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Abstract

:

Liquid lenses are the simplest and cheapest optical lenses, and various studies have been conducted to develop tunable-focus liquid lenses. In this study, a simple and easily implemented method for achieving tunable-focus liquid lenses was proposed and experimentally validated. In this method, charges induced by a corona discharge in the air were injected into dielectric liquid, resulting in “electropressure” at the interface between the air and the liquid. Through a 3D-printed U-tube structure, a tunable-focus liquid lens was fabricated and tested. Depending on the voltage, the focus of the liquid lens can be adjusted in large ranges (−∞ to −9 mm and 13.11 mm to ∞). The results will inspire various new liquid-lens applications.
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1. Introduction


There has been a long history since liquid surfaces were adopted as optical lenses [1,2]. Liquid lenses have many advantages over traditional solid lenses, including simplicity, low cost, smoothness, and flexibility [3,4]. Additionally, liquid lenses can be easily integrated into the optical system or the observed objects [5,6]. As liquid surfaces can be flexibly adjusted and form various geometries, liquid lenses can realize many optical functions, such as in varying the focus [7], optical waveguides [8,9], gratings [10,11], liquid lenses [12,13,14], optical switches [15], optical attenuators [16], and optofluidic prisms [17].



In order to utilize the advantages, it is essential to manipulate the liquid surface morphology. Thus, various efforts have been devoted to controlling liquid surfaces [18,19]. Due to the surface tension effect, liquid surfaces usually present a spherical shape and capillary pressure exists on the surfaces. The capillary pressure varies with the surface morphology [20]. Thus, external forces are introduced to balance the capillary pressure, and the liquid surface morphologies are tuned by the imposed external forces [21]. Hydraulic force is the most common one, actuated by mechanical pumps [22]. However, this technique needs complex liquid transfer systems [23]. A thermal stimulus can be introduced into the manipulation mechanism [24,25]. Thermal actuation can lead to liquid expansion and change the liquid surface [24]. Additionally, thermal actuation can change the surface tension and, consequently, the capillary pressure [25]. However, it is difficult to precisely control liquid surfaces through the thermal method. In addition, for evaporable liquid, the thermal stimulus has some adverse effects. Stimuli-responsive hydrogel can also be employed as a viable tool for manipulating the curvature of the water–oil interface to produce micro lenses with variable focal lengths [26].



Apart from the above methods, the electrically driven method is the most common technique used for manipulating liquid lenses [27,28,29]. The electrically driven mechanism mainly consists of electrowetting [27,28] and dielectrophoresis [29]. Owing to high accuracy and flexibility, the electrically driven method has been widely investigated for many applications, such as adaptive optics, optical switching, and displays. It shows the greatest potential for becoming the dominant technique. However, the current electrically driven methods need complex electrode configurations, which increase the fabrication cost and limit their application.



In this study, we proposed a simple and easily implemented electrically driven method for the liquid lens through charge injection. A prototype was designed and fabricated with a 3D printer, and the proposed method was experimentally validated. The optical performance of the tunable-focus lens by charge injection was characterized and analyzed.




2. Principle and Experiments


Figure 1 schematically depicts the principle of the proposed tunable-focus liquid lens by charge injection. A U-shaped tube with ends of different heights was used to connect the dielectric liquid. A needle-plate electrode configuration was placed in the higher tube end (the right-hand end in Figure 1) and at the bottom of the channel. When a high voltage was applied between the two electrodes, a corona discharge phenomenon occurred. Positive ions generated by the needle drifted toward the plate electrode, were deposited, and accumulated at the interface of the air and the dielectric liquid within the right-hand end of the tube due to the lower electrical conductivity of the liquid. Interactions between the imposed electric field and the ions that had accumulated at the interface generated a Coulomb force, which induced pressure at the interface. We named the induced pressure electropressure, Pe. Under electropressure, liquid flowed to the left-hand, lower tube end, as schematically shown in Figure 1. With an increase in voltage (i.e., U3 > U2 > U1), the electropressure increased. The initial liquid morphology in the left-hand end of the tube had a concave shape, and its capillary pressure, Pc, was negative. The flow created by the induced electropressure pushed the liquid outside and pinned it to the left-hand tube end. Then, the liquid morphology in the left-hand end of the tube became convex in shape and its radius decreased. As the voltage increased, the capillary pressure turned from negative to positive and its value increased to balance the increasing electropressure.



Figure 2a schematically shows our experimental setup. A needle-plate electrode configuration was applied to generate a corona discharge. The curvature radius of the needle electrode made of steel was about 30 µm. The indium tin oxide (ITO) glass plate with a thickness of 2 mm was used as the plate electrode and to support the 3D-printed U-tube and the dielectric liquid. The 3D-printed U-tube was made of a kind of curing polymer using the stereolithography method on ITO glass. The curing polymer was a dielectric material. We used 3D-printing equipment (Form2, Formlabs, Somerville, MA, USA) to print the U-shaped tube. The thickness of the tube wall was 0.5 mm. The left-hand end of the tube had an inner diameter of 3 mm, an outer diameter of 4 mm, and a height of 6 mm, while the other larger end had an inner diameter of 6 mm. A high-voltage direct current (DC) power source (DW-P303-5ACCC, Dongwen Corp., Tianjin, China) connected the two electrodes with the needle as the anode and the ITO plate as the cathode. The voltage could be changed from 0 to 30.0 kV continuously. The distance between the needle electrode tip and the ITO electrode was controlled by a micro motion frame during all the experiments. A digital camera (C13440, Hamamatsu, Japan) was adopted to record the liquid surface and measure the lens focus. When the camera was placed vertically, it was used to record the image of the object; when it was placed horizontally, it took photographs of the liquid morphologies. A LED lamp was used to illuminate the object, and a low-voltage power was applied to light the lamp.



A dielectric fluid, silicone (OE-6650, Dow Corning, Midland, MI, USA), was adopted in all experiments. Its viscosity, electrical conductivity, and surface tension are about 4.0 Pa∙s, 10−8 μS/cm, and 0.021 N/m, respectively. Its refractive index is 1.47. The liquid silicone with a volume of 25 μL was first injected using a microliter syringe with a needle into the U-tube, as shown in Figure 2. There were some air bubbles trapped in the U-tube during the injection process. Due to the low density of the bubbles, some of them moved toward the upper ends of the liquid and escaped at the open surfaces in the two ends of the tube. However, some bubbles were trapped near the upper wall of the center part of the U-tube, as shown in Figure 2c. These bubbles, however, did not affect the lens performance, because they remained almost at the same locations and were far away from the light and charge transfer paths. After loading the liquid into the tube, the high-voltage DC power source was turned on and the corona discharge phenomenon occurred.




3. Results and Discussion


We first measured the corona discharge characteristics. Figure 3 shows the corona current as a function of the corona voltage imposed between the needle-plate electrodes in the log‒log format. From this figure, we can see that the relationship between the current (I) and the voltage (V) almost follows I α Vn. In our experiments, different voltages ranging from 0 to 9.2 kV were applied to the two electrodes and the resulting corona currents were measured. The corona discharge occurred at about 2.0 kV with a current of 0.01 µA. The corona current increased slowly with an increasing voltage from 2.0 to 7.0 kV and increased rapidly with an increasing voltage from 7 to 9.2 kV. At a voltage of 9.2 kV, the current reached 0.54 µA. An arcing appeared when the voltage was larger than 9.2 kV. During the whole corona discharge process, power consumption was less than 5 mW.



We measured the temperatures of the two electrodes, the needle, the ITO glass, and the liquid silicone using an infrared camera (FLIR, E6, Wilsonville, OR, USA) at a room temperature of 12.5 °C. Figure 4 shows the temperatures at the applied voltages of 2 kV and 9.2 kV, respectively. Within the range of the applied voltages, the temperatures of the electrodes and the liquid silicone did not deviate significantly from the room temperature. The maximum temperature occurred at the needle tip when the applied voltage was 9.2 kV. Thus, the corona discharge did not introduce an obvious thermal effect, due to very low power consumption and heat dissipation to the environment by natural convection.



The side-view images of the liquid lens were recorded by the digital camera. The liquid surface morphologies are shown in Figure 5. Due to the low transparence of the 3D-printed tube, we could not observe the liquid surface inside the tube. Figure 5 only shows the liquid surface morphologies when the liquid was bulged outside the tube. The liquid was pinned at the outer edge of the tube and presented a convex shape. With an increase in voltage, the height of the liquid lens increased. Through imaging processing software, Image J (version 1.8.0, National Institutes of Health, Bethesda, MD, USA), the height could be measured based on the obtained images. For example, when the voltage was 8.2 kV, the height was 0.82 mm.



The liquid surface morphologies in Figure 5 assumed spherical shapes. The radius of the spherical cap can be calculated by


   R s  =  (   h 2  +    D 2   4   )  / 2 h  



(1)




where Rs is the radius of the spherical cap and h is the height of the liquid lens. D is the outer diameter of the tube, and its value is 4 mm. The capillary pressure of the liquid lens can be calculated according to Laplace’s law,


   P c  = 2 γ /  R s  ,  



(2)




where γ is the surface tension of the liquid silicone with a value of 0.021 N/m. Based on Equations (1) and (2), we can obtain the curvature radiuses and the capillary pressures of the liquid lens at different voltages. The results are shown in Figure 6. The dots are the measured or calculated data. The two solid lines were obtained by fitting the data according to the B-spline algorithm, which shows the dependence of capillary pressures and curvature radiuses on voltages. As the voltage increased from 7.6 to 9.2 kV, the curvature radius decreased from 10.3 to 5.5 mm, while the capillary pressure increased from 4.0 to 7.6 Pa.



Figure 7 depicts the images of the characters “WHU” through the tunable-focus lens. The characters were clear in all the images. With an increasing voltage, the images of the characters enlarged. When the voltage was larger than 7.6 kV, the images of the characters were inverted. As the voltage increased further, the characters became smaller. Pincushion distortion was not observed in the images, which suggests that the surface curvature was uniform.



If the liquid surfaces assume a spherical shape, the focal length of the liquid lens can be calculated based on the curvature radius, Rs, as follows:


  F =  R s  /  (   n l  − 1  )   



(3)




where F is the focal length and nl is the refractive index of the liquid silicone with a value of 1.47.



The focal length of the liquid lens can also be calculated from the images shown in Figure 6. Considering the droplet as a thin lens, F was calculated using the following equation:


  F =  h i  l /  (   h i  +  h 0   )   



(4)




where hi is the image size of the object with the liquid lens, l is the distance between the lens and the test object, and h0 is the image size of the object without the liquid lens.



Figure 8 shows the focal length of the liquid lens calculated by Equation (3) (black line with solid squares) and Equation (4) (red line with solid circles). The two solid lines were also obtained by fitting the calculated data according to the B-spline algorithm. The results from Equation (3) show that the focal length decreased from 22.9 to 12.2 mm with the increasing voltage, while the focal length ranged from 23.1 to 13.1 mm based on the results from Equation (4). The results from both equations are in good agreement, and the largest deviation of 7.3% occurred at a voltage of 9.0 kV. Therefore, the morphologies of the liquid lens were very close to a spherical shape.



Figure 7 shows the detailed information of the images that we obtained using the Image J software. By comparing the images with and without the liquid lens, we could calculate the focal length of the liquid lens according to Equation (4). For example, we obtained the pixel length of the character “H” with and without the liquid lens and then measured the distance between the lens and the test object. From these measurements, we could get a focal-length value. If the images with and without the lens had a same-direction arrangement, the focal length was negative, which means that the lens interface was concave. When the images with and without the lens had an inverted arrangement, the focal length was positive, suggesting that the lens interface was convex. Based on this method, we could calculate the whole focus range of the liquid lens when the voltage was varied from 0 to 9.2 kV. Figure 9 presents the relationship between the focal length and the applied voltages. When the voltage increased from 0 to 6.25 kV, the focal length declined from −10 mm to negative infinity. When the voltage was further increased to about 7 kV, it turned into a convex lens and the focal length decreased from positive infinity to 10 mm.



We conducted three experiments to test the robustness of this liquid-lens manipulation technique. The voltages of 8.4 kV and 9.0 kV were chosen, and at each voltage three experiments were repeated. Figure 10 shows three different experiments at voltages of 8.4 kV and 9.0 kV. At a voltage of 8.4 kV, the focal lengths were 14.9, 14.7, and 15.2 mm and their deviation was 0.5 mm. For a voltage of 9.0 kV, the focal lengths of the three experiments were, respectively, 11.1, 11.6, and 11.9 mm and their deviation was 0.8 mm.



Figure 11 illustrates the focal length as a function of the voltage when we cyclically increased (solid squares) and decreased (solid circles) the voltage. A little hysteresis existed in the cycle. The majority of the focal lengths could be restored to their original state within a deviation of 2.5% after the corona voltage was increased from 0 to 9.2 kV and then returned to 0 kV.




4. Conclusions


In summary, a new method of realizing tunable-focus liquid lenses through charge injection was proposed and demonstrated. By a corona discharge in the air, electropressure with a magnitude of 10 Pa was generated at the interface between the liquid silicone and the air. Using only a 3D-printed U-tube and liquid silicone, the focus of the liquid lens varied from −∞ to −9 mm and from 13.11 mm to ∞. The robustness of this liquid-lens manipulation method was examined by testing the focus with an increasing–decreasing voltage loop. Such a simple and easily implemented liquid-lens manipulation method can be applied in many potential fields.







Author Contributions


S.Q. supervised and drafted the manuscript, H.Z. fabricated and set up the experiments, W.S. conducted the experiments, and Z.L. analyzed the data. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Foundation of the State Key Laboratory of Coal Combustion (FSKLCCA1802) and the National Natural Science Foundation of China (51975423 and 51605341).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Miller, N.A. Investigation of the tension mechanisms responsible for lens formation and a new method for measuring the angles of liquid lenses. J. Phys. Chem. 1941, 45, 1025–1045. [Google Scholar] [CrossRef]

	



Paget, R.A.S. A primitive lens. Nature 1923, 112, 326. [Google Scholar] [CrossRef]

	



Erickson, D.; Sinton, D.; Psaltis, D. Optofluidics for Energy Applications. Nat. Photonics 2011, 5, 583–590. [Google Scholar] [CrossRef]

	



Fan, X.D.; White, I.M. Optofluidic microsystems for chemical and biological analysis. Nat. Photonics 2011, 5, 591–597. [Google Scholar] [CrossRef] [PubMed]

	



Psaltis, D.; Quake, S.R.; Yang, C. Developing optofluidic technology through the fusion of microfluidics and optics. Nature 2006, 442, 381–386. [Google Scholar] [CrossRef] [PubMed]

	



Monat, C.; Domachuk, P.; Eggleton, B.J. Integrated optofluidics: A new river of light. Nat. Photonics 2007, 1, 106–114. [Google Scholar] [CrossRef]

	



Berge, B.; Peseux, J. Variable focal lens controlled by an external voltage: An application of electrowetting. Eur. Phys. J. E 2000, 3, 159–163. [Google Scholar] [CrossRef]

	



Shopova, S.I.; Zhou, H.; Fan, X.; Zhang, P. Optofluidic ring resonator based dye laser. Appl. Phys. Lett. 2007, 90, 221101. [Google Scholar] [CrossRef]

	



Schmidt, H.; Hawkins, A.R. Optofluidic waveguides: I. Concepts and implementations. Microfluid. Nanofluid. 2008, 4, 3–16. [Google Scholar] [CrossRef]

	



Yang, Y.; Liu, A.Q.; Chin, L.K.; Zhang, X.M.; Tsai, D.P.; Lin, C.L.; Lu, C.; Wang, G.P.; Zheludev, N.I. Optofluidic waveguide as a transformation optics device for lightwave bending and manipulation. Nat. Commun. 2012, 3, 651. [Google Scholar] [CrossRef]

	



Chin, L.K.; Liu, A.Q.; Soh, Y.C.; Lim, C.S.; Lin, C.L. A reconfigurable optofluidic michelson interferometer using tunable droplet grating. Lab Chip 2010, 10, 1072–1078. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.Q.; Yang, Y.; Liu, A.Q.; Chin, L.K.; Zhang, X.M. Microfluidic droplet grating for reconfigurable optical diffraction. Opt. Lett. 2010, 35, 1890–1892. [Google Scholar] [CrossRef]

	



Song, C.; Nguyen, N.T.; Tan, S.H.; Asundi, A.K. Modelling and optimization of micro optofluidic lenses. Lab Chip 2009, 9, 1178–1184. [Google Scholar] [CrossRef]

	



Seow, Y.C.; Lim, S.P.; Lee, H.P. Optofluidic variable-focus lenses for light manipulation. Lab Chip 2012, 12, 3810–3815. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Stratton, Z.S.; Guo, F.; Lapsley, M.I.; Chan, C.; Lin, S.C.S.; Huang, T.J. Optofluidic imaging: Now and beyond. Lab Chip 2013, 13, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Psaltis, D. Pneumatically tunable optofluidic 2×2 switch for reconfigurable optical circuit. Lab Chip 2011, 11, 2397–2402. [Google Scholar] [CrossRef]

	



Müller, P.; Kloss, A.; Liebetraut, P.; Mönch, W.; Zappe, H. A fully integrated optofluidic attenuator. J. Micromech. Microeng. 2011, 21, 125027. [Google Scholar] [CrossRef]

	



Brown, C.V.; Wells, G.G.; Newton, M.I.; McHale, G. Voltage-programmable liquid optical interface. Nat. Photonics 2009, 3, 403–405. [Google Scholar] [CrossRef]

	



Heikenfeld, J.; Zhou, K.; Kreit, E.; Raj, B.; Yang, S.; Sun, B.; Milarcik, A.; Clapp, L.; Schwartz, R. Electrofluidic displays using young-laplace transposition of brilliant pigment dispersions. Nat. Photonics 2009, 3, 292–296. [Google Scholar] [CrossRef]

	



Moran, P.M.; Dharmatilleke, S.; Khaw, A.H.; Tan, K.W.; Chan, M.L.; Rodriguez, I. Fluidic lenses with variable focal length. Appl. Phys. Lett. 2006, 88, 041120. [Google Scholar] [CrossRef]

	



Roy, A.C.; Ghatak, A. Design of an adaptable optofluidic aspherical lens by using the elastocapillary effect. Adv. Opt. Mater. 2014, 2, 874–878. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Tung, H.W.; Chen, W.C.; Fang, W. Novel micro lens with tunable astigmatism. In Proceedings of the TRANSDUCERS 2007—International Solid-State Sensors, Actuators and Microsystems Conference, Lyon, France, 10–14 June 2007; pp. 2147–2150. [Google Scholar]

	



Liebetraut, P.; Petsch, S.; Liebeskind, J.; Zappe, H. Elastomeric lenses with tunable astigmatism. Light Sci. Appl. 2013, 2, e98. [Google Scholar] [CrossRef]

	



Zhang, W.; Zappe, H.; Seifert, A. Wafer-scale fabricated thermo-pneumatically tunable microlenses. Light Sci. Appl. 2014, 3, e145. [Google Scholar] [CrossRef]

	



Malyuk, A.Y.; Ivanova, N.A. Varifocal liquid lens actuated by laser-induced thermal Marangoni forces. Appl. Phys. Lett. 2018, 112, 103701. [Google Scholar] [CrossRef]

	



Dong, L.; Agarwal, A.K.; Beebe, D.J.; Jiang, H.R. Adaptive liquid microlenses activated by stimuli-responsive hydrogels. Nature 2006, 442, 551–554. [Google Scholar] [CrossRef]

	



Li, L.; Yuan, R.; Wang, J.; Li, L.; Wang, Q. Optofluidic lens based on electrowetting liquid piston. Sci. Rep. 2019, 9, 1–7. [Google Scholar] [CrossRef]

	



Lee, J.; Lee, J.; Won, Y.H. Nonmechanical three-dimensional beam steering using electrowetting-based liquid lens and liquid prism. Opt. Express 2019, 27, 36757–36766. [Google Scholar] [CrossRef]

	



Chen, Q.; Li, T.; Zhu, Y.; Yu, W.; Zhang, X. Dielectrophoresis-actuated in-plane optofluidic lens with tunability of focal length from negative to positive. Opt. Express 2018, 26, 6532–6541. [Google Scholar] [CrossRef]








[image: Micromachines 11 00109 g001 550] 





Figure 1. Principle of tunable-focus liquid lens by charge injection. As the imposed voltage increased (i.e., U3 > U2 > U1 > 0), more positive ions accumulated at the air/liquid interface in the right-hand end of the tube, and the induced electropressure pushed the fluid toward the left-hand end of the tube. 
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Figure 2. Experimental setup. (a) Schematic of experimental setup. (b) Schematic of U tube. (c) Picture of needle and U tube. 
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Figure 3. Corona discharge characteristics of the needle-plate electrode configuration. 
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Figure 4. Temperatures of the two electrodes and the liquid silicone at the applied voltages of 2 kV and 9.2 kV: (a–c) are the infrared images of the needle, liquid, and indium tin oxide (ITO) glass at the voltage of 2.0 kV, while (d–f) are the infrared images of the needle, liquid, and ITO glass at the voltage of 9.2 kV. 
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Figure 5. Surface evolution of the liquid lens with an increasing voltage, which shows the liquid silicone bulging outside of the tube. 
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Figure 6. Capillary pressure and curvature radius of the liquid lens as a function of the voltage when the liquid silicone bulged outside of the tube. 
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Figure 7. Recorded images of the characters “WHU” through the tunable-focus lens at different voltages. 
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Figure 8. Focal length of the convex liquid lens as a function of the voltage. 
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Figure 9. Focus range of the liquid lens with the voltage varying from 0 to 9.2 kV. 
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Figure 10. Focal length at two different voltages in three repeated experiments. 
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Figure 11. Focal length as a function of the voltage, which was gradually increased from 0 to 9.2 kV and then gradually decreased to 0 kV. 
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