[image: image1]Enhanced Solutal Marangoni Flow Using Ultrasound-Induced Heating for Rapid Digital Microfluidic Mixing

		ORIGINAL RESEARCH
published: 30 August 2021
doi: 10.3389/fphy.2021.735651


[image: image2]
Enhanced Solutal Marangoni Flow Using Ultrasound-Induced Heating for Rapid Digital Microfluidic Mixing
Beomseok Cha†,, Woohyuk Kim†,, Giseong Yoon, Hyunwoo Jeon and Jinsoo Park*
School of Mechanical Engineering, Chonnam National University, Gwangju, South Korea
Edited by:
Sung Yong Jung, Chosun University, South Korea
Reviewed by:
Hanwook Park, Soonchunhyang University, South Korea
Luca Lanotte, INRA Centre Bretagne-Normandie, France
* Correspondence: Jinsoo Park, jinsoopark@jnu.ac.kr
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Soft Matter Physics, a section of the journal Frontiers in Physics
Received: 03 July 2021
Accepted: 16 August 2021
Published: 30 August 2021
Citation: Cha B, Kim W, Yoon G, Jeon H and Park J (2021) Enhanced Solutal Marangoni Flow Using Ultrasound-Induced Heating for Rapid Digital Microfluidic Mixing. Front. Phys. 9:735651. doi: 10.3389/fphy.2021.735651

Digital microfluidics based on sessile droplets has emerged as a promising technology for various applications including biochemical assays, clinical diagnostics, and drug screening. Digital microfluidic platforms provide an isolated microenvironment to prevent cross-contamination and require reduced sample volume. Despite these advantages, the droplet-based technology has the inherent limitation of the quiescent flow conditions at low Reynolds number, which causes mixing samples confined within the droplets to be challenging. Recently, solutal Marangoni flows induced by volatile liquids have been utilized for sessile droplet mixing to address the above-mentioned limitation. The volatile liquid vaporized near a sessile droplet induces a surface tension gradient throughout the droplet interface, leading to vortical flows inside a droplet. This Marangoni flow-based droplet mixing method does not require an external energy source and is easy to operate. However, this passive method requires a comparably long time of a few tens of seconds for complete mixing since it depends on the natural evaporation of the volatile liquid. Here, we propose an improved ultrasound-induced heating method based on a nature-inspired ultrasound-absorbing layer and apply it to enhance solutal Marangoni effect. The heater consists of an interdigital transducer deposited on a piezoelectric substrate and a silver nanowire-polydimethylsiloxane composite as an ultrasound-absorbing layer. When the transducer is electrically actuated, surface acoustic waves are produced and immediately absorbed in the composite layer by viscoelastic wave attenuation. The conversion from acoustic to thermal energy occurs, leading to rapid heating. The heating-mediated enhanced vaporization of a volatile liquid accelerates the solutal Marangoni flows and thus enables mixing high-viscosity droplets, which is unachievable by the passive solutal Marangoni effect. We theoretically and experimentally investigated the enhanced Marangoni flow and confirmed that rapid droplet mixing can be achieved within a few seconds. The proposed heater-embedded sessile droplet mixing platform can be fabricated in small size and easily integrated with other digital microfluidic platforms. Therefore, we expect that the proposed sample mixing method can be utilized for various applications in digital microfluidics and contribute to the advancements in the medical and biochemical fields.
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INTRODUCTION
Along with the advancements of continuous flow microfluidics, digital microfluidics based on micro-/nano-liter sessile droplets has attained much attention as a promising technology for its various advantages and broad applicability [1–3]. In digital microfluidic platforms, small-volume sessile droplets allow efficient use of samples, short reaction time, and miniaturization of the engineering system, which reduces manufacturing costs and can be adapted to portable devices [3, 4]. The digital microfluidic platform also provides an isolated microenvironment with a low risk of sample cross-contamination and does not require a photolithography process for microchannels [5, 6]. In digital microfluidic applications, basic unit operations within sessile droplets are required such as mixing, migration, merging, and splitting [7]. Rapid and uniform mixing of the sample inside sessile droplets is essential for various biochemical and medical assays in digital microfluidic platforms [8, 9]. However, the sessile droplet-based microfluidic platform has the inherent limitation of the quiescent flow conditions at low Reynolds number, which results in sample mixing induced by Brownian diffusion [10, 11].
Various digital microfluidic mixing methods have been developed to date. These droplet mixing methods could be characterized into passive and active methods depending on whether they involve external forces. Recently, vapor-mediated solutal Marangoni flows have been utilized for sessile droplet mixing in a passive manner [3, 12, 13]. The solutal Marangoni effect is induced by a surface tension gradient along the droplet interface by localized vapor of a volatile liquid near sessile droplets [14]. The surface tension gradient causes shear stress along the droplet interface and thus symmetric vortical flows inside a droplet, which results in sample mixing inside sessile droplets [3, 15]. The key advantages of this mixing method are its passive operation without any external force fields and easy operation at a low cost. However, the limited Marangoni-induced flow of a few mm/s results in comparably long mixing time of several tens of seconds even under well-defined conditions of low-viscosity water droplets only a few mm away from the volatile liquid source, which strictly limits practical applicability of the method.
Several active droplet mixing techniques based on electrowetting on dielectric (EWOD) [7], bulk acoustic wave (BAW) [16], and surface acoustic wave (SAW) [17] have been proposed to address the above-mentioned limitations of the passive method. In the EWOD method, sessile droplets experience an AC electric field produced by planar electrodes for translocation, merging, and mixing [7]. BAWs can also be used to vibrate the substrate on which sessile droplets are deposited and thus induce internal flows inside the droplets [16]. When SAWs propagating on a piezoelectric substrate interact with liquid droplets, they refract into the droplets in the form of longitudinal waves and produce an acoustic streaming flow, resulting in rapid droplet mixing [17]. These active methods provide rapid droplet mixing in a controllable manner, compared to the passive methods. Nonetheless, they all require direct contact of sessile droplets with the electrodes or substrates, imposing potential undesirable effects on liquid droplets and suspended samples and limiting their practical applicability.
Herein, we propose a rapid digital microfluidic mixing method based on enhanced solutal Marangoni flows using ultrasound-induced heating. The ultrasound-induced heating (UIH) is an energy-efficient micro-heating method that utilizes rapid heat generation by ultrasound absorption in viscoelastic material [18]. We further improved the energy efficiency of the ultrasound-heating method by adopting a nature-inspired ultrasound absorbing fibrous layer which can be seen at moth wings for its survival. The local vapor concentration at the droplet interface is the crucial parameter for the vapor-driven solutal Marangoni effect [3, 12, 13]. The increased temperature accelerates vaporization of the volatile liquid placed near sessile droplets, leading to enhanced vapor-mediated solutal Marangoni flows inside sessile droplets. As a consequence, the time required for uniform sample mixing of the in-droplet sample is dramatically reduced to only a few seconds, and the Marangoni flow velocity is increased up to a few tens of mm/s, compared to the passive solutal Marangoni flow-based method. Also, the proposed heating-mediated Marangoni flow-based mixing method can be applicable to viscous liquid droplets placed relatively far from the volatile liquid. We theoretically and experimentally investigate the proposed digital microfluidic mixing method using particle image velocimetry (PIV) for quantified analysis of the enhanced solutal Marangoni flows. We believe that the proposed digital microfluidic mixing method can be widely utilized for a variety of medical and biochemical assays based on sessile droplets.
METHODOLOGY
Ultrasound-Induced Heating
The UIH is a micro-heating method based on the energy conversion from acoustic energy to thermal energy due to viscoelastic damping of ultrasonic SAWs propagating in a viscoelastic material [19]. As shown in Figure 1A, the UIH device is composed of an interdigital transducer (IDT) deposited on a piezoelectric lithium niobate (LiNbO3) substrate and an ultrasound absorbing layer made of viscoelastic polydimethylsiloxane (PDMS). When an alternating current (AC) signal with the IDT resonant frequency is applied, SAWs are produced from the IDT by the inverse piezoelectric effect and immediately refract into the wave absorbing layer in the form of longitudinal and shear bulk waves. Due to high viscoelastic characteristics of PDMS, the high-frequency mechanical oscillations experience stress-strain hysteresis, causing the wave energy dissipation in the form of heat (thermal energy) [20]. As found in our earlier studies [18, 19, 21, 22] the ultrasound-induced micro-heating method offers rapid, energy-efficient, volumetric heating and 2D spatiotemporal temperature gradient control on the microscale.
[image: Figure 1]FIGURE 1 | (A) Ultrasound-induced heating based on plain PDMS (left) and AgNW-PDMS composite (right) as ultrasound absorbing layers. (B) Electrical power applied to an interdigital transducer (P)-temperature increase (ΔT) profile of the ultrasound-induced heating based on plain PDMS (black circle) and AgNW-PDMS composite (blue square) at 29 MHz. (C) SEM characterization of the silver nanowires deposited on the PDMS membrane.
In UIH, heat is generated in the viscoelastic layer as the waves are attenuated by viscoelastic damping. In the present study, we further improve the energy efficiency of the UIH by enhancing ultrasound absorption based on a nature-inspired fibrous network embedded in the ultrasound absorbing layer. Moths are one of the main prey of bats which detect their prey or obstacles using ultrasound. The moth has a hairy structure on its wings to hide from the bat’s ultrasound echolocation since the microscale hairs on the moth wings serve as an ultrasound absorber [18, 23]. In analogy to the hairy structure on the moth wing, we have developed an improved UIH method based on a fiber network-embedded viscoelastic wave absorbing layer, as shown in Figure 1A. A thin PDMS membrane was first fabricated by spin-coating of uncured PDMS precursor solution, and then silver nanowires (AgNWs) (Flexiowire2040c, SG Flexio) suspended in isopropanol (IPA) were deposited on the oxygen plasma-treated PDMS membrane by air-brushing to form an AgNW-PDMS composite in a layer-by-layer process (Figure 1C). The AgNWs have 43 ± 5 nm in diameter and 19 ± 5 μm in length. Due to the acoustic impedance mismatch between PDMS and AgNWs, the AgNW fibrous network in PDMS serve as an ultrasound wave scatterer. As a result, the effective wave attenuation length in PDMS is increased due to random wave scattering, and the amount of heat produced in the wave absorbing layer is increased accordingly. The temperature increase (ΔT) in the UIH device heavily depends on the electrical power (P) applied to the IDT to produce SAWs. We measured the temperature increase in the wave absorbing layers made of plain PDMS and the AgNW-PDMS composite using an infrared thermal camera, as shown in Figure 1B. The IDT used in this study had a resonant frequency of 29 MHz for energy-efficient heating [21] and a wave-producing area of 3.1[image: image]2.6 mm2. For the UIH device, the ultrasound absorbing layer made of the AgNW-PDMS composite was found to have a 61.09% improvement in the temperature increase on average at room temperature of 20°C, compared to that made of plain PDMS. Therefore, we confirmed that the nature-inspired ultrasound-absorbing layer made of the AgNW-PDMS composite can improve the energy efficiency of the conventional UIH method.
Enhanced Solutal Marangoni Effect
In sessile droplet-based microfluidics, the surface tension effect is significant. The Marangoni effect can be induced due to the surface tension gradient along with the droplet interface that can be caused by temperature gradient [19] surfactant [24] or solutes [25]. The vapor-mediated solutal Marangoni effect has been widely studied for translocating [26], splitting [27], and mixing [3] sessile droplets. Figure 2A shows a schematic diagram of the vapor-mediated solutal Marangoni effect. A spherical cap-shaped sessile droplet is placed near a capillary tube-based microchannel with one end open toward the droplet. A volatile liquid having a lower surface tension than the sessile droplet liquid, water in this study, flowing in the microchannel is vaporized at the capillary tip and radially diffuses in the direction toward the sessile droplet. As a consequence, the local surface tension gradient is induced along the droplet interface, and this imbalanced surface tension results in Marangoni flows inside of the droplet with a pair of Marangoni vortices. Especially for sessile droplet mixing, the vapor-mediated solutal Marangoni effect has attained much attention since it can be used to control flows inside sessile droplets without temperature increase and chemical contamination of the droplets.
[image: Figure 2]FIGURE 2 | (A) A schematic of enhanced vapor-driven solutal Marangoni effect. (B) Vapor concentration (c0,modified)-temperature (T) profile of several volatile liquids (acetone, isopropyl alcohol (IPA), ethanol). (C) Stacked particle image of vapor-driven solutal Marangoni flow by acetone at 50°C.
In the present study, we apply the improved UIH heating to accelerate vaporization of volatile liquid used to induce the enhanced solutal Marangoni effect. From the simplified, steady-state Poisson diffusion equation in the spherical coordinates, assuming that the volatile vapor continuously diffuses in the radial direction with the negligible viscous boundary layer effect, the concentration profile of volatile vapor in the air (cair) can be expressed as [3, 12, 28],
[image: image]
where c0 is the initial concentration at the microchannel, r0 is the radius of a microchannel, d is the distance between microchannel and sessile droplet, and R is the sessile droplet radius. We placed the volatile liquid on one side of the droplet so that the volatile vapor effect region was defined as 0 < x < R and z is 0 attributed to the low-contact angle droplet (h/R < 1, where h is height of the droplet). By rapid solvation at the air-droplet interface, the volatile vapor concentration at the droplet interface was assumed to be the same as the concentration in the air [28]. The concentration profile along with the droplet interface can be estimated as the volatile vapor concentration as,
[image: image]
where we assumed that the surface tension varied linearly in the low mass fraction regime under the 5% mass fraction [12, 29].
With heating of the volatile liquid, modified vapor concentration (c0,modified) as a function of temperature can be theoretically estimated from Dalton’s law and the Antoine equation as,
[image: image]
where Pvap is the vapor pressure which is estimated from 10A−B/(C+T), where A, B, and C are component-specific constants of the Antoine equation [3, 30]. Patm is the atmosphere pressure, M is molecular weight of substance, and Vmol is molar volume. For volatile liquids (ethanol, acetone, and IPA) used in this study, the three constants of the Antoine equation are summarized with their molecular weight in Table 1 [30–32]. The local surface tension difference is consequently estimated as [3],
[image: image]
where β is the proportionality constant of the volatile liquids available in the literature [29, 33]. From this theoretical estimation, we can hypothesize that the surface tension gradient is proportional to the temperature-dependent c0,modified of the volatile liquid and that the vapor-mediated solutal Marangoni flows can be controlled by the UIH.
TABLE 1 | Antoine constants and molecular weight of volatile liquids.
[image: Table 1]Figure 2B indicates the initial vapor concentration at the microchannel (c0,modified) as a function of the temperature (T) for three volatile liquids used in this study (acetone, IPA, and ethanol). The theoretical calculation demonstrates that the volatile vapor concentration increases with temperature. Since the increased local vapor concentration is closely related to the increase in the local surface tension gradient along the droplet interface, the vapor-mediated solutal Marangoni flows can be significantly enhanced in the proposed method. For experimental validation, Figure 2C shows the stacked image of 1 μm-diameter particle-laden droplets exposed to the 50°C acetone vapor at the right-most end of the droplet, where symmetrical Marangoni vertical flows can be clearly observed, as predicted. A detailed discussion on the quantitative experimental flow investigation will be provided in the subsequent section.
EXPERIMENTAL
Figure 3A shows a schematic of the experimental setup of the present study. A 2 ± 0.2 μL sessile drop on a glass coverslip was placed on an inverted fluorescent microscope (IX-73, Olympus) equipped with a 4[image: image] objective lens (UPlanFL N 4[image: image], Olympus) with the UIH device where a volatile liquid is stored in a reservoir. As the UIH is applied to the volatile liquid, the vaporized volatile liquid induces a local surface tension gradient of the sessile droplet at room temperature of 20°C. The droplet radius was fixed as R = 1.25 mm, and the distance between the droplet and the heater was varied as d = 2–6 mm. As the droplet height (h) is much smaller than the droplet radius (R), such that h/R < 1, the flow confined within the low-aspect ratio droplets can be approximated as a 2D flow [3]. The dynamic viscosity of the liquid drop was varied μ = 1.00–6.00 mPa s using water-glycerol mixture solution with varying ratios. The IDT in the ultrasound-induced heater was actuated by an amplified sinusoidal AC signal produced by a signal generator (N931A, Keysight), an amplifier (ZHL-100W-GAN+, Mini-Circuits), and a power supply (EX50-24, ODA technology). For quantitative investigation of the enhanced solutal Marangoni flows, we apply particle image velocimetry (PIV) with a high-speed camera (VEO710-L, Phantom) and a 532 nm laser (MGL-F-532, Changchun New Industries Optoelectronics Technology) and fluorescence filter for 460–495 nm. As tracing particles for the in-droplet flows, 1 wt% of the 1 μm-diameter red fluorescent polymer particles (Duke Scientific) suspended in DI water was used. The particle images were captured at 300–1,300 fps when the internal droplet flow was under steady-state conditions (approximately 2–3 s after the onset of evaporation). Due to a low aspect ratio of height to diameter of the sessile droplets, we assumed that the two-dimensional flow was dominant within the sessile droplets; therefore, the focal plane for the particle images was set to be just above the glass coverslip where the in-plane 2D Maranogoni flow was dominant. The flow velocity was calculated by the 2D cross-correlation using an interrogation window of 128[image: image]128 pixels2 with 50% overlap for a coarse grid and 68[image: image]68 pixels2 with 50% overlap for a refined grid system by utilizing PIVlab [34, 35]. For the PIV experiments, the Stokes number (St = τp/τf) was approximately calculated as St[image: image] 9.3[image: image]10–7 where τp = (1/18)ρpdp2/μf is the particle response time, τf= R/V is the flow time scale, ρp is the density of the particles, dp is the particle diameter, μf is the dynamic viscosity of the fluid, and V is the flow velocity obtained from the PIV results. For quantification of the mixing, we captured images using a DSLR camera (Canon 850D, Canon) with a macro lens (Canon EF-S 60 mm f2.8 Macro USM, Canon). From the captured images, we converted the images to 8-bit greyscale images and extracted grey-values by using the ImageJ software (http://rsb.info.nih.gov/ij/).
[image: Figure 3]FIGURE 3 | Schematics of (A) experimental setup and (B) ultrasound-induced heating platform to enhance the vapor-mediated solutal Marangoni effect on a sessile droplet.
As shown in Figure 3B, the temperature of the volatile liquid in the microchannel was controlled by the improved UIH method. The PDMS microchannel with a radius (r0) of 0.5 mm was fabricated by a 3D printed mold. The multilayer of the AgNW-embedded thin PDMS membranes was placed beneath the PDMS microchannel block and was used to absorb ultrasound for energy-efficient UIH. The multilayered AgNW-PDMS composite was fabricated by the following steps. First, a thin PDMS membrane with 40 μm thickness was fabricated by spin-coating of uncured PDMS precursor solution (degassed Sylgard 184 elastomer and curing agent mixture at 10:1 ratio). After thermal-curing of the single membrane at 65°C for 2 h, oxygen plasma treatment (Covance, Femto Science) was applied on the membrane to increase the surface energy. The 43 ± 5 nm-diameter, 19 ± 5 μm-long AgNWs suspended in IPA were deposited on the membraned on the plasma-treated thin PDMS membrane by air-brushing, and this process was repeated five times to construct a multilayered AgNW-PDMS composite. A pair of Cr and Au bimetallic electrodes with thickness of 20 and 100 nm was deposited by photolithography, e-beam evaporation, and lift-off process on a 500 μm thick, 128°-rotated Y-cut X-propagating LiNbO3 wafer (MTI Korea). The IDT has a total aperture of 2.9 mm, electrode spacing is λ/4 = 32.5 μm where λ is the acoustic wavelength, and a finger pair number of N = 20. The scattering parameter (S11) was measured to identify the resonant frequency of the IDT f = 29 MHz using a vector network analyzer (E5071B, Agilent Technologies), and the actual electric power applied to the IDT was measured by an oscilloscope (MSO8104A, Agilent Technologies).
RESULTS AND DISCUSSION
Heating-Mediated Enhanced Solutal Marangoni Effect
We conducted quantitative analysis on the heating-mediated enhanced solutal Marangoni effect through theoretical and experimental investigation with PIV. Figure 4 shows the 2D velocity fields of the 2 ± 0.2 μL sessile drop of water/glycerol solution (R = 1.25 mm, h = 0.625 mm, and μ = 1.98 mPa s) locally exposed to vaporized acetone at varying temperature T = 20–60°C with the distance d = 2 mm. The acetone temperature in the 0.5 mm radius microchannel was controlled by UIH. A pair of the solutal Marangoni vortices was observed in all cases, and the solutal Marangoni flow velocity was measured to increase as the temperature of the volatile liquid increased. It was attributed that the increased vapor concentration induced by the increased temperature of the volatile liquid led to the enhanced vapor-mediated solutal Marangoni effect driven by increased local surface tension gradient along the droplet interface.
[image: Figure 4]FIGURE 4 | PIV results for the vapor-mediated solutal Marangoni flow fields at varying temperatures of the volatile liquid.
At a low Reynolds number (Re < 1), the Marangoni force per unit volume is mainly balanced by the viscous force per unit volume in the sessile droplet. The solutal Marangoni flow velocity can be theoretically estimated as [3],
[image: image]
For investigation on the volatile liquid temperature effect on the solutal Marangoni effect, we performed five repeated experiments at varying volatile liquid temperatures of T = 20, 30, 40, 50, and 60°C for acetone, IPA, and ethanol as volatile liquids for water sessile droplets, while all other parameters (R, h, d, r0, and μ) remained the same. Figure 5A shows the maximum solutal Marangoni velocity (Vmax) as a function of the temperature of three volatile liquids of acetone (black), IPA (red), and ethanol (blue), which was estimated by the PIV experiments (symbols) and theoretical estimation (solid lines). The error bar represents the standard deviation of the measured values from the repeated experiments. The theoretical estimation was conducted by applying the experimental conditions. Despite the discrepancy between the experimental and theoretical values for Vmax, the maximum Marangoni flow velocity was confirmed to monotonically increase by accelerating the vaporization of the volatile liquid with increasing temperature in both all cases. The theoretically estimated Vmax slightly deviated from the measured Vmax from the PIV experiments can be attributed to the linear surface tension profile assumption, inaccurate measurement of the experimental conditions, and 3D Marangoni vortical flow structure [3, 12, 29].
[image: Figure 5]FIGURE 5 | (A) The maximum solutal Marangoni velocity (Vmax) as a function of the temperature of three volatile liquids of acetone (black), IPA (red), and ethanol (blue), which was estimated by the PIV experiments (symbols) and theoretical estimation (solid lines). (B) The time required for complete digital microfluidic mixing (tm) of water as a function of the volatile liquid (acetone) temperature.
For quantification of the droplet mixing, we introduced a mixing index defined as [36],
[image: image]
where C″ is the mean grey value for the unmixed condition, Cc is the mean grey value for the completely mixed condition, Cj is the grey value in each pixel, and N is the total number of pixels. The normalized mixing index to indicate the index ranging from 0 (unmixed) to 1 (completely mixed) was then expressed as,
[image: image]
where M0 is the mixing index for the initial unmixed case and Mf is the mixing index for the completely mixed case. Figure 5B shows the time (tm) required for complete droplet mixing of pure DI water (μ = 1.00 mPa s) in which Mi,nor = 1, driven by the vapor-mediated solutal Marangoni effect at varying the acetone temperature at T = 20–64°C. We used the erioglaucine disodium salt solution in DI water for visualization of the droplet mixing. As shown in Figure 5B, the time required for complete droplet mixing is significantly reduced with increasing temperature of the acetone. Especially at T = 60°C above the acetone boiling temperature, immediate droplet mixing was observed within a second whereas the solutal Marangoni flow-based mixing at room temperature of T = 20°C required more than 47 s for complete mixing. The error bar represents the standard deviation of the measured tm from the ten repeated experiments, mainly due to somewhat inconsistent injecting location of the dye solution on the sessile droplets.
The time-sequential bright-field images of the droplet mixing of the pure DI water and erioglaucine disodium salt solution in DI water by acetone-mediated solutal Marangoni flow-induced mixing at room temperature (Figure 6A) and at T = 52°C (Figure 6B) were presented. As clearly shown in the figures, the heating-mediated solutal Marangoni flows can significantly enhance the digital microfluidic mixing efficiency. Figure 6C represents the normalized mixing index as a function of time for varying temperatures of T = 20–64°C. In accordance with the theoretical model and experimental data shown in Figure 6B, the time rate of change of the normalized mixing index increased with increasing acetone temperature. From the experiments, we confirmed that the heating-mediated increase in the local vaporized volatile liquid concentration induced enhanced solutal Marangoni effect for rapid digital microfluidic mixing of sessile droplets.
[image: Figure 6]FIGURE 6 | (A) Droplet mixing images at each time by solutal Marangoni flow. (B) Droplet mixing images at each time by enhanced solutal Marangoni flow. (C) Mixing index-mixing time increasing profile of volatile liquid temperatures.
Viscosity and Distance Effects on Solutal Marangoni Flow
As in Eq. 5, the vapor-mediated solutal Marangoni flow velocity is inversely proportional to the dynamic viscosity of the droplet liquid. As the droplet viscosity is increased, the contribution of the viscous dissipation becomes significant, thereby disturbing the volatile vapor-mediated Marangoni flows formed inside the sessile droplets. Figure 7A shows the 2D velocity fields of the 2 ± 0.2 μL sessile droplet of water/glycerol solution (R = 1.25 mm, h = 0.625 mm, and μ = 3.7 mPa s) locally exposed to vaporized acetone at T = 20°C (left) and 60°C (right) with the distance d = 2 mm. As predicted from the theoretical estimation, the conventional vapor-mediated solutal Marangoni flow-induced mixing method cannot be utilized for the viscous liquid droplets, causing the application of the passive method to be strictly limited to the low-viscosity liquid drop mixing. On the other hand, the heating-mediated enhanced solutal Marangoni flow at T = 60°C can induce the Marangoni flow velocity of higher than 10 mm/s, which was enough to mix the viscous liquid droplets. Various liquids used in sessile droplet-based microfluidics have higher dynamic viscosity such as blood with μ ∼ 3.5 mPa s [37].
[image: Figure 7]FIGURE 7 | (A) PIV results for the acetone vapor-mediated solutal Marangoni flow fields formed in the water/glycerol mixture solution droplet with viscosity of 3.7 mPa s at T = 20°C (left) and 60°C (right). (B) The time required for complete digital microfluidic mixing (tm) as a function of the dynamic viscosity of the sessile droplet at T = 20°C (blue) and 60°C (black).
For further quantitative analysis, we performed the repeated experiments with varying the dynamic viscosity of μ = 1.78–6.00 mPa s by changing the mixing ratio of the water and glycerol mixture solution [38, 39], as shown in Figure 7B. The solutal Marangoni flow without heating (blue) at room temperature of 20°C, the droplet mixing can be achieved for low-viscosity droplets with μ < 2.5 mPa s. However, this passive method required a comparably long time of approximately 1 min for the complete mixing with Mi,nor = 1 to be used for practical application. Further, for high-viscosity liquid droplets with μ > 3.5 mPa s, the droplet mixing was not achievable by the room-temperature solutal Marangoni effect. On the contrary, the heating-mediated enhanced solutal Marangoni flow can be applied to rapid mixing with tm < 10 s for low-viscosity droplets with μ < 2.5 mPa s. Even for high-viscosity droplets with μ > 3.5 mPa s, the enhanced solutal Marangoni flow-induced droplet mixing was clearly observed with a relatively increased time required for complete mixing. These results demonstrate the proposed active Marangoni flow-based droplet mixing method outperforms the previous passive method in terms of improved applicability for various kinds of liquids.
As discussed in the theoretical modeling (Eqs. 2, 4, 5), the distance between the sessile droplet and microchannel tip (d) also plays an important role in the vapor-mediated solutal Marangoni flow. Since the vapor concentration profile, surface tension gradient, and the solutal Marangoni flow velocity are heavily dependent on d, we conducted droplet mixing experiments with varying d = 2–6 mm. Figure 8A shows the 2D Marangoni flow velocity fields of the 2 ± 0.2 μL sessile droplet of pure DI water (R = 1.25 mm, h = 0.625 mm, and μ = 1.0 mPa s) locally exposed to vaporized acetone at T = 20°C (left) and 60°C (right) with the distance d = 4 mm. From the theoretical model (Eqs. 2, 4, 5), we could predict that volatile vapor concentration would be decreased as increasing distance d so that the flow velocity also would decrease, leading to increased requiring time for complete droplet mixing. At room temperature, the acetone vapor-mediated solutal Marangoni effect was observed to be negligible, and the droplet mixing was not achieved. On the other hand, at an increased temperature of T = 60°C by UIH, the acetone vapor-mediated solutal Marangoni flow velocity was measured to exceed 10 mm/s, and the complete droplet mixing was achieved within 10 s.
[image: Figure 8]FIGURE 8 | (A) PIV results for the acetone vapor-mediated solutal Marangoni flow fields formed in the pure DI water droplet with the distance between the sessile droplet and microchannel tip of d = 4 mm at T = 20°C (left) and 60°C (right). (B) The time required for complete droplet mixing (tm) as a function of d at T = 20°C (blue) and 60°C (black).
Figure 8B shows the time required for complete droplet mixing (tm) with varying d = 2, 3, 4, 5, and 6 mm at T = 20°C (blue) without heating and 60°C (black) by UIH. In compliance with the theoretical prediction, the droplet mixing time required for Mi,nor = 1 increased with increasing d in all cases. For the conditions with d[image: image] 3 mm, room-temperature solutal Marangoni effect could be applicable for droplet mixing with tm < 1 min; however, the droplet mixing cannot be achieved when the sessile droplet was placed far from the volatile liquid with d[image: image] 4 mm, the droplet mixing cannot be achieved by the passive solutal Marangoni effect. On the other hand, at increased acetone temperate of T = 60°C with the help of the UIH method, the enhanced solutal Marangoni effect enabled rapid droplet mixing with tm < 3 s for d[image: image] 3 mm. Even with d[image: image] 4 mm, the droplet mixing was achieved with tm < 20 s by the heating-mediated solutal Marangoni effect, which was impossible in the passive method. These results imply that the enhanced solutal Marangoni flow-based mixing method can operate under less strict conditions for the location of the sessile droplets and the volatile liquid vaporization, preventing potential direct contact of the liquids for cross-contamination and improving the stability of the working conditions.
CONCLUSION
We have improved the energy efficiency of the UIH by introducing a nature-inspired fibrous network-embedded ultrasound absorbing layer to enhance the ultrasound absorption based on the microscale hairy structure on the moth wing [18, 19, 21, 23]. By the infrared thermal imaging of the increased temperature by UIH, we found a 61.09% improvement in the temperature increase under the same electrical power applied to the heater. The improved UIH method was applied to enhance vapor-mediated solutal Marangoni effect for digital microfluidic mixing. The increased temperature accelerated the vaporization of the volatile liquid, and the local surface tension gradient was increased accordingly, resulting in the enhanced solutal Marangoni flow. We conducted theoretical investigation on the enhanced solutal Marangoni flow based on the steady-state Poisson equation, Dalton’s law, and Antoine equation to estimate the enhanced solutal Marangoni flow velocity [3, 12, 28, 29, 31]. We also performed the PIV experiments for experimental validation and found that the theoretical estimation and the measured values were in good agreement for varying volatile liquid temperatures. For analysis on the droplet viscosity and distance effects on the solutal Marangoni effects, we measured the time required for complete mixing under various conditions. From the experimental results, we confirmed that the enhanced solutal Marangoni flow-based mixing can improve the droplet mixing performance with reduced mixing time and mixing abilities even for high-viscosity liquid droplets and far-placed droplets from the volatile liquid, improving the practical applicability. Therefore, we expect that the proposed enhanced solutal Marangoni effect with the improved UIH can offer new perspectives to digital droplet microfluidic mixing in various fields including biochemical assays, clinical diagnostics, and drug screening.
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