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Abstract: Microlenses are essential optics widely used in many fields. The microfluidics-
assisted fabrication method provides a rapid, convenient way to manufacture microlenses.
However, there is no mathematical model to describe the profile of the liquid surface. This
paper provides a theoretical explanation and mathematical model for the formation of the
liquid surface of different curvatures in the microholes of different shapes. A numerical
model based on the finite-difference time-domain method verifies the mathematical model.
Furthermore, the optical properties of the microlenses in different shapes are analyzed
through the demolded microlenses. The proposed theoretical model provides an analytical
way to study the properties of microlenses.

Keywords: microfluidic manipulation; microlens fabrication; surface profile

1. Introduction

Microlenses play an important role in micro-optical systems. Microlenses in different
shapes realize the precise manipulation of light at the micro and nano scale through
specific processing. They are small, lightweight, highly integrated, and have excellent
optical properties. Microlenses in different shapes have a wide range of applications in
many fields [1-9]. In fiber optic communications, microlenses in different shapes can
be used for optical coupling, beam shaping, and optical path conversion to improve the
transmission efficiency of the communication system [1,2]. In imaging and detection
systems, microlenses in different shapes can be used to realize high-resolution imaging
and fast target detection [3-7]. In biomedical fields, microlenses in different shapes can be
used in laser surgery, skin aesthetics, and optical diagnostics. They can be used to make
miniature endoscopes for in vivo observation and diagnosis to improve the precision and
effectiveness of treatment [8,9].

There are several methods for fabricating microlenses [10-30]. In the thermal reflow
method, photoresist cylinders are prepared on a substrate using the photolithography
technique. Then, the cylindrical posts are heated. The photoresist is softened and reflows
into a lens shape [10-12]. The laser direct writing method utilizes a variable-intensity laser
beam to expose the photoresist coated on the substrate. After development, a microlens
profile can be formed [13-15]. Two-photon polymerization 3D printing technology uti-
lizes the simultaneous absorption of energy by two photons to stimulate a polymerization
reaction in the photosensitive polymer. Complex structures can be precisely printed in
three dimensions [16,17]. Reactive ion etching based on chemical reaction and physical
bombardment mechanisms can also be applied for microlens fabrication [18,19]. Grayscale
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lithography utilizes a mask plate to realize variable-dose exposure on the different posi-
tions. Microstructures with different depths can be generated [20-22]. In recent years, the
microfluidics-assisted fabrication method has been widely used in the fabrication of minia-
ture optical devices [23-29]. The method harnesses gravitational force, viscous resistance,
surface tension, and other external forces, e.g., spinning force, to manipulate the microfluid.
By regulating the profile of the liquid surface, microlenses and microlens arrays can be
efficiently generated.

Although the microfluidics-assisted fabrication method has been widely used in the
fabrication of microlenses and microlens arrays, there are few studies on the theory of
the method, especially the formation of the liquid profiles [23-26]. Herein, we developed
numerical models and analytical models to explain the formation of the liquid profile in the
microholes of different shapes. Three types of microhole models, i.e., cylindrical, square,
and hexagonal microholes, are used in the simulation. We also derived the equations
to calculate the liquid profiles in the cylindrical, square, and hexagonal microholes. The
calculated results were validated with those obtained in the simulation using the numerical
models. The 3D models of the microlenses with the profiles predicted by the proposed
model were established, based on which of the optical properties were analyzed.

2. Design of Microlens in the Pre-Defined Microholes

There is a relationship between the contact angle formed by the photoresist and the
microhole wall and the curvature of the microlens, as shown in Figure 1. By adjusting the
contact angle between the photoresist in the microhole and the microhole wall, we can
obtain microlenses with adjustable curvature [31]. The relationship between the contact
angle 6 formed by the photoresist and the microhole wall and the contact angle « of the
microlens is shown in Equation (1).

a+6=90° (1)

(a) (b)

Figure 1. (a) The model of the microlens mold. (b) The demolded microlens.

By adjusting the contact angle 6, we obtain microlenses with different contact angles «
to realize the adjustable curvature. In the figure, /1 is the concave height of the microhole,
and conversely, & indicates the convex height of the microlens. By adjusting the contact
angle 6, the raised height of the microlens changes accordingly. In order to investigate
different shapes of microlenses, we designed three shapes of microlens models: a round
microlens model, a square microlens model, and a hexagonal microlens model. By modeling
the rise of the liquid surface in the microholes, we can get the concave liquid surface under
different contact angles. The microlenses with different contact angles are finally obtained
to realize the adjustable curvature.
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3. Models for the Formation of the Microlens Mold
3.1. Numerical Model Based on Finite-Difference Time-Domain (FDTD) Method

We built a numerical model using capillary filling models using the FDTD method in
the COMSOL Multiphysics 6.0 software [32—40]. In order to investigate different shapes,
we built three shapes of capillary filling models as a cylindrical model, a square model, and
a hexagonal model.

We describe the cylindrical model in detail. We built a cylinder with a radius of 0.5 mm
and a height of 8 mm. The cylinder was divided into upper and lower parts. The upper part
was air and the lower part was liquid. Liquid rises through the channel due to wall adhesion
and surface tension between the air and the liquid interface. The wall adhesion force causes
the liquid to diffuse up along the side of the column wall, and the deformation of the liquid
surface triggers the surface tension at the air-liquid interface. This leads to a sudden change
in pressure above and below the interface. This pressure difference causes liquid and air to
rise. The liquid continues to rise until the surface tension equilibrates with the gravitational
force generated by the rising liquid in the channel. We used the “two-phase flow, phase
field” Multiphysics field coupling feature in the microfluidics module to model the filling of
the capillary. In the “Phase Field” interface, the two-phase flow dynamics was governed by
the Cahn-Hilliard equation [41]. We use this equation to represent the diffusion interface
separating the two phases. The model simulates the mass and momentum transfer of
the fluid based on the Navier-Stokes equation for incompressible fluids [42]; in order to
include the effect of surface tension, it must be included in the model.

Here, we present a detailed account of COMSOL simulations investigating liquid
surface behavior within cylindrical microholes. The simulation framework was established
by initiating a three-dimensional model in COMSOL Multiphysics software, utilizing the
fluid flow module to configure multi-phase, two-phase, and laminar flow using the phase
field method. A transient study with phase initialization was selected to capture dynamic
interface evolution. The geometric model comprised two vertically aligned cylinders
with a radius of 0.5 mm and a height of 4 mm merged into a unified structure, with
material assignments differentiating the upper air domain from the lower SU8 polymer
section. Boundary conditions were implemented with no-slip walls at the top and bottom
extremities, while lateral surfaces employed Navier slip conditions using minimum cell
length factors for slip length specification, excluding wall translation effects under friction.
The fluid—fluid interface configuration incorporated prescribed contact angle parameters
and wall-normal velocity constraints, complemented by pressure point constraints applied
to four vertices of the upper cylinder. Mesh refinement was systematically executed
through physics-controlled grid optimization to enhance resolution at critical interfaces.
Transient simulations were conducted with adaptive solver parameter adjustments to
address potential convergence challenges, including initialization inconsistencies, temporal
step failures, and Newton-Raphson iteration limits. This comprehensive approach enabled
robust numerical analysis of interfacial dynamics while maintaining computational stability
throughout the simulation process.

By setting different angles of contact angle, we finally get the cylindrical liquid rise
model with « of 10°, 20°, 30°, 40°, as shown in Figure 2.

By analogy, we can obtain the square liquid rise model, and the hexagonal liquid
rise model, as shown in Figures 3 and 4. We compare the numerical model simulated by
COMSOL with the theoretical model derived from the equation.
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(a) a=10° (b)  a=20°

(c) a=30° (d  a=40°

Figure 2. The profile of the liquid surface in the cylindrical microholes with « of 10°, 20°, 30°, and
40°, respectively.
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Figure 3. The profile of the liquid surface in the square microholes with « of 10°, 20°, 30°, and 40°,
respectively.

3.2. Theoretical Model Based on Mathematical Derivation

For the theoretical model, through the derivation of the equation, we established the
cylindrical surface model, the square surface model, and the hexagonal surface model. The
theoretical model is based on the space xyz coordinate system. Through Equation (2), we
can obtain the cylindrical surface model.

z=—1/R*—x2—2, ()
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—I—, r is the cylindrical radius, and 6 is the contact angle. Since the lig-
cos(0)

where R =
uid surface of the cylindrical surface model is a concave liquid surface, we chose the

negative solution.

(a) 0=10° (b) 0=20°
.y - o —
(c) 0=30° (d) 0=40°

} - B -

Figure 4. The profile of the liquid surface in the hexagonal microholes with & of 10°, 20°, 30°, and
40°, respectively.

For the square surface model, the surface consists of a superposition of two surfaces.
Since the square is formed by combining two sets of walls that are perpendicular to
each other, the two surfaces contribute independently to the height of the curved moon
surface [43]. Through the mathematical relationship of the concave liquid surface, as shown
in Figure 5, we can obtain the equation of the surface. Establish a coordinate system at
the lowest point of the lower concave liquid level, and Equations (3)—(5) show the process
of calculating a parabolic surface. By using Equations (6)—(8), we can obtain the square
surface model.

Z=ax>+by+c,b=0c =0, 3)

ﬁ — rtan(f) = ar?, @)

‘T rcoi(@) B tanr(g)' )

e (rcol(G) - tar;(@))le (6)

2= (rcoi(@) tanrw))y% ?)

FmAata s (rcol(@) - tanr(e)>x2 + <rc01(9) - tanr(e))yz/ (8)

where 7 is the radius of the inscribed circle, and 6 is the contact angle.
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Figure 5. Schematic diagram of the lower concave liquid level, green line = m, yellow

line = rtan(0), h = Cosr—(e) — rtan(6).

For the hexagonal surface model, the surface consists of three surfaces superimposed
on each other. The three surfaces contribute to the height of the curved moon surface with
certain weights. By using Equations (9)-(14), we can obtain the hexagonal surface model.

2 = ( - tan(G))le ©)

rcos(0) r
{xz RS (10)
v2 =Pty
z2 = f(x2,42,2), (11)
{x3 — ey (12)
ys =51~ 3y
z3 = f(x3,¥3,2), (13)
1 1 1
z= 521 + 522 =+ 523, (14)

where r is the radius of the inscribed circle of the hexagonal, and 6 is the contact angle.

By comparing the numerical model of the COMSOL simulation with the theoretical
model derived from the equation, Figure 6 is obtained. The picture shows that the numerical
model simulated by COMSOL is in general agreement with the theoretical model derived
from the equation. Since the COMSOL simulation has some minor fluctuations in the liquid
level, it is not perfectly symmetrical. The deviation is small—less than 0.5 microns. The
relative error is small, and the absolute error is small. The absolute errors for the cylindrical
model, the square model, and the hexagonal model are MSE1 yjindrical = 1.4127 X 1077,
MSE2;quare = 2.2677 x 1078, and MSE3}exagonal = 1.5498 x 1075, respectively. This shows
that the theoretical model derived from the equation has a great degree of veracity.
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Figure 6. The surface profiles in the (a) cylindrical, (b) square, and (c) hexagonal microholes calcu-
lated by the FDTD model. The surface profiles in the (d) cylindrical, (e) square, and (f) hexagonal
microholes calculated by the proposed mathematical model. The deviation between the results ob-
tained by the two models for the surface profiles in the (g) cylindrical, (h) square, and (i) hexagonal
microholes, respectively.

4. Profile of Microlens

Based on the theoretical model derived from the equation through MATLAB R2018b
simulation, we derive the extended polynomial corresponding to the model, as shown in
Equation (15). In Ansys Zemax OpticStudio, using the extended polynomial corresponding
to the model, we can derive the profile of the microlens, as shown in Figure 7. The light
propagated from top to bottom. The microlens’ thickness is 0.5 mm, and the material
is BK7.

Z = poo + P1oX + pory + P20x” + p1ixy + po2y’, (15)

Figure 7. Cont.
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Figure 7. The microlenses demolded from the molds with radius of 1 mm and « of 10°, 20°, 30°, and 40°,
respectively. (a) The round microlenses. (b) The square microlenses. (c) The hexagonal microlenses.

5. Optical Characteristics of the Microlens

The models of the microlenses are created using commercial optical design software,
i.e., Ansys Zemax OpticStudio 2023. Then, we analyze the optical characteristics of the
microlenses to realize the study of microlenses in different shapes.

The back focal length and the effective focal length are important parameters of a
microlens, and they determine the ability of the lens to converge light rays and its imaging
characteristics. The formulas for back focal length and effective focal length are shown in

Equations (16)—(18).

BFL = f — %, (16)

where f is the effective focal length, n is the refractive index of the lens material, and d is

the thickness of the lens. . . ,
—=n-1)=—-=—, 17
f ( ) ( Ry R > an

where f is the effective focal length,  is the refractive index of the lens material, and R; and
R are the radius of curvature of the two surfaces of the lens, respectively. For plano-convex
lenses, assuming that the radius of curvature of the plane side of the Ry = oo, the formula
simplifies to Equation (18).

Ry
n—1

f= (18)

In addition, it has been suggested that exact equations for the back and effective focal
lengths of a plano—concave thick lens are those shown in Equations (19) and (20) [44].

nvnZ —1
BFL=R(1— ————— 1
( ) (19)
/12 —
S Aty (20)
n(n?—1)

where 1 is the refractive index of the lens material, and R is the radius of curvature of the
surfaces of the lens.

First, we can obtain the back focal length and effective focal length of the microlens as
shown in Figure 8. As the contact angle gradually increases, both the back focal length and
effective focal length of the microlens gradually decrease. For the same range of contact
angle variation, round microlenses and square microlenses have similar ranges of back
focal length and effective focal length in Figure 8a,b, and hexagonal microlenses have wider
ranges of back focal length and effective focal length in Figure 8c. The longer the effective
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focal length, the weaker the ability of the lens to converge light rays, and the smaller and
farther away the image of the object will be when it is imaged.
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Figure 8. Back focal length and effective focal length of the microlenses. (a) The round microlenses.
(b) The square microlenses. (c) The hexagonal microlenses.

For spherical aberration, we can obtain spherical aberration along the y-axis and spher-
ical aberration along the x-axis, as shown in Figure 9. Compared to the spherical aberration
along the y-axis and the spherical aberration along the x-axis of round microlenses in
Figure 9a, Figure 9c shows hexagonal microlenses have a slightly bigger spherical aberra-
tion along the y-axis and spherical aberration along the x-axis. For different contact angles,
the spherical aberration along the y-axis and the spherical aberration along the x-axis of
square microlenses have a slightly more significant change. All three shapes of microlenses
have small phase differences.

In addjition, the meridional plane (which contains the optical axis of the lens) and the
sagittal plane (which is vertical to the meridional plane) have different radiuses. Therefore,
the meridional and sagittal rays have different focal points. This is called an astigmatism
aberration. The spherical aberration along the y-axis and spherical aberration along the x-
axis illustrated in Figure 9 are very similar, which suggests that the astigmatism aberration
is small.

In addition, compared to the ideal lens, such as diffraction-limited, high-precision
aspheric lens, as shown in Figure 10, their silhouettes overlap significantly. Our manu-
facturing method is simple and low-cost, but the profile of the lens is constrained by the
surface formed in the microholes due to the range of contact angles.
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Figure 9. The spherical aberration along y-axis and the spherical aberration along x-axis of the
mi-crolenses. (a) The round microlenses. (b) The square microlenses. (c) The hexagonal microlenses.

1mm

Figure 10. The sectional view of the microlens and the ideal lens with same EFL and pupil diameter.

6. Microlenses Based on Microfluidic Flip-Flop Molds with Inclined
Wall Holes

In order to achieve controllable microlens curvature, we establish the controlled surface
microlens with an inclined hole wall structure [26] for the study. There is a relationship
between the inclination angle of the hole wall, the contact angle formed by the photoresist
and the microhole wall, and the curvature of the microlens, as shown in Figure 11. By
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adjusting the inclination angle of the hole wall, we can obtain microlenses with adjustable
curvature. The relationship between the inclination angle § of the hole wall, the contact
angle 0 formed by the photoresist and the microhole wall, and the contact angle « of the
microlens is shown in Equation (21). On the basis of the constant contact angle formed by
the photoresist and the microhole wall, by adjusting the inclination angle j of the hole wall,
we can obtain microlenses with different contact angles « to realize the adjustable curvature.
Compared with a rectangular mold, the microlens mold with inclined hole wall structures
is able to achieve adjustable curvature without changing the contact angle formed by the
photoresist and the microhole wall.

a+0+p=90° (21)

(a) (b) (c)

b4 N

—

-~

D
o
=

(d) (€) (H
Figure 11. (a—c) Modeling of controlled surface microlens molds with inclined hole wall structures.
(d—f) Modeling of demolded microlenses.

By modeling the rise of the liquid surface in the microholes, we can get the concave
liquid surface under different contact angles. The microlenses with different contact angles
are finally obtained to realize the adjustable curvature.

For the numerical modeling, following the COMSOL simulation method for cylindrical
models, we model the liquid level rise in microholes with inclined hole walls. First, we
build a cylinder with a radius of 0.5 mm and a height of 8 mm. The cylinder is divided into
two parts: the upper part is air, and the lower part is liquid. Then, we adjust the inclination
angle B of the hole wall, which is 0°, 3°, 6°, 8.5°, 11°, and 14°. Keeping the contact angle 6
between the photoresist in the microhole and the microhole wall unchanged, the contour
of the liquid surface in the microhole with inclined hole wall structure with a contact angle
6 of 20° was finally obtained, as shown in Figure 12.

For the theoretical model, through the derivation of the equation, we establish the
inclined hole wall cylindrical surface model. The theoretical model is based on the space xyz
coordinate system. Through Equation (22), we can obtain the inclined hole wall cylindrical

z=—1/R?—x2—12, (22)

, 1 is the cylindrical radius, and 6 is the contact angle.

surface model.

where R = m
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Figure 12. Contours of the liquid surface in microholes with inclined hole wall structure with contact
angle 6 of 20°.

By using the formula, we can see the relationship between the inclination angle of the
hole wall and the radius of curvature of the microlens surface, as shown in Figure 13.

o
o))

o
o
@0

Curvature radius (mm)
=
h
o

0 5 10 15
Tilt angle of the hole wall (degree)

Figure 13. Relationship between the inclination angle of the hole wall and the radius of curvature of
the microlens surface.

7. Schemes for Microlens Fabrication

The fabrication method of the microlens is briefly described in Figure 14: First, the
microholes are fabricated via 3D printing. Photoresist is poured into the microhole. Then,
the photoresist-filled microhole is put into a vacuum machine to remove the air bubbles
in the microhole. The microhole is spin-coated. After the microhole is stabilized, the
photoresist is cured by exposing the microhole to UV light. In this way, the mold for
fabricating the microlens can be obtained. Then, polydimethylsiloxane (PDMS) is poured
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into the pre-fabricated microhole mold and the microhole is filled. The mold is heated.
After the PDMS is cured, the PDMS is demolded from the microhole. In this way, the
desired microlens can be obtained.

(@ Fabricating @ Filling the microhole @ Vacuuming &
microhole with photoresist spin coating
g Diacrylate polymer /_ Photoresist

- -—

@ UV exposure (& PDMS casting ® PDMS demolding
8 mins PDMS 80 °C 4 hours

= = ~ A

Figure 14. The fabrication procedure of the microlens.

8. Conclusions

In this paper, a theoretical model of curved liquid surface in the microholes for mold-
ing microlens is proposed. Round, square, and hexagonal microlenses with adjustable
curvature can be obtained by controlling the contact angle between the photoresist in the
microhole and the wall of the microhole via capillary force action. This paper provides the
theoretical explanation and mathematical model for the formation of the liquid surface
in the microholes of different shapes. A numerical model based on the FDTD method is
also given for verification. The profiles calculated by the mathematical model match those
obtained by the FDTD method. The influence of the shape of the microholes and the contact
angles of the liquid in the microholes over the profile of the surface is investigated. Fur-
thermore, 3D models of the microlenses that have replicated profiles of the liquid surfaces
are presented. The optical properties of the microlenses in different shapes can be studied.
As the contact angle of the microlens gradually increases, both the back focal length and
the effective focal length of the microlens gradually decrease. The hexagonal microlens
exhibits a great change of back focal length and effective focal length with the variation of
the contact angles compared to the round microlens and the square microlens. As for the
aberration, the phase difference is small for all three shapes of microlenses. The proposed
theoretical model provides an analytical way to study the properties of microlenses, making
the microlens and microlens array design simple and straightforward.
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