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유체 렌즈의 초점과 유동 인자의 상관관계에 대한 수치해석
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Numerical study on the relation between flow parameters
and the focal point of fluidic lens

Mohsen Lahooti and Daegyoum Kim†

Abstract In the present work, the effect of flow parameters such as volume flow rate on focal point 
of fluidic micro lens is investigated numerically. ANSYS Fluent is used for simulations, and the flow 
parameters and number of simulations are determined using the space filling method of design of 
experiment (DOE). Having determined the location of interfaces between fluids inside the micro lens 
which acts as the lens curvature, a ray tracking simulation on each case is performed using COMSOL 
Multiphysics to determine the focal point for each lens. These data are then used to provide a relation 
between flow parameters and the focal point of the lens.
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1. Introduction  

Optical lenses are widely used in many areas, 

including photography, medical and health industries, 

renewable energy production and astronomy. 

However, traditionally, such lenses are produced 

with a specific curvature and without flexibility, 

which confined their usage to the specific design 

criteria due to their fixed focal point. In order to 

change the focal point, it is customary to use 

more than one lens to provide a variable focal 

point. On the other hand, the micro device 

technology provides a reliable solution to overcome 

this shortcoming of traditional lenses via micro 

optofluidic lenses. Micro optofluidic lenses are 

devices in micro scale that consist of two or more 

immiscible fluids, for which their multiphase flow 

provide an interface. This interface acts as the lens 

curvature and by changing the curvature we are 

able to change the convergence and focal point of 

the lens [1,2]. Micro optofluidic lenses have 

different types and shapes including L-Grin hydro 

lenses [3] with two streams of flow and four 

passages to guide the flow motion, multi-convex 

curved duct hydro lenses [4] and air-liquid micro 

lenses [2,5] to name a few. 

There are several researches reported in literature 

investigating various designs of micro lenses. Dong 

and Jiang studied the effects of pH on the surface 

curvature between two fluids and its effect on 
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focal length in micro bubble lenses. [6]. They 

showed that increasing the concentration of water 

will at first result in the increase in the focal 

length, while a further increase in concentration 

reduces the focal point. Dong and Agarwal 

investigated the effect of air pressure on the micro 

curvature of a bubble lens and concluded that the 

increase in pressure increased the curvature and 

hence decreased the focal point of the device [7]. 

Tang et. al. [8] investigated the effect of material 

of the micro lens itself. Mao et. al. [9] designed a 

micro L-GRIN lens with two flow streams with 

adjustable focal point and ability to scatter the 

light. Furthermore, Mao et. al. [10] investigated the 

effect of flow rates on the focal points of 

cylindrical micro-lens. There are numerous 

literature on the adjustable micro lenses which use 

various methods such as pneumatic control [11], 

manipulating refractive index via temperature and 

concentration [12] or utilizing electric field [1] and 

electrowetting [13]. However, there are few works 

that numerically studied the subject or provides the 

relation between flow rates and focal point for the 

plane two fluids micro lenses [14,15]. This motivated 

us to investigate numerically the effect of volume 

flow rate on focal point of a plane rectangular 

micro lens and provide a relation between the flow 

rate and focal points. 

The rest of the paper is organized as follows: 

Sec. 2 introduces problem definition and numerical 

method, in Sec. 3, results and discussion are 

provided, and finally in Sec. 4 we conclude our 

work.

2. Problem description 

2.1 Micro lens model

The micro lens considered in this work is a 

square domain with the length of 900 μm with 

five inlets on the left side and two outlets on the 

Fig. 1. Schematic of the micro lens. The dashed 
arrow shows the direction of a light ray 

right side as shown in Fig. 1. The width of all 

ducts attached to the main domain is 50 μm. The 

micro lens consists of five streams of three 

immiscible fluids. The main fluid (core flow) flows 

with volume flow rate of Q0 at the center and two 

auxiliary flows to help producing the desired 

curvature (Fig. 1). Auxiliary fluid 2 (here after 

AF1 for simplicity) enters the domain from top 

and bottom with the angle of 45° with volume 

flow rates of Q3 while auxiliary fluid 2 (AF2 for 

simplicity) is injected parallel to core flow and has 

different volume flow rates at top and bottom (Fig. 1).

To provide flexibility on refraction indices, five 

different fluids with different refraction indices are 

considered and used in two general cases. In case 

A, Ethanol, cynnemaldehyde and mixture of 73.5% 

Ethylene glycol and 26.5% Ethanol that for 

simplicity we refer to it as the “mixture” are used 

for the core, AF1 and AF2 respectively. In case B 

Ionized water, Benzyl alcohol and mixture are used 

for core, AF1 and AF2 respectively. Table 1 

summarizes the fluids and their properties used in 

our simulations. 

To determine a relation between flow rates into 

the micro lens and the focal point of the lens, we 

consider the flow Reynolds number in range of 1-30
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Table 1. Summary of fluids in micro lens with 
their thermophysical and optical properties

fluid Density 
(kg/m3)

Viscosity 
(mPa·s)

Refraction 
index (n)

Ethanol 789 1.04 1.36
Benzyl alcohol 1044 8 1.54
Ionized water 997 0.89 1.33

Cinnamaldehyde 1050 5.7 1.62
Silicone oil 868 0.65 1.38

Mixture of 73.5% 
Ethylene glycol 

and 26.5% Ethanol
915 9.8 1.41

which corresponds to the working range of these 

devices [2,3]. Furthermore, because there are five 

flow streams of three immiscible fluids to the 

micro lens, we used the following assumptions in 

order to reduce our variable spaces. First of all the 

AF2 is injected to the domain from top and 

bottom (Fig. 1) with the same volume flow rate: 

Q3. For AF1 we considered two different volume 

flow rates, Q1 and Q2 at the bottom and top of 

the micro lens respectively. These different flow 

rates for AF2 result in a more flexible control on 

the focal point of the device. Additionally, in all 

simulations, the ratio of volume flow rate for AF2 

to Q1 is always kept constant: q1* = Q3/Q1 = 0.1; 

all other volume flow rates are also non- 

dimensionalized with Q1. Using these constraints, 

the JMP® SAS software is used with the space 

filling method to determine the number of 

simulations and their corresponding conditions for 

case A and B. For each case, the DOE design 

suggested fifty simulations that can provide 

required data for the final regression between 

volume flow rates and focal points. 

2.2 Numerical method

The fluid flow simulations are performed using 

ANSYS Fluent, where SIMPLE algorithm is used 

for velocity-pressure coupling and the multi-phase 

flow is handled via VOF method. Velocity inlet 

and pressure outlet are used for inflow and 

outflow boundaries respectively. For grid study, we 

simulate five cases with 0.6×105, 1.2×105, 2.4×105, 

and 4.8×105 cells, and results showed the 

convergence with 2.4×105 grid cells with less than 

0.1% error to the finer mesh. After each 

simulation, the location of the interface is 

determined for the volume fraction of φ = 0.5 

and exported for the subsequent analysis of ray 

tracking. The ray tracking is performed with the 

ray optic module of COMSOL Multiphysics. For 

ray tracking, COMSOL numerically solves the 

following system of equations: 
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where q and K are ray position and wave vectors 

and ω is angular frequency. For the homogeneous 

medium, without gradient of refractive index, Eqs. 

(1) and (2) are reduced to 
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where n is the refractive index and c is the speed 

of light in vacuum. In the case of heterogeneous 

medium where a discontinuity occurs at the 

refractive indices such as interfaces, the new 

direction of the ray is computed numerically using 

Snell’s law:
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Fig. 2. Comparison of present results (square 
markers) with experimental measurements 
(star markers) [3].

To validate our simulations, we compare our 

results on the focal point of micro lens with the 

experimental measurements reported in [3]. Fig. 2 

shows excellent agreement between the focal points 

computed (squares) with the one reported in [3] 

(stars) for various flow rates.

3. Results and discussion

3.1 Flow field and the shape of fluidic lens

Fig. 3 shows the interface location via contours 

of volume fraction of AF1 for two different 

simulations from case A and case B. Fig. 3(a) 

corresponds to simulation with Re = 1 with q0* = 

1.5 and q2* = 0.6 while Fig. 3(b) is for Re = 30 

with q0* = 8.8 and q2* = 2.0. These two sample 

simulations are selected to emphasize different 

configurations in the interface occurring in micro 

lens for various Reynolds numbers and flow rates. 

As evident in the figure, increasing the core Re 

confines the penetration of auxiliary flow 1 (AF1), 

and, as a result, for case B with the higher Re 

the main flow occupies most of the micro lens 

and decreases the curvatures. Furthermore, because 

of different flow rates of AF1 on the top and 

bottom, both cases show asymmetry in the top and 

bottom interfaces. The shape of each two-phase 

regions (red contours in Fig. 3) which is confined 

by the core flow on one side and AF2 on the other

A

B

Fig. 3. Volume fraction of AF1 for case A and B

side, is affected by the volume flow rate of AF1. 

For case A that has smaller flow rate of AF1 in 

top, compared to bottom (q2* = Q2/Q1 = 0.6), the 

fluidic lens in bottom penetrates further in the 

domain with higher curvature while for case B 

with (q2* = Q2/Q1 = 2.0) the situation is reversed 

and the top region has higher curvature. 

3.2 Ray tracking

Fig. 4 shows ray tracking for the simulations shown
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Fig. 4. Ray traces for micro lens corresponds to a) case A (Fig. 3(a)) and b) case B (Fig. 3(b))

in Fig. 3. For the ray tracking, the location of the 

interface estimated as the location of volume 

fraction φ = 0.5 for AF1, and data exported to 

the COMSOL Multiphysics software where the ray 

tracking is performed via optic module. It is 

evident from Fig. 4 that, for the higher curvature, 

the entrance side of ray results in a diffused focal 

point and the rays does not converge to a single 

point (Fig. 4(a)). On the other hand, for case B, 

simulation of ray tracking shows a single focal 

point of 1.75 mm from the right side of the lens.

3.3 Volume flow rate and focal point relation

Using the results from all simulations and with 

the JMP software, the final regression is performed 

on the data to obtain the relation between volume 

flow rate and focal point of micro-lens. It is 

notable that, in the regression process, the cases 

similar to case A (Fig. 4(a)) which does not have 

a sharp focal point are ignored and only the data 

related to the sharp points are considered for the 

regression. The final relation is given below: 

where L is the focal point in mm and the 

coefficients α, β, γ, and η are given in Table 

2 for case A and case B.

Table 2. Coefficients of Eq. 6 for case A and B
   

Case A 2.91 0.22 -0.12 -0.06
Case B 2.96 0.13 -0.09 -0.08

* *
0 28.25 1.25 Re 15.5

6.75 0.75 14.5

q q
L    

              
      (6)

4. Conclusions

Numerical simulations of three-fluid optofluidic 

micro-lens are performed using ANSYS Fluent 

software. Various conditions and flow rates are 

considered for each flow stream to compute the 

fluids interfaces inside the micro lens. These 

interfaces act like a lens and can be used to 

manipulate optic rays. The computed interfaces are 

exported to COMSOL Multiphysics software where 

a ray tracking simulation is performed for each 

lens. The number of simulations and their 

corresponding properties are determined via space 

filling design of experiment using the JMP 

software. A multivariable regression is performed 

with JMP to find a relation between the focal 

point of the micro lens and the volume flow rates 

of incoming flows to the micro lens. 
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