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This paper reports a new design of optofluidic tunable lens using the laser-induced 13 

thermal gradient. It makes use of two straight chromium strips at the bottom of the 14 

microfluidic chamber to absorb the continuous pump laser to heat up the moving 15 

benzyl alcohol solution, creating a 2D refractive index gradient in the entrance part 16 

between the two hot strips. This design can be regarded as a cascade of a series of 17 

refractive lenses, and is distinctively different from the reported liquid lenses that 18 

mimic the refractive lens design and the 1D gradient index lens design. CFD 19 

simulation shows that a stable thermal lens can be built up within 200 ms. 20 

Experiments have been conducted to demonstrate the continuous tuning of focal 21 

length from initially infinite to the minimum 1.3 mm, as well as the off-axis focusing 22 

by offsetting the pump laser spot. Data analyses show the empirical dependences of 23 

the focal length on the pump laser intensity and the flow velocity. Compared with the 24 
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previous studies, this tunable lens design enjoys many merits such as fast tuning speed, 1 

aberration-free focusing, remote control, and enables to use homogeneous fluids for 2 

easy integration with other optofluidic systems. 3 

 4 

1. Introduction 5 

The synergy of light and fluid has a long history. Early examples may be traced back 6 

to the Fizeau’s experiment 1 for determining the speed of light in a running water in 7 

1851 and the light fountains 2 invented not later than 1880. Recently, the development 8 

of microfluidic technology gives birth to a new research field called “optofluidics” 9 

3–10, which integrates light and fluids into a microscale platform for advanced optical 10 

and photonic functionalities. In a short span of time, the optofluidics has made 11 

tremendous progress and it is still driving a paradigm shift in many areas that involve 12 

fluids and light, such as biochemical analyses 6, 8, 11–14, energy production 5,15–18, light 13 

sources 19–23 and many other optical systems 7, 24–32. In these optofluidic systems, it is 14 

essential to focus the light to a desired location in a controllable manner for optical 15 

coupling 32, switching 33–36, collection 11–13, 37 and trapping 38–40. In fact, many 16 

optofluidic systems are arranged in the same plane (i.e, very thin in the vertical 17 

direction), the function of in-plane focusing is already good enough for many 18 

application scenarios 38–40.  19 

Various optofluidic designs have been developed for in-plane focusing 28, but they 20 

can be broadly classified into two categories: refractive lens design and 21 

one-dimensional gradient index (1D-GRIN) lens design as shown in Fig. 1. The 22 

refractive lens design mimics the concept of conventional solid focal lenses with 23 
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curved interfaces as illustrated in Fig. 1(a). It typically creates curved interfaces using 1 

immiscible fluids of different refractive indices (RI) and has step change of RI across 2 

each interface. Prominent examples are the liquid-core liquid-cladding tunable lenses, 3 

which run a high-RI core flow sandwiched by two low-RI cladding flows in a narrow 4 

microchannel  41–47. In an expanded region of the microchannel, the core and cladding 5 

flows rearrange themselves to form curved interfaces, dependent on the hydrodynamic 6 

pressures and thus the pumping flow rates. In contrast, the 1D-GRIN lens design 7 

mimics the concept of conventional solid GRIN lenses (see Fig. 1(b)), and commonly 8 

generates a continuous change of the RI by mixing miscible fluids of different RIs 48 or 9 

by introducing temperature gradient in a homogeneous fluid 49. In the ideal case, the 10 

equi-RI lines are all straight and parallel to the optical axis (see Fig. 1(b)). In reality, the 11 

equi-lines may be slightly curved but are still approximately parallel. Mao et al. 12 

pioneered this concept using the CaCl2 solution (n = 1.41) and the water (n = 1.33) as 13 

the core and the claddings, respectively 48. The intermixing of the two types of flows 14 

generates a hyperbolic secant profile of RI and thus a GRIN lens. Different levels of 15 

focusing have been demonstrated. In addition to the focusing effect, the GRIN-lens 16 

design has also been used for large-angle bending and splitting of light 34,50. These two 17 

categories of designs have been well developed for the in-plane focusing function, but 18 

the demonstrated studies still have some constraints. One is that the tuning of the 19 

focusing state is mostly by adjusting the flow rates. Due to the viscous nature of fluids 20 

and the long fluidic connection from the external flow pumps, the tuning response is 21 

usually slow (~ 1 s) 28. The other is that the adjustment through the external flow pumps 22 

modifies the whole optofluidic waveguide and provides no freedom to relocate the lens 23 

to another point of interest. 24 
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In this paper, we will present another design of optofluidic tunable lens, which can 1 

be regarded as a combination of the previous two designs (see Fig. 1(c)) and is realized 2 

by using the laser-induced thermal gradient. It is able to overcome the existing 3 

constraints and brings in additional benefits. Detailed discussions on the working 4 

principle, the device design and the experimental results will be presented below, 5 

followed by some discussions. 6 

 7 

2. Concept and theory 8 

The conceptual design of the new type of optofluidic lens is shown in Fig. 1(c). It has 9 

refractive index (RI) gradient changes in both the longitudinal and the transverse 10 

direction (called 2D-GRIN lens), thus the equi-RI lines are in curved shape. These 11 

features are distinctively different from the typical 1D-GRIN lens design that has the 12 

RI gradient only in the transverse direction and has the equi-RI lines in the straight 13 

shape. Compared with the typical refractive lens design, the 2D-GRIN lens design 14 

looks like the cascade of a series of refractive lenses along the optical axis. Simply 15 

speaking, the focusing effect of the 2D-GRIN lens design is obtained by gradually 16 

bending the rays to one point and can be tuned by varying the RI gradient profile.   17 

In theory, one of the RI gradient profiles that can realize aberration-free focusing 18 

should follow the square-law parabolic function as given by,  19 
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where n(r) is the RI gradient along the transverse direction, nc is the highest RI at the 21 

center, A is the parabolic parameter, r is the radial coordinate in the transverse direction, 22 

and R is the constant. It is noted that Eq. (1a) is suitable for the 1D-GRIN lens. In our 23 
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work, the RI gradient is 2D and thus the relationship is changed to  1 
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here n(r, z) is the RI at point (r, z), z is the coordinate position along the flow direction, 3 

nc,z is the RI at the central position (r=0, z), Az is the parabolic parameter.  4 

In the 2D space, the ray trajectories inside an optical medium are determined by 5 
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where s is the path length.  7 

The tuning of RI can be obtained by varying the temperature. According to the 8 

thermo-optics effect, the RI of liquid is a function of the temperature as approximated 9 

by 51 10 
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here n0 is the RI at the reference temperature T0, and dTdn  is the thermo-optic 12 

coefficient of the solution, which is usually a negative value.  13 

In this work, CFD (computational fluidic dynamics) and optical ray tracing 14 

simulations are conducted to find an optimized design of tunable liquid lens. First, a 15 

CFD programme is conducted to calculate the heat transfer by considering the 16 

microchip geometry and the flow parameters. Then, the temperature field is converted 17 

into a temperature-induced RI gradient field. Finally, we simulate the ray tracing in the 18 

RI gradient field. In experiment, the temperature field is measured by filling the 19 

microchip with the rhodamine B fluorescence solution, whose fluorescence emission is 20 

strongly dependent on the temperature 52. More details of the simulation and the 21 

temperature measurement can be found in the supplement material. 22 
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  1 

3. Device Design 2 

The schematic design of optofluidic tunable lens device is illustrated in Fig. 2. It 3 

consists of three separate parts: a microchip, a pump laser and an optical fiber. The 4 

microchip is the core part for fluidic control and light focusing; the pump laser is 5 

mounted above the microfluidic chip for light irradiation; and the optical fiber is used 6 

to couple the probe light into the microchip for determination of the focusing effect. 7 

The microchip has three layers in the vertical direction: the top and the bottom are 8 

silica glass slides (nsilica = 1.46), and in between is the microfluidic structural layer for 9 

a rectangular microchamber. Two inlets and two outlets are arranged symmetrically to 10 

balance the input and output of liquid. The microchamber is 5 mm long, 1.5 mm wide 11 

and 45 μm high. The height is intentionally chosen very small so that the flow 12 

convection in the heating process is negligible. This helps sustain the state of laminar 13 

flow even when part of the liquid is heated. The microchamber is photolithographically 14 

patterned by NOA68 optical adhesive (nNOA68 = 1.540). Two chromium straight strips 15 

(width = 125 µm, length = 1 mm, thickness = 1 µm, center-to-center separation = 375 16 

µm) are coated on the bottom glass by magnetron sputtering as the microheaters. For 17 

the pump laser, continuous laser from a semiconductor diode is guided through a 18 

multimode fiber ( = 980 nm, NA = 0.22, Dcore = 200 µm) to irradiate the metal strips, 19 

whose absorption heats up the liquid to establish a sustainable temperature gradient. 20 

The pump laser fiber is mounted over the microchip and controlled by an optical stage 21 

to precisely adjust the laser spot position on the microchip. Green light ( = 532 nm) 22 

is coupled into the microchip through a pigtailed lensed fiber collimator. Benzyl 23 

alcohol is chosen as the liquid to fill the microchamber. This is because benzyl alcohol 24 
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has very low absorptions at 520 nm and 980 nm, a high thermo-optic coefficient (dn/dT 1 

= –5.1  10-4 K-1), a high boiling point 203 oC, a low heat transfer coefficient and a 2 

suitable viscosity (see Supplementary Section S2 for the determination of 3 

thermo-optic coefficient of benzyl alcohol). In addition, benzyl alcohol has a RI of n = 4 

1.5389 at 25 oC, which closely matches the RI of NOA68 adhesive (nNOA68 = 1.540) for 5 

easy optical propagation in the horizontal plane, and is higher than that of the top and 6 

bottom glass slides (nsilica = 1.46) for optical confinement in the vertical direction. For 7 

direct visualization, a CCD imaging system (not shown in Fig. 2) is introduced to 8 

capture pictures and videos from the top side for post-processing.  9 

 10 

4. Results and discussion 11 

4.1 Simulated and measured refractive index gradients 12 

The RI gradient profiles should be examined before considering the focusing effect. 13 

First, a three-dimensional (3D) computational fluidic dynamics (CFD) simulation is 14 

conducted to investigate the evolution of the RI profile inside the microchamber (see 15 

Fig. 3 and the ESI2 video in Electronic Supplementary Information). It can be seen that 16 

it takes about 200 ms to establish a stable RI profile. More results of simulation and 17 

measurement are exemplified in Fig. 4. From the 2D RI profile in Fig. 4(a), it is seen 18 

that when the cool liquid flows through the hot strips, a RI gradient field is generated, 19 

especially at the entrance part between the two strips. The RI profile exhibits clearly 20 

curved equi-RI lines, as expected from Fig. 1(c). The RI ranges from 1.50 to 1.54 (n = 21 

0.04) when the temperature is changed from 25 oC to about 85 oC. In the 3D plot in Fig. 22 

4(b), it is seen that the RI has little change along the vertical direction. This suggests 23 
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that the ray tracing simulation can be conducted in 2D, rather than 3D. Fig. 4(c) shows 1 

the RI profile measured by using the rhodamine B fluorescence. It looks very similar to 2 

the simulated field in Fig. 4(a). The RI distributions along three observation lines P1, 3 

P2 and P3 are plotted in Fig. 4(d). They all follow closely the square-law parabolic 4 

function.   5 

4.2 Tuning of focusing states 6 

Figure 5 demonstrates different focusing states as observed in the experiment. To 7 

visualize the light path, the benzyl alcohol solution is added with a bit of rhodamine B 8 

dye, which absorbs 532 nm light and emits yellow fluorescence for the CCD imaging. 9 

In the initial state (i.e., the pump light is turned off), the probe light is a parallel beam 10 

with the width of about 250 µm (see Fig. 5(a1)). After the pump laser is turned on, the 11 

parallel input probe light starts to be focused, and the focal spot is moved from right to 12 

left with the increase of the pump intensity (see Fig. 5(a2) – (a4)). A minimum focal 13 

length of 1.3 mm is obtained under the conditions of the flow velocity v = 2.06 mm/s 14 

and the pump intensity Pi = 0.60 W/mm2. Further increase of the pump intensity would 15 

cause an unstable flow and thus deteriorate the focusing effect. The focusing spots in 16 

Fig. 5(a2) – (a4) are all on the optical axis as a result of symmetric irradiation of the 17 

two strips. However, when the pump spot is offset to create an asymmetric RI profile, 18 

the probe light beam can be deflected to form an off-axis focusing as shown in Fig. 19 

5(a5). To demonstrate the real-time tuning of the focusing state, a video can be found 20 

in Electronic Supplementary Information. 21 

The normalized intensity distributions along four observation lines L1 to L4 of 22 

Fig. 5(a4) are plotted in Fig. 5(b). They are fitted to the Gaussian function. It is seen 23 

that the peak intensity at the center is increased sharply and the curve shape is better 24 
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fitted to the Gaussian function when the observation line moves closer to the focal spot. 1 

The theoretical value of the focal spot size should be 5.5 m for the focal length 1.30 2 

mm, while the measured value is about 9.8 m due to the enlargement from 3 

fluorescent dye (see Supplement Section S4 for more details). 4 

4.3 Dependences of focal length on pump laser intensity and flow velocity 5 

It is easy to understand that the focal length is dependent on two factors: the flow 6 

velocity and the pump laser intensity. To find out the empirical relationships, two sets 7 

of experiments are conducted. First, the flow velocity is maintained at v1 = 2.06 mm/s 8 

or v2 = 6.17 mm/s, whereas the pump laser intensity is varied gradually from very low 9 

to the maximum 0.6 W/mm2. The results with the error bars are plotted in Fig. 6(a). 10 

Each data point represents five measurements. When the pump laser intensity is 11 

increased from about 0.4 W/mm2 to 0.6 W/mm2, the focal lengths is decreased from 12 

about 2.9 mm to 1.3 mm for v1 = 2.06 mm/s, and 3.3 mm to 1.5 mm for v2 = 6.17 13 

mm/s. It is found that the two curves can be well fitted by the second-order 14 

polynomial function 2

210
)(

iii
PaPaaPF ++= , where F is the focal length (in mm) 15 

and Pi is the pump laser intensity (in W/mm2). For the coefficients, there are a0 = 16 

10.479, a1 =-27.368, and a2 = 20.242 for the case of v1 = 2.06 mm/s, and a0 = 12.449, 17 

a1 = -32.905 and a2 = 24.390 for the case of v2 = 6.17 mm/s. To verify the empirical 18 

relationship, we further the simulated relationship between the pump laser intensity 19 

and the focal length and then compared with the experimental results as detailed in 20 

Supplementary Section S5. It can be seen that the two curves match roughly with each 21 

other as shown in Supplementary Fig. S6, after a conversion of the experimental 22 

pump laser intensity into the simulated pump laser intensity using the absorption 23 
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efficiency 51.7%.  1 

Similarly, the focal length as a function of the flow velocity is measured at the 2 

pump laser intensity of 0.52 W/mm2 or 0.6 W/mm2 as plotted in Fig. 6(b). The focal 3 

length goes longer when the flow is moving faster, and can be well fitted by the 4 

third-order polynomial function 3

3

2

210
)( vbvbvbbvF +++=  (F in mm and v in 5 

mm/s). The coefficients are b0 = 1.535, b1 = 0.1577, b2 = -0.0262 and b3 = 1.63010-3 6 

for the case of Pi = 0.5 W/mm2, and b0 = 1.165, b1 = 0.09333, b2 = -0.01263 and b3 = 7 

9.17010-4 for the case of Pi = 0.6 W/mm2. Although the experimental data are not 8 

sufficient to derive the two-variable empirical function ),( vPF
i , the empirical 9 

relationships make it feasible for the real-time tuning of the focal length.  10 

4.4 Discussions 11 

A. Influence of device parameters 12 

The choices of device parameters have influences on different aspects of the lens 13 

performance. (1) Metal strip width: the metal strips of the working device are chosen 14 

to be 125 µm wide. As the sources of heat energy, the metal strips should have the 15 

width of 0 µm in the ideal case. But narrow strips cause low absorption to the pump 16 

laser, whereas too wide strips would disturb the heat field. The width of 125 µm is 17 

found be to a suitable choice for our experiments. (2) Separation of metal strips: it is 18 

250 µm in the working device. A larger separation leads to a longer time to stabilize 19 

the temperature profile and also causes a longer focal length as the refractive index 20 

gradient is weaken (since the maximum temperature difference is determined by the 21 

boiling point of the solution). But a smaller separation of the two strips leads to a 22 

smaller aperture size and thus a large focus spot since the focus spot size d is given by 23 
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Dfd 2= , here f  is the focal length,  is the wavelength and D is the aperture 1 

diameter. The separation of 250 m makes a good trade-off between the response 2 

time and the spot size.  3 

B. Merits of the thermal lens 4 

This work is the first demonstration of the laser-induced thermal lens for in-plane 5 

optofluidic focusing. One of the special parts is the use of simple design of metal 6 

strips to generate the thermal lenses in a running fluid. From the study above, it can be 7 

summarized that this 2D-GRIN lens has intrinsic benefits as compared with the other 8 

reported optofluidic lenses 28:  9 

(1) Fast tuning speed: the thermal gradient can be generated as fast as 10 s – 10 ms 10 

if the pump laser is a high-power pulsed laser 53. In this work, it takes 200 ms 11 

due to the use of low-power continuous pump laser. However, it is already one 12 

order of magnitude faster than the typically 1 s in the reported 13 

flow-reconfiguring methods 28.  14 

(2) Strong thermal/RI gradients: a tightly focused pump laser can generate a large 15 

temperature difference in a microscale space (e.g., 3 K/m 54). As a result, it can 16 

generate a large RI gradient (e.g., 1.8 RIU/mm, RIU for refractive index unit). 17 

(3) Aberration-free focusing: the ray tracing simulation shows that the rays can be 18 

focused to a singular point for laser-induced RI gradients (see the ray tracing 19 

simulations in Supplement Section S4 and Fig. S5). An example of the ray 20 

tracing result with ideal focusing is also shown in the inset of Graphic Abstract. 21 

It is also reasonably verified by the focal spot size test, which measures the focal 22 

spot of 9.8 m, about two times of the theoretical value 5.5 (See Supplement 23 
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Section S3). Considering the enlargement of the spot size by the fluorescence 1 

dye, it is reasonable to say that the measured focal spot size of 9.8 m is close to 2 

the theoretical value of 5.5 m. Or in the other words, the focusing effect of the 3 

thermal lens is almost aberration free. This is different from the usually strong 4 

aberration in the reported liquid lenses 30. 5 

(4) Use of homogeneous fluid: The focusing effect can be generated in a 6 

homogeneous liquid, as long as it has large thermo-optic coefficient and low 7 

thermal conductivity 49. This is different from many reported liquid lenses that 8 

make use of two (or more) types of liquids 28,30. Therefore, the liquid can be 9 

reused or recirculated. 10 

(5) “Remote” control: the pump laser device has no physical contact with microchip 11 

parts. 12 

(6) Easy relocation: The thermal lens can be formed at and then relocated to any point 13 

of interest by changing the irradiation spot. 14 

(7) Low pump laser power: the use of metal absorption significantly lowers the 15 

required pump power, especially when compared with the thermal lenses that 16 

relies on the absorption of fluid itself 53,55–63. 17 

(8) Easy integration: The in-plane arrangement of device and the capability of 18 

in-plane beam focusing make it easy to integrate into many optofluidic systems. 19 

C. Limits of the thermal lens 20 

Nevertheless, the 2D-GRIN lens design has its own limitations. (1) Complexity: the 21 

analysis and simulation are complicated as it has to consider the coupling effects of 22 

fluidic, thermal and optical properties. Although empirical functions can be 23 
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determined under specific conditions (as stated in subsection 4.3), it is still difficult to 1 

get a closed-form analytical expression of the focal length on the pump laser intensity, 2 

the flow velocity and the microchip geometry. (2) Limited f-number: here the 3 

f-number is the ratio between the focal length and the aperture diameter. Since the 4 

edge-to-edge separation between the two chromium strips are 250 µm, the minimum 5 

focal length 1.3 mm corresponds to the minimum f-number of 5.2. Further reduction 6 

of the f-number requires ever stronger RI gradient and may need to find other liquid 7 

materials to replace benzyl alcohol. Although these limitations affect the device 8 

performance, this optofluidic tunable lens design is already suitable for many 9 

applications like optofluidic light sources, trapping and single particle detection.  10 

 11 

Conclusions 12 

We have proposed a new design of optofluidic tunable lens that has a two-dimensional 13 

gradient distribution of refractive index. This is accomplished by using a continuous 14 

pump laser to irradiate two metal strips to generate a thermal gradient in a very thin 15 

liquid layer. For the theoretical verification, a CFD simulation is conducted to analyze 16 

the evolution process of the refractive index profile upon heating. For experimental 17 

investigation, tuning of the in-plane focusing states has been demonstrated by varying 18 

the pump laser intensity and the flow velocity. Compared with the previously-reported 19 

tunable liquid lenses, the design of this work is distinctive and advantageous in many 20 

aspects such as tuning speed, aberration-free focusing, remote control and easy 21 

integration. In addition, this design utilizes only one type of liquid, which may be 22 

especially useful for some applications that can only use one liquid, or need to reuse the 23 

precious liquid. 24 
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Figure 1 Working principles of two typical designs and our new design of the 7 

optofluidic lenses. (a) Refractive lens design, which mimics the concept of 8 

conventional solid curved-interface lenses and utilizes immiscible flows with different 9 

refractive indices to create curved interfaces. The focusing effect is obtained by the 10 

sharp bending of the rays at the curved interfaces of two homogeneous media. (b) 11 

1D-GRIN lens design, which mimics the concept of conventional solid GRIN lenses 12 

that has a parabolic distribution refractive index in the transverse direction and has the 13 

equi-RI lines parallel to the central line. The continuous change of the RI is obtained 14 

by mixing miscible fluids of different RIs or by introducing temperature gradient in a 15 

homogeneous fluid. The rays are bent inwards gradually. (c) New 2D-GRIN lens 16 

design, which has the gradient index changes in both the longitudinal and transverse 17 

directions. The equi-RI lines are curved, making it like the cascade of many refractive 18 

lenses along the optical axis. This design can be regarded as a combination of the 19 

refractive lens design and the GRIN-lens design. 20 
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Figure 2 Schematic diagram of the new optofluidic tunable lens device. It has two 3 

inlets at one end and two outlets at the other end. Two silica glasses are used as the 4 

top and bottom. A NOA68 layer sandwiched by the two glasses is the spacer and the 5 

structural layer, which defines a rectangle chamber inside the chip. Two chromium 6 

strips are coated on the bottom glass to absorb the pump laser for heat generation. The 7 

heat transfer from the strips to the liquid and the motion of liquid work together to 8 

create a temperature field and thus a refractive index gradient. Under proper 9 

conditions, the refractive index gradient can focus the probe light from a fiber laser to 10 

a tunable point. 11 
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Figure 3: Dynamic simulation of the evolution of the refractive index gradient inside 4 

the microchamber after the pump laser is turned on. The flow velocity is v = 6.17 5 

mm/s and the net pump laser intensity is Ps = 0.31 W/mm2). (a) At 25 ms, the flowing 6 

liquid close to the metal strips is heated up first. (b) After 50 ms, the refractive index 7 

along the vertical direction becomes uniform. (c) At 100 ms, a tongue-shaped 8 

refractive index profile is formed between the two strips. (d) At 200 ms, the refractive 9 

index profile becomes stable. 10 
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Figure 4 Simulation and measurement of the refractive index profile at the flow 4 

velocity v = 6.17 mm/s. The simulated (a) two-dimensional and (b) three-dimensional 5 

refractive index profiles, the pump laser intensity in simulation Ps = 0.31 W/mm2. (c) 6 

Measured refractive index profile as determined by the temperature dependency of 7 

rhodamine B fluorescence, the pump laser intensity in experiment Pi = 0.60 W/mm2. 8 

(d) The refractive index distributions along three observation lines, which follow 9 

closely the square-law parabolic function. The white dashed rectangles in (a) and (c) 10 

represent the positions of the chromium strips. It is noted that the difference between Pi 11 

and Ps is due to the partial absorption of the metal strips to the laser energy, with an 12 

absorption efficiency of 51.7%. 13 
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Figure 5 Experiments of the tunable optofluidic lens. (a) Different focal states: (a1) 10 

the initial state when the pump laser is off; (a2) focusing under the laser power 0.3 11 

W/cm2; (a3) increased focusing under 0.5 W/cm2; (a4) further increased focusing under 12 

to 0.6 W/cm2, obtaining the shortest focal length of 1.3 mm; (a5) deflection of the 13 

focused beam when the pump laser spot is moved away from the center to generate an 14 

asymmetric refractive index. (b) Normalized intensity distributions along the 15 

observation lines L1 – L4. The solid curves are fitted to the Gaussian function. It is 16 

seen that the peak intensity goes higher and the curve shape approaches closer to the 17 

Gaussian function when the observation line is moved closer to the focal spot.  18 
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Figure 6 Measured tunabilities of the optofluidic lens. (a) Focal length as a function 5 

of the pump laser power under two different flow velocities. The solid curves are the 6 

fitted second-order polynomial functions. (b) Focal length as a function of the flow 7 

velocity with two constant pump powers. The solid curves are the fitted third-order 8 

polynomial functions. 9 
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