model was established to
predict the migration velocity considering the thermocapillary,
viscous resistance, and radial structure-induced forces. The
experimental and theoretical results were compared, and the
proposed theoretical derivation was validated.

■ MATERIALS AND METHODS
Materials. The solid substrate was fabricated from a single-crystal

silicon wafer with dimensions of 55 × 25 × 0.5 mm, and the average
surface roughness, Ra, was approximately 3 nm. Common silicone oil
was employed for all of the migration tests in this study, and its major
properties are presented in Table 1.

The surface tension of a liquid decreases with the increasing
temperature, and this variation tendency can be described as follows

γ γ γ= − −T T T( ) ( )0 T 0 (1)

where γ(T) and γ0 represent the surface tension at the temperature T
and reference temperature T0, respectively, and γT represents the

surface-tension coefficient, γ = γ∂
∂TT .

In this study, by measuring the surface tensions at different
temperatures via the Wilhelmy plate method, the surface-tension
coefficient was calculated, as shown in Figure 1. The contact angle is
an important parameter that represents the effect of interaction
between a liquid and solid. It was measured via the sessile drop

method at room temperature (approximately 20 °C). By placing a 3
μL silicone oil droplet on a smooth silicon surface and capturing the
image when the equilibrium state was reached, the contact angle was
determined, which was approximately 10 ± 0.5°.

Methods. Figure 2a shows a schematic of the migration apparatus.
The basic principle was the use of temperature-controllable heating
and cooling components to generate a thermal gradient on the
substrate surface; detailed information regarding this apparatus is
available in our previous paper.30 Radial microgrooves were fabricated
on the silicon substrate via photolithography combined with a wet
etching process, as described in previous work.31 Figure 2b presents
optical and micro-three-dimensional (3D) topographic images of the
silicon substrate with an initial divergence angle (α) of 3°. As shown,
the convergent and divergent directions are defined as the direction of
a droplet moving toward and away from the initial divergent point,
respectively, and the initial divergence angle is defined as the angle
between two adjacent grooves. Table 2 presents the geometric
parameters of the radial microgrooves, where w and d0 represent the
width and depth of each microgroove, l0 represents the minimum
distance between the individual microgrooves at the initial divergent
point, and α represents the initial divergence angle.

As shown in Figure 2a, the effective length in the migration test was
approximately 50 mm. The temperatures of the heating and cooling
elements were set as 110 and 0 °C, respectively, generating a thermal
gradient of 2.2 °C/mm on the substrate surface. By reversing the
radially microgrooved substrate, experiments were performed in both
the convergent and divergent directions. Silicone oil droplets with a
constant volume of 5 μL were placed at the center of the substrate,
and the dynamic migration process was captured using a digital
camera. By extracting key frames from the videos and using the front
edge of the droplets as a reference, the migration distance and
spreading area were measured. Then, the migration velocity within
each second was calculated.

■ RESULTS AND DISCUSSION

Migration Behavior on Radially Microgrooved Surfa-
ces. Figure 3 shows the result of a 5 μL silicone oil droplet
migrating on a radially microgrooved surface (α = 3°) in the
convergent and divergent directions subject to a thermal
gradient of 2.2 °C/mm. Key video frames captured during the
initial 30 s were extracted, as shown in Figure 3a. Migration
occurred from warm to cold regions under the effect of the
thermal gradient. As the migration progressed, the droplet
migrated faster in the convergent direction than in the
divergent direction, whereas the surface area of the droplet
on the convergent surface appeared to be smaller than that on
the divergent surface.
Figure 3b shows the quantitative results for the migration

velocity (scatter points), migration distance (line-symbol
series), and surface area (dashed line-symbol series) of the
droplets versus the elapsed time. Initially, the migration
distance on the convergent surface was slightly higher than that
on the divergent surface, and they both increased gradually
over time. The migration velocity decreased rapidly and then
gradually, and the convergent surface yielded a higher
migration velocity than the divergent surface. The surface
area of the droplet on the divergent surface increased
significantly more than that on the convergent surface.
Figure 4 shows the influence of the divergence angle (α) on

the migration performance. Migration experiments were
performed in the divergent direction on substrates with
divergence angles (α) of 1° and 3° under a thermal gradient
of 2.2 °C/mm. Within 30 s, the droplet migrated farther on the
surface with α = 1° than that on the surface with α = 3°. The
initial migration velocity on the surface with α = 1° was

Table 1. Physical and Chemical Parameters of Silicone Oil
at 40 °C

molecular
formula parameter symbol value

[Si(CH3)2O]n dynamic viscosity μ0 100 mPa s
density ρ 0.963 g/mm3

viscosity−temperature
coefficient

b −0.01814 °C−1

droplet volume V 5 μL

Figure 1. Correlation between the surface tension and temperature
for silicone oil and the contact angle on a smooth silicon surface.
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approximately 1.5 mm/s, which was 50% higher than that
(1.02 mm/s) on the surface with α = 3°.
The experimental results indicate that the geometric

parameters of radially grooved surfaces have a significant
effect on the migration performance, and the migration
velocities on surfaces with different divergent directions and
angles are significantly different. To further elucidate the
influence mechanism, a theoretical analysis was described in
the following section.
Theoretical Hypothesis. Theoretical models of a droplet

migrating on an ideal smooth surface can be established by
balancing the thermal gradient-induced driving force with the
viscous resistance force.32,33 When a regular microgroove
pattern is applied to a surface, the groove capillary effect

should be considered. Because the contact angle of silicone oil
on the silicon surface is only approximately 10°, according to
Brochard32 and our previous study,34 it is reasonable to regard
the droplet as a thin film with curved edges. Therefore, the
thin-film lubrication approximation theory can be employed to

Figure 2. (a) Schematic of the migration apparatus; (b) optical and micro-3D topographic images of the silicon substrate with an initial divergence
angle (α) of 3°.

Table 2. Geometric Parameters of the Radial Microgrooves

parameter symbol value

divergence angle α 1°
3°

width w 50 μm
depth d0 25 μm
minimum distance l0 100 μm

Figure 3. Results for the migration of a 5 μL silicone oil droplet on a radially grooved surface (α = 3°) in the convergent and divergent directions
under a thermal gradient of 2.2 °C/mm: (a) details of the migration process; (b) migration velocity, distance, and surface area of the liquid droplet
vs the elapsed time.

Figure 4. Influence of the divergence angle (α) on the droplet
migration behavior under a thermal gradient of 2.2 °C/mm.
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simplify the fluid mechanical analysis,35−38 and it is relatively
easy to identify the force balance acting on the liquid film.
Figure 5 shows a schematic of a migrating droplet on a

radially microgrooved surface. According to the actual

migration phenomenon shown in Figure 3a, the radial
microgroove pattern leads to an asymmetric geometric
morphology of the droplet at the front and back edges.
Comparing and analyzing the extracted key frames from the
videos reveals that a circle with a specified radius can basically
cover the arc lengths at the front and back edges. Therefore,
the footprint of the droplet is assumed to be a circle with a
radius of R and different arc lengths at the front and back
edges. The corresponding central angles are ψF and ψB; XF and
XB represent the front and back positions, respectively; h, L,
and R represent the height, width, and radius of the droplet,
respectively; γ (or γLG), γSG, and γSL represent the liquid−gas,
solid−gas, and solid−liquid interfacial tensions, respectively.
Although the cross-sectional shape of the droplet varies with

time (because the arc lengths at the front or back edges can
increase in the divergent direction or decrease in the
convergent direction as the migration progresses), at each
time step, the migration can be regarded as a quasisteady
process.39 With these assumptions, the driving and resistance
forces acting on the droplet per unit length along the x-
direction were deduced.
Thermal Gradient-Induced Driving Force, FT. For a droplet

placed on a solid surface, Young’s equation defines the
interfacial tension force balance in the vicinity of the three-
phase contact line40

γ γ γ θ= + cosSL LG (2)

The thermal gradient (CT) is constant on the solid surface, i.e.,

= =∂
∂C constT

xT , and it is assumed that the temperature field

within the droplet is exactly the same as that of the solid. When
a constant thermal gradient is encountered, as indicated by the
side view shown in Figure 5, variations in the interfacial
tension at the solid−liquid surface are generated, i.e., the
solid−gas interfacial tension (γF) at the front of the droplet is
larger than that at the back (γB), and the force balance between
the front and back edges is broken. This unbalanced force
results in a traction vector that causes the droplet to migrate
from a warm region toward a colder region.

This thermal gradient-induced driving force actually acts
along the footprint of the droplet. As shown in the plan view in
Figure 5, the x-component of the interfacial tension (γ) for an
element length (ds) along the contact line of the droplet can be
expressed as follows

γ θ ψ γ θ ψ ψ= =f s Rd cos cos d cos cos dix (3)

where θ represents the contact angle and ψ represents the
angle of the line connecting ds with the center of a circle
relative to the x-axis.
Then, the interfacial force ( f) resulting from the x-

components of the interfacial tension, γ, acting on the droplet
at the edges can be estimated as follows

∫ ∫ γ θ ψ ψ= =
ψ

ψ

ψ

ψ

‐ ‐
f f Rd cos cos dx x x

/2

/2

ix /2

/2

x

x

x

x

(4)

Because the interfacial tension increases with the decreasing
temperature, the driving force generated along the footprint
per unit length can be expressed as follows

= −F
L

f f
1

( )T Front Back (5)

By combining eqs 1, 4, and 5, the driving force exerted on the
droplet can be given as

θ γ γ
ψ

γ γ
ψ

= +

− +

Ä

Ç
ÅÅÅÅÅÅÅÅ É

Ö
ÑÑÑÑÑÑÑÑ

F R C x

C x

2 cos ( )sin
2

( )sin
2

T 0 T T F
F

0 T T B
B

(6)

As shown in Figure 5, ψ depends on the corresponding arc
length.
In this study, the initial divergence angles (α) all had a small

order of magnitude. It is reasonable to assume that the arc
length of B′B″ equals the linear length of B′B″; thus, the
following equation is obtained

ψ δ= i
k
jjj

y
{
zzz

x
R
2

tan
2x (7)

where δ = Nα, with N being the number of grooves covered by
the liquid droplet; its values are 6 and 3 under divergence
angles of 1 and 3°, respectively.

Viscous Resistance Force, FV. The viscous resistance force
generated during the migration can be calculated by integrating
the viscous stress (σxz) over the base of the droplet, as follows

∫ σ= =F xd
x

x

xz zV ( 0)
B

F

(8)

Classically, the migration velocity is relatively slow; this motion
conforms closely to the lubrication approximation limit.
Therefore, the migration velocity profile, Vx(z), of the droplet
is governed by the simplified Navier−Stokes equation

μ∂
∂

=
∂
∂

P
x

x
V
z

( ) x
2

2 (9)

where P represents the pressure on the droplet and μ(x)
represents the dynamic viscosity at location x.
Assuming that the substrate moves along the negative x-

direction with a constant speed (U) so that the droplet remains
stationary, the boundary conditions are as follows

Figure 5. Ideal side and plan sketches of a migrating droplet on a
radially microgrooved surface.
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μ
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∂
= ∂

∂
=

= − =

l
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V
z x x

z h x

V U z

1
( )

, ( )

, 0

x

x (10)

By integrating eq 9 and applying the boundary conditions, the
velocity field can be derived as follows

μ
γ= + ∂

∂
− −

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

V z
x

C z
P
x

z zh U( )
1
( )

1
2

( 2 )x T T
2

(11)

where CT represents the thermal gradient on the solid surface.
In the moving frame of reference, the total volumetric flux

across a section of the droplet at a specific x is zero; therefore,

∫ =V z z( )d 0
h

x
0 (12)

Substituting the velocity field equation (eq 11) into this
constraint yields the pressure gradient. Then, the viscous stress
(σxz) exerted by the solid surface on the liquid can be
expressed as follows

σ μ μ γ=
∂
∂

| = −= =
i
k
jjj

y
{
zzzx

V
z

x
h

U C( )
3 ( ) 1

2xz z
x

z( 0) 0 T T (13)

The viscosity of the liquid varies with respect to the
temperature, and this variation can be approximated as follows

μ μ= −T( ) eb T T
0

( )0 (14)

where μ0 and μ(T) represent the viscosities at the reference
temperature, T0, and at temperature T, respectively, and b is
the viscosity−temperature coefficient.
Considering the thermal gradient on the solid surface, the

viscosity, μ(x), can be rewritten as follows

μ μ= [ − − ]x( ) eb T C x T
0

( )C T 0 (15)

where TC is the temperature at the initial position (center of
the substrate).
By combining eqs 8, 13, and 15, and ignoring the curved

parts at the rim, an exact analytical solution for the viscous
resistance force (FV) acting on the droplet can be obtained

μ
γ= Φ −F x x

h
U C L( , )

3 1
2V B F

0
T T (16)

where

Φ = −− + − +x x
bC

( , )
1

(e e )b C x T T b C x T T
B F

T

( ) ( )T B C 0 T F C 0

(17)

Capillary Force, FC. As the migration progresses, the three-
phase contact line moves forward, resulting in a variation in the
free surface energy (E) of the solid−liquid−gas system, which
can be expressed as follows41

γ γ γΔ = − Δ + ΔE A A( )SL SG SL LG LG (18)

where ΔASL and ΔALG represent the changing surface areas of
the solid−liquid and liquid−gas interfaces, respectively.
By substituting Young’s equation (eq 2) into eq 18, the

variation in the free surface energy can be expressed as follows

γ θΔ = Δ ‐ΔE A A( cos )LG LG SL (19)

The capillary forces act on both sides of the droplet. Compared
with the thermal gradient-induced surface-tension force, the
capillary force in the direction opposing the thermal gradient is

far smaller; thus, we ignore it. Because the contact angle of the
silicone oil on the silicon surface is small (only approximately
10°; see Figure 1), it is reasonable to assume that the silicone
oil droplet can easily spread into the grooves. Then, the
capillary force can be deduced from the gradient of the total
free surface energy. Following the simplification proposed by
Rye,42 this force acting on the droplet per unit length can be
given as

γ θ= [ + − ]F
N
L

w h w( 2 )cosC LG 0 (20)

where w and h0 represent the width and depth of the groove,
respectively, as shown in Table 2.

Steady-State Equation. As the droplet moves steadily on
the radially microgrooved surface, the driving forces are
assumed to be equal to the resistance forces. In both the
convergent and the divergent directions, the microgroove-
induced capillary force always influences the migration
behavior. The steady-state equation for the motion can be
established as follows

= +F F FV T C (21)

Finally, substituting eqs 6, 16, and 20 into eq 21 yields the
theoretical expression for the migration velocity on a radially
microgrooved surface

μ
γ

θ γ
ψ

γ
ψ

γ θ

=
Φ

+

−

+ [ + − ]

l
mo
no

i
k
jjj

y
{
zzz
|
}o
~o

U
h

L x x
C L R

N w h w

3 ( , )
1
2

2

cos sin
2

sin
2

( 2 )cos

0 B F
T T

2

F
F

B
B

0
(22)

Validation. Figure 6 shows the experimental and numerical
results for a droplet migrating on a radially microgrooved

surface (α = 1°) in the convergent direction subject to a
thermal gradient of 2.2 °C/mm. As indicated by the line graph,
initially, the numerical migration velocity was approximately
1.8 mm/s; it decreased rapidly within 5 s and then gradually
over time. The numerical results agree well with the
experimental data (scatter points). Meanwhile, when the
capillary force induced by the radial microgrooves is ignored,
the numerical results consistently have a lower amplitude than
the experimental results, as indicated by the dotted line. This
confirms that the radial microgroove-induced capillary force

Figure 6. Experimental and numerical results for a droplet migrating
on a radially microgrooved surface (α = 1°) in the convergent
direction.
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can contribute to the migration, which makes the results more
reasonable.
To further validate the derivation, the migration velocities

on radially microgrooved surfaces with different divergence
angles (α) in the convergent and divergent directions were
calculated, as shown in Figure 7. With α = 1°, as shown in

Figure 7a, the initial experimental migration velocities in the
convergent and divergent directions were 1.79 and 1.5 mm/s,
respectively, and the corresponding numerical results were 1.8
and 1.65 mm/s, respectively. Note that the numerical results
are in good agreement with the experimental data, despite the
existence of a slight difference as the migration progressed.
With α = 3°, as shown in Figure 7b, the larger initial
divergence angle yielded a lower migration velocity. Generally,
a smaller divergence angle results in a smaller spreading area
and therefore leads to a higher migration velocity, in addition
to a larger number of wetted grooves. Moreover, when the
surface includes radial microgrooves, a capillary force is
generated. Whether the migration occurs in the convergent
or divergent direction, this force always exists and contributes
to the movement. It can be inferred that a larger number of
grooves yields a larger capillary force. For a droplet with a
constant volume (5 μL), a microgrooved surface with a smaller
divergence angle has a larger number of grooves wetted by the
droplet. According to eq 20, the theoretical expression for the
capillary force is proportional to the number of grooves
covered by the liquid droplet. Therefore, a surface with a
smaller divergence angle has a higher migration velocity.

Overall, for both the convergent and divergent directions,
the predicted results were always in accordance with the
experimental results; they were both initially high and
decreased gradually over time. These comprehensive compar-
isons validate the theoretical derivation.

Further Discussion. In this study, we investigated the
droplet migration on radially microgrooved surfaces exper-
imentally and theoretically. The dominant forces acting on the
droplet were identified: the thermal gradient-induced Young’s
force and microgroove-induced capillary force are balanced by
the viscous resistance force generated within the liquid during
the migration. The initial migration process is complicated, as
when a droplet is placed on a surface subjected to a thermal
gradient, wetting and migration processes occur simultane-
ously. This means that the initial high migration velocity has
contributions from the wetting and migration velocities, for
which the acceleration and deceleration change in the first few
seconds with the disappearing of the initial wetting effect,
resulting in a rapid decrease in the migration velocity.
Note that the radial grooves yield a deformation of the

droplet shape during the migration process, which changes the
interfacial forces at the front and back edges. Therefore, we
considered this deformation effect and substituted a position-
dependent arc length into the theoretical derivation; moreover,
the radial grooves alter the spreading area of the droplet. The
derived theoretical migration velocity (eq 22) reveals the
existence of a positive correlation between the migration
velocity and the thickness of the spreading droplet. This
indicates that a thicker droplet film can yield a higher
migration velocity. As indicated by the experimental results in
Figure 3, the spreading area of a droplet in the convergent
direction is smaller than that in the divergent direction.
Therefore, under the same experimental conditions, the
convergent direction yields a higher migration velocity than
the divergent direction.
The proposed theoretical model agrees well with the

experimental data obtained under different experimental
conditions. Nevertheless, slight differences exist owing to
several assumptions and simplifications. First, considering the
microgroove-induced capillary force while ignoring the
viscosity resistance introduces an error. Rye42 presented an
approach to quantify this resistance force; while it involves
more assumptions and parameters that are difficult to measure,
more accurate predictions can be obtained at the cost of
additional theoretical derivations and experimental measure-
ments. Second, as the droplet migrates forward, some liquid
remains along the trajectory and in the grooves; neglecting this
residual oil can also introduce an error. Furthermore, the
temperature of the droplet is not equal to that of the solid
surface on which it is placed, and considering the efficiency of
the heat conduction between the solid and liquid would
increase the accuracy of the results.

■ CONCLUSIONS
Numerous studies have indicated that intelligently designed
microgrooves with disparate topographies with regard to their
shape, geometry, density, or arrangement mode have
idiosyncratic effects on the thermocapillary migration of liquid
droplets. However, the divergent direction and initial
divergence angle are also important parameters, and there
have been few investigations of these aspects. Hence, we
performed an experimental and theoretical investigation of
thermocapillary migration on radially microgrooved surfaces.

Figure 7. Experimental and numerical results for a droplet migrating
on a radially microgrooved surface in the convergent and divergent
directions.
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Migration experiments with silicone oil droplets were
performed on radially microgrooved surfaces, and the effects
of the divergent direction and initial divergence angle on the
migration performance were examined. Previous studies have
revealed that the migration velocity on smooth surfaces can be
predicted by balancing the thermal gradient-induced driving
force with the viscous resistance force. Thus, we established a
theoretical model by taking the thermocapillary, viscous
resistance, and radial structure-induced forces into account.
Relative to the experimental results, the proposed theoretical
expression exhibited a high accuracy. This study advances the
understanding of interfacial phenomena and provides general
guidance for the design of radial microgroove patterns, which
have great prospects for regulating and controlling the liquid
motion in lubrication systems, condensation and heat-transfer
devices, and open microfluidics.
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