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We have designed, demonstrated, and characterized a simple, novel in-plane tun-
able optofluidic microlens. The microlens is realized by utilizing the interface prop-
erties between two different fluids: CaCl, solution and air. A constant contact angle
of ~90° is the pivotal factor resulting in the outward bowing and convex shape of
the CaCl, solution-air interface. The contact angle at the CaCl, solution-air inter-
face is maintained by a flared structure in the polydimethylsiloxane channel. The
resulting bowing interface, coupled with the refractive index difference between the
two fluids, results in effective in-plane focusing. The versatility of such a design is
confirmed by characterizing the intensity of a traced beam experimentally and
comparing the observed focal points with those obtained via ray-tracing simula-
tions. With the radius of curvature conveniently controlled via fluid injection, the
resulting microlens has a readily tunable focal length. This ease of operation, out-
standingly low fluid usage, large range tunable focal length, and in-plane focusing
ability make this lens suitable for many potential lab-on-a-chip applications such as
particle manipulation, flow cytometry, and in-plane optical trapping. © 2010
American Institute of Physics. [doi:10.1063/1.3497934]

I. INTRODUCTION

The integration of optics with on-chip microfluidic devices is of great interest in many appli-
cations, especially biological assays such as biodetection,' imaging,g’12 and particle
manipulation.13_20 Consolidation of optics with microfluidics is difficult and requires meticulous
research because of the delicacy and complexity of such devices. Optoﬂuidicsm’22 is a versatile
branch of microfluidics that benefits from the convergence of these two fields (i.e., optics and
microfluidics), with the advantage of greatly increased simplicity in the fabrication of micro-
optical components (e.g., lens, waveguide). In the case of lenses, many methods have been de-
veloped and demonstrated that can focus light out of the plane of the substrate of the device. >
A common approach to create an out-of-plane lens is to mechanically alter the curvature of an
elastic polydimethylsiloxane (PDMS) membrane by mechanical actuation. Additionally, a
liquid meniscus can be modulated through various methods such as electrowetting or responsive
hydrogel.zg’30 Such out-of-plane lenses, with their optical axis perpendicular to the substrate,
present alignment difficulties, thus restricting their use and diminishing potential applications.

In most applications, in-plane optofluidic lenses are more advantageous as they offer a wider
range of applications and reduce the setup complexity. In-plane lenses have also been developed
and reported.3'_34 These lenses are generally PDMS chambers filled with liquid,3l’3 * where the
curvature of surfaces results in convergence of the incident light. The focal length can be adjusted
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FIG. 1. (a) Principle of the meniscus lens. The device includes a bowed structure. When the CaCl, solution is injected, the
fluid advances through the flange while the contact angle remains constant. The unchanged contact angle with the fluidic
volume change results in a varied meniscus radius. The varied meniscus radius can be used to focus light. (b) A schematic
of the lens, including an optical fiber, aperture (dark ink channel) to block the undesired light, bubble-tuning channel, and
ray-tracing chamber that is filled with fluorescent dye for visualizing the focused beam profile.

by changing the refractive index of filling solution. The disadvantage of these methods is that they
require a variety of filling solutions with different refractive indices to achieve multiple focal
positions.

Another approach working toward tunability of in-plane optofluidic lenses involves manipu-
lation of virtual interfaces between two laminarly flowing miscible fluids (such as water-CaCl,
Solutions). Due to the laminar flow, the virtual interface between such fluids is extremely smooth
and provides an excellent optical surface, thus minimizing certain optical aberrations. This was
demonstrated in a hydrodynamic cylindrical lens,” where coinjected miscible liquids of different
refractive indices were made to pass through a curved channel, causing one liquid to bow into the
other, thus forming a hydrodynamically controlled in-plane lens. Another lens, utilizing a similar
concept, is a liquid-core liquid-cladding (L2) lens.*** In this lens a laminar flow of three liquid
streams was demonstrated to show a tunable focal length of up to 6 mm; in this case the core and
cladding were manipulated by changing the relative flow rate of the streams. The core stream in
this case was of higher refractive index and was sandwiched between two low refractive index
streams (cladding). These methods based on liquid-liquid interface are more flexible in terms of
variable light focusing, but constant injection of flows at high and low rates is needed. Another
technique used a liquid gradient refractive index lens,***” where the diffusion of a coinjected
solute (CaCl,) in de-ionized (DI) water was shown to exhibit a hyperbolic secant refractive index
profile and not only focus light, but also bend the light propagation. This method requires a much
lower flow rate for operation; yet the constant need of flow injection still presents a challenge.

In this work, we used a standard soft lithography technique to develop an in-plane, tunable
microlens based on liquid meniscus. We took advantage of the constant contact angle between the
CaCl, solution-air interface at the PDMS walls to change the radius of curvature of the liquid
meniscus which acts as a convex lens. We have demonstrated the control of the focal length by
simply changing the position of the liquid meniscus to alter the radius of curvature of the CaCl,
solution-air interface. This in-plane tunable microlens, when compared with the previously intro-
duced methods, has advantages such as ease of operation (no constant flow is needed), low fluid
usage, and flexible tuning capability.

Il. WORKING MECHANISM

The working mechanism of the microlens is illustrated in Fig. 1. The working principle takes
advantage of the constant contact angle created between the CaCl, solution-air interface and flared
PDMS channel walls. We observed that the PDMS is hydrophobic and has a contact angle of
~90° with 5M CaCl, solution. The flared PDMS channel walls cause the CaCl, solution-air
interface to be curved outward, thus forming the convex shape of the droplet for light focusing.
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FIG. 2. Optical image of the assembled lens device.

CaCl, solution is manually introduced through a syringe into an inlet channel. The increase in the
size of the droplet pushes the air out of the exit channels, as shown by the arrows in Fig. 1(a). As
the volume of CaCl, solution increases, the radius of curvature of the CaCl, solution-air interface
increases while the contact angle remains the same (6,=6,).

The refractive indices of SM CaCl, solution, air, and PDMS are ~1.445, ~1, and ~1.412,
respectively. The ray-tracing chamber was filled with rhodamine fluorescent dye and 3.5M CaCl,
solution so as to match the refractive index of PDMS, thus reducing the light loss caused by
reflection and scattering at the walls of the ray-tracing chamber. The refractive index difference
between SM CaCl, solution and air is ~0.445, which is large enough to be used as a converging
lens and will subsequently follow conventional lens operation.33 As shown in Fig. 1(b), light is
introduced into the device by an optical fiber and focused in the ray-tracing chamber by the
curvature of the meniscus. The aperture inks are designed to absorb unwanted light. Increasing the
volume of the SM CaCl, solution results in an increase in the radius of the meniscus, and as such,
shifts the focus to a farther position in the ray-tracing chamber.

lll. DEVICE FABRICATION AND SETUP

A three-dimensional schematic of the proposed microlens design is illustrated in Fig. 1(b).
Standard soft lithography and mold-replica procedures were used to fabricate microfluidic chan-
nels from PDMS.* Initially, a silicon wafer was patterned with the desired channel features by
deep reactive ion etching (DRIE, Adixen, Hingham, MA) with an etch depth of 155 wm. After
DRIE treatment, the silicon mold contains the positive impression of the intended design features.
The master mold is subsequently silanized by coating it with vapors of 1H, 1H, 2H, 2H-
perfluorooctyltrichlorosilane (Sigma Aldrich) in order to reduce its surface energy; such a treat-
ment makes the surface of the silicon mold hydrophobic, thus preventing the PDMS channels from
distorting or deforming during the detachment process. This practice significantly enhances the
quality of the channel walls, which in turn improves the quality of the microlens results. Sylgard™
184 Silicone Elastomer base and Sylgard™ 184 Silicone Elastomer curing agent (Dow Corning)
were then mixed in a 10:1 weight ratio and applied to the silicon mold; this was followed by
degassing in a vacuum chamber. A cure at 70 °C for approximately 30 min followed the degas-
sing. Once cured and peeled off, the inlets and outlets were drilled in the PDMS channel, after
which the channel was sealed to a glass slide. Polyethylene tubes were then inserted into the inlets
and outlets to connect the device to syringe pumps (KDS 210, KD scientific, Holliston, MA). The
image of the assembled lens device is shown in Fig. 2.
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FIG. 3. Microscopic image of the lens in operation: the laser light emitted from the optical fiber being focused after passing
through meniscus lens. The path of the light was highlighted due to fluorescent emission of the dye in ray-tracing chamber.

Incident light was supplied by a green diode laser (532 nm) coupled into an optical fiber
Ocean Optics, NA=0.22 +0.02 (NA denotes numerical aperture), core and outer diameters are 50
and 155 um, respectively. The optical fiber was inserted into a channel (155 wm X 155 um) in
the PDMS to maintain its position such that the axis of the fiber was aligned along the optical axis
of the PDMS lens. We used black ink channels to form a slit, as shown in Fig. 3, which would act
as an aperture. Since the optical center of the lens changes with the radius of the meniscus, we
have taken the channel edge to be the reference in order to determine and compare the measured
and the simulated focal length f, as illustrated in Fig. 3. In order to visualize the light rays, 3.5M
CaCl, solution thodamine fluorescent dye was injected into the ray-tracing chamber. The intensity
of the dye fluorescence is proportional to the intensity of incident light. The concentration of the
dye in the ray-tracing chamber was kept sufficiently low so that the incident light could propagate
through the liquid without being significantly attenuated, while the intensity of the incident light
was sufficiently low (5 mW) so as to avoid photobleaching of the dye during the experiments. The
device operation was observed through an inverted fluorescent optical microscope (Nikon TE
2000U), and optical images were taken using a charge coupled device camera (CoolSNAP HQ2,
Photometrics, Tucson, AZ) and a Nikon color digital camera mounted on the front viewport of the
microscope.

IV. RESULTS AND DISCUSSION
A. Experimental results

The surface properties affect the contact angle, and together with the chamber geometry,
determine the curvature of the air-liquid interface (liquid lens surface). In this work we used a
flared structure maintaining a constant contact angle (which is approximately 90°) to realize the
change in lens curvature and hence the focal point. The curvature of the CaCl, solution-air
interface was manually controlled via 1 ml syringe through the inlet that introduces the 5M CaCl,
into the channel. Initially, the flow injection was paused as curved CaCl, solution-air interface
approached the bowed edges of the channel. In such a case the beam of light that emerges from the
microlens is parallel to the optical axis and the focal point is indistinguishable. As the curved
CaCl, solution-air interface proceeds and reaches the bowed edges of the channel, the interface
curvature is formed, as is shown in Fig. 4(a), thus causing the incident laser light to focus just
beyond the nearest wall of the ray-tracing chamber. It is somewhat difficult to observe the ray-
tracing chamber walls since the 3.5M CaCl, solution has a refractive index that matches well with
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FIG. 4. [(a), (), (e), and (g)] Ray-tracing experiments to characterize the variable focal length. [(b), (d), (f), and (h)] The
simulation results corresponding to their complementary experimental results.

that of PDMS (~1.412). Further injection of 5M CaCl, solution at the lens inlet results in a
subsequent increase in the volume of the CaCl, solution, and hence the radius of curvature of the
CaCl, solution-air interface and the focal length of the lens. In this design the channel geometry,
refractive index of the solution, and contact angle of CaCl, solution on PDMS surface are all
fixed; only the width of the bowed chamber channel can determine the tuning range of the lens. As
the intensity of the fluorescence emission is proportional to the intensity of the incident laser light,
we used an image-processing software package IMAGEJ to determine the focal point of the lens by
taking the maximum florescent intensity as the focal point.34’36 The maximum tunable range of the
lens could then be determined and was found to be approximately 500 wm. We believe that this
tuning range should be sufficient for most lab-on-a-chip applications considering the size of a
typical microfluidic channel to be ~100 um. However, the channel geometry and dimension can
be further optimized to satisfy the requirement of various applications. The white arrows in Figs.
4(a), 4(c), 4(e), and 4(g) indicate the points of maximum intensity of the light under each lens
condition. It can therefore be observed that, in accordance with conventional lens theory, the focal
point shifts away from the lens as the radius of curvature increases. As the curvature of the lens
surface is primarily determined by the contact angle and chamber geometry, we believe that the
repeatability of the lens is mainly dependent upon the repeatability of channel fabrication (e.g.,
PMDS surface properties and the chamber structure) and material preparation (e.g., CaCl, con-
centration). Both channel fabrication and material preparation processes can be conveniently stan-
dardized which can help achieve a high repeatability. Throughout our study we have observed a
very consistent lens performance. The resolution of the lens is dependent upon the precision of the
CaCl, solution injection. In current work, the injection of CaCl, solution was carried out manually.
If necessary, a precision pump (with a resolution of nanoliter) can be used, which translates to a
lens adjustment resolution of <1 wum. In our experiments we have also observed a high time-
stability of the lens. Due to the setup of the liquid lens (enclosed channel with a large adjacent
reservoir), the evaporation of the liquid was negligible. In our experiments we were able to
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FIG. 5. Comparison between experimental and simulated results illustrates the meniscus radius as a function of focal
length.

observe a stable light focusing for at least 4 h. Compared to our previous work on tunable
microlens based on hydraulic pressure activated microbubble,” the current design represents a
further improvement in fluid consumption as the lens does not require a constant stream of flows,
and the focal position is self-sustained (the focal position does not change when flow injection is
ceased), whereas in our previous work®” the constant pumping of fluid is needed to maintain the
hydraulic pressure to keep the microbubble curvature and the focal position constant.

B. Ray-tracing simulation

In order to supplement the experimental work, we performed ray-tracing simulations using
MATLAB. The simulation results are shown in Figs. 4(b), 4(d), 4(f), and 4(h) juxtaposed with their
corresponding experimental photographs. The ray-tracing simulation results are depicted by ar-
rows in Figs. 4(b), 4(d), 4(f), and 4(h). In the simulations, as in the experimental results, the point
of maximum intensity is taken to be the focal point. As expected, since the fluid injection causes
the CaCl, solution-air interface to proceed outward toward the flared end of the channel, the
corresponding simulated focal lengths increase as a result of the increase in radius of curvature.

In order to study the correlation between the experimentally observed and the simulated focal
lengths, the radius of curvature was plotted as a function of the focal length (Fig. 5). It is evident
that the simulated and the experimental results are in good correlation with one another. However,
at higher radius of curvature, a slight deviation in the experimental results from the simulated
results was observed. The main reason for this observation appears to be the optical aberration
caused by the nonuniform radius of curvature at higher meniscus radius. Nevertheless, the largest
discrepancy between the experimentally measured and simulated focal length is within 2.5%. In
this aspect, the microlens we have developed is highly predictable, reliable, and pragmatic. It also
boasts other advantages such as large tunable focal range, ease of operation, low fluid usage, and
in-plane focusing ability.

V. CONCLUSION

We have successfully demonstrated a tunable, in-plane microlens by manipulating the liquid
meniscus using a flared microfluidic structure. Our experimental results are supported by simu-
lated data using a ray-tracing method. The microlens uses a meniscus created by a SM CaCl,
solution-air interface. By manually changing the volume of the SM CaCl, solution meniscus, we
have shown that the proposed in-plane microlens has a tunable focal length ranging up to
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500 wm. This lens can be conveniently fabricated with the soft lithography technique. Moreover,
being an in-plane microlens, it provides significant advantages over out-of-plane lenses through
potential integration with many other on-chip components. Another benefit offered by such a
technique is the extremely low usage of fluids in order to control the focal length of the lens. In
summary, such a microlens provides excellent performance in terms of control of the focal length;
therefore, it could be valuable in many on-chip optical applications such as in-plane optical
tweezers, flow cytometry, and particle manipulation.
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