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SYNOPSIS 

 
 

Chapter I. Introduction 

Mesoscopic liquid droplets are ubiquitous in nature. From sessile droplet-based diagnostic 

devices to rainwater energy harvesting - liquid droplets offer a versatile platform for the 

construction of functional systems. This unique geometry has been adapted across diverse 

scientific and engineering domains owing to its attractive characteristics. These characteristics 

have also aided in highlighting its potential to replace conventional processes at the macroscale. 

Some of the distinct advantages associated with liquid droplet systems at the micro/nanoscale 

includes: (i) limited usage of fluid volume with the smallest possible area available per unit 

mass, (ii) an incompressible system that is soft and deformable, (iii) thermodynamically an 

open system suitable for facile mass, momentum, and energy transfer through the surface, and 

(iv) facilitating the incorporation of different constituents that impart optically and 

electrochemically active properties.  

Rapid progress in the field of science and technology has fostered the miniaturized devices that 

are more efficient than their macroscale counterparts. In this regard, the sessile droplet-based 

systems offer an attractive and alternate system configuration that can integrate and function 

on a large-scale to tackle numerous challenges. Since droplets- based systems have a high 

surface area to volume ratio, they are particularly prone to enhanced rates of mass and energy 

transfer with their surroundings. The confined system possessed by the droplet geometry allows 

uniform interaction with its surrounding environment via its curved interface, which lacks 

spatial inhomogeneities. Thus, in the presence of external fields, diffusion-limited processes 

such as chemical reactions, are facilitated owing to the formation of the convective flow 

patterns within a droplet, as characterized by a relatively high Reynolds number. For example, 

prior-art suggest the usages of thermal and solutal field gradients, for devising systems that can 

perform analyte sensing as well as energy harvesting. 

Recent years have also witnessed the tremendous growth of hybrid systems in the healthcare 

sector. These alternate methodologies have employed facile and effective detection strategies 

for confronting the major issue of affordable diagnostic devices for low-resource settings. In 

this regard, microfluidic technologies have presented a promising route for facilitating storage, 

reaction, and separation of identifying biomarkers. For instance, liquid droplet systems have 
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carried out rapid analysis either by utilizing evaporative-based techniques or operating in the 

presence of other field-driven methodologies. Moreover, given the versatile nature of droplets-

based systems, in particular water droplet-based platforms, it is not surprising that of late an 

increasing number of studies have focused on its usage for addressing another critical issue of 

harvesting ambient energy. For example, the triboelectric generators have exploited the polar 

nature of the water microdroplets for harvesting energy from the electrical-double layers 

formed near the surfaces where the droplets impinge. Other measures such as microscale fuel 

cells involve the addition of reactive components that can enhance the conversion of chemical 

to electrical energy. The advantage lies with their ability to incorporate elements such as 

photosensitive electrodes while connecting serially on a large-scale to generate high-density 

power. Such a range of adaptations has only aided in the deployment of droplet-based platforms 

for tackling futuristic issues.       

On the other hand, different facets of liquid droplets offer opportunities for utilization towards 

different objectives. Physical characteristics such as the droplet curvature have been utilized 

for magnification purposes in optics-related tasks. In this aspect, modification of the droplet 

medium from isotropic to anisotropic have been reported to provide an additional handle over 

light-manipulation capabilities. For macroscale applications, it becomes vital to assimilate a 

multitude of such uniform optically-active structures that can be employed as fluidic lenses or 

photomasks. As compared to the expensive photo/electron lithographic-based techniques, 

dewetting processes involving fluids or soft-lithographic techniques offer an affordable route 

towards the realization of these structures. Furthermore, with regards to optics-related 

applications, functional materials such as the ionic liquids or liquid crystals (LC) have been 

increasingly investigated. The internal molecular ordering of LC can be tailored using various 

external stimuli such that the output light is transmitted accordingly. Exploring LC thin film 

dewetting processes on soft, slippery surfaces may present a facile way for creating numerous 

self-organized micro/nano-droplets for photonic applications.   

Considering such characteristics of droplet platforms, it becomes abundantly clear that their 

role is expanding across different domains at the micro/nanoscale, leading to the generation of 

alternate technological solutions. In this dissertation, different field-driven systems including 

acoustic, photonic and chemical-potential, have been selectively utilized for exploring the 

underlying physics associated with droplet platforms towards patterning, sensing and energy 

harvesting applications. Micro-scale experimental setups employing solid and liquid substrates 

have been utilized to uncover the different phenomenon associated with such droplet systems. 

The point-wise objectives concerning the different chapters in this thesis are as follows: 
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❖ Investigation of acoustic wave catalyzed urea detection employing a pulsatile sonophillic 

microdroplet sensor. 

❖ Exploring microdroplet photofuel cells for harvesting high-density energy capable of 

simultaneously working as a dye degradation platform. 

❖ Generation of self-organized liquid crystal microdroplets for utilization as tunable soft-

photomasks. 

❖ Chemotactic dewetting of a nematic liquid crystal droplet on a liquid bath.  

In the subsequent sections II–V of this report, primary details highlighting the different 

technical aspects belonging to the thesis chapters have been provided. A short summary of the 

various works along with the scope for future research in these areas has also been provided. 

Chapter II. Acoustic Wave Catalyzed Urea Detection Utilizing a Pulsatile Microdroplet 

Sensor 

 

Figure 1. Overall schematic of droplet-based sensor. A freestanding configuration was used to 

sense the changes in acoustic signals emanating from different instruments. Further, a sandwich 

configuration was utilized to sense the urea concentrations within an unknown serum sample. 

 

In this chapter, we observe and utilize the variations measured in the electrical resistance across 

a conducting water microdroplet when it is placed on a glass substrate and mechanically 

vibrated at the natural frequency of the setup with the help of an acoustic source. The reduction 

in the resistance across the droplet was magnified owing to the formation of vortices in the 
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matrix when the periodic oscillation of the substrate was increased. The variation in the 

resistance could be tuned with the frequency of the sound source, which was found to be 

maximum when a 10 µL droplet was vibrated at ~320 Hz. Interestingly, the variation in 

resistance across the oscillating droplet could follow and distinguish the musical notes in the 

octaves – “sur”, or rhythmic cycles – “taal”, originating from the Indian-origin musical 

instruments such as, flute, harmonium, whistle, and tabla.  

Further, when a suspension of urease-stabilized gold-cadmium-sulfide nanocomposite was 

suspended inside the droplet, and mixed with an analyte containing urea solution, the change 

in the resistance during the operational time period was found to monotonically vary with the 

concentration of urea in the analyte. The enzymatic reaction between urea and urease was found 

to follow a faster first-order chemical kinetics than the commonly observed Michaelis–Menten 

pathway owing to the presence of the moving nanocomposites and mixing-vortices under the 

optimal acoustic excitations. The specific lock-and-key enzymatic reaction helped in extending 

these experimental results to estimate the unknown levels of urea in human blood serum 

samples. 

Chapter III. Microdroplet PhotoFuel Cells to Harvest High Density Energy and Dye 

Degradation 

This chapter presents the design and development of a membraneless photofuel cell, namely 

μ-DropFC, to harvest chemical and solar energies simultaneously. The droplet prototype also 

performed environmental remediation to demonstrate its multitasking potential as a sustainable 

hybrid device in a single embodiment. Hydrogen peroxide (H2O2) microdroplet at optimal pH 

and salt loading was utilized as the fuel, integrated with an Al anode and zinc phthalocyanine 

coated Cu cathode. The presence of n-type semiconductor zinc phthalocyanine in between the 

electrolyte and metal enabled the formation of a photo-active Schottky junction suitable for 

power generation under light. Concurrently, the oxidation and reduction of H2O2 on the 

electrodes helped in the conversion of chemical energy into the electrical one in the same 

membraneless setup. Suspension of Au nanoparticles (NPs) in the droplet helped in enhancing 

the overall power density under photonic illumination through the effects of localized surface 

Plasmon resonance (LSPR). Further, the presence of photo-active n-type CdS NPs enabled 

catalytic photo-degradation of dyes under light in the same embodiment. 
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Figure 2. Overview of the hybrid membraneless droplet-based photofuel cell (μ-DropFC). 

Utilization of Au NPs in a H2O2 μ-DropFC enhanced the overall power density in presence of 

external radiations. Interestingly, the same droplet configuration could also harvest significant 

energy while being engaged in degradation of an environmental pollutant.   

 

A 40 μL μ-DropFC could show a significantly high open circuit potential of ~0.58 V along 

with a power density of 0.72 mW/cm2. Under the same condition, integration of ten such μ-

DropFCs produced a power density of ~7 mW/cm2 at an efficiency of 3.4%. Moreover, the μ-

DropFC also degraded ~85% of an industrial pollutant Rhodamine 6G in 1 h while generating 

a power density of ~ 0.6 mW/cm2. The performance parameters of μ-DropFC were found to be 

either comparable or superior to the existing prototypes. In a way, the membraneless and high-

performance μ-DropFC harnessed energy from multiple sources while engaging in 

environmental remediation. 

Chapter IV. Self-Organized Liquid Crystal Droplets as Tunable Soft-Photomasks 

Utilization of liquid/liquid dewetting methodology for the generation of large-area, 

miniaturized, distinct, and stable droplets offer itself as a promising scalable technique for 

catering to a wide variety of micro/nano applications. In this chapter, a single-step pathway 

was presented to generate a multitude of quasi-monodispersed LC droplets obtained via the 

spreading of a 4-Cyano-4'-pentylbiphenyl (5CB)-laden hexane droplet over a CTAB-water 

bath. A facile soft-photolithography setup was prepared to incorporate these 5CB droplets as 

fluidic photomasks for the generation of distinct features over photoresist (PR) surfaces. 
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Figure 3. Schematic diagram highlighting the phenomenon and application of dewetting of the 

liquid bilayer. (I) A 5CB-hexane compound droplet was dispensed over a CTAB-laden water 

bath. Rapid spreading and subsequent retraction of the compound droplet led to generation of 

multitude of 5CB droplets from the contact line. (II) (A) 5CB droplets were used in a soft-

photolithography setup for obtaining unique patterns on a photoresist (PR) substrate. (B) Light 

path from the surroundings to the PR surface. n represents the refractive index of material. 

For two different PR tones, surface features with micron to nano-scale dimensions were 

obtained over a large area: flattened droplets were obtained on a positive photoresist substrate 

while donut-like features were obtained on a negative photoresist substrate. Solvent vapor 

annealing of the LC droplets led to their phase transition, which provided an additional handle 

over the diversity of patterns obtained. The dewetting dynamics concerning 5CB droplet 

dewetting was greatly influenced by the surface-active agent (CTAB) concentration. Low 
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concentrations favored laminar spreading of the droplet with gradual retraction, while at high 

concentrations (beyond critical concentration limit), droplet dynamics was difficult to follow 

due to rapid and uneven retraction profiles on account of a heterogeneous surface-energy 

substrate. The solvent selection also played a role in governing the overall dewetting period 

along with the dimensions of daughter droplets generated over the water-surfactant bath: 

hexane promoted a fast-dewetting phase with miniaturized droplets generation (1–90 µm) 

while heptanol resulted in slow dewetting dynamics with irregular, large daughter droplets (> 

100 µm). Different dewetting modes for 5CB were observed across two other solvents viz. 

toluene and chloroform. Remarkably, the dewetting dynamics displayed by 5CB was not 

material-specific and was observed in polystyrene-toluene solution over the water-surfactant 

bath.   

Chapter V. Chemotactic Dewetting of a Nematic Droplet on a Water Bath 

Techniques involving the creation of miniaturized optically-active droplets without the need 

for cumbersome instrumentation highlight their potential for being adapted towards large-scale 

operations. In this chapter, experimental investigations uncover the dynamics associated with 

a nematic LC droplet when it is placed on an immiscible liquid bath, in the vicinity of a miscible 

solvent droplet. A 5CB droplet on a water bath displays various contact line dynamics when a 

hexane droplet is dispensed close to it. The highly volatile hexane interacts with the 5CB 

droplet during its adsorption on 5CB surface as well as during spreading on the water bath. In 

both case, this results in the lowering of local surface tension gradient within the 5CB droplet. 

This surface tension gradient across the droplet bulk led to the initiation of recirculation within 

the 5CB droplet matrix. An osmotic pressure gradient was also created on the water interface, 

which along with the convective forces within the water bath, aided in the 5CB droplet motility. 

Beyond a critical recirculation rate within the 5CB droplet, centripetal forces generated due to 

the recirculation overcome the surface tension forces resulting in the instantaneous distortion 

of the droplet boundary. It was observed that the recirculation ceases to exist at the point of 

distortion, and gradually picked-up over a period of time, with the process repeating itself. 

Furthermore, at the 5CB droplet boundary facing hexane, the spreading of the 5CB droplet on 

the water bath led to the creation of numerous 5CB droplets which resisted coalescence. The 

spreading of the droplet was followed by the occurrence of capillary instability at the droplet 

periphery. 
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Figure 4. Overview of the entire process. Isolated 5CB and hexane droplets when placed at a 

close distance on a water bath display numerous spatiotemporal droplet dynamics. Initially, the 

solutal Marangoni effect initiates recirculation within the 5CB droplet owing to the surface 

tension gradient between the surface and bulk 5CB. This recirculation initiates convective flow 

within the water bath that aids in the droplet motility. Beyond a certain recirculation rate, 

centripetal forces generated within the droplet overcome surface tension at the periphery that 

results in periodic oscillations of the 5CB droplet. Moreover, the droplet region close to the 

hexane source undergoes spreading on the water bath. The thin film eventually undergoes 

capillary instability as the hexane evaporates and changes the local spreading coefficient. 

Remarkably, the recirculation set in within the droplet enhance the rate of adsorption of hexane 

which causes the phase transition of 5CB from nematic to isotropic. Once in the isotropic phase, 

the droplet no longer displays any lateral or longitudinal movement on the water bath.  

 

Additionally, in presence of hexane, the recirculation was also observed to enhance the rate of 

phase transition in the 5CB droplet from nematic to isotropic as it led to faster uptake of hexane. 

Once in the isotropic state, the droplet resisted further oscillation or lateral/longitudinal 

movement because of the reduction in the surface tension gradient.   

Chapter VI. Conclusions and Future Scope  

This thesis presents various proof-of-concept droplet systems highlighting their versatility and 

applicability towards applications ranging from biosensing and energy harvesting to patterning.  

The second chapter highlights the utility of a facile setup that employs an acoustically vibrated 

conducting water microdroplet tailored for sensing purpose. It was observed that the vibrations 

imparted to the microdroplet resulted in the variation of electrical resistance across it, which 

was measured by the two electrodes placed at diametrically opposite ends of the droplet. The 
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change in the electrical resistance of the droplet could be correlated with the change in external 

acoustic signal. Variation in the external signal frequency and tempo could be distinguished 

thereby facilitating the droplet setup to be used as a sound sensor. Additionally, the similar 

detection principle was also employed for the development of a urea biosensor. Doping the 

droplet with Au/CdS nanocomposite linked urease enzyme and stimulating it with acoustic 

signals in presence of urea solution, led to the preparation of a calibration curve. Herein, the 

change in urea concentration within the droplet could be correlated to the change in electrical 

resistance across the droplet. It was also observed that the rate of urea-urease enzymatic 

reaction was significantly faster in presence of acoustic signals. Better interaction between 

constituents was due to presence of recirculation as a result of the vibrating substrate, and 

presence of Au/CdS nanocomposite which offered a higher interfacial area for the reaction. 

Comparison of the microdroplet-based urea biosensor with a standard laboratory technique 

revealed that the droplet sensor could determine unknown urea levels in serum samples within 

a 10% - 15% margin of error.   

The third chapter explores the role of a microdroplet as a hybrid energy harvesting setup. The 

droplet utilized hydrogen peroxide as the fuel and oxidant, and ZnPC/Cu, and Al as cathode 

and anode, respectively. Electrochemical energy harvesting could be achieved as the droplet 

operated as a photofuel cell system. Presence of additives such as Au NPs aided in enhancing 

the power and current density values. In presence of external illumination, the LSPR effect of 

the Au NPs increased the localized electric field intensity which improved the charge transfer 

characteristics between electrodes and suppressed charge recombination at the ZnPC electrode. 

A 40 μL μ-DropFC could generate an open circuit potential of ~0.58 V and power density of 

0.72 mW/cm2. Utilizing the same droplet composition in a VLSI configuration of 10 cells 

generated a power density of ~7 mW/cm2 at an efficiency of 3.4%. It was also observed that 

the same droplet setup could be employed as a dye degradation unit. Rhodamine 6G dye was 

added to the droplet and within an hour ~ 85% of the dye was degraded. Moreover, energy 

harvesting during this operation resulted in generation of ~ 0.6 mW/cm2, thereby highlighting 

the hybrid characteristic of the setup of that being able to generate energy while being engaged 

in dye degradation.  

The fourth chapter discusses a pathway to realize self-organized optically-active 5CB droplets 

on a large-scale that was employed as photomasks in a photolithography experiment. 

Experiments involving the deposition of a 5CB-in-hexane drop on a CTAB laden water bath 

were carried out. Rapid spreading of the 5CB-in-hexane droplet was assisted by the interfacial 

tension gradient. After reaching equilibrium, the leading edge of the drop was observed to 
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retract at a gradually slow rate. Varying the CTAB concentration led to the emergence of two 

modes of dewetting – spinodal (below CMC limit) and heterogeneous (above CMC limit). The 

retraction of the 5CB compound droplet led to the ejection of numerous daughter 5CB droplets 

from the three-phase contact line due to capillary instability. The dimensions of the daughter 

5CB droplets could be primarily controlled by varying the 5CB concentration and CTAB 

concentration. Furthermore, these miniaturized 5CB droplets were utilized as soft photomasks 

in an unconventional photolithography setup to generate diverse 2D, 3D patterns. Solvent 

vapor annealing provided an additional handle over light modulation and subsequent 

generation of features. Experiments also revealed that changing the 5CB solvent led to new 

modes of dewetting over the CTAB bath. Additionally, these dewetting routes were not 5CB 

specific and were observed in case of polystyrene-solvent drop deposition as well.  

The fifth chapter investigates the striking contact line dynamics displayed by the pristine 5CB 

droplet when it is deposited on a water bath in presence of a hexane droplet. A facile route for 

generation of multitudes of miniaturized 5CB droplets was uncovered. Hexane adsorption on 

the 5CB droplet surface as well as its contact with the 5CB droplet over the water bath, results 

in change of local surface tension within the nematic droplet. The solutal Marangoni stresses 

generates a plurality of instabilities such as recirculation within the 5CB droplet bulk, and 

oscillatory contact line motion along with 5CB droplet ejection at the three-phase contact line. 

It was observed that the recirculation within the 5CB droplet increased gradually until reaching 

a critical value. Thereafter, the centripetal forces overcame the surface tension forces leading 

to an instantaneous distortion of contact line, leading to droplet spreading. This was 

immediately followed by cessation of the recirculation which also led to restoration of the 

circular 5CB droplet imprint and this entire cycle repeated thereafter. Osmotic pressure 

gradient near 5CB periphery also enforces a net change in the S value across the 5CB droplet 

such that droplet motility on the water bath is observed. Experiments uncover that variation in 

the water bath level controls the rate of droplet motility. Furthermore, volume of hexane droplet 

deposited on water bath also influenced the rate of 5CB recirculation. Increasing the bath 

temperature led to faster recirculation on the account of thermal Marangoni effects, however it 

reduced the recirculation time period as 5CB phase transition occurred early. Increasing the 

salt concentration of the water bath also enhanced the rate of recirculation significantly, which 

as a result, increased hexane uptake, reducing overall recirculation period.   

The different droplet-based applications and phenomena presented in this dissertation 

highlights the immense potential of these miniaturized systems. It further introduces a number 

of avenues for potential future research. Designing of acoustic sensors employing audible 
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sounds for droplet stimulation highlights a facile and affordable sensing methodology. Further 

improvement with respect to device efficiency can be brought out by analysing droplet-

substrate interaction by incorporating patterned electrodes for contact line pinning and 

assessing ionization effects of electrode prior to analyte loading. Moreover, utilization of 

multiple enzyme-doped droplets for a multiplex assay can lead to a promising lab-on-a-chip 

point of care sensor. Microdroplet photofuel cells are an alternative energy harvesting system 

capable of fulfilling multi-functional objectives. As presented here, simultaneous dye 

degradation while generation of energy from the hydrogen peroxide based redox reaction, 

could be realized. Further research into areas such as fuel selection, anode stability and 

identification of low-onset potential cathode can significantly aid in enhancing the device 

parameters. Additionally, designing of better circuits for VLSI may lead to accomplishing 

stand-alone power sources for deployment in remote locations for low energy-intensive 

systems. Utilizing the different aspects of droplet-dynamics on various substrates can lead to 

emergence of alternate approaches for solving conventional issues.  

Liquid-on-liquid dewetting phenomenon has been analysed incorporating LC, for obtaining 

multitudes of optically-active, miniaturized nematic droplets. These droplets have been utilized 

as soft photomasks in an unconventional photolithography setup for obtaining unique 2D, 3D 

patterns. This route of large-scale nematic droplet generation can be analysed for different LCs 

possessing smectic, cholesteric and other exotic LC phases, in order to get tailored photomasks 

generating diverse features on PR surfaces. Also, theoretical investigation of the spreading and 

retracting dynamics may lead to a better understanding of the governing forces and aid in 

controlling dimensions of daughter droplets. LC droplet interaction on an aqueous surface in 

presence of a solvent droplet has shown to display striking spreading dynamics. Different 

modes of instability have been visualized due to influence of solutal Marangoni effect. 

Moreover, this phenomenon also helps to obtain miniaturized LC droplets, with a 105 order of 

magnitude reduction. In-depth analysis into the various contact line instabilities near the LC 

droplet can lead to better understanding of the dewetting phenomenon. This may help explore 

the contact phase dynamics of miscible and immiscible systems on soft, deformable substrates. 

Furthermore, this technique can also be harnessed for generation of compound LC droplets 

utilized in biosensing, material synthesis and photonics applications.       
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Figure 2.1 Schematic diagram showing the steps undertaken to prepare the Au/CdS-urease 

nanocomposite. (i) Functionalization of the Au/CdS surface with Tween 20 

surfactant followed by the thiol (11-MUDA) moiety, (ii) attaching the 

functionalized Au/CdS NPs with EDC-NHS functional groups for amine coupling, 

(iii) addition of urease enzyme to the reaction mixture, (iv) formation of Au/CdS 

stabilized urease NPs. 31 

Figure 2.2 Characterization of the synthesized Au/CdS nanocomposite. Images (a) and (b) 

show the UV-Vis spectra and FTIR plot of the individual components as well as 

the synthesized nanocomposite, respectively. Image (c) and (d) shows the TEM 

image of synthesized Au nanoparticle and Au/CdS nanocomposite, respectively. 

Inset images in (c) and (d) show the SAED patterns of the Au NP and CdS NP 

respectively. Scale bar for the inset images are 5 nm-1. Scale bar for images (c) and 

(d) are 10 nm and 20 nm, respectively. 33 

Figure 2.3 Schematic diagram of the experimental steps followed for characterizing the 

acoustically stimulated droplet system. (a) A micro droplet (10 μL) of salt water 

solution was placed on a glass substrate on which an adhesive tape was already 

stuck. (b) After the exposure of sinusoidal acoustic waves, the glass substrate 

started vibrating which in turn caused vortex formation in the oscillating droplet. 

Thereafter, this system was analyzed in two different pathways: (cI) depicts the 

optical and morphological characterizations of the droplet dynamics with the help 

of a video camera and (cII) shows the method setup for the electrical 

characterizations. 34 

Figure 2.4 Image (a) schematically shows the effect of the vibrating substrate on the above 

placed droplet. Images in (b) show the snapshots of the deformed droplet at 

different time intervals for a 140 ms cycle (7 Hz) when the frequency acoustic wave 

was 320 Hz at the sound source (SS). The rows show the time required for the 

deformation from the base state (
0h ) to the perturbed state (

th ) and vice versa in a 

full cycle of 140 ms, observed at 1x magnification, with a scale bar of 1 mm. Image 

(c) shows the percentage deformation (d) of the droplet with time during one cycle. 

Image (d) corresponds to the time averaged amplitude of vibration (Aavg.) of the 

droplet on the substrate at different frequencies (ν) of the acoustic waves. The time 
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span for obtaining the average value was 1 s. Image (e) shows the time average 

amplitude of the periodic sound waves, Ᾱavg, when the SS was placed under the 

glass substrate (Sp), at three different frequencies (ν) of the acoustic waves – 280, 

320 and 360 Hz, respectively. Image (f) corresponds to the difference between the 

average values of time-periodic amplitudes of acoustic waves, damp, between free 

SS and the condition when the SS was placed under the glass substrate (Sp). Inset 

shows the method to obtain damp, i.e. subtracting the amplitude of average time-

periodic variation of emanated sound waves (Ᾱavg) of Sp from the free SS, at 

different acoustic frequencies. The time span for obtaining the average value was 

1 s for both cases, (e) and (f) respectively. 36 

Figure 2.5 Plots (I) - (III) show the variations in the droplet deformation % (d %) with time (t) 

for different substrate dimensions, as shown in the Table 2.1, under the influence 

of the SS which generated acoustic sinusoidal waves at 320 Hz 39 

Figure 2.6 Images (a) – (c) show the schematic diagram of the different experimental set-ups, 

which were employed to test the electrical response of the droplet. Image (d) shows 

the variation in the normalized electrical resistance (
NR ) of the droplet with the 

change in source frequency varied over a wide range, from  f = 30 Hz to f =1 kHz.

 41 

Figure 2.7 Images (a) and (b) show the variations of minimum frequency of sound wave from 

SS, required to deform the droplet (fmin) and maximum percentage of droplet 

deformation (dmax) with viscosity (η) and density (ρ) of the droplet fluid. Image 

(c) shows the variation in dmax with the varying intensity of sound from the SS 

(Sv). Furthermore, in this experiment, many particles of size ~ 180 μm were floated 

and followed in the droplet in presence of the exposure of the acoustic wave to 

measure the strength of the rotational current. Image (d) shows the variation in the 

minimum frequency of the SS required (fmin) for initiating the rotational motion of 

the particle inside with η and ρ of the droplet fluid. Image (e) shows the variation 

in the rotational velocity (ω) of the particle with η and ρ of the droplet fluid at a 

particular SS frequency of 320 Hz. 42 

Figure 2.8.Image (a) shows the schematic of the experimental setup used to determine the 

normalized resistance, ( )N max/
t

R R R= . Image (b) shows the variation in NR  with t 

when sounds of flute, harmonium and whistle for the 8 notes of the octave were 
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issued from SS. The intensity of change in NR  was represented by the length of 

the bar which had a corresponding value of 0.1. Image (c) shows the wave patterns 

of a particular ‘Sa’ syllable sound, belonging to two different instruments namely, 

flute and harmonium, which was issued through the SS. These acoustic waves have 

been analyzed using open source Audacity software. The scale bar represents the 

time period of 1 s. Image (d) shows the variation in NR  with t for the sounds of 

different “bol”, mnemonic syllable of Tabla. The image also shows the response of 

the droplet for Tintaal, Dadra, and Jhaptal, respectively, at a tempo of 120 

beats/min. The intensity of change in NR  was represented by the length of the bar 

which had a corresponding value of 0.05. Image (e) shows the corresponding wave 

patterns of different “taal” obtained from the Audacity software when their tempo 

was maintained at 120 beats/min. The scale bar represents the time period of 1 s. 

Image (f) shows the variation in NR with t for Jhaptal, when it was played at SV of 

~ 97 dB for different values of tempo. The intensity of variation in NR was 

represented by the length of the bar, which had a corresponding value of 0.1. Image 

(g) shows the corresponding wave patterns of taal dadra played at different tempo 

which were obtained using Audacity software. The respective scale bars represent 

the time period of 1 s for each tempo. The encircled portions highlight the coming 

together of the various “bols” with increasing tempo, which generated different 

wave pattern with changing tempo. 44 

Figure 2.9 Image shows the variation in the normalized resistance (
NR ) of the droplet with 

different sound levels of the SS. The sound played belonged to taal dadra, when it 

was played at a tempo of 120 and at dissimilar sound levels – 82 dB, 86 dB and 97 

dB, respectively. 46 

Figure 2.10 Images (a) and (b) show the two different arrangements of experiments with, (i) 

free droplet – ‘FDrop’ and (ii) sandwiched droplet – ‘SDrop’. The motions of 

vortices inside the droplet is also sketched in the images. The image (a) also shows 

the electrode arrangement for FDrop configuration while the same for SDrop is 

shown in the image (b). For the SDrop configuration, another glass slide was placed 

on the droplet to make the sandwiched structure. Image (c) shows the complete 

arrangement of the proposed device with a SDrop configuration for the detection 

of urea. Image (d) shows the rotational speed (ω) of the particles and maximum 
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percentage deformation (dmax) of the droplet surface for the FDrop and SDrop 

configurations. The image (e) shows the change in NR  with f of the SS ranging 

from 30-1000 Hz for different concentrations of urease, as shown by the different 

symbols. The grey region shows the operating zone of the SDrop configuration. 

Inset figure shows the relative change in the normalized resistance, 0R , with 

urease loading, CE. The parameter, max 0

0 N N

f fR R R = −  , represents the difference 

between the maximum change in the normalized resistance obtained at 320 Hz 

where dmax was achieved. Here max

N

fR correspond to the normalized resistance at 

320 Hz and 0

N

fR is the same at 0 Hz. 47 

Figure 2.11Image (a) shows the variation in NR  with t for the sounds of different “bol”, 

mnemonic syllable of Tabla. The image also shows the response of the droplet for 

Tintaal, Dadra, and Jhaptal, respectively, at a tempo of 120 beats/min. The intensity 

of change in NR  was represented by the length of the bar which had a 

corresponding value of 0.05. Image (b) shows the corresponding wave patterns of 

different “taal” obtained using the SDrop configuration when the conditions of the 

incident acoustic waves were kept similar to that in the former case. 49 

Figure 2.12The schematic diagram shows the urease moiety attachment to the cluster of units 

of Au/CdS nanocomposite. Images (a) and (b) show the breaking of the Au/CdS-

urease nanocomposite into smaller fragments under the SS when a nanocomposite 

loaded salt-water droplet was mixed with urea-buffer solution (e.g. 5 mM) and then 

exposed to the sound wave from the SS. The images show that the bigger fragments 

of the nanocomposite were broken into multiple smaller ones owing to the acoustic 

stimulation. Images (c) and (d) show the TEM micrographs of the Au/CdS-urease 

nanocomposites before and after sound exposure, respectively, in which the scale 

bars are of 20 nm. Plot (e) shows the variation in the percentage normalized 

resistance, s max sat max( ) 100 /R R R R = −  , across the droplet when different 

concentrations of urea-buffer solutions ( UC ) were added. The line following the 

circular symbols shows the calibration plot for urea detection. Scattered points with 

triangular symbol show the results obtained from human serum samples. The 

urease concentration utilized for detection in the latter case was 0.5 mg/ml. 51 
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Figure 2.13Image shows the variation in the resistance of droplet ( R ) with time for 10 mM 

urea solution in presence of 0.5 mg/mL urease and 2.5 mM buffer. Two 

parameters have been presented in the plot - maxR , which denotes the maximum 

resistance at the beginning of the experiment and satR , which denotes the 

saturation resistance after a long time, respectively. 52 

Figure 2.14Image shows the difference in the ΔRS values obtained for the two configurations,                              

SDrop and FDrop, in the presence of urea-Au/CdS attached urease reaction. 53 

Figure 2.15 Sensitivity studies were performed to check the sR  (%), value for different urea 

concentrations ( UC ) - 1, 5, 10, 50 and 100 mM respectively, for a fixed Au/CdS-

urease concentration (0.5 mg/mL) in presence of (a) varying buffer conc. and (b) 

varying BSA conc. Image (c) represents the repeatability feature of the setup, by 

checking the sR  (%) value for a fixed urea concentration (10 mM) and fixed 

urease concentration (0.5 mg/mL) over a number of batches. Image (d) represents 

the stability feature of the setup, by checking the sR  (%) value for a fixed urea 

concentration (10 mM) and fixed urease concentration (0.5 mg/mL), performed 

over a period of 3 days. 55 

Figure  2.16 Image (a) schematically shows the steps of urea decomposition in presence of 

Au/CdS-urease nanocomposite to ammonium and carbonate ions. The images (b) 

and (c) show the reaction kinetics for the urea-urease decomposition without and 

with Au/CdS NPs, respectively. In case (b), in absence of Au/CdS NPs, the SS 

facilitated a faster pseudo-first order reaction kinetics between urea-urease 

whereas in its absence a standard but slower Michealis-Menten kinetics was 

observed. In case (c), in presence of Au/CdS-urease nanocomposites, the SS 

facilitated a faster first order reaction kinetics between Au/CdS-urease 

nanocomposites and urea, however, in its absence the first order reaction kinetics 

was relatively slower. The kinetics data for the reaction have been presented in 

Table 2.5.               58 

Figure 3.1 FETEM images of Au and CdS NPs. Image (a) shows the average size of AuNPs 

to be ~ 15 nm to 20 nm. Image (b) shows the HRTEM image of the Au (darker 

patch) and CdS NPs (encircled). The UV-Visible spectroscopy of bare CdS NPs 

and Au/CdS NPs in the presence of H2O2 has been shown. In image (c), CdS-1 and 
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CdS-2 refers to UV-Visible spectra of CdS NP before and after treatment with 

H2O2. In the image (d) Au/CdS-1 and Au/CdS-2 refers to UV-Visible spectra of 

Au/CdS NPs before and after treatment with H2O2. 75 

Figure 3.2 Schematic diagram of the μ-DropFC setup comprising of Cu-ZnPC cathode, Al foil 

anode, microdroplet with the fuel (0.3 M H2O2, 0.1 M HCl, 1 M NaCl), additives 

(Au/CdS NPs) and light source. The image also schematically shows the redox 

half-reactions at the cathode and anode, 
+ -H O O +2H +2e2 2 2→ and 

+ -H O +2H +2e 2H O2 2 2→ respectively. The legends aid in the identification of the 

different components and their placements 78 

Figure 3.3 Schematics of the energy band diagrams displaying the various stages of the 

operation of μ-DropFC. Image (a) shows the initial condition, even before 

equilibration, when contact has just been established between the components. 

Image (b) shows the equilibrium under the dark condition when the Fermi levels 

of different materials equilibrated before photonic illumination. Image (c) shows 

the effects after illumination of the Xe lamp. Image (d) shows the situation when 

an anodic bias has been applied to the setup shown in the image (c). Image (e) 

shows the influence of the LSPR of the Au NPs under illumination. Image (f) shows 

the influence of the Au/CdS NPs. The images also depict overviews of redox 

reactions occurring at the anode and cathode. 79 

Figure 3.4 Image (a) shows variation of ψoc with t of the Fuel 2I when the electrodes were 

utilized for three times. Image (b) shows the Raman spectra of the Al anode before 

(Al-Bfr-Rxn) and after the reaction (Al-Aftr-Rxn). Image (c) shows the same for 

ZnPC-Cu cathode before (ZnPC-Cu-Bfr-Rxn) and after (ZnPC-Cu-Aftr-Rxn) 

reaction. 81 

Figure 3.5 Image (a) shows the topographic profile of the unused Al foil electrode. Image (b) 

shows the corresponding surface potential plot of the Al foil electrode. Image (c) 

shows the surface profile of the Al foil electrode after exposure to peroxide solution 

in the presence of an anodic bias. Image (d) shows the corresponding surface 

potential profile of the reacted Al foil electrode. 82 

Figure 3.6 Image (a) shows the P-ψ characteristics of a few native μ-DropFC setups, which 

comprise of three different solutions, (i) 10 μL of 0.3M aqueous H2O2 and 10 μL 

of 0.1M HCl, (ii) a 20 μL droplet obtained by mixing 10 μL aqueous 0.3M H2O2 
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with 10 μL of aqueous 0.1M HCl, and (iii) 30 μL of fuel 1 – mixing 10 μL aqueous 

H2O2 (0.3 M) with 10 μL aqueous HCl (0.1 M) and 10 μL aqueous NaCl (1M). 

Images (b) and (c) show the effect of pH on the P-ψ plots of the 10 μL droplet of 

Fuels 2I and 3I. Image (d) shows the variation of ψoc of Fuel 1 at different pH. 85 

Figure 3.7 Power-potential (P-ψ) curves for the different μ-DropFCs containing varying 

volumes of additives - Au NPs and Au/CdS NPs, respectively. Image (a) shows the 

performance curves indicating the variation in power density (P) with ψ of three 

different fuels 1, 2I and 2V. Image (b) shows the effect of changing the volume (V) 

of the Au NPs suspension on the overall power generation (P). Image (c) shows 

the power-potential (P-ψ) curves for the fuels 1, 2I and 3I. Image (d) shows the 

effect of changing the volume (V) of the Au/CdS NPs suspension on the overall 

power generation, P. All the results were obtained under the application of a 

voltage sweep from 0 V to ψoc, and then by measuring the resulting output currents. 

Details of fuels 1 – 6 are provided in Table 3.1. 88 

Figure 3.8 Image (a) shows the chronoamperometric current density (J) versus time (t) studies 

for different μ-DropFCs with the Fuels 2I and 3I at an applied voltage of 0.1 V. 

Image (b) shows the corresponding open-circuit potential (ψoc) with t for 50 min. 

In order to demonstrate long-term performance of μ-DropFCs, chronoamperometry 

test was performed for the different systems. 90 

Figure 3.9 The plot (a) shows P-ψ characteristics of μ-DropFC with Fuels 4 – 6 containing the 

organic pollutant, Rhodamine (Rh6G). The plot (b) shows the chronoamperometric 

current density (J) versus time (t) studies for the same μ-DropFCs at an applied 

potential of 0.1 V. The plots correspond to the Fuels 4 – 6 in the Table 1 of the 

chapter. 91 

Figure 3.10 Image (a) schematically shows the energy band diagrams displaying the various 

stages of the operation of μ-DropFC when loaded with the Fuels 4 – 6. Image (b) 

shows the Plasmonic effect of Au NPs in the form of enhanced Raman spectra of 

Rh6G molecule. The spectrum A corresponds to a pure Rh6G solution in water (0.5 

mg/mL), the spectrum B shows the same when 0.5 mg/mL of aqueous Rh6G 

solution was mixed with 0.3M aqueous H2O2 loaded with Au/CdS NPs and 

spectrum C shows the same when only Au/CdS NPs were added to the Rh6G 

solution in absence of peroxide. Image (c) shows the UV-Visible plots at different 

time intervals for Fuel 6, measured from 6 min (t1) to 46 min (t5). Image (d) shows 
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the variation in the normalized concentration of Rh6G (ln C0/Ct) with time where 

initial concentration is C0 and concentration at time, t is Ct. The kinetics was found 

to be similar to a pseudo-first order reaction with a rate constant of k ~ 0.044 min-

1. 93 

Figure 3.11 Plots show the variation of Pmax with varying volume of fuels (VF). Image (a) 

depicts the effects of the volume of Au/CdS NP solutions while image (b) reveals 

the effects of the volume of Au NP solutions. 95 

Figure 3.12 Image (a) shows the schematic diagram of the μ-VLSI setup comprised of 10 μ-

DropFCs connected in parallel with each other. The plot (b) and (c) represent the 

P-ψ curves for the VLSI with increasing number of μ-DropFCs. In the plot (b) for 

each μ-DropFCs 70 μL of Au NPs was added to the 10 μL of native system while 

in the plot (c) 70 μL of Au/CdS NPs was added to the 10 μL of native system. Plot 

(d) represents the I-t data for the VLSI setup of 10 μ-DropFC consisting of the fuels 

mentioned for Plots (b) and (c). 96 

Figure 3.13 Plot showing the variation of P with ψ for the μ-DropFC under dark condition for 

when Fuel 1 was employed.         98 

Figure 4.1 Schematics (I) – (IV) showing the side and top views of the stages of spreading and 

dewetting of 5CB-hexane droplet on a CTAB-water interface wherein the insets (a) 

– (d) show the optical and polarized optical micrographs – POMs. (I) The pressure 

in the solvent rich isotropic droplet (initial diameter, 
0
Dd ) is PL while the same 

outside is Patm. The top view through POM in the inset (a) indicate the absence of 

director orientation. (II) Spreading of the droplet and a rapid expulsion of the 

hexane vapors. Image (b) shows the droplet spreading on the surfactant bath. (III) 

Retraction of the contact-line due to solvent evaporation and the onset of the 

fingering instability followed by the droplet formation, as shown by POMs in the 

inset (c). (IV) Ensemble of 5CB droplets on the water bath wherein the POM inset 

(d) indicates the restoration of the nematic order in the droplets. The experimental 

insets (a) – (d) at different time intervals represent a 5CB mixture in hexane (5 

mM) dispensed on a 0.01 mM CTAB-water bath. Scale bar for above images is of 

length 50 µm. ...................................................................................................... 114 

Figure 4.2 Effect of variation of different parameters on the LC droplet diameter. (I) spreading 

solvent, (b) nature of surfactant – anionic and cationic. For the case (b), hexane was 
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chosen as the spreading solvent for dissolving 5CB molecules. The 5CB 

concentration in all the cases were maintained 0.1% (v/v). ................................ 119 

Figure.4.3. (I) Effects of LC loading (CLC) and CTAB concentration (CCTAB) on the average 

droplet diameter ( 0

D
d ). (II) Plot shows the variation in Weber number (We = 

2 0

D D D m
v d  ) with Reynolds number (Re = 0

D D D D
v d  ) at different CLC (5 mM, 

50 mM and 500 mM in hexane) and CCTAB in water bath (“A” refers to 0.01 mM, 

“B” refers to 0.1 mM and “C” refers to 1 mM CTAB concentration). (III) Plot 

shows the variation in Capillary number (Ca = 
D D m
v  ) with Re for different 

CCTAB but at the same CLC of 5 mM. (IV) Optical micrographs of 5CB droplets 

obtained by varying CLC and CCTAB. Images for 5 mM and 50 mM were taken at 

10x, while for 500 mM, they were taken at 2.5x. Scale bar is of length 100 µm.

 ............................................................................................................................. 120 

Figure 4.4 Different modes of droplet formation on a CTAB-water bath when the solvent used 

are hexane, chloroform, and toluene. The images I(a) – (e) showing the DeCI mode, 

II(a) – (e) showing the RanEj mode, and III (a) – (e) showing the FiCTS mode. 

(IV) Optical micrographs representing the different phases of toroid formation with 

the resultant droplet diameters highlighted as DLC and the spacing between them as 

λLC.  (B) Composite plot highlighting the different dewetting mechanisms 

presented by dewetting of a LC/SS droplet on a surfactant/no surfactant bath. 

Interestingly, similar dewetting mechanisms were also displayed by 

polystyrene/SS droplets, albeit at different concentrations. SS utilized were 

chloroform and toluene. Scale bar in the image is of 50 μm length ................... 122 

Figure 4.5 Plots (I) to (IV) shows the daughter droplet diameter and spacing for LC (DLC, λLC) 

and for PS (DPS, λPS) profile representing the FiCTS dewetting mode. A 5CB 

mother droplet (10-3 M 5CB/hexane) and PS mother droplet (10-5 M to 10-7 M 

PS/toluene) was deposited on a 100 mM CTAB bath. Scale bar in the image is of 

50 µm length.                                                                                                       125 

Figure 4.6. Solvent-vapor annealing of the 5CB droplets on the CTAB-water bath. Scheme 

I(a) shows a tilted alignment of nematogens in the bulk of the LC droplet while I(b) 

shows the isometric view of the same wherein the incoming polarized rays are 

reflected, as shown in by the POM inset. Scheme II(a) shows a partial phase-

transition in the bulk of the droplet ensued upon solvent exposure while the same 

is unable to destroy the orientational order near the TPCL, as shown by the scheme 
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II(b) and the respective POM inset. Scheme III(a) showing the complete 

destruction of the nematic order in the bulk through solvent vapor exposure while 

the retention of the same at TPCL, as shown by the scheme III(b) and the respective 

POM inset. In this case, the incoming rays passed through the bulk while reflected 

back from the TPCL as shown in the POM inset. For a 2 µl droplet on a 1 cm × 1 

cm water bath, it takes ~ 15 s for the 5CB droplets to undergo a transition to an 

isotropic phase in the presence of the hexane solvent. Scale bar is of length 20 µm.

 ............................................................................................................................. 126 

Figure 4.7 Effect of variation in CTAB concentration on the oil droplet texture. (I) At low 

CTAB concentration of 0.1 mM, no feature around the oil droplet boundary was 

visible at 10x magnification. (II) Under the same magnification, at higher CTAB 

concentration of ~ 0.7-1 mM, birefringence pattern around the oil droplet could be 

observed. (III) For 5CB (50 mM conc.) nematic droplets, however a different was 

obtained at the same CTAB concentration of ~ 0.7-1 mM. Scale bar is of length 50 

µm. ...................................................................................................................... 127 

Figure 4.8 (A) Schematic diagram representing the fluidic lenses-enabled SPL process. (B) 

Optical pathway followed by the UV-light radiations from the LC droplet to the 

PR layer. Image (C) (I) depicts the topography of the modified PR surface in the 

presence of 5CB fluidic lenses. On +ve toned PR (S1813) substrates, pillar like 

features with an aspect ratio of 1:13 were generated. (inset) shows the topography 

of a blank PPR substrate that has been etched in absence of any fluidic lens. Image 

(II) shows A line profile (green-colored line on the image (I)) of the patterned 

substrate obtained during an AFM scan. Image (III) presents the 3D morphology 

of the respective image I. Image (D) (I) presents the topography of the modified 

NPR (SU8-2002) in presence of fluidic lenses. High-aspect ratio donut-like 

features were generated owing to the 5CB droplet sensitivity towards modulating 

the incoming radiations. (inset) presents the blank substrate etched in the absence 

of any 5CB lens. Image (II) shows A line plot (black line). Image (III) presents a 

3D surface morphology of the respective image I. Light exposure intensity (20 

mJ/cm2) and exposure time (45s) was kept constant while the substrates were 

exposed to a UV light (360 nm) source from a distance of 11 cm ..................... 130 

Figure 4.9 (left) Raman spectra of a +ve photoresist (S1813) surface highlighting the presence 

of etched patterns. Flattened-droplet structures produced a higher intensity as 
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compared to the nearby etched surface. (right) AFM profile of the developed +ve 

PR surface, when it was etched in the presence of 5CB fluidic lens. Scale bar is of 

the length 20 μm.                                                                                                 131  

Figure 4.10 Effect of solvent-vapor annealing on the obtained patterns. (I) Schematic of the 

setup to perform SPL experiment on a NPR substrate. (II) Initially, the patterns are 

obtained in absence of any solvent vapor. (A) POM image of 5CB droplets 

possessing a radial configuration. (B) Optical micrograph of the pattern on the NPR 

substrate. (C) and (D) represent corresponding 2-D and 3-D AFM images. (III) In 

presence of hexane solvent, the 5CB droplets undergo a phase transition. (A) POM 

image of 5CB droplets in an isotropic state. (B) Optical micrograph of the patterns 

obtained with the photomasks in an isotropic phase. (C) and (D) represent the 

corresponding 2-D and 3-D AFM profiles of the patterns. Scale bar in images II 

(A) and III (A) correspond to 50 µm and 100 µm respectively. Effect of using TEM 

grids as pseudo-masks during solvent vapor annelaed SPL. (IV) Schematic of the 

overall setup wherein the incident polarized light passed through 5CB droplets and 

reached the NPR substrate as directed by the TEM grids. (V) Optical micrographs 

of the patterns obtained when the 5CB droplets were in the nematic phase. (VI) 

Optical micrographs of the patterns obtained when the 5CB droplets were in the 

isotropic phase. (bottom) Corresponding 2D and 3D AFM profiles of patterned 

obtained in image (III). Scale bar for images (II) and (III) is 100 µm and 50 µm, 

respectively. ........................................................................................................ 133 

Figure 4.11 Variation in transmitted light intensity as a function of hexane vapor annealing of 

5CB droplets. (I) (a) and (b) 2-D and 3-D AFM profiles of the patterns on the PPR 

substrate obtained during the nematic state of the 5CB droplet photomask. Patterns 

were obtained in absence of any solvent vapor annealing, and on the account of the 

limited light passing through the translucent, nematic 5CB drop. (II) Schematic of 

the setup utilized to assess the effect of solvent vapor annealing on the transmitted 

light intensity. The light passing through the 5CB drop interacted with the light 

dependent resistor (LDR), which resulted in generation of electrical current in the 

circuit. (III) (a) and (b) Plots showing the variation in normalized electrical 

resistance (RN) in the circuit as a function of the solvent vapor annealing process. 

(IV) 2-D and 3-D AFM profiles of the patterns on the PPR substrate obtained 

during the isotropic state of the 5CB droplet photomask.................................... 135 
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Figure 5.1   Schematic diagram depicting the entire phenomenon. (I) A 5CB droplet on a water 

bath undergoes spreading due to Laplace pressure difference and favourable S. (II) 

Hexane droplet undergoes spreading due to similar reasons. However, the 5CB 

droplet undergoes change in S due to interaction with hexane and retracts. (III) As 

hexane evaporates, its vapor gets adsorbed on 5CB surface and solutal Marangoni 

driven recirculation is set in. (IV) After interaction with the hexane droplet, the 

5CB droplet also undergoes a convective motion on water bath due to osmotic 

pressure gradient. (V) Enhanced spreading of 5CB droplet on water bath, due to 

reduction in interfacial tension results in generation of miniaturized droplets from 

the contact line. (I) – (V) (B) represents the different stages of the dewetting 

phenomenon schematically from a top view. (I) – (V) (C) POM imaging of 

different stages of 5CB droplet (2 µL) with hexane droplet (10 µL) on a water bath 

(5 mL). Scale bar in the image is 500 µm. 150 

Figure 5.2 Average recirculation velocity (ωavg) within the 5CB droplet varies with volume of 

water in underlying bath. (I) Change in the nature of recirculation from steady to 

unsteady occurs. Unsteady vortices lead to distortion in droplet geometry as 

centripetal forces beyond a critical value, overcome surface tension forces at 

periphery. Increasing the water volume, allows higher convective flows to set-in 

the underlying medium, which assists in increasing recirculation speed in 5CB 

droplet. The modified Strouhal number (St, avg 5CB,M avgω=St D V ) also increases as 

ωavg increases with increase in Vbath for a fixed 5CB droplet diameter. (II) Plot 

depicting the variation in St as a function of Reynolds number (Re, 

5CB avg 5CB,M 5CBρ μ=Re V D ). Unsteady vortices are characterized by larger ωavg 

values. Beyond Re 0.15, unsteady vortices are generated. 152 

Figure 5.3 Nature of recirculation within 5CB droplet. NR within a definite period increases 

with time as more vapor gets adsorbed on the surface. Image (I) presents the optical 

micrograph of 5CB droplet in absence of hexane droplet. Once hexane droplet is 

deposited in its vicinity, ωavg increases as does NR. Beyond a ωavg,critical value, at 

max. NR, sudden distortion in droplet geometry occurs as shown in image (II). This 

is succeeded by repetition of the cycle, as restoration of circular droplet geometry 

takes place with gradual increment in NR. Image (III) presents the 5CB droplet state 

at the beginning of another cycle. 155 
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Figure 5.4 Effect of varying 5CB droplet volume on rate of recirculation for a fixed hexane 

droplet volume. (I) Plot shows the variation in ωavg with initial 5CB volume. 

Increasing the droplet volume, increases the resistance to recirculation in the form 

of inertial forces. A limited increase in St is observed owing to the increment in 

droplet diameter and reduction in bulk droplet velocity associated with its 

movement on the water bath. (II) Increasing the hexane droplet volume assists in 

the recirculation as the change in surface tension gradient is enhanced due to higher 

availability of hexane. Simultaneous increment in St takes place for a fixed 5CB 

droplet volume as ωavg increases. 156 

Figure 5.5 (A) (i) Schematic diagram of experimental setup. Hexane source kept close to 5CB 

droplet has an initial concentration of Co (~ 0.65 kg/m3) in air. (ii) The hexane 

source (having a radius Rhex) is dispensed at a distance L from the 5CB droplet 

(having a radius R5CB). (B) Plot of concentration gradient of hexane at 5CB surface 

(C*) as a function of 5CB droplet radius. 157 

Figure 5.6 Salt concentration in the underlying bath influences the rate of recirculation as well 

as phase transition time within the 5CB droplet. Plot presents the effect of changing 

NaCl concentration in water on ωavg and time for nematic-to-isotropic transition 

(tNI). Optical micrographs (I) and (II) highlight the 5CB droplet on water bath in 

absence and presence of 1 M NaCl, respectively. Scale bar is of length 500 μm. 

Grey region in the POM image of 5CB droplets highlight the nematic phase, while 

the black regions highlight the isotropic phase. 159 

Figure 5.7(I) Generation of recirculation within the 5CB droplet affected by solutal Marangoni 

effect and thermal Marangoni effect. Influence of RB instability on the 

recirculation rate was not significant. (II) IR profiles of 5CB-hexane droplets on 

the water bath. (A) Image represents the temperature profile of 5CB drop and 

hexane drop, at the time of deposition of hexane on water bath. 5CB drop (not 

visible) is present on the water bath having a temperature ~ 24.3 °C. (B) After a 

period of ~ 5s, the 5CB drop starts moving towards hexane drop, however the 5CB 

temperature has still not significantly changed (~ 24 °C). (C) After the entire 

hexane evaporates, the change in 5CB temperature is minimal (~ 23 °C). (III) Plot 

depicting the variation in 5CB droplet temperature (ΔT) as a function of hexane 

volume (Vhexane). Here Tc
*represents the minimum critical temperature required to 
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initiate Rayleigh-Bernard recirculation within the 5CB droplet. Scale bar in the 

image is of length 2 mm. 161 

Figure 5.8    Effect of variation in the bath temperature (Tbath) on the 5CB droplet recirculation. 

Plot (I) presents the change in ωavg as a function of Tbath. With increasing 

temperature of underlying bath, ωavg values increased. Plot (II) presents the 

variation in Capillary number (Ca, = D avg mCa V  ) with bath temperature. Higher 

surface tension gradient generated due to larger hexane availability near 5CB 

surface, led to rise in Ca with increment in Tbath. Moreover, at higher Tbath 

conditions, the enhanced recirculation also increased the Weber number (We, 

0= D avg D mWe V d  ) since the availability of hexane in addition to the thermal 

Marangoni stresses improved the convective flow within the droplet.     163 

Figure 5.9 Contact line instability induced dewetting. Plot (I) presents the effect of variation 

in 5CB droplet volume on the generated daughter droplets and droplet spacing (λ). 

Higher 5CB droplets leads generation of larger daughter droplets. Plot (II) presents 

the variation in the finger spacing (FL) on the account of changing the V5CB value. 

Higher FL values are observed for bigger 5CB droplets. Image (III) shows an 

optical micrograph of the leading edge of 5CB droplet (2 µL)  undergoing 

dewetting while displaying fingers with a spacing λ. 166 
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1.1 Overview 

Liquid droplets are one of the many functional configurations observed frequently in nature. 

Of late, they have become an integral part of a plethora of modern applications because of their 

potential to replace a number of conventional processes. For example, at the micro/nanoscale 

the droplets offer, (i) a high interfacial area per unit mass, (ii) a limited usage of materials for 

the reduction in the wastage, (iii) an incompressible system, which is also deformable, and (iv) 

an open thermodynamic system for mass, momentum, and energy transfer.1,2 Thus, it is not 

very surprising that droplet3 or digital microfluidics4, droplet actuators or sensors,5 or 

compound-droplet drug transport modules6 have emerged as cutting-edge engineering 

applications in the areas of electronics,7 microfluidics,8 or mass-momentum-energy transport.9 

While a pL volume droplet has been utilized for detecting single base pair mismatch in DNA10, 

the nL and μL droplets have been employed for energy harvesting11 and microlens12 

applications. Concisely, the miniaturized droplets have established their necessity from their 

earliest utilizations in microbiology13 to the emerging energy and health care technologies.3,14–

16 

It is also important to note that the recent upsurge in the usage of micro-electro-

mechanical/nano-electro-mechanical systems (MEMS/NEMS) in the healthcare and energy 

applications14,17 have also opened up many avenues for industrial research. For example, the 

optimization of size, shape, architecture, functionality, and response time of a device are factors 

that directly impact the efficiency of a device. This has prompted investigations related to the 

integration of liquid droplets in the digital microfluidics or microtiter plate platforms.2,18,19 Such 

explorations have also extended their base from a sessile droplet contact electrification to the 

very-large-scale integration (VLSI) of micro-photovoltaic units for a process-intensified 

energy harvesting.20 The liquid droplet systems have also shown the potential to leverage the 

fluidic operations across a substantial range of volume scale spanning 1015 orders of magnitude 

from aL to mL, while offering structural simplicity and operational independence.2 Thus, it is 

not surprising that a simple droplet configuration has found a wide technological acceptance 

from the health care and energy to photonic applications.                               

Considering the versatile nature of droplets, it is not surprising that their inherent geometrical 

configuration has been employed to stimulate a relatively unexplored domain of droplet-based 

optics. Utilizing the refractive index property of isotropic materials such as water, its droplets 

below a particular capillary length (for air-water interface, ~ 2.7 mm)21, possess an inherent 

curvature due to surface tension which imparts light focussing abilities. In addition, since 
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liquids have minimal surface roughness22, a reduced disruption to incoming light radiations 

leads to highly focussed images. It must be noted that morphological reconfiguration of 

micron-scale objects for enhanced visibility has been observed of late, in few optofluidic 

devices.23 Different materials such as liquids and hydrogels have been utilized to form dynamic 

lenses, ideal for usage in optics-based biosensing or imaging devices.24–26 Moreover, in 

presence of electric fields that provide an external control over modulation of droplet 

configuration, adaptive lenses have been developed in different applications involving micro-

electromechanical systems.27–29 In order to control the lensing behaviour and filter property of 

droplets, incorporation of dyes has also been performed.30  

The adaptability of liquid droplets to modulate the incoming radiations stems from the 

flexibility to incorporate different components into it. Compound droplets have been studied 

which can impart varying focal lengths due to refractive index contrast and interfacial curvature 

contrast, in order to obtain a divergent to convergent nature of external radiations.12 On the 

other hand, droplets formed from anisotropic materials such as LC, possess in-situ phase 

modulation properties.31 These droplets can then be controlled using external field gradients 

such that their molecular arrangement can be tuned for realizing desired phase modulation of 

incoming radiations.32 Various works in the literature have employed LC in different 

applications such as filters33, lasers34.and biosensors35. In most of the sensing applications, the 

LC are usually subjected to confinement in macroscopic cells wherein the difference in optical 

texture due to change in molecular arrangement corresponds to the degree of change in external 

field gradient such as temperature36, chemical potential37. However, since the interaction is 

limited to a 2D interface, the sensitivity of such devices is limited. In this regard, not much 

research has been carried out with regards to deployment of LC in droplet configuration for 

sensing applications.    

Droplets provides a tunable focal length and also the opportunity for creating a multi-focal lens 

developed by utilizing droplets of different diameters and different composition. In this regard, 

one of the most economically favourable routes for large-scale droplet generation involves the 

dewetting of a liquid layer on another liquid surface.38 Spreading of liquids on surfaces is 

vitally important to a number of fields such as coating, medicine and petrochemical 

industries.39 The interplay of inertia, gravity, surface tension as driving forces and viscosity as 

a resistant force dominates the dynamic spreading dynamics of liquids on another liquid 

substrate.40 Interestingly, in presence of a surfactant solution or for liquid combinations such 

as partially miscible pairs, the interaction of liquids is influenced by Marangoni forces.41–

43These forces usually lead to creation of spontaneous directional motion of fluidic structures 
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that undergo deformation or topological changes and are generally classified as active matter.44 

The Marangoni stresses are ubiquitous in liquid-liquid systems and manifest in various stages 

such as spreading, dewetting, interfacial fingering, or during formation of self-organized 

droplet structures.  

1.1.1 Biosensing Application 

Robust chemical/biochemical assays demand reproducible results concerning the target analyte 

species within a specified working volume. In this regard, the miniaturized droplet-based 

systems are best suited for applications requiring limited sample volume. Independent control 

over each droplet reactor affords unprecedented regulation of the downstream analytical 

operations. In this regard, reports in the literature also highlighted the effectiveness of 

monodispersed droplets, which not only ensure similar working environments within each 

droplet but also improve reproducibility of results.45 Additionally, the output of the system has 

also been reported to improve allowing sensing of multiple analytes utilizing similar detection 

strategies within the monodispersed droplets.46 The droplet-based systems possess the 

capability to easily integrate with industrial fluid-handling systems, since these droplet reactors 

can be dispensed at pre-defined locations on platforms that conform to existing microwell 

layout. Moreover, the literature also uncovers their unique characteristics and highlights these 

droplet systems as suitable replacements for micro-titre plates.2 Although compared to the 

flourishing and well-established droplet-based microfluidics technology, droplet systems have 

been explored in a limited way. However, in recent years, promising research evidence has 

highlighted the potential of droplet systems with regards to mutated-DNA detection to 

multiplex protein assays.17                              

An aspect of bio-chemical sensing, which in recent years has witnessed a major drive towards 

advancing health-care sector and by virtue, given the common man an on-site access to devices, 

which monitor their wellbeing on a daily basis, concerns detection of vital biomarkers. In this 

direction, the sessile droplet-based sensing techniques are widely found across the literature 

employed for detection of proteins47, glucose and urea48–51, antioxidants52 as well as reactive 

oxygen species.53 Interestingly, most of the works involved in droplet-based systems for 

bio/chemical sensing applications reported in the literature have primarily explored the 

colorimetric induced evaporation-driven systems, owing to its facile detection strategy. These 

systems exploit the thermal gradients for improving mixing as well as particle sorting 

characteristics. However, concerns relating to the effects of ambient conditions, unwanted 

contaminants and contact line instabilities induced flow profiles have spurred the growth of 
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droplet-based devices that utilize external-field driven systems for performing controlled 

operations. 

Utilization of electrochemical sensors employing redox-based FET’s or non-Faradaic 

measurements, thermal-driven fluorescence methods, and optical phase-modulated LC droplets 

are the alternative detection methodologies that have demonstrated potential towards 

eventually being utilized at larger scales. In particular, redox based FET’s are a promising, 

highly sensitive platform as they usually employ analyte-receptor interactions for modulating 

the electrostatic gating of the device. In other words, the population of reduced vs. oxidized 

moieties present on the reversible-redox material coated gate surface can be utilized as the 

sensing mechanism. In general, however, construction of devices for point-of-care-testing 

emphasizes development of economically-feasible techniques that are robust and accurate and 

preclude incorporation of bulky instrumentation. In this regard, unconventional techniques 

such as patterned paper based colorimetric assays54, surfactant-induced phase change in 

complex droplets55 and droplet self-splitting on substrates for multiplex detection 56 has been 

introduced to the literature. Thus, there is a need for construction of biosensors that employ a 

portable, reproducible and rapid sensing methodology.   

Droplet-based systems offer a facile sensor construction. Incorporation of sensing transducers 

such as spectrophotometers, or electrochemical instrumentation is also facilitated due to a 

relatively easier setup. Multiplex detection in a relatively shorter time with a network of droplet 

reactors is possible. Different reports in the literature have presented droplet-based biosensors 

for a range of biological analytes from single-stranded DNA’s to extracellular proteins2,57 The 

different setups have exploited the characteristics of droplet-systems for developing different 

sensors capable of quantifying different indicators of bodily function. Since the biosensor 

working mostly depends on detecting enzyme’s substrate concentration rather than actually 

quantifying the enzyme itself, incorporation of facile detection techniques is encouraged. 

Although prior-art suggests usage of droplet-systems in a compact and portable platform, yet 

incorporation of bulky instrumentation for detection purposes prevents deployment in 

resource-limited regions at an economically-feasible value. Hence, this presents an opportunity 

for designing a functional droplet-based biosensor that employs a robust working methodology 

capable of delivering precise measurements and can be disposed without affecting the 

environmental significantly.  

TH-2768_156107004



   

  Chapter 01 

7 | P a g e  
 

1.1.2 Energy Harvesting Application 

Miniaturized systems afford higher throughput and better device controllability in comparison 

to their bulk-counterparts. In this aspect, importance of droplet-based in terms of operational 

simplicity and effectiveness has been underscored in the literature.17 Since liquid droplets 

promote unhindered bulk movement of ions and molecules under confined systems. This 

allows the seemingly two isolated fields of analyte detection and energy harvesting to be rather 

closely related to each other. Of late, few literatures have reported on this front, presenting 

multi-functional systems capable of sensing analyte concentration as a function of the output 

energy harvested.58,59 As a result, considerable efforts have been devoted towards exploring 

avenues for utilization of droplets as energy harvesting platforms.  

Utilization of natural resources for energy harvesting requires thorough relook for the creation 

of a greener and sustainable world. The traditional pathway of energy harvesting prefers a 

centralized production of the same before distribution through a technologically proficient 

network. However, the utilization of such energies for usage in modern portable systems faces 

economic viability issues. The present era of cellphones, laptops, ipads, or google glasses, 

demand the development of miniaturized power harvesters with capabilities of drawing high 

density power from their vicinity. Augmenting the inventions of Li-ion, or Li-polymer 

batteries, several novel micro power generators with the promise of harvesting high density 

energy have also been conceived and developed. In this regard, the cutting-edge research 

concerning micro to nanoscale technologies involving triboelectric nanogenerators, 

thermoelectric systems, piezoelectric devices and electromagnetic harvesters have witnessed 

significant upsurge over the past few decades.60,61 

With regards to high-density energy systems that occupy minimal operational area, fuel cells 

have been widely regarded as one of the most promising technologies. Their capabilities for 

providing wide range of output power at different operating conditions has seen them being 

utilized on a large-scale in outer space, submarines, power plants and on a microscale.62–65  

Different types of fuel cells such as polymer electrolyte membranes, phosphoric acid, methanol 

or alkali-based have been developed over the years depending upon the requirement and 

operational conditions.66–68 Considering their versatility, scope for further improvement lies in 

certain aspects as reduction of cell complexity, reduction in material usage, encouraging 

lighter, portable models with stable fuel sources for long-term generation and optimization of 

fuel electrodes having low-reduction potential.69 In this direction, membraneless fuel cells offer 
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a promising alternative due to its low-cost nature, low-complexity design and portable, 

miniaturized device setup.70  

Membraneless fuel cells having different configurations has been reported in the literature. 

Microchannel arrangement of setup promotes a co-laminar flow between the fuel and oxidant 

such that a physical membrane is not required, making the overall setup less bulky. Lack of 

convective mixing within the channel leads to development of an interface which ensures 

separation of reagents by avoiding cross-over.71,72 However, since the reagents are required to 

be pumped within the microchannel, this causes a net reduction in output power density.73 

Thus, configurations such as paper-based membraneless fuel cells were designed such that the 

fuel flow was executed due to capillary action rather than external power requirement. Since 

the paper substrate is flexible, porous and also offers creation of different patterned channels, 

it presented a desirable alternative setup.74 Another aspect which was modified in order to 

reduce the reagents contamination within the fuel cell module, included the development of 

fuel-selective electrodes. This allowed the utilization of single fuel source within a 

compartment that had reagent selective anodes and cathodes. Thus, this prompted the selection 

of reagent that could perform the roles of fuel and oxidant together.74 One promising candidate 

is hydrogen peroxide as it is a portable, carbon-free fuel source, with high specific energy when 

utilized in combination with metal electrodes such has Al and Mg.75,76   

Although paper-based fuel cells have shown significant potential towards an economically-

favorable energy generation methodology, another alternative that offers a rapid energy 

production setup with the capability for large-scale network formation under spatial 

constraints, is the droplet-based setups.77 Considering the requirement for portable, replicable, 

high-density energy systems with a facile device construction, droplet-based systems offer a 

promising alternative to the existing fuel cell architecture. This configuration delivers a higher 

output energy per unit mass that provides an ideal environment for low-energy intensive setups. 

Furthermore, droplet confinement also aids in increasing the interfacial interaction between the 

components and electrode.77 In order to enhance the performance parameters of redox-based 

systems utilization of plasmonic NPs for increasing the charge transfer characteristics under 

illuminated conditions have been reported.60,78 Utilizing the LSPR effect, these photoactive 

NPs improve the longevity of excitons and create higher potential gradient for electron 

transition between bands, thereby improving the open-circuit voltage and current density 

values.79 Thus, development of droplet-based systems encouraging usage of additives for 

enhancing the overall output may be explored as an energy harvesting alternative.   
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1.1.3 Soft-photolithography based Patterning 

Liquid droplet interaction with the solid substrate has been studies for a long time, owing to 

the relevance and presence of such interactions across different applications such as coating, 

evaporation and condensation processes in heat exchangers80, semiconductor processing81, 

sensing,82 energy harvesting,20 and optics.83 For volatile liquids upon solid substrates, the 

thermodynamic equilibrium is attained with the vapour aiding in the formation of a molecularly 

thin layer on the substrate and thereby initiating a partial wetting state during the droplet 

deposition. For non-volatile liquids, however, equilibrium is established after a long period of 

time. In both cases, the thermodynamic parameter, which is used to determine the equilibrium 

behaviour is the spreading coefficient, sv sl lv( )S   = − + , where  sv , sl , and lv  represents solid-

vapour, solid-liquid and liquid-vapour interfacial tensions, respectively. A positive value, S > 

0, favours droplet spreading while a negative value, S < 0, indicates the droplet formation 

depending on the equilibrium contact angle (θ) from 0° to 180° and lipophilicity or 

lipophobicity of the surface.84 The force balance at the TPCL decides the eventual shape of a 

liquid droplet resting on a planar, homogeneous and non-deformable solid substrate under 

thermodynamic equilibrium, which can be evaluated from Young’s equation: sv sl lv( )S   = − +  

.85 The Young’s equation clearly represents the wetting-state of a relatively large liquid droplet 

(D >> 1 µm). However, this equation does not take into consideration non-equilibrium effects 

such as droplet evaporation or the mechanical deformation of the underlying soft substrate as 

a result of droplet deposition. Interestingly, for smaller droplets (D < 1 µm), Young’s equation 

is replaced by the form, lv sv slcos / R    + = − , where τ is line tension and R is radius of curvature 

of the contact line. The values of τ  (generally less than 10-10 N) and 1/R is significantly small 

for the macroscopic droplets whereas for the microscopic ones these parameters come to 

prominence.86,87 

As mentioned earlier, the wettability of the substrate determines the droplet configuration such 

that application of any external force results in the droplet spreading dynamics to generate 

either a wetted droplet state, or dewetted droplet phase.88 The dewetting of the droplets on solid 

surfaces has been extensively explored via theoretical and experimental investigations.89,90 At 

constant temperature, due to pre-patterned physico-chemical gradients, or random dust 

particles on the surfaces, can lead to a lateral wettability contrast which alters the S value of 

the spreading droplet and causes the contact line to destabilize. This engenders the formation 

of multitudes of droplets from the contact line as the mother droplet tends to move towards an 

equilibrium configuration.91 
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The droplet spreading dynamics on the liquid substrates have been reported to display similar 

dewetting patterns, however, the partial miscibility of liquids and relative absence of pinning 

at the droplet interfaces leads to emergence of striking droplet interactions at much faster 

rates.92,93 Recent studies have explored different droplet-substrate systems involving presence 

of inert and volatile droplets on miscible and immiscible layers.38,93,94 Subtle changes in the 

interplay of inertial, viscous and capillary forces primarily, determine the spreading and 

receding droplet dynamics. Although this technique has been investigated from the 

fundamental viewpoint of understanding the liquid/liquid dewetting process, it has not yet been 

explored from an application point of view utilizing generation of large-scale, miniaturized 

droplets. 

Generation of patterned surfaces for optics-related applications is usually performed with the 

help of expensive lithographic instrumentation.83,95 In this regard, deployment of soft-

lithographic techniques provides an attractive alternative as it promotes economically viable 

methodology for creation of ordered, miniaturized patterns and offers opportunity for 

development of 3D patterns. Besides microcontact printing, replica molding and solvent-

assisted micromolding, utilization of droplets as microlenses and photomasks have also been 

considered.96 The inherent curvature possessed by the liquid droplets allows it to focus light 

precisely at defined locations. The focused light can then interact with the underlying 

photoactive substrate (photoresist) in order to generate tailored patterns. Furthermore, 

depending upon the droplet configuration (pristine or composite) and droplet radius, the focal 

length changes.12 Utilization of anisotropic materials, as compared to isotropic materials, 

provides an additional edge in terms of controlling the light modulation. Materials such as LC, 

which display birefringence due to presence of two different refraction indices are able to focus 

and control incoming radiations in differently.97 In comparison to isotropic materials, the 

molecular arrangement within the LC moiety (that is sensitive to ambient temperature, presence 

of surfactants or solvents) can be tuned in a desired manner.98 Reports in the literature have 

presented the utilization of LC’s as versatile, effective photolenses for generation of large-area 

patterned surfaces.95 However, these surfaces are generally obtained under highly controlled 

environments or via incorporation of lithographically-etched pre-patterned substrates or 

external electric field modulators.95,97,99   

In this regard, efforts can be dedicated for development of techniques that promote a rapid 

generation of large-scale, monodispersed or hierarchical droplets without the need of much 

auxiliary components. Interface-shearing technique is a prime example of such a 

methodology.100,101 Using the inherent fluid properties for generation of self-organized droplets 
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has been reported for obtaining numerous droplet structures. Hence, considering the above, the 

work elaborated in this thesis builds on the development of different technologies introduced 

in the literature towards miniaturized photomask generation. An interfacial-shearing technique 

has been discussed, for generation of large-area, optically active droplets containing LC that 

have been utilized as soft photomasks.  

 

1.1.4 Chemotactic Dewetting of a Nematic Droplet on a Water Bath  

Presence of liquid droplets on soft, deformable substrates often leads to generation of unique 

spatiotemporal spreading dynamics.102 The gradient in the spreading parameter near the droplet 

periphery disturbs the equilibrium at the three-phase contact line which can lead to erratic 

droplet motility.103 Furthermore, anisotropic recoiling of the droplet leading edge due to 

presence of surface tension gradient in the underlying bath on the account of surfactant 

adsorption or miscibility difference, leads to breaking up of liquid threads into daughter 

droplets.41,104 With the aim of generation of multitudes of droplet structures towards different 

applications such as drug-delivery105, sensing106 and optics-related applications107 the 

mechanism of dewetting of liquid droplets on underlying liquid bath offers an attractive 

alternative.  

Dewetting phenomenon at large, has been mainly investigated from the viewpoint of a droplet 

interaction with a solid substrate. Spreading of the thin film on the substrate leads to a critical 

film thickness below which perturbations resulting from either temperature variations, uniform 

physico-chemical gradient or random defects destabilize the film morphology. In ultra-thin 

films resting on a homogeneous surface, van der Waal’s forces tend to stimulate spinodal 

dewetting of the film resulting in formation of holes. For thicker films, heterogeneous 

nucleation sets in that causes hole formation near physical or chemical defects.20,108 In both 

mechanisms, the dewetting process proceeds via formation of tessellations that breaks down 

due to Rayleigh-Plateau instability to form numerous droplets.90  

Recent studies show that besides these conventional routes, dewetting of a thin film on a liquid 

substrate can be another rapid, simple and inexpensive avenue for generation of multi-scale 

droplets.93 The deposition of liquid on another liquid bath follows varying rates of spreading 

that depends upon factors such as top liquid’s volatility rate, viscosity, density, interfacial 

tension and miscibility with liquid bath. Reports in the literature have highlighted striking 

spreading dynamics for partially miscible and relatively volatile fluids on another liquid bath.38 

The liquid drop spreading rate varies with relative change in the spreading co-efficient, which 
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also affects the configuration of the three-phase contact line.109 Under certain conditions, 

droplet spreading may be succeeded by a retraction phase which leads to formation of liquid 

threads eventually culminating with generation of miniaturized droplets.110 It may be noted that 

the change in the S may be caused due to either temperature changes111, presence of 

surfactants112 or adsorption of solutal vapors113. In terms of process complexity and droplet 

composition, surface tension gradient caused due to adsorption of volatile solutes offers the 

simplest route for large-scale generation that also does not lead to droplet contamination. 

Adsorption of volatile solute leads to creation of Marangoni stresses at the interface. This not 

only initiates change in the S at the three-phase contact line but also leads to recirculation in 

the bulk.114 This technique presents a facile method of in situ mixing that is significantly faster 

than diffusion-based mixing. The main factors that determine the rate of recirculation within 

the bulk droplet is solute volatility, solute diffusion coefficient, distance from bulk droplet and 

bath depth. Different applications such as droplet sorting, droplet oscillator and droplet 

microreactors have been realized via this method.103  

It is well known that LC are optically-active materials that have been extensively utilized in 

different applications such as in adaptive optics, vision corrections for virtual reality systems, 

microlens arrays and beam steering.95,97 For applications that employ microscale droplet 

structures of these optically-active material for objectives such as optical field generation95, 

diffraction gratings115 and photolithography83, genesis of these birefringence lenses generally 

employ complicated lithography techniques. Once the pre-patterned templates are obtained, 

spin casting of LC films on these surfaces leads to development of large-area droplet patterns. 

In this aspect, dewetting process involving deposition of a liquid on another liquid bath offers 

a relatively inexpensive, and facile route. The droplet spreading on the liquid bath is driven by 

the interfacial tension gradient and it generally results in a rapid generation of daughter droplets 

due to the different instabilities set at the three-phase contact line. To enhance the rate of 

dewetting, presence of an external vapor source can also be utilized. Hence, a chapter of this 

thesis presents a simple methodology to generate miniaturized optically-active LC droplets on 

a liquid bath in the vicinity of a volatile solvent source.
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1.2  Objectives of the Thesis 

Liquid droplets have been extensively studied owing to their functional nature. Their versatile 

configuration allows them to adapt to the eventual application such that an optimum 

functionality is delivered within a minimum mass per unit area of the system. Considering the 

versatile characteristics of liquid droplet platforms, it becomes abundantly clear that their role 

is expanding across different domains at the micro/nanoscale, leading to the generation of 

alternate technological solutions. Their responsiveness to the change in the external 

environment permits development of technologies that can be utilized to generate dynamic, 

real time devices. The present state-of-the-art technology concerning sensing and energy 

harvesting applications, focusses on design and development of miniaturized systems that are 

quick, portable and self-sufficient with regards to energy consumption. Droplet based devices 

may well supplement existing methodologies as it allows integration of auxiliary components 

towards generation of large-scale cohesive networks possessing multi-functional capabilities. 

Another facet of droplet geometry that has been tapped, albeit not thoroughly, for potential 

application towards optics-related applications concerns the droplet curvature. Desired control 

over light focusing abilities by varying the droplet dimensions and composition, imparts the 

droplet the ability to effectively utilize incoming radiations for patterning application. In this 

context, generation of numerous such optically-active droplets afford a facile, robust approach 

towards translation of soft-lithography developed patterned surfaces. 

In view of the above, this dissertation presents few field-driven systems including chemical-

potential, acoustic, and photonic have been utilized for selectively exploring the underlying 

physics associated with droplet platforms towards patterning, sensing and energy harvesting 

applications. Micro-scale experimental setups employing solid and liquid substrates have been 

utilized to uncover the different phenomenon associated with such droplet systems. The point-

wise objectives concerning the different chapters in this thesis are as follows: 

❖ Investigation of acoustic wave catalyzed urea detection employing a pulsatile microdroplet 

sensor. 

❖ Exploring microdroplet photofuel cells for harvesting high-density energy capable of 

simultaneously working as a dye degradation platform. 

❖ Developing a technique for creation of self-organized LC microdroplets to be utilized as 

tunable soft-photomasks. 

❖ Analyzing the chemotactic dewetting of a nematic LC droplet on a liquid bath from an 

experimental and theoretical viewpoint for generation of numerous LC microdroplets. 
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1.3  Layout of the Thesis 

This thesis is a collection of six chapters. In Chapter I, a brief literature review concerning the 

characteristics and significance of droplets-based systems with regards to applications such as 

bio-chemical sensing, energy harvesting and patterning has been presented. Following the 

overview sub-section, the objectives of the present thesis along with the overall layout of the 

thesis has been highlighted. Thereafter, the subsequent sections II–V of this report details the 

technical aspects belonging to the thesis chapters.  

Chapter II discusses the development of pulsatile microdroplet sensor that is capable of sensing 

and distinguishing external sounds. Furthermore, the droplet setup is also capable of detecting 

unknown concentrations of serum urea thereby doubling-up as a portable biosensor. 

Experiments are performed to uncover the different parameters of the biosensor such as 

sensitivity, stability and response time. Acoustic waves induce recirculation within the droplet 

resting on a glass substrate. The convective flow within the droplet changes the ionic 

composition within the droplet such that it results in variation of droplet ionic resistance. The 

ionic resistance variation can be mapped with the change in analyte concentration.  

Chapter III explores the development of a microdroplet photofuel cell that is capable of 

generating significant energy utilizing miniscule amount of peroxide fuel. In the presence of 

external illumination, additives such as Au NPs help increase the power density and current 

density values owing to their inherent LSPR property. The microdroplet setup is also capable 

of degrading an organic recalcitrant while simultaneously harvesting energy from the setup. 

Incorporation of Au/CdS nanocomposite aids in the dye degradation process while also 

assisting in enhancing output parameters of the hybrid setup. Networking of multiple cells 

parallelly connected in a VLSI configuration enhances the overall power density.  

Chapter IV investigates the design and development of a liquid-on-liquid dewetting 

phenomenon for large-scale generation of optically-active LC microdroplets. A compound LC 

microdroplet in hexane undergoes rapid spreading and retraction on a surfactant bath, resulting 

in generation of multitudes of LC microdroplets from the leading edge. Increasing the 

surfactant concentration or decreasing the LC loading was found to enhance the capillary forces 

induced instability of the contact line, that resulted in higher frequency ejection of smaller LC 

microdroplets. The optically-active LC droplets were then employed as soft photomasks in an 

unconventional photolithography setup to generate large-area 2D and 3D patterns. Solvent 

vapor annealing also provided an additional handle over light transmission property of the 

microdroplet.  
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Chapter V presents an experimental and theoretical analysis of a LC droplet dewetting 

phenomenon on a water bath in the vicinity of another solvent droplet. Striking behavior of the 

LC droplet three-phase contact line is witnessed within a short time period of solvent droplet 

deposition. Different modes of instability such as oscillatory contact line instability, capillary 

instability at the LC droplet leading edge as well as insitu recirculation within the LC droplet 

bulk is witnessed. Experiments uncover that solutal Marangoni driven recirculation reach a 

peak value that precedes simultaneous disruption of droplet geometry, which follows gradual 

increment of recirculation rates leading to a cyclic process. The maximum rate of recirculation 

is increased as the volume of solvent droplet or volume of water in underlying bath is increased. 

Experiments also reveal that influence of surface tension forces destabilizes the contact line 

instability further leading to higher ejection of smaller LC droplets. A linear stability analysis 

of this phenomenon has also been employed to determine the size and spacing of the obtained 

daughter droplets and aid in validating the experimental observations.  

In chapter VI, a short summary of the various works highlighting the key results from 

respective chapters has been presented. Additionally, scope for future research within the areas 

elaborated in this thesis has also been provided. The thesis concludes by presenting the research 

output generated from the different chapters.
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Abstract 

We observe variations in the electrical resistance across a conducting water microdroplet when 

it was placed on a glass substrate before mechanically vibrated at natural frequency with the 

help of an acoustic source. The reduction in the resistance across the droplet was magnified 

owing to the formation of vortices in the matrix when the periodic oscillation of the surface 

was increased. The variation in the resistance could be tuned with the frequency of the sound 

source, which was found to be maximum when a 10 µL droplet was vibrated at ~ 320 Hz. 

Interestingly, the variation in resistance across the oscillating droplet could follow and 

distinguish the musical notes in the octaves – “sur”, or rhythmic cycles – “taal”, originating 

from the musical instruments such as, flute, harmonium, whistle, and tabla. Further, when a 

suspension of urease-stabilized gold-cadmium-sulfide nanocomposite was suspended inside 

the droplet, and mixed with an analyte containing urea solution, the change in the resistance 

during the operational time period was found to monotonically vary with the concentration of 

urea in the analyte. The enzymatic reaction between urea and urease was found to follow a 

faster first order chemical kinetics than the commonly observed Michaelis–Menten pathway 

owing to the presence of the moving nanocomposites and mixing-vortices under the optimal 

acoustic excitations. The specific lock-and-key enzymatic reaction helped in extending these 

experimental results to estimate the unknown levels of urea in human blood serum samples. 
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2.1 Introduction 

In the recent years, the design and development of sustainable health care diagnostic devices 

suitable for low-resource settings have made an exceptional progress.1–3 These diagnostic 

devices aided with the support of alternative form of energy supply, nanoscience and 

technology, data analytics and artificial intelligence, are envisioned to replenish the more 

widely employed energy heavy, expensive, expert-driven, and complicated diagnostics 

processes in the centralized path-labs to detect essential biomarkers.4–6 In light of this 

paradigm-shift, a potential antidote has emerged in the form of energy efficient microfluidic 

biosensors7, which have been employed for the detection of bio-molecules8,9, diagnostics10, 

and therapeutics11. In particular, the microfluidic assays have become more popular owing to 

their long-term sustainability, low energy demand, ease of fabrication, portability, lower cost, 

and higher efficiency7,12–15. Applicability of microfluidic kits also span diverse areas of 

engineering which include mixing16, robotics17, sustainable energy harvesting7 , drug delivery18 

and digital electronics12, among others. Importantly, the commercially available point-of-care-

testing (POCT) microfluidic devices such as pregnancy kit4,19 and glucometer20,21 have now 

enabled the detection of health parameters at the patients site22. Thus, extensive research 

activities have been observed in the development of such tools targeting various other potential 

biomarkers, which are powered by sustainable cum alternative energy resources. 

In this direction, of late, the performance of these microdevices have improved significantly 

when integrated with the alternative forms of energy alongside the incorporation of effective 

nanomaterials. For example, metal or metal-oxide nanoparticles (NPs)23,24, polymeric 

nanofibers25, nanotubes26, and carbon allotropes27 are now integrated with the transistors28, 

actuators28–30, piezoelectric 31 , flexible electronic devices32,33 and micro-electro-mechanical 

systems (MEMS) devices34–36 to improve their selectivity and specificity. For improving their 

sensitivity on the other hand, different measures such as combining immunosensors-linked 

plasmonic NPs1,23, incorporating modified substrates possessing high aspect ratio electrodes4, 

and inclusion of current amplifiers may also assist in enhancing signal/noise ratio22. Further, 

the scientific principles associated with the propagation of acoustic waves through diverse solid 

or fluidic materials and the subsequent change in the materials properties have also been 

employed for sensing and detection37–40. At the micro or nanoscale, the surface acoustic wave 

(SAW) devices have been successfully employed for the detection of bio-molecules41, gases42, 

and vapors43. The ultrasound techniques also have been employed for the biomedical 

diagnostics and bio-sensing44–46. Surprisingly, although the ultrasonic waves have been 
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employed extensively in the development of biomedical devices, there are not many studies 

that employ audible sounds for bio-sensing. 

On the other hand, among the other biosensing arrangements, serum urea has long been known 

as a critical renal or metabolic biomarker which is crucial for detecting the uremic toxins 

present in the body47,48. Irregular levels of urea in blood serum can lead to increased toxins 

level, whereas its lower levels can cause lower protein intake and indigestion or onset of 

chronic liver diseases49,50. A higher serum urea concentrations can result in renal failure, shock, 

or gastrointestinal bleeding, among other diseases48,50,51. For the normal functioning of the 

human body, the acceptable range of urea in blood serum is around 15-40 mg/dL (or 2.5-7.5 

mmol/L)52,53. In order to detect the urea concentrations in the body fluids, a variety of sensors 

have been developed over the years based on different sensing principles such as electro-

chemiluminescence54, electrochemical techniques55–58, aptasensors59, piezoelectric sensors60, 

conductometric detectors61,62, organic field effect transistors (OFET) devices63, and 

potentiometric64 or amperometric techniques65. However, all the above-mentioned 

methodologies are reported to have certain issues associated with either the response time, 

portability, specificity, selectivity, or eco-friendliness.  

In the present study, we demonstrate a proof-of-concept acoustically-driven-microdroplet 

sensor, which is capable of detecting unknown levels of urea present in the blood serum. For 

this purpose, initially, we synthesized an aqueous suspension of a composite of gold-cadmium 

sulfide (Au/CdS) NPs coated with urease enzyme. Subsequently, the analyte solution 

containing urea moieties was mixed with the above suspension and a droplet of the same was 

dispensed on the glass substrate. The entire system was then exposed to sinusoidal acoustic 

waves at a particular frequency which corresponded to the natural frequency of the system. The 

sound waves induced a controlled vibration to the glass slide which in turn formed steady 

mixing vortices inside the droplet matrix. The acoustics induced mechanical vibration 

facilitated the lock-and-key enzymatic reaction between urea and urease through augmented 

mixing. The periodic oscillation also led to the variation in the electrical resistance across the 

droplet owing to its periodic change in the shape as well as the vortex induced movement of 

the ions/NPs inside the drop-matrix. The change in the electrical resistance was found to 

monotonically vary with the urea loading, which was exploited to develop a sensor to measure 

the unknown urea levels in the human blood serum.  

Remarkably, the proposed microdroplet sensor was also capable of immediate sensing and 

differentiation of diverse audible sounds such as musical notes in the octave or “sur” – sargam, 

rhythms or “Taal” – tintal, dadra and jhaptal, and sounds issuing out of flute, harmonium, 
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whistle, and tabla. The perturbations in the acoustic wave transmitted a vibration to the glass 

slide which in turn induced a controlled agitation in the microdroplet. The time-periodic 

mechanical oscillations generated different types of flow vortices inside a 10 μL droplet at an 

optimized frequency of 320 Hz to distinguish these diverse sound sources. A detailed 

parametric study has been presented to show the variations in the normalized electrical 

resistance of the oscillating droplet with the changes in the sounds emanated from different 

sound sources. The results reported can significantly influence the design and development of 

energy efficient, low cost, and sustainable microdroplet acoustic wave detectors, which can 

also be translated as a simple, low-cost, portable, sensitive, and reliable alternative as a POCT 

diagnostic tool for serum urea detection. 

2.2 Materials and Methods 

2.2.1 Materials 

Sodium hydroxide (NaOH) pellets, sodium citrate (NaC6H7O7), cadmium chloride (CdCl2), 

sodium sulphide (Na2S) was procured from Merck, India. Gold (III) chloride (HAuCl4.3H2O), 

Tween 20 solution, PBS buffer, 11- Mercaptoundecanoic acid (11-MUDA), N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and N-

Hydroxysuccinimide, were all obtained from Sigma-Aldrich, India. Copper wire, double sided 

tape, and glass slide were procured from local vendors. Solvents and chemicals utilized were 

of analytical grade and employed in the experiments without further purification. Milli-Q grade 

water was used for cleaning purpose and also for preparation of the solutions.  

2.2.2  Methods 

Surface morphologies and lattice structures (SAED patterns) of the nanocomposites were 

detected using transmission electron microscope (TEM, Jeol India Pvt. Ltd). Characterization 

of the nanocomposites was performed using UV-Visible spectroscopy (SHMIADZU UV-2600 

model) and Fourier-Transform Infrared spectroscopy (FTIR) (SHIMADZU IR Affinity-1 

model). Droplet deformation dynamics under the influence of oscillating substrate was 

captured using PHOTRON FASTCAM VIEW high-speed camera. Particle movement inside 

the deforming droplet under different system configurations was captured using SONY FDR 

AX-40 video camera. MASTECH multimeter (M92A(H) model) was employed to find out the 

changes in normalized resistances for the different systems. Philips BT50B Bluetooth speaker 

was utilized to stimulate the system and generate the oscillations in the glass substrate. 
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2.2.2.1   Synthesis of Au/CdS nanocomposites 

In order to synthesize the Au/CdS nanocomposite, initially, a solution of Au NPs was prepared 

employing the following method. An aqueous solution of 11.8 M HAuCl4 was formed and 16 

μl of the prepared solution was mixed with 30 ml of DI water under vigorous stirring for 45 

min, while the temperature of the system was gradually raised. After the solution had reached 

boiling stage, 3 mL of 38.8 mM sodium citrate solution was added into the mixture and the 

system was heated until the dull yellow color of the solution turned to dark wine red.  Thereafter 

the heating was stopped and the solution was continuously stirred for another 30 min. The color 

change indicated the formation of Au NPs. In order to synthesize the Au/CdS NPs, initially, 

0.01 M CdCl2 and 0.01 M Na2S were taken. Following this, another solution was prepared by 

adding 2.5 mL of methanol to 20 mL of 0.1M NaOH solution. The as-prepared methanol-NaOH 

solution was sonicated for 1 h. The concentration of NaOH in the sonicated solution was further 

reduced to 5 mM by adding additional water. About 5 ml of the above prepared solution was 

then mixed to freshly prepared 0.01M Na2S solution to form solution A. 5 ml of solution A was 

mixed with freshly prepared 0.01M CdCl2 solution. 10 ml of previously prepared Au NPs 

solution was then added to the above mixture, and the entire system was vigorously stirred 

overnight at 70°C. This eventually resulted in the formation of Au/CdS nanocomposite.  

2.2.2.2   Urease attachment to Au/CdS nanocomposites 

 

 

Figure 2.1 Schematic diagram showing the steps undertaken to prepare the Au/CdS-urease 

nanocomposite. (i) Functionalization of the Au/CdS surface with Tween 20 surfactant followed 

by the thiol (11-MUDA) moiety, (ii) attaching the functionalized Au/CdS NPs with EDC-NHS 

functional groups for amine coupling, (iii) addition of urease enzyme to the reaction mixture, 

(iv) formation of Au/CdS stabilized urease NPs. 
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In order to attach urease to the prepared nanocomposites, 5 mL of Tween 20 solution in PBS 

buffer (2 mg/mL) was added to as-prepared 5 mL of Au/CdS nanocomposite solution and 

stirred for 45 min at room temperature. Then, 5 mL of 11-MUDA solution (1 mM) in ethanol 

was prepared and added to the above reaction mixture, which was then allowed to incubate for 

5-6 h at room temperature. Afterwards, the above solution was centrifuged at 10000 rpm for 

10 min to remove excess 11-MUDA before redistributing it again in the buffer. In order to 

accomplish the amide linkage between urease and Au/CdS nanocomposites, the synthesized 

nanocomposites were activated with EDC-NHS mixture. For this purpose, about 5 mM EDC 

and NHS solution were prepared in buffer simultaneously. Thereafter, 5 mL of this mixture was 

mixed with 11-MUDA activated nanocomposites before the mixture was allowed to rest for ~ 

1.5 h. Different concentrations of urease in buffer solutions were prepared and 1 mL of this 

solution was added to the activated nanocomposites mixture before the solution was kept at 

room temperature for 2 h. Thereafter the solution was kept at 5°C for 10-12 h. 

A brief overview of the methodology undertaken to prepare the Au/CdS-urease nanocomposite 

has been shown schematically in the steps (i) – (iv) in Figure 2.1. The following section 

provides the detailed optical characterizations (UV-Visible spectroscopy and FTIR 

spectroscopy) of the different nanomaterials and nanocomposite prepared. 

 

2.2.2.3   Optical Characterization of Nanocomposites 

The Au/CdS nanocomposites was prepared using different concentrations of precursor salts. 

However, at a particular concentration of 0.01 M of the respective precursor salt, the composite 

UV spectra in Figure 2.2 (a) showed both, Au and CdS peaks, implying presence of the 

components in relatively similar proportions. Above and below this particular concentration of 

precursor salts, the UV spectra had unequal peak areas and was dominated by either of the two 

components spectra based on their concentration. For the particular case of 0.01 M of 

respective precursor salts, the Au and CdS peaks were observed at ~ 532 nm and ~ 450 nm, 

respectively. 

These peaks were observed because of the coupling between the Au NPs core and CdS NPs 

shell. An efficient charge transfer of the photo induced electrons took place from CdS shell to 

Au core because of the overlap between the exciton absorption band and surface plasmon band 

between the two groups66. The bio-conjugation of urease with Au/CdS nanocomposites was 

also captured by the UV-Vis spectroscopy. Figure 2.2 (a) shows the presence of urease peak 

around 280 nm 67. The aromatic acids responsible for the π- π* transition signify the presence 

of urease. The composite on the other hand, showed peaks from both the metal and metal-
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sulfide components (Au and CdS) along with the red-shifting of the urease peak indicating the 

conjugation of the biomolecule with the Au/CdS nanocomposite. 

 

 

Figure 2.2 Characterization of the synthesized Au/CdS nanocomposite. Images (a) and (b) 

show the UV-Vis spectra and FTIR plot of the individual components as well as the synthesized 

nanocomposite, respectively. Image (c) and (d) shows the TEM image of synthesized Au 

nanoparticle and Au/CdS nanocomposite, respectively. Inset images in (c) and (d) show the 

SAED patterns of the Au NP and CdS NP respectively. Scale bar for the inset images is 5 nm-

1. Scale bar for images (c) and (d) are 10 nm and 20 nm, respectively. 

The FTIR spectra of the different materials are shown in Figure 2.2 (b). For the 

functionalization of the Au/CdS nanocomposites, MUDA was used to form the initial platform 

for EDC/NHS coupling of urease. As shown in the spectra, peaks at 1715 cm−1 and 3400 cm−1 

are assigned to C=O and –OH functional groups on the Au/CdS nanocomposites. Further, peak 

shifting with significant narrowing indicated the existence of thiol functionalization on the 

nanocomposite surface68. The additional peaks seen at 1109 cm−1, 1470 cm−1, 1654 cm−1, and 

3400 cm−1 confirmed the immobilization of urease on Au/CdS and formation of amide bond 

between enzyme and Au/CdS. The peak at 1150 cm−1 represents the –C–N stretching and 1654 

cm−1 represents the C=O stretching (also known as the amide I band), respectively. The peak 
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at 3400 cm−1 is assigned to –N–H deformation (amide II band)67,69,70. The TEM images in the 

Figure 2.2 (c) and Figure 2.2 (d) show the presence of Au nanoparticles and Au/CdS 

nanocomposites, respectively.                                                                                                                                  

2.2.3  Experimental procedure 

A stepwise representation of the experiments undertaken have been represented in Figure 2.3. 

Initially, a salt water solution consisting of 0.85 M FeSO4 in 5 mL of water was prepared. The 

glass substrates were washed with ethanol and acetone solvents and dried with N2 gas. 

Thereafter, a 10 µL droplet of the salt solution was placed on the glass substrate of dimensions 

75 mm × 25 mm × 1 mm, as shown in Figure 2.3 (a). The substrate was covered with a thin 

layer of a hydrophobic adhesive tape, which ensured that the droplet maintained a convex 

meniscus with a contact angle of 110°±3°. Since, a clean glass substrate has a relatively low 

surface energy, a water droplet may spread on it upon deposition. This would reduce the mixing 

region and hence lower overall sensitivity. To prevent this, a thin layer of tape is attached. 

Thereafter, the sound source (SS) was introduced from the bottom of the glass substrate with 

the help of a Bluetooth speaker, as shown in Figure 2.3 (b). The SS was connected wirelessly 

to a smartphone, which generated different types of sound waves.  

 

 

Figure 2.3 Schematic diagram of the experimental steps followed for characterizing the 

acoustically stimulated droplet system. (a) A micro droplet (10 μL) of salt water solution was 

placed on a glass substrate on which an adhesive tape was already stuck. (b) After the exposure 

of sinusoidal acoustic waves, the glass substrate started vibrating which in turn caused vortex 

formation in the oscillating droplet. Thereafter, this system was analyzed in two different 

pathways: (cI) depicts the optical and morphological characterizations of the droplet dynamics 

with the help of a video camera and (cII) shows the method setup for the electrical 

characterizations. 
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The acoustic waves issued out of the underlying SS and caused the glass substrate to vibrate 

which in turn led to the oscillations of the water droplet. These oscillations created vortices 

inside the microdroplet. This setup was subsequently analyzed in two different ways, as shown 

in the Figure 2.3. In order to uncover the droplet dynamics a video data recorder was employed, 

which helped to capture the effects of different SS frequencies on the droplet deformation, as 

shown in the Figure 2.3 (cI). The data was also utilized to analyze the vibration characteristics 

of the glass substrate. Different frequencies of sounds were issued out from the SS and the 

deformation of the droplet interface at different time-intervals was measured. Figure 2.3 (cII) 

shows the pathway for the electrical characterization in which a pair of copper terminals, 

connected to ohmmeter, were placed at the base of the microdroplet. Upon the exposure of 

sinusoidal acoustic waves, a variation in the electrical resistance was observed owing to the 

vortices generated as well as due to the deformation of the droplet. 

2.3 Results and discussions 

2.3.1 The Phenomenon 

Initially, experiments were performed to uncover the sensitivity and responsiveness of the 

proposed concept. The acoustic waves from the SS created time-periodic vibrations in the glass 

slide which in turn stimulated the droplet to deform time-periodically, as shown schematically 

in Figure 2.4 (a). The actual snapshots of the oscillating droplet were captured using a high-

speed camera, as shown in Figure 2.4 (b). The image shows the side view as well as the top 

view of the droplet oscillations at a much higher frames per second (8000 fps) and at a much 

higher time resolution. Image analysis helped in extracting a single cycle of deformation to 

restoration of the droplet shape, which corresponded to a time period of ~ 140 ms when the SS 

frequency was set at ~ 320 Hz. This also meant that the droplet and the glass substrate oscillated 

at a frequency of ~7 Hz with a time period of 140 ms when the SS frequency was fixed to ~ 

320 Hz.                                                                                                  

The experiments suggest that the acoustic waves from the SS helped in the mechanical 

vibration of the glass substrate when reflected from the same. Subsequently, the droplet on the 

glass surface underwent time-periodic variations, which could be observed from the time-

periodic deformation of the shape of its free surface, as shown in Figure 2.4 (b). In order to 

uncover the influence of the acoustic waves on the glass substrate, the variation in the time 

averaged amplitude of vibration (Aavg.) of the glass substrate was recorded and analyzed, when 

it was exposed to sinusoidal sound waves of different frequencies generated from the 

underlying SS. The results obtained are shown in Figure 2.4 (d).  
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Figure 2.4 Image (a) schematically shows the effect of the vibrating substrate on the above 

placed droplet. Images in (b) show the snapshots of the deformed droplet at different time 

intervals for a 140 ms cycle (7 Hz) when the frequency acoustic wave was 320 Hz at the sound 

source (SS). The rows show the time required for the deformation from the base state ( 0h ) to 

the perturbed state ( th ) and vice versa in a full cycle of 140 ms, observed at 1x magnification, 

with a scale bar of 1 mm. Image (c) shows the percentage deformation (d) of the droplet with 

time during one cycle. Image (d) corresponds to the time averaged amplitude of vibration (Aavg.) 

of the droplet on the substrate at different frequencies (ν) of the acoustic waves. The time span 

for obtaining the average value was 1 s. Image (e) shows the time average amplitude of the 

periodic sound waves, Ᾱavg, when the SS was placed under the glass substrate (Sp), at three 
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different frequencies (ν) of the acoustic waves – 280, 320 and 360 Hz, respectively. Image (f) 

corresponds to the difference between the average values of time-periodic amplitudes of 

acoustic waves, damp, between free SS and the condition when the SS was placed under the 

glass substrate (Sp). Inset shows the method to obtain damp, i.e. subtracting the amplitude of 

average time-periodic variation of emanated sound waves (Ᾱavg) of Sp from the free SS, at 

different acoustic frequencies. The time span for obtaining the average value was 1 s for both 

cases, (e) and (f) respectively. In such a cycle, the temporal percentage deformation ( d ) of the 

10 μL droplet from the state of rest was found to pass through a maximum with time (t), as 

shown in the Figure 2.4 (c). The percentage deformation was estimated with the help of the 

image analysis of the photographs as,  0 0( ) / 100td h h r= −   where 0h and 0r are the height and 

radius of the droplet at t = 0 and th  denotes the height of the droplet under the acoustic influence 

at a particular time, t.  

The amplitude of deformations of the substrate and droplet were found to increase with the 

frequency of the acoustic wave until they reached a maximum at ~ 320 Hz for a 10 μL droplet 

resting on a glass substrate, as shown in the Figure 2.4 (d). It may be noted here that the time 

averaged amplitude of vibration (Aavg.) of the substrate was calculated by measuring the relative 

displacement of the droplet at different time intervals, as shown in Figure 2.4 (b). It was 

assumed that the water microdroplet did not affect the oscillating characteristics significantly 

because of its insignificant mass as compared to the glass substrate. Rather, the deflection of 

the droplet surface at various time intervals was measured, which originated due to the 

deflection of glass substrate. Importantly, vibrations of the substrate gradually waned off below 

and beyond 320 Hz for the experiments shown in the Figure 2.4. The experiments suggested 

that at ~320 Hz the acoustic wave could commensurate with the natural frequency of the glass 

substrate leading to a resonance, which resulted in a maximum amplitude of vibration of the 

glass substrate. 

Subsequently, the vibrations at the glass substrate stimulated the deformation in the droplet, 

which was also found to be maximum at ~320 Hz. In this study, since quantitatively, only the 

frequency of oscillation of the droplet was measured, it was assumed that the frequency of 

oscillation of the glass substrate would be the same as of the droplet. A number of previous 

studies have shown the effects of the resonance when a fluidic medium was oscillated at its 

natural frequency71,72. Herein it was anticipated that the acoustic waves issuing out of the SS 

would match the natural frequency of the glass substrate at about 320 Hz,73 which in turn 

facilitated the abrupt large deformation in the droplet. Below and above this frequency, the 

amplitude of vibration of the glass substrate as well as the droplet was found to be much less, 

as can be seen in Figure 2.4 (d).  
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Figure 2.4 (e) represents the wave patterns of the sound from the combined system of substrate 

(Sp) and SS, in absence of the droplet. Audacity software was used to find out the profiles of 

generated wave patterns from the combined system for three different acoustic frequencies – 

280, 320 and 360 Hz, respectively. The figure suggested that the minimum value of Ᾱavg was 

obtained for frequencies close to 320 Hz, which was previously found to be close to the natural 

frequency of the system. The relatively lower value of Ᾱavg around 320 Hz occurred because a 

considerable part of the emanated sound energy was absorbed by the substrate. Subsequently, 

the overall amplitude of the sound waves received by the sound recorder decreased. Below and 

above this natural frequency, Ᾱavg was relatively higher as most of the sound energy either 

reflected from or transmitted through the substrate. In the present study, SS had a larger opening 

diameter as compared to the glass substrate. Thus, the acoustic waves were rather uniformly 

distributed and emulated a multiple-point sound generating system. The recording device was 

placed very close to the substrate-SS setup without physically disturbing the system. Since the 

speaker was placed in a vertical position with respect to ground and the opening of the speaker 

itself was circular, the sound issued out was assumed to be equal in intensity in all the 

directions. Subsequently, the recordings were measured in an environment devoid of any 

external noise, which enabled the recording of the transmitted waves with high accuracy and 

at a large intensity. 

Further, under such circumstances, the substrate displayed maximum displacement from its 

mean position owing to the maximum transfer of energy from the source to substrate. Figure 

2.4 (f) corresponds to the difference between the time-periodic amplitudes of emanated 

acoustic waves, damp, between free SS and the condition when the SS was placed under the 

glass substrate (Sp). The Ᾱavg value of the sound emanated from a free SS was also recorded and 

observed to be maximum. Thereafter, as the glass substrate was placed on the SS the sound 

emanated from the system had a lower Ᾱavg value because the acoustic energy was either 

absorbed in or reflected from the glass substrate. The plot suggested a maximum value of damp 

at 320 Hz, which was indicative of the maximum energy absorbed by substrate at its natural 

frequency. Consequently, a minimum energy was transferred to the recorder from the 

surroundings. Before and after this frequency value of 320 Hz, the emanated sounds were either 

reflected or transmitted from the glass substrate to the surroundings. As a result, the value of 

Ᾱavg was higher and damp was relatively lower. The natural frequency of the experimental system 

was found to be very similar to an ad-hoc theoretical estimation of ~306 Hz74 , which has been 

clearly elucidated in the following paragraphs. 
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In the experiments, the glass substrate was allowed to vibrate freely without any constraints. 

In order to find the natural frequency of such a system we may need a detailed understanding 

of the interaction between the acoustic waves and the substrate. However, such an analysis is 

perhaps beyond the scope of present work. In such a situation, a theoretical natural frequency 

of the substrate can still be evaluated by assuming that, during the period of oscillation a section 

of the substrate is in contact with the SS while the other section is vibrating freely. For such an 

experimental system emulating a cantilever-like setup the following expression has been 

employed to evaluate the resonant frequency74, 

                                                                 
3

0 34 eq

EWT

L m
 = .                                                      (2.1) 

Here, ω0 is the resonant frequency, E is the Young’s modulus of the substrate, W, T and L are 

the width, thickness and length of the substrate, respectively. The parameter meq is equivalent 

surface area/unit mass of the object. The respective values of the different variables for the 

proposed system are, E is 50 × 109 Pa, W, T and L are 0.025 m, 0.001 m and 0.07 m, 

respectively, and meq (= L × T /wt) is 0.0117 m2/kg. Replacing these values in the Eq (2.1) we 

obtain, ω0 ~ 306 Hz. The theoretical value thus obtained was very close to the experimental 

resonance frequency. In addition to the experiments performed above, it was also found that 

the size and mass of the glass substrate influenced the oscillating characteristics of the droplet. 

For example, few experiments were performed along similar lines as shown in the Figure 2.4, 

with the only difference being the altered dimensions of the substrate which were employed. 

The details have been presented in Figure 2.5 and Table 2.1 respectively. 

 

 
Figure 2.5 Plots (I) - (III) show the variations in the droplet deformation % (d %) with time (t) 

for different substrate dimensions, as shown in the Table 2.1, under the influence of the SS 

which generated acoustic sinusoidal waves at 320 Hz. 

The change in the underlying substrate dimensions brought about a variation in the droplet 

distortion frequency. The plots suggest that for a 10 μL droplet, the time for a single cycle of 

distortion and restoration of shape, increased with reduction in the substrate mass when the SS 
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issued an acoustic wave of ~320 Hz. The same droplet on the glass surfaces with three-fourth 

and half of the mass, oscillated at ~6 Hz and ~5 Hz, respectively, which led to the increase in 

the response time of the droplet as compared to the one reported in Figure 2.4. This is because, 

as the mass of the glass substrate reduced, the energy required to oscillate the system also 

reduced, even though the source frequency was fixed at 320 Hz. In a way, the droplet vibrated 

with a higher amplitude when the substrate mass was decreased even though the frequency of 

the acoustic wave source remained unchanged. Thus, the time required for the droplet to attain 

back its original shape after deformation increased with the reduction in size and mass of the 

underlying substrate as shown in the images (I) – (III) of Figure 2.5. Furthermore, experiments 

were also performed to optimize the placement of the SS, whose analysis has been represented 

with the help of Figure 2.6.  

Table 2.1 Characteristics of the different glass substrates along with the time periods of 

oscillation of the droplets. 

Sr. No. 

Substrate 

dimensions 

(mm) 

Weight 

(gm) 

Droplet oscillation                 

time period 

(ms) 

Droplet 

oscillation frequency 

(Hz) 

(I) 75 × 25 × 01 6 140 ~ 7 

(II) 56 × 25 × 01 4.5 180 ~ 6 

(III) 37 × 25 × 01 3 200 ~ 5 

 

Different sets of trials were performed wherein the SS position was changed with respect to 

the substrate in order to find its optimum location. Figure 2.6 schematically shows the three 

configurations, which were tested. The setup shown in the image (a) yielded the maximum 

change in the normalized electrical resistance ( NR ) at the desired frequency of 320 Hz. In such 

a situation, the sound waves from SS were found to have maximum interaction with the glass 

substrate. Subsequently, the arrangement was able to generate maximum recirculation in the 

droplet placed on the substrate. The enhanced fluidic motion in the droplet resulted in the 

maximum variation in NR , as has been shown in the image (d). The arrangement showed in the 

image (b) did not have that much responsiveness as the variation in NR  was not that significant. 

This might be due to the reduced area of influence of the SS on the substrates when the sound 

waves were issued from the sides of the substrate. In comparison, in case (c) wherein the 

electrodes were kept on both the confining substrates, the variation in NR  was not as 

significant, as was in the case (a). Thus, we opted for the configuration (a) while performing 
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all further experiments in this study. It may also be noted here that the periodic deformation 

and restoration of the droplet shape due to the mechanical vibration of the underlying substrate 

also led to the formation of recirculation currents inside the droplet, as schematically shown in 

Figure 2.4 (a).  

 

 

Figure 2.6 Images (a) – (c) show the schematic diagram of the different experimental set-ups, 

which were employed to test the electrical response of the droplet. Image (d) shows the 

variation in the normalized electrical resistance ( NR ) of the droplet with the change in source 

frequency varied over a wide range, from f = 30 Hz to f =1 kHz. 

 

In order to understand the phenomenon more clearly, a parametric study on the responsiveness 

of the droplet with the variations in physical properties of the proposed configuration was 

performed. For this purpose, the viscosity (η) and density (ρ) of the test droplet was varied by 

the addition of a proportional amount of glycerol in the salt-water solution before exposing the 

droplet to the acoustic waves. The frequencies of the acoustic waves were varied from 20 Hz 

to 1 kHz with 100% volume of the SS at a sound intensity of ~97 dB. The experiments 

suggested the requirement of a minimum value of frequency of acoustic waves at the SS (fmin) 

to vibrate the underlying substrate and subsequently deform the droplet. Figure 2.7 (a) shows 

an increase in fmin with increase in viscosity (η) and density (ρ) of the droplet. It may be noted 

here that fmin was the minimum frequency required to deform the droplet surface under 1x 

magnification. 

The magnitude of fmin was evaluated by placing a microparticle inside the droplet and then 

finding out the minimum frequency required to initiate particle motion in the droplet. The 
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droplets with higher viscosity and density allowed a higher resistance against the droplet 

deformation. Thus, a higher source frequency was required to facilitate the droplet deformation 

and subsequent microparticle motion inside the droplet. The experiments also unveiled that the 

maximum percentage of droplet deformation (dmax) increased with reduction in the η and ρ of 

the droplet, as shown in the Figure 2.7 (b). Importantly, the increment in the intensity of the 

sound wave (Sv) also helped in enhancing the dmax, as shown in Figure 2.7 (c). Interestingly, a 

periodic deformation and restoration of the shape of the droplet under acoustic wave 

stimulation led to the formation of steady vortices inside the droplet, as schematically shown 

in Figure 2.3 (b). Figure 2.7 (d) shows that a minimum frequency at the SS (fmin) was required 

to initiate the formation of the steady vortices. 

 

 
Figure 2.7 Images (a) and (b) show the variations of minimum frequency of sound wave from 

SS, required to deform the droplet (fmin) and maximum percentage of droplet deformation (dmax) 

with viscosity (η) and density (ρ) of the droplet fluid. Image (c) shows the variation in dmax 

with the varying intensity of sound from the SS (Sv). Furthermore, in this experiment, many 

particles of size ~ 180 μm were floated and followed in the droplet in presence of the exposure 

of the acoustic wave to measure the strength of the rotational current. Image (d) shows the 

variation in the minimum frequency of the SS required (fmin) for initiating the rotational motion 

of the particle inside with η and ρ of the droplet fluid. Image (e) shows the variation in the 

rotational velocity (ω) of the particle with η and ρ of the droplet fluid at a particular SS 

frequency of 320 Hz. 

 

In order to unfold the formation of these vortices, a microparticle of size ~ 180 μm was floated 

in the droplet and followed in presence of the exposure of the acoustic wave from SS. A number 
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of microparticles were suspended in the droplet to follow the pathway developed due to the 

recirculation. Since, strength of the recirculation was directly proportional to the intensity of 

sound at a particular frequency, lower sound intensities helped in visualizing the recirculation 

while the higher sound intensities helped in visualizing the droplet deformations. In order to 

better visualize the vortex formation generated inside the microdroplet due to the external 

acoustic waves, we utilized chlorophyll particles to depict the same. The rate of recirculation 

of these vortices was found out to be as high as ~200 rpm for a 10 μL droplet when SS generated 

an acoustic wave of ~320 Hz and at a sound intensity level of 97 dB. Understandably, while 

the fmin showed an increasing trend with the increase in η and ρ of the droplet fluid, the strength 

of the rotational speed (ω) of the microparticle suspended inside the droplet was found to 

decrease, with increase in η and ρ of the droplet fluid at a particular SS frequency, as shown in 

Figure 2.7 (e). 

2.3.2  Electrical Characterization 

Further experiments were undertaken to characterize the electrical response of the system when 

it was exposed to sound waves belonging to various musical instruments. The experimental 

setup followed has been represented in Figure 2.3 (cII). For the purpose of clarity, Figure 2.8 

(a) also represents a similar setup, which was employed to carry out electrical characterization 

of the droplet system. In the beginning, musical notes of the octave of Indian classical music 

and different “bol”, mnemonic syllables, corresponding to the different rhythmic patterns were 

played from the SS. The temporal variations in the electrical resistance across the conducting 

water droplet was measured using a multimeter integrated to the Cu electrodes. The 

experiments uncovered that the variation in the normalized resistance followed the changing 

syllables and the tones which issued out from the SS, as shown in the Figures 2.8 (b) to 2.8 

(g). Here, maxR is maximum resistance obtained in the beginning of measurements and ( )tR is 

resistance of the solution at time t. Furthermore, in order to check the responsiveness of the 

proposed system, we have also performed experiments with the sounds of different Indian 

classical instruments75 such as flute, harmonium, and tabla. Figure 2.8 (b) shows that the 

droplet was able to detect and differentiate the musical notes of the octave for different sounds.  
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Figure 2.8 Image (a) shows the schematic of the experimental setup used to determine the 

normalized resistance, ( )N max/
t

R R R= . Image (b) shows the variation in NR  with t when sounds 

of flute, harmonium and whistle for the 8 notes of the octave were issued from SS. The intensity 

of change in NR  was represented by the length of the bar which had a corresponding value of 

0.1. Image (c) shows the wave patterns of a particular ‘Sa’ syllable sound, belonging to two 

different instruments namely, flute and harmonium. Image (d) shows the variation in NR  with 

t for the sounds of different “bol”, mnemonic syllable of Tabla. The image also shows the 

response of the droplet for Tintaal, Dadra, and Jhaptal, respectively, at a tempo of 120 

beats/min. The intensity of change in 
NR  was represented by the length of the bar which had a 

corresponding value of 0.05. Image (e) shows the corresponding wave patterns of different 

“taal” when their tempo was maintained at 120 beats/min. Image (f) shows the variation in 
NR

with t for Jhaptal, when it was played at SV of ~97 dB for different values of tempo. The 

intensity of variation in 
NR was represented by the length of the bar, whose value was 0.1. 

Image (g) shows the corresponding wave patterns of taal dadra played at different tempo. The 

different wave patterns were obtained using Audacity software. The different scale bars 
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represent the time period of 1 s. The encircled portions highlight the coming together of the 

various “bols” with increasing tempo. 

The change in the resistance values of the droplet, which followed the different notes emanating 

from the SS, could be attributed to the additional convective vortices generated inside the 

electrically conducting droplet on the account of the acoustic wave stimulated mechanical 

vibration of the glass substrate. Figure 2.8 (c) shows an analysis of the particular “Sa” syllable 

of the sound waves, belonging to two different instruments namely, flute and harmonium. 

These particular sound waves which issued out from the SS, were analyzed with the help of 

open-source platform Audacity. A comparison between the wave patterns generated from the 

resistance change in the droplet (Figure 2.8 (b)) and software confirmed that the variation in 

NR  could follow the sound waves which emanated from flute and harmonium. Figure 2.8 (d) 

shows the change in NR  due to the sound of different “bol”, mnemonic syllable of the 

instrument tabla 75. It also shows the response of the droplet due to three different popular 

rhythms, namely, tintaal (4-4-4-4), dadra (3-3) and jhaptal (2-3-2-3), respectively 76. The tempo 

of the music was maintained at 120 beats/min while the volume of the speaker was maintained 

at an intensity of ~97 dB corresponding to a power of ~3 dBW. The change in the resistance 

during these experiments was recorded to be ~5-10%. Again, the reason behind the decrease in 

the electrical resistance was attributed to the time-periodic change of shape of the droplet and 

the subsequent generation of vortices of different strength due to the acoustic wave induced 

mechanical vibration on the glass substrate. The convective vortices helped in additional 

transportation of ions between the electrodes, which led to the reduction in electrical resistance 

across the droplet7.  

The characterizations of the musical instruments were further extended to different rhythmic 

pattern or taal of tabla75 using the SS. The response of the droplet system for different rhythmic 

cycles was found to be different, as shown in Figure 2.8 (d). Figure 2.8 (e) shows the 

respective patterns of sound waves which issued out of the SS and which were analyzed with 

the help of the software Audacity. Since taal is composed of syllables in a particular pattern, 

the spikes in Figure 2.8 (e) represented the sudden change in rhythm for a respective taal, and 

due to this sudden change in sound, the corresponding changes in resistance (troughs) was seen 

as observed in Figure 2.8 (d). The response of the droplet was also found to vary with the 

tempo of the same rhythmic cycle, as shown in Figure 2.8 (f). The tempo of a rhythmic pattern 

could be defined as the frequency of the pattern in which a higher tempo could be deciphered 

by quick repetitions of the cycles, as shown in the Figure 2.8 (f).  
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Figure 2.8 (g) shows the respective beat patterns of the acoustic waves of taal dadra, which 

were emanated from the SS and were captured and analyzed using Audacity software. The 

encircled portions in the plots in Figure 2.8 (g) showed the increase in the beat patterns of the 

sounds generated by the SS. A comparison between the plots of Figures 2.8 (f) and 2.8 (g) 

suggest that the droplet system was also able to track the increase in the frequency of the beats.  

In case of the lower tempo, the droplet had longer time to recover while in the case of a higher 

tempo, the droplet had lower time to recover from the changes in beats, but could still follow 

the beat patterns, which led to the increased number of crests and troughs in NR  with t plot. 

Separate experiments were also performed to decipher the effect of varying sound intensity 

levels on the system.  

 

 

Figure 2.9 Image shows the variation in the normalized resistance ( NR ) of the droplet with 

different sound levels of the SS. The sound played belonged to taal dadra, when it was played 

at a tempo of 120 and at dissimilar sound levels – 82 dB, 86 dB and 97 dB, respectively. 

The response of the droplet was also measured in the presence of varying sound levels of SS. 

For this experiment, taal dadra was played at a tempo of 120. Figure 2.9 shows the variation 

in NR  with time at three different volume levels of the SS. The plot suggests that the NR

parameter of the droplet was able to follow the variations in the different sound profiles 

emanated from the SS. Thus, it could be concluded that even at higher values of Sv, the smaller 

notes could be distinctly distinguished by employing the droplet setup.    
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2.3.3  Optimization of Prototype for Sensing                

 

Figure 2.10 Images (a) and (b) show the two different arrangements of experiments with, (i) 

free droplet – ‘FDrop’ and (ii) sandwiched droplet – ‘SDrop’. The motions of vortices inside 

the droplet is also sketched in the images. The image (a) also shows the electrode arrangement 

for FDrop configuration while the same for SDrop is shown in the image (b). For the SDrop 

configuration, another glass slide was placed on the droplet to make the sandwiched structure. 

Image (c) shows the complete arrangement of the proposed device with a SDrop configuration 

for the detection of urea. Image (d) shows the rotational speed (ω) of the particles and 

maximum percentage deformation (dmax) of the droplet surface for the FDrop and SDrop 

configurations. The image (e) shows the change in NR  with f of the SS ranging from 30-1000 

Hz for different concentrations of urease, as shown by the different symbols. The grey region 

shows the operating zone of the SDrop configuration. Inset figure shows the relative change in 

the normalized resistance, 0R , with urease loading, CE. The parameter, max 0

0 N N

f fR R R = −  , 

represents the difference between the maximum change in the normalized resistance obtained 

at 320 Hz where dmax was achieved. Here max

N

fR correspond to the normalized resistance at 320 

Hz and 0

N

fR is the same at 0 Hz. 
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The proposed methodology could also be employed for the ultrafast detection of urea in the 

blood serum samples. For this purpose, the experiments were performed in a setup where the 

droplet was sandwiched in between a pair of glass slides rather than a free droplet as shown in 

the Figures 2.10 (a) and 2.10 (b). Figure 2.10 (a) shows a free droplet (FDrop) arrangement 

utilized so far while Figure 2.10 (b) shows a sandwiched droplet (SDrop) configuration in 

which the droplet is confined between the substrates. Experiments uncovered that the latter 

configuration was more useful in the development of an electrochemical device for urea 

detection, as illustrated in the Figure 2.10 (c). The SDrop arrangement ensured the vibration 

of both the confining glass substrates at their natural frequencies at 320 Hz when a 10 μL 

droplet was sandwiched between them, which facilitated the formation of stronger vortices 

inside the droplet, as schematically shown in the Figures 2.10 (a) and 2.10 (b). In a way, the 

vibration of both the confining surfaces allowed a larger fluid motion inside the droplet, which 

facilitated the development of the biosensor as discussed later. Figure 2.10 (d) shows that under 

similar condition the droplet under SDrop configuration could show a larger rotational speed 

of the vortices as compared to the FDrop configuration. Hence, this arrangement was further 

extended for urea sensing. 

For the biosensing application study, in order to determine the optimal urease concentration, 

different amounts of urease were attached to the Au/CdS nanocomposites in buffer solutions in 

a way similar to that has already been discussed in the experimental section. The strength of 

the urease in buffer was varied from 0.05 mg/ml to 1 mg/ml and subsequently the prepared 

solutions were kept at room temperature for 2 h. Thereafter, the solutions were kept at 5°C for 

~12 h in order to attach and stabilize urease on the surface of Au/CdS nanocomposite. As 

discussed previously, the details of the characterizations of the nanocomposite and the 

attachment of the same with urease have already been discussed in methods section. Following 

this, a droplet with urease coated Au/CdS nanocomposites was exposed to the SS in the SDrop 

configuration in which the frequency of the SS was varied from 30 Hz to 1000 Hz. Again, for 

this arrangement, the NR  was found to be maximum at ~320 Hz, as shown in Figure 2.10 (e). 

In absence of the sound wave excitation from the SS, the increase in base resistance of the 

droplet could be attributed to the addition of less conducting Au/CdS-urease nanocomposite in 

the droplet.  

Subsequently, introduction of the sound wave excitation led to the fragmentation and dispersion 

of these composites into the droplet matrix which in turn influenced the ionic movements inside 

the droplet to cause a progressive increase in NR until ~320 Hz. Moreover, since this frequency 
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was close to the natural frequency of the setup, the recirculation rates inside the droplet due to 

the vortices were highest and it caused the maximum reduction in the electrical resistance of 

the solution. The fragmentation and dispersion of the Au/CdS-urease nanocomposite in 

presence of the acoustic waves were confirmed through a TEM analysis, as shown later in the 

Figure 2.12. Figure 2.10 (e) suggests that at 0.5 mg/ml urease concentration, largest magnitude 

in the normalized resistance, max 0

0 N N

f fR R R = − , was achieved. The parameter, 0R  , represents 

the difference between the maximum change in the normalized resistance obtained at 320 Hz, 

where dmax was achieved. Here max

N

fR correspond to the normalized resistance at 320 Hz and 0

N

fR

is the same at 0 Hz.  Hence, for performing further experiments, this optimal urease 

concentration was selected.  

 

 

Figure 2.11 Image (a) shows the variation in NR  with t for the sounds of different “bol”, 

mnemonic syllable of Tabla. The image also shows the response of the droplet for Tintaal, 

Dadra, and Jhaptal, respectively, at a tempo of 120 beats/min. The intensity of change in NR  

was represented by the length of the bar which had a corresponding value of 0.05. Image (b) 

shows the corresponding wave patterns of different “taal” obtained using the SDrop 

configuration when the conditions of the incident acoustic waves were kept similar to that in 

the former case. 

 

At this juncture, it is also important to note that the FDrop arrangement was more suitable for 

the detection of external sounds than the SDrop setup. This observation was made after 

experiments were performed in order to compare and contrast the effects of the droplet 

configurations on the sound sensing capabilities. Therein, a set of experiments was performed 
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with SDrop configuration for different ‘Taals’ namely, tintaal (16 beats), dadra (6 beats) and 

jhaptal (10 beats), respectively. A similar system was taken as earlier for the FDrop 

configuration, which consisted of a 10 μL microdroplet containing 0.85 M FeSO4 ions in water. 

Subsequently, the microdroplet was stimulated with the different sounds at a sound intensity 

level of 97 dB. The results obtained have been plotted in Figure 2.11, which also represents 

the data acquired previously by using FDrop configuration. The figure suggests that the 

different ‘bols’ were more easily distinguishable in the FDrop as compared to the SDrop 

configuration. The variations in the result could be attributed to the additional confinement in 

the SDrop configuration, which led to lesser vibration of the free surface and more recirculation 

inside the droplet. Thus, while the FDrop configuration was more suitable for sound detection, 

the SDrop arrangement was found to be more suitable for the biosensing arrangement. 

2.3.4   Point-of-care Urea Detection 

The SDrop embodiment shown in the Figure 2.10c was further employed to detect urea in 

human blood serum. To this end, in order to develop a calibration plot, a salt-water solution 

was initially loaded with Au/CdS-urease nanocomposite before mixing a known concentration 

of urea in buffer solution ( UC ) to the same. Thereafter, a 10 μL droplet of this mixture was 

dispensed in the SDrop arrangement and a 320 Hz sound wave was generated through SS at 

sound intensity level of 97 dB. The calibration was performed at an optimized Au/CdS-urease 

loading, as mentioned in the previous section, for a range of concentrations of urea in the buffer 

solution, UC . Figure 2.12 outlines the details of the dispersion of Au/CdS-urease 

nanocomposites, into the droplet under the SDrop arrangement, and subsequently the 

development of the calibration plot. The schematics in the Figures 2.1 and 2.12 suggest that 

during synthesis a cluster of many units of Au/CdS-urease nanocomposites were formed. 

Following this, a salt-water droplet loaded with such nanocomposites was exposed to the 

acoustic waves employing the SDrop arrangement, as shown in the Figures 2.12 (a) and 2.12 

(b). 

A TEM analysis of the aggregates before and after the experiments confirmed that the 

nanocomposites were fragmented into smaller parts during the experiments, as can be seen in 

the TEM images in Figures 2.12 (c) and 2.12 (d). The experiment provided a passive proof for 

the increase in the electrical resistance of the droplet owing to, (i) the loading of the 

nanocomposite before the exposure of the acoustic wave, and (ii) the fragmentation and 

dispersion of these nanocomposites in the entire droplet matrix after the exposure to the sound 
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waves. In order to understand the relationship between the electrical resistance of the solution 

as a function of time during the analysis, a study was undertaken to plot the same and observe 

the results and the subsequent trend which emerged.  

 

 

Figure 2.12 The schematic diagram shows the urease moiety attachment to the cluster of units 

of Au/CdS nanocomposite. Images (a) and (b) show the breaking of the Au/CdS-urease 

nanocomposite into smaller fragments under the SS when a nanocomposite loaded salt-water 

droplet was mixed with urea-buffer solution (e.g. 5 mM) and then exposed to the sound wave 

from the SS. The images show that the bigger fragments of the nanocomposite were broken 

into multiple smaller ones owing to the acoustic stimulation. Images (c) and (d) show the TEM 

micrographs of the Au/CdS-urease nanocomposites before and after sound exposure, 

respectively, in which the scale bars are of 20 nm. Plot (e) shows the variation in the percentage 

normalized resistance, s max sat max( ) 100 /R R R R = −  , across the droplet when different 

concentrations of urea-buffer solutions ( UC ) were added. The line following the circular 

symbols shows the calibration plot for urea detection. Scattered points with triangular symbol 

show the results obtained from human serum samples. The urease concentration utilized for 

detection in the latter case was 0.5 mg/ml. 

Therefore, to analyze the electrochemical behavior of the proposed sensor, two parameters 

based on electric resistance of the droplet had been defined, namely, maxR and satR . Figure 2.13 

showed the initial droplet resistance as maxR , which progressively reduced to a saturated value 

of satR over a period of time. The decrease in the droplet resistance during the course of the 

urea-urease reaction in the presence of acoustic excitation, occurred as a result of higher rates 
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of formation of product ions. Presence of vortices also contributed towards the further 

reduction in the electrical resistance 

 

 

Figure 2.13 Image shows the variation in the resistance of droplet ( R ) with time for 10 mM 

urea solution in presence of 0.5 mg/mL urease and 2.5 mM buffer. Two parameters have been 

presented in the plot - maxR , which denotes the maximum resistance at the beginning of the 

experiment and satR , which denotes the saturation resistance after a long time, respectively. 

Thus, sR  represents the percentage of difference between maxR and satR , which is the measure 

of the urea loading in the analyte. Figure 2.12 (e) shows the variation in the percentage 

normalized resistance of the droplet, s max sat max( ) 100 /R R R R = −  , with the urea 

concentration ( UC ). Figure 2.12 (e) shows that sR increased with UC  in the analyte. For 

lower values of UC , we found that satR had relatively lesser values. This is because, for lower 

levels of urea concentration, lesser concentration of products in the form of ammonium and 

carbonate ions were produced from the enzymatic reaction. A relatively lower difference 

between maxR and satR manifested lower values of sR . However, increment in UC values 

subsequently led to more interactions between the enzyme and the analyte molecules, which 

results in greater differences between maxR and satR , leading to a larger sR . Thus, Figure 2.12 

(e) shows a nearly linear and monotonic increase in sR (%) with UC , which was found to be 

suitable for a point-of-care device. It may be noted here that the urea-urease enzymatic reaction 

was very specific in these experiments. Thus, when human serum samples were employed, we 

could also measure the urea level of serum from the calibration shown in the Figure 2.12 (e). 

The triangular symbol in the Figure 2.12 (e) shows the measurement of the urea level of human 

serum from the proposed method and a standard method was nearly comparable.  
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It may be noted here that, experiments were also performed in order to compare and contrast 

the detection capabilities between FDrop and SDrop arrangements, the results of which have 

been summarized in Figure 2.14. Since in the FDrop configuration, the droplet surface was 

free to deform upon the exposure to the incident acoustic waves, the strength of recirculation 

inside the system was relatively lower as compared to the SDrop arrangement which resulted 

in high recirculation rates. This caused the difference in results obtained based upon the ΔRS 

values for the two systems. While the FDrop configuration initially provided high ΔRS values 

at lower reactant concentrations, at higher reactant concentrations, more amounts of unreacted 

analyte species probably contributed towards the reduction in ΔRS values. This observation 

was in stark contrast to the results obtained for SDrop configuration wherein higher 

recirculation aided in achieving better mixing characteristics and more product formation, 

which eventually led to a monotonic increase in ΔRS with C. Thus, SDrop configuration was 

found to be more sensitive to the different analyte concentrations. 

 

 

Figure 2.14 Image shows the difference in the ΔRS values obtained for the two configurations, 

SDrop and FDrop, in the presence of urea-Au/CdS attached urease reaction. 

 

2.3.5   Sensor Statistics 

In order to validate the effectiveness of the microdroplet based urea biosensor, real-time 

analysis incorporating unknown serum samples from a nearby diagnostic center was 

performed. It may be noted here that the tests associated with the detection of unknown urea 

levels in human serum samples were carried out by trained medical professionals in a nearby 

diagnostic center under the supervision of medical experts, after duly following ethical 

guidelines. Table 2.2 presents the variation in the urea concentration in the human serum 
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detected by a standard technique and the proposed sensor. It may be noted here that the standard 

values of the urea levels in the different human serum samples were measured by employing, 

Dimension RxL Max Integrated Chemistry System, SIEMENS. Table 2.2 presents the urea 

concentration values of 6 unknown samples obtained from the standard technique and also 

from the proposed sensing method. The results show that the values obtained using the 

microdroplet sensor was comparable with the same obtained from the standard method.  

 

Table 2.2 Comparison between standard technique and proposed method for human serum 

samples. 

  Urea concentration (mM) 

Sr. No. 
Standard 

Technique 
Microdroplet Method ± error 

1 3.21 2.89 0.32 

2 4.44 4.12 0.28 

3 5.17 5.11 0.08 

4 8.26 7.79 0.47 

5 10.40 12.36 1.87 

6 28.37 30.82 3.08 

 

Furthermore, in this regard, the stability, repeatability and response-time of the proposed sensor 

was also analyzed. The proposed sensor worked on the principle of variation in electrical 

resistance of a conducting droplet. Thus, when testing with serum samples, the efficacy of the 

sensor was expected to be affected by the strength of the buffer solution, presence of a non-

specific binding protein, and/or salt concentration (range ~150-200 mM) in human blood 

serum.61,70 However, as the salt loading in the proposed droplet sensor was significantly higher 

(850 mM), the sensitivity test with variations in salt loading was not performed.   

Presence of buffer in blood is an important factor because it helps to maintain the pH range. 

Any excess amount of acids or bases can cause either acidemia (pH < 7.35) or alkalemia (pH 

>7.45).61,77 Thus, we studied the performance of the proposed sensor, in terms of the variation 

in the percentage normalized resistance, max max( ) 100 /s satR R R R = −  . This parameter was 

studied for different buffer loadings for a range of urea concentrations ( UC ). Figure 2.15 (a) 

shows that sR increases with enhancement in UC . The experiments suggested that, as the urea 

was converted to ammonium and carbonate ions in the presence of Au/CdS-urease 

nanocomposite, the satR values decreased with increased values of UC . This eventually led to 

an increase in the overall resistance sR . Although the buffer salts present in the medium 
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attempted to neutralize the change, the setup was sensitive enough to track the changes in 

different analyte concentrations, even at high buffer values.  

 

 

 

Figure 2.15 Sensitivity studies were performed to check the sR  (%), value for different urea 

concentrations ( UC ) - 1, 5, 10, 50 and 100 mM respectively, for a fixed Au/CdS-urease 

concentration (0.5 mg/mL) in presence of (a) varying buffer conc. and (b) varying BSA conc. 

Image (c) represents the repeatability feature of the setup, by checking the sR  (%) value for a 

fixed urea concentration (10 mM) and fixed urease concentration (0.5 mg/mL) over a number 

of batches. Image (d) represents the stability feature of the setup, by checking the sR  (%) 

value for a fixed urea concentration (10 mM) and fixed urease concentration (0.5 mg/mL), 

performed over a period of 3 days. 

In order to check the specificity of the prototype, we utilized bovine serum albumin (BSA) as 

the non-specific/interfering constituent in the Urea-Au/CdS-urease reaction. The sensor was 

tested with various BSA loadings in presence of different urea concentrations ( UC ), and a fixed 

urease Au/CdS-concentration, as depicted in Figure 2.15 (b). Increasing concentration of the 

non-specific protein sample was found to have minimal effect on the overall resistance trend. 

The experiments confirmed that the sensitivity of the system under consideration was not 

affected by the presence of non-specific binding proteins. 
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Table 2.3 Analytical characteristics of diverse urea biosensors. 

Type of 

measurement 
Sensing materials 

Resp

onse 

time 

Sensing 

range 
Sensitivity 

Refer

ences 

Electro-

chemiluminescence 

ABEI/AuNP/  

GONR SPE 
n.a. 

2 - 5.8mM     

5.8 - 30 mM 

170.58..mM-1            

16.23 mM-1 
49 

Electrochemical Nano-Tin Oxide              

thin film 

n.a. 1-5..mM             

5-20 mM 

18.9..μA/mM             

2.3 μA/mM 

50 

Amperometric CDI immobilised 

on PANi-Nafion-

Cu-modified SPE 

15 s 1-100 μM 
85 ± 3.4 

mA/M/cm2 
52 

Piezoelectric Molecularly 

imprinted TiO2 
< 2 s 0.04-120 μM n.s.v* 55 

Conductometric  

Sol-gel 

immobilized urease 

on SPE IDA 

8.3 s 

(for 

90% 

respo

nse) 

0.03-2.5 mM 204 μS/mM 57 

Potentiometric Urease in 

polypyrrole matrix 
n.a. 10-5000 μM 

35.07 

mV/decade 
59 

Microdroplet 

based Resistive 

measurement 

Au/CdS-

urease 

nanocomposite 

30 s 1-150 mM ~5.80 kΩ/mM# 
Present 

work 

*no specific value (n.s.v.) provided. # Considering average base resistance value to be 1 MΩ. 

Furthermore, to check the repeatability of the results under similar conditions, we measured 

the sensor response for a reaction involving a particular concentration of urea (10 mM): 

Au/CdS-urease (5 mg/mL), for 4 different batches. Figure 2.15 (c) shows that the variation in 

sR  was insignificant for different batches. The results confirmed that the proposed sensing 

principle was able to give a relatively stable measure of urea-urease reaction over different 

batches.  

The stability and performance of the sensors for a longer period of time was also tested. For 

this purpose, reactions involving the same reactant-catalyst ratio as mentioned above, urea (10 

mM): Au/CdS-urease (5 mg/mL), were performed and analyzed over a period of three days. 

The results shown in the Figure 2.15 (d) suggests that sR  remained ~ 24 % for three days. 

Since all the experimental results obtained were in a time period of ~ 30 s, we defined the same 

as the response time of the sensor. The results elaborated above suggested that the presence of 

buffer loading and BSA did not interfere with the urea detection. Moreover, the sensor response 

was fast and stable for a longer duration, which could be suitable for a POCT application. A 

comparison on the performance parameters of the proposed sensor with the other available 
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ones in the literature has also been provided in the Table 2.3 so as to highlight the characteristic 

features of this biosensor. The comparison suggests that the proposed sensor possesses 

comparable or better device features, as compared to the other available sensors. 

The proposed droplet based-biosensor offers a potential low-cost device which can be suitably 

modified to provide a point-of-care alternative to the existing commercial biosensors. Table 

2.4 highlights the different components of the biosensor device. An overall estimate of the 

single biosensor device is ~ Rs. 1230/unit. In comparison to the existing equipment for 

detection of urea serum in central pathological laboratories as well as different portable sensing 

kits which may cost in the range Rs. 700 – Rs. 2200 per unit, the proposed droplet based 

biosensor offers a cost-effective alternative. Steps such as scaled-up manufacturing with more 

number of field tests will allow the cost of the device to reduce further. 

 

Table 2.4 Component estimate of the microdroplet biosensor setup. 

Sl. No. Items Max. Unit 

Price (INR) 

Amount  

Required 

Price 

(INR) 

A. Materials 

1 Glass slide 2/piece 1 2.00 

2 Copper Wire (180 μm diameter) 0.3/gm 10 gm 3.00 

3 Nanoparticle Synthesis Cost 10.00/gm 20 mg 0.20 

4 Silver Paste 125.00/gm 5 mg 0.63 

5 Electronic components - - 15.00 

6 Sound source 1200/piece 1 piece 1200.00 

Total cost (INR) 1220.83 

B. Fabrication 

1 Double sided tape (0.5 inch) 12/m 0.1 m 1.20 

2 Substrate Cutter 10/piece 1 piece 10.00 

Total cost (INR)  11.20 

  

2.3.6   Sensing Mechanism 

Figure 2.16 (a) schematically shows the steps of urea decomposition in presence of Au/CdS-

urease nanocomposite to ammonium and carbonate ions. The formation of ions in the solution 

61 contributed to the further reduction in the electrical resistance across the droplet upon sound 

exposure. 

Thus, during the sensing process, the reduction in the electrical resistance across the droplet 

happened due to the combined influence of the salt-loading as well as the generation of 

additional
4NH+ ions from the urea-urease reaction, apart from the reasons discussed previously. 

Previously, Figure 2.12 (e) showed a nearly linear and monotonic increase in sR  with UC , 
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which could be explained from the generation of a greater number of
4NH+ ions during the urea-

urease reaction in presence of a larger urea loading in the analyte. This led to a gradual change 

in the solution conductivity and contributed to the nearly linear and monotonic increase of sR  

with UC . 

 

Figure 2.16 Image (a) schematically shows the steps of urea decomposition in presence of 

Au/CdS-urease nanocomposite to ammonium and carbonate ions. The images (b) and (c) show 

the reaction kinetics for the urea-urease decomposition without and with Au/CdS NPs, 

respectively. In case (b), in absence of Au/CdS NPs, the SS facilitated a faster pseudo-first 

order reaction kinetics between urea-urease whereas in its absence a standard but slower 

Michealis-Menten kinetics was observed. In case (c), in presence of Au/CdS-urease 

nanocomposites, the SS facilitated a faster first order reaction kinetics between Au/CdS-urease 

nanocomposites and urea, however, in its absence the first order reaction kinetics was relatively 

slower. The kinetics data for the reaction have been presented in Table 2.5. 

Figures 2.16 (b) and 2.16 (c) show a systematic analysis of urea decomposition under various 

conditions. It may be noted here that, for the studies related to the chemical kinetics of the 

proposed system, the concentration of urease (0.5 mg/mL) and urea (5 mM) were kept fixed. 

Initially, Au/CdS NPs were attached to the urease molecules through the process already 

explained in the methods section. Following this, the reaction kinetics of urea-urease was 

analyzed using a UV-Visible spectrophotometer. For this purpose, we allowed the urea-urease 

reaction to take place in a test-tube while the product ammonia was reacted with Nessler’s 

reagent to form a yellow colored complex. The absorbance spectra at 405 nm, corresponding 
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to this complex, was measured with respect to time. The amount of ammonia formed was 

determined using the calibration chart previously prepared with the help of an ammonium 

standard. The amount of the yellow colored complex formed was assumed to be directly 

proportional to the amount of ammonia produced in the urea-urease reaction. For the system 

with urea-urease homogeneous reaction, 5 mM urea solution (1.5 mL) was reacted with 0.5 

mg/mL urease solution (0.5 mL) in PBS buffer at pH 7.2. Thereafter, 60 µL of NR was added 

to the resulting reaction mixture. The experiments were repeated in the presence and absence 

of the external sound source (SS). For the system with heterogeneous reaction of urea with 

Au/CdS-urease, 5 mM urea solution (1.5 mL) was taken along with 0.5 mL of the Au/CdS-

urease nanocomposite solution in PBS buffer at pH 7.2. This was diluted with 1 mL of water 

and then 60 µL of NR was added to the reaction. The experiments were repeated in the presence 

and absence of the external sound source (SS) following the above-mentioned protocol. 

Therefore, eventually the variation in NH3C with time was assumed to be similar to the 

decomposition of urea in the proposed system.  

Table 2.5 Rate constants for urea decomposition reaction in presence and absence of acoustic 

waves when 5 mM urea solution reacted with only 0.5 mg/mL urease solution and 0.5 mg/mL 

Au/CdS-urease nanocomposites, respectively. 

Reaction 
SS absent SS present 

kSA1 (s-1) kSA2 (mM s-1) kSP1 (s-1) 

Urea : Urease 0.103 0.075 0.131 

Urea : Au/CdS-Urease 0.124 0.111 0.172 

 

In order to determine the reaction kinetics, we made use of the rate equation, 

nd d
k

d d

c p
v c

t t
= − = = , where v is the rate of reaction, c is the concentration of reactant, p is the 

concentration of product, t is the time period elapsed between two successive reactant 

concentration values, k  is the reaction rate constant and n is the order of the reaction. The 

variation of the ammonia concentration (product) with time was plotted before the slope of the 

same was analyzed to evaluate the rate constant. Initially, we studied the urea-urease kinetics 

in the absence of the acoustic wave and nanocomposites, which led to the well-known 

Michealis-Menten enzymatic reaction kinetics of urea decomposition.78,79 The results are 

represented by the triangular symbols in the Figure 2.16 (b), which suggests that the kinetics 

was first order initially and then zero-order at the later part. 

In contrast, in the presence of the acoustic waves, overall interaction between the reactants 
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enhanced due to the periodic oscillation of the substrate and subsequent vortices generated 

inside the droplet. Thus, as represented by the red square symbols in Figure 2.16 (b), the 

product formation shows an almost monotonic increment with the passage of time, maintaining 

a first order reaction kinetics for a longer period, as compared to the former case. The values 

provided in Table 2.5 also show a higher rate constant for the case wherein SS was present as 

compared to ones wherein it was absent. The effect of the SS on the reaction kinetics was found 

to be more pronounced when the Au/CdS-urease nanocomposite was utilized to catalyze the 

urea hydrolysis reaction. The presence of Au/CdS NPs had two-fold advantages, (i) they were 

able to better attach to the enzyme, thereby providing a structural support and (ii) they helped 

to increase the inherent conductivity of the solution, which made the droplet more responsive 

towards changes in urea concentration in the analyte.  

Figure 2.16 (c) depicts the relationship between product formation and reaction time for both 

cases - in presence and absence of the external SS. As shown by the rate constant values in 

Table 2.5, the nanocomposite catalyzed reaction showed higher k values compared to the case 

wherein it was absent. The trend followed a first order reaction kinetics for a longer duration 

of time, as compared to the former case. The freely moving NPs coated enzymes could more 

effectively couple with urea in the analyte owing to the availability of a higher surface-to-

volume ratio for the reaction.80 Remarkably, in the presence of an external SS, the reaction rate 

was found to be even more faster, as shown by the orange square boxes in the Figure 2.16 (c). 

Again, the reaction followed a first order kinetics for the entire duration of the measurement 

under such a scenario. This was possibly due to the much-improved interaction between the 

Au/CdS-urease nanocomposites and urea in the analyte, which was facilitated by the vortices 

in the droplet-fluid and fragmentation of the CdS NPs-Au NPs-urease nanocomposite in 

presence of the acoustic waves.  Concisely, the presence of the acoustic waves together with 

the heterogeneous enzyme catalysis at the surface of the Au/CdS-urease nanocomposite 

facilitated the faster depletion of urea, whose concentration could be tracked inside the droplet 

by measuring the parameter, sR , as shown in the Figure 2.12. Thus, this study proposes a 

stable sensor which has a fast response time, and which also possesses the capability to detect 

specifically the urea concentrations in different situations.  These features indicate towards the 

potential usage of this technique as a promising POCT diagnostic tool in the near future. 

2.4 Conclusions 

In summary, we made use of alternative sources of energy such as audible sounds to stimulate 

time-periodic pulsations of a glass surface and found out the condition at which the same 
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oscillates at its natural frequency. Placement of a salt-water microdroplet on such a pulsatile 

glass substrate led to the periodic deformation and restoration of the droplet shape. A time-

periodic variation of the electrical resistance was observed across such droplet when it was 

integrated with a pair of electrodes. The variations in the electrical resistance could follow the 

musical notes emanated from various instruments, which were played through a sound source. 

Remarkably, the droplet oscillation and subsequently the variation in the electrical resistance 

could commensurate with the intensity, periodicity, and frequency of the musical sounds. The 

time-periodic deformations of droplet due to the acoustic wave mediated mechanical vibrations 

at glass substrate could form flow vortices of varying strength with the variations in the 

intensity, periodicity, and frequency of the musical sounds. Confining the droplet from both the 

sides with similar glass surfaces led to the increase in the strength of the recirculation and 

mixing inside the droplet. Such configuration was employed to perform enzymatic urea-urease 

reaction targeting point-of-care detection of urea in human blood serum. Usage of acoustic 

waves and Au/CdS-urease nanocomposite helped in faster rate of depletion of urea under such 

an embodiment. The reaction kinetics for such a system was found to shift to a much faster first 

order kinetics from more commonly observed Michealis-Menten pathways. A comparison with 

the standard methods of the detection of urea in human blood serum showed that the proposed 

proof-of-concept prototype could emerge as a low-cost and sustainable alternative for point-

of-care detection of such biomarkers. 
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Abstract 

A membraneless photofuel cell, namely μ-DropFC, has been designed and developed to harvest 

chemical and solar energies simultaneously. The prototypes can also perform environmental 

remediation to demonstrate their multitasking potential as a sustainable hybrid device in a 

single embodiment. Hydrogen peroxide (H2O2) microdroplet at optimal pH and salt loading 

has been utilized as the fuel integrated with Al as anode and zinc phthalocyanine (ZnPC) coated 

Cu as cathode. The presence of n-type semiconductor ZnPC in between the electrolyte and 

metal enabled the formation of a photo-active Schottky junction suitable for power generation 

under light. Concurrently, the oxidation and reduction of H2O2 on the electrodes helped in 

conversion of chemical energy into the electrical one in the same membraneless setup. 

Suspension of Au nanoparticles (Au NPs) in the droplet helped in enhancing the overall power 

density under photonic illumination through the effects of localized surface Plasmon resonance 

(LSPR). Further, the presence of photo-active n-type CdS NPs enabled catalytic photo-

degradation of dyes under light in the same embodiment. A 40 μL μ-DropFC could show a 

significantly high open circuit potential of ~ 0.58 V along with a power density of 0.72 

mW/cm2. Under the same condition, integration of ten such μ-DropFCs could produce a power 

density of ~7 mW/cm2 at an efficiency of 3.4%, showing the potential of the prototype for a 

very large scale integration (VLSI). The μ-DropFC could also degrade ~ 85% of an industrial 

pollutant Rhodamine 6G in 1 h while generating a power density of ~ 0.6 mW/cm2. The 

performance parameters of μ-DropFC were found to be either comparable or superior to the 

existing prototypes. In a way, the affordable, portable, membraneless, and high-performance 

μ-DropFC could harness energy from multiple resources while engaging in environmental 

remediation. 
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3.1 Introduction  

Infusing the efficacies of nanoscale science1,2 in the microfluidic devices for the development 

of affordable and portable energy harvesters with a significantly high power density have 

attracted a major research attention in the recent years. The inventions of state-of-art 

thermoelectric, triboelectric, piezo-acoustic, electrokinetic, or Marangoni energy harvesters are 

directed towards this end.3–9 Interestingly, the traditional renewable10 or non-renewable11 

energy harvesting technologies have also been undergoing a paradigm-shift from the regime of 

macroscopic to the very large scale integration (e.g. VLSI) of micro or nanoscopic prototypes 

for enhanced efficiency, higher throughput, and escalated power density.12 In this regard, 

optimized arrangement of energy harvesters will not only reduce overall resistance but will 

also improve the output voltage. This can be further utilized for storing energy in off-grid 

systems such as capacitors for powering remote, low-power intensive systems for long-term. 

Thus, it is not very surprising that a flurry of research activities has also been observed in the 

miniaturization along with process intensification13 of more widely employed commercial 

energy harvesters such as batteries,14,15 photovoltaic cells,16 or fuel cells17,18 for a better 

efficiency.   

In particular, since the path-breaking invention by Sir William Grove in the 18th century19 to 

convert chemical energy into the electrical one, fuel cells (FCs) have shown remarkable 

progress20 despite numerous setbacks21. For example, the utility of the FCs as isolated or 

distributed power resources has now been translated into a few megawatt plants for power 

supply.17 A large varieties of FCs composed of polymer electrolyte membranes, phosphoric 

acid, methanol or alkali have made appearance at different length and performance scales not 

only to power energy intensive rockets but also to run the miniaturized micro-transmitters or 

biomedical devices.22–25 Presently, the fuels utilized in the FCs are either hydrogen (H2), 

methanol (CH3OH), methane (CH4) or their different combinations.26 Especially, H2 has been 

the preferred fuel over others owing to its higher energy density and green chemistry to produce 

water during the energy harvesting.26,27  

On the other hand, as an alternative, hydrogen peroxide (H2O2) has lately been employed as an 

alternative fuel for FCs because of its high energy density and non-toxicity until a concentration 

of 20 M.28 Much like H2, peroxide is also a carbon-free and green energy source producing 

water and oxygen during energy harvesting.29 In short time, the peroxide FCs has evolved from 

simple oxidizers to a standalone energy sources28,30 because, (i) the existence of peroxide in 

the liquid state under ambient conditions makes it better candidate for fuel storage than H2; (ii) 
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although peroxide possesses a lower gravimetric energy density, however, has a significantly 

higher volumetric energy density; (iii) they have higher fuel efficiency suitable for the space 

or underwater applications.23,24 However, the peroxide FCs also face limitations associated 

with the production,31 preservation,32,33 supply, and storage28 of rather unstable H2O2 at 

industrial scale. 

On the other hand, the utilization of membranes in FCs has been found to be slowly 

waning, which is paving the way to the much simpler membraneless single compartment 

FCs. The concept was first realized by Yamazaki et al.34 who employed H2O2 as both an 

electron acceptor and fuel with a Ag cathode alongside using Au, Pt, Pd or Ni anodes. 

Subsequently, various cathodic (e.g.  metals, inert materials, conducting dyes or their 

combinations)34,35 and anodic (e.g. Al, Ni, C, and noble metals)30,36,37 materials have been 

experimented for the membraneless FCs over the years. In particular, ferrocyanides along with 

phthalocyanines and porphyrins38 (PCs) have been found to be excellent candidates for H2O2 

reduction owing to their low onset potentials and cost-effectiveness.30,36,39–41 Interestingly, an 

Al (anode)-H2O2 (fuel) combination is found to possess a significantly higher specific energy 

(~ 17000 Wh/kg),18,42 which is even higher than some of the state-of-art Li-ion batteries(~ 

12000 Wh/kg).43 However, the membraneless peroxide FCs also suffer from the limitations 

associated with the crossover of reactants and thus are suitable for only the low-power intensive 

systems. 

In view of this background, we report the design and development of a peroxide microdroplet 

based membraneless FC, namely μ-DropFC, which is capable of binding the combined 

influences of the chemical and light energies into the electrical one under the same 

embodiment. In a sense, the droplet based device is found to be an exception to the most of the 

previous attempts where film based approaches were preferred.5,44 While the usage of the 

microdroplet architecture helps in gaining advantages from the confinement effects due to 

miniaturization, the photo-activity of the droplet helps in improving the open circuit voltage 

(ψoc) and current density (J) of the μ-DropFC.16 The photo-activity45,46 inside μ-DropFC has 

been facilitated by the localized surface plasmon resonance (LSPR)46 of the suspended gold 

nanoparticles (Au NPs) under light sources. The presence of Au NPs further, also enhances the 

rate of charge transfer between the electrodes by improving the electrical conductivity of the 

microdroplet.47 In order to ensure a lower economic footprint, the μ-DropFC is integrated with 

an Al-foil anode and a Cu-ZnPC cathode, which promote an augmented catalytic breakdown 

of H2O2 under photonic excitation.48,49 A low work-function Cu also facilitates a stronger 

adhesion with ZnPC to provide a strong electronic conductivity.50–53 Importantly, in such a 
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simple embodiment, a single μ-DropFC can show a significantly high ψoc of ~ 0.58 V and 

power density of  ~ 0.72 mW/cm2 per unit mass of fuel. Ten such μ-DropFCs show a power 

density of ~ 7 mW/cm2 at an efficiency of 3.4 %, which highlights the potential of such device 

for μ-VLSI and scale up. 

Furthermore, in order to enhance the overall utility of the prototype, the μ-DropFC setup has 

been utilized in environmental remediation processes such as the dye degradation, while 

simultaneously being involved in energy harvesting from the peroxide fuel and photonic 

excitations. For this purpose, we synthesized a nanocomposite of Au NPs embedded in a matrix 

of cadmium sulfide nanoparticles (CdS NPs) before suspending them in the peroxide fuel to 

breakdown the “stubborn” organic dyes under photonic excitation.54 As a model system, we 

show that the Au and CdS NPs with a powerful photocatalytic activity55 can break the 

rhodamine 6G dye under light while demonstrating a significantly higher power density of 

~0.62 mW/cm2. In some way, the simple and affordable μ-DropFC emulate the state-of-art 

microbial FCs, which have been operated in tandem with dye degradation to simultaneously 

perform dual objectives.56,57 Concisely, the study showcases the versatility of a droplet44 or 

digital58 microfluidic device loaded with the efficacies of nanoscience for efficient energy 

harvesting from electrochemical and solar resources together with performing environmental 

remediation.56,57,59 

3.2 Materials and Methods 

3.2.1 Materials  

The chemicals, 50% (w/v) hydrogen peroxide solution (H2O2), cadmium nitrate (CdNO3), 

sodium sulfide (Na2S), hydrochloric acid (37% (w/w), HCl) and sodium hydroxide (NaOH) 

were purchased from Merck, India. The chemicals, zinc phthalocyanine (ZnPC) and rhodamine 

6G (Rh6G) were purchased from Sigma Aldrich, India. The copper wires and aluminum foil 

were purchased from a local vendor. The de-ionized water was employed for cleaning, washing 

and the preparation of the solutions. The gold (III) chloride hydrate, sodium borohydride, 

trisodium citrate dihydrate, and sodium chloride were purchased from Sigma Aldrich, India. 

All the chemicals were of analytical grade and were utilized without further purification.  

3.2.1.1 Characterization Techniques 

The open circuit voltage (ψoc) was measured with the help of a digital nanovoltmeter (SES 

Instruments). The Keithley 2640A sourcemeter in connection with Kickstarter software were 

used for potentio-amperometry (I-ψ) and chrono-amperometry (J-t) characterizations. The 
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surface morphologies and lattice structures (SAED patterns) of the nanocomposites were 

detected using field emission transmission electron microscope (FETEM, Jeol India). A field 

emission scanning electron microscopy with energy dispersive X-ray (FESEM-EDX, Zeiss) 

was used to confirm the elemental composition of the different materials. The materials 

characterizations of the nanocomposites and electrodes were carried out using UV-Visible 

(SHMIADZU UV-2600 model) and Raman (Horriba) spectroscopies. Kelvin Probe Force 

Microscopy (KPFM) was also employed to determine the work function of the electrode after 

the cell operation. 

3.2.2 Methods 

3.2.2.1 Synthesis of Au and CdS NPs:  

 
Figure 3.1 FETEM images of Au and CdS NPs. Image (a) shows the average size of AuNPs 

to be ~ 15 nm to 20 nm. Image (b) shows the HRTEM image of the Au (darker patch) and CdS 

NPs (encircled). The UV-Visible spectroscopy of bare CdS NPs and Au/CdS NPs in the 

presence of H2O2 has been shown. In image (c), CdS-1 and CdS-2 refers to UV-Visible spectra 

of CdS NP before and after treatment with H2O2. In the image (d) Au/CdS-1 and Au/CdS-2 

refers to UV-Visible spectra of Au/CdS NPs before and after treatment with H2O2. 

Initially, Au NPs were prepared by the reduction of the gold chloride salt in the presence of 

trisodium citrate. For this purpose, a 30 mL of HAuCl4 solution (0.5 mM) in water was 

prepared and stirred for 30 min. Gradually its temperature was increased and when the solution 
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started to boil, then 3 mL of 38.8 mM trisodium citrate was added drop by drop. Thereafter, 

the solution was stirred at the boiling temperature for 15-20 min while it changed colour from 

yellow to purple to eventually red. Thereafter the solution was allowed to cool down gradually 

while being stirred, which led to the formation of Au NPs in the size range of 15-20 nm, as 

confirmed by the FETEM and UV-Visible spectra, in Figure 3.1. In order to prepare the 

composite of Au and CdS NPs, initially, a 20 mL of prepared Au NPs solution (20 nM) was 

added to a beaker, where 10 mL each of aqueous solution of 0.01M CdNO3 and 0.01 M Na2S 

solution in 0.1 M NaOH were added simultaneously. The reaction temperature was maintained 

at 60°C for 12 h while the solution was stirred continuously. The FETEM and UV-Visible 

spectra confirmed the formation of the composite of Au and CdS NPs. The sizes of the Au NPs 

in the composite were around 20 nm, while CdS NPs were around 2-5 nm. This was confirmed 

by the FETEM images, which have been shown in Figures 3.1 (a) and (b). The smaller CdS 

NPs (lighter gray shade) compose the base surface on which the islands of the Au NPs (darker 

gray shade) form a composite arrangement. UV-Visible spectroscopy was used to characterize 

the stability of the Au-CdS nanocomposite after peroxide treatment. 

The plots (c) and (d) in the Figure 3.1 show the characteristic peaks of Au (520 nm) and CdS 

(450 nm) before and after the treatment with peroxide fuel. The plot (c) shows that the CdS 

peak intensity (as depicted in the ordinate values of the plot) drastically decreased and there 

was a peak shift due to the oxidation of CdS to CdSO4 during peroxide treatment. However, 

for the other case in the plot (d) we observe that there is a slight decrease in the peak intensity 

with a negligible shift in peak wavelength thereby verifying the stability of the Au-CdS 

nanocomposites against H2O2. 

3.2.2.2 Nomenclature of Fuels:   

In order to identify the overall characteristics of the μ-DropFCs, different compositions of fuel 

have been prepared. For this purpose, additives such as the suspensions of Au and/or CdS NPs 

and Rh6G of different volume and strength have been added to the primary system of 0.3 M 

H2O2, 0.1 M HCl and 1 M NaCl solution, as tabulated in the Table 3.1.  

The fuels 1 – 6 shown in the table have been employed to perform the various parametric 

studies reported in what follows throughout this work. It may be noted here that the fuels 2 and 

3 had also five variants each based on the volume of the suspension of nanoparticles added, 

namely, fuels 2I – 2V and fuels 3I – 3V.  
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Table 3.1 Different fuel compositions and their respective abbreviations.                                             

Sl. No. Compositions 

Fuel 1 Mixture of 10 μL 0.3M aqueous H2O2 with 10 μL of 0.1M aqueous HCl and 10 

μL of 1M of aqueous NaCl 

Fuels 

2I – 2V 

I. 10 μL of Fuel 1 with 10 μL of 20nM aqueous Au NPs 

II. 10 μL of Fuel 1 with 20 μL of 20nM aqueous Au NPs 

III. 10 μL of Fuel 1 with 30 μL of 20nM aqueous Au NPs 

IV. 10 μL of Fuel 1 with 40 μL of 20nM aqueous Au NPs 

V. 10 μL of Fuel 1 with 50 μL of 20nM aqueous Au NPs 

Fuels 

3I – 3V* 

I. 10 μL of Fuel 1 with 10 μL of aqueous Au/CdS NPs mixture 

II. 10 μL of Fuel 1 with 20 μL of aqueous Au/CdS NPs mixture 

III. 10 μL of Fuel 1 with 30 μL of aqueous Au/CdS NPs mixture 

IV. 10 μL of Fuel 1 with 40 μL of aqueous Au/CdS NPs mixture 

V. 10 μL of Fuel 1 with 50 μL of aqueous Au/CdS NPs mixture 

Fuel 4 10 μL of Fuel 1 with 10 μL of 0.5 mg/ml aqueous Rhodamine 6G 

Fuel 5 10 μL of Fuel 1 with 10 μL of 0.5 mg/ml aqueous Rhodamine 6G + and 10 μL of 

20nM aqueous Au NPs 

Fuel 6* 10 μL of Fuel 1 with 10 μL of 0.5 mg/ml aqueous Rhodamine 6G + and 10 μL of 

aqueous Au/CdS NPs mixture 

*Concentration of Au/CdS NPs mixture was unknown since they were synthesized in situ, as 

discussed below. 

 

3.2.2.3 μ-DropFC Setup 

An overview of the experimental setup for the μ-DropFC and its different components has been 

shown in Figure 3.2. The membraneless energy harvester was composed of a ~30 μL droplet 

of 0.3 M aqueous hydrogen peroxide (H2O2) mixed with 1 M aqueous NaCl electrolyte and 

0.1M HCl. In order to infuse the photo-activity to the μ-DropFC aqueous suspension of 20 nM 

Au NPs was mixed. The volume of the Au NPs suspension was varied from 10 μL – 50 μL in 

order to uncover the effects of the LSPR on the performance of the μ-DropFC. A 150 W Xenon 

(Xe) lamp was used as a light source to excite the Plasmonic Au NPs and enhance the output 

characteristics of the system in terms of ψoc and P values. The light source was always placed 

~ 15 cm from the top of the droplet. The μ-DropFC was integrated with an anode composed of 

a rectangular aluminum foil (Al) of dimension 2.5 cm × 2.5 cm attached to a glass substrate 
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and cylindrical Cu cathode (dia. 1 mm) coated with a layer of ZnPC of thickness 200 nm – 300 

nm. Glass substrates were cleaned following a protocol mentioned in the Appendix. 

 

Figure 3.2 Schematic diagram of the μ-DropFC setup comprising of Cu-ZnPC cathode, Al foil 

anode, microdroplet with the fuel (0.3 M H2O2, 0.1 M HCl, 1 M NaCl), additives (Au/CdS 

NPs) and light source. The image also schematically shows the redox half-reactions at the 

cathode and anode, → + -H O O +2H +2e2 2 2 and →+ -H O +2H +2e 2H O2 2 2 respectively. The 

legends aid in the identification of the different components and their placements. 

 

3.3 Results and Discussion 

3.3.1 Mechanistic Details 

Figure 3.3 justifies the choices of different materials chosen for the proposed μ-DropFC. 

Subsequently, the energy band diagrams shown also uncover the working principle of the μ-

DropFC, under different conditions.60 Figure 3.3 (a) schematically depicts the basic state of μ-

DropFC before any reaction started or light illumination took place.60 The schematic diagram 

shows the Fermi levels (EF) of Cu, ZnPC, peroxide solution, and Al alongside showing the 

band-gap for the p-type semiconductor ZnPC with the conduction and valance bands at, EC = 

– 3.8 eV and EV = – 5.8 eV.60,61 The presence of ZnPC ensured the formation of a Schottky 

junction between metallic Cu, p-type SC ZnPC, and electrolyte. Further, the peroxide 

electrolyte was reactive at room temperature and the typical energy levels Dox (e.g. – 5.3 

eV)30,62 and DR (e.g. – 6.4 eV)30,62 denote their oxidation and reduction potentials. 
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 It may be noted here that once the droplet was integrated with the electrodes, the setup started 

harvesting energy even under dark condition and the energy band diagram after such 

equilibration has been shown in the Figure 3.3 (b). 

 

Figure 3.3 Schematics of the energy band diagrams displaying the various stages of the 

operation of μ-DropFC. Image (a) shows the initial condition, even before equilibration, when 

contact has just been established between the components. Image (b) shows the equilibrium 

under the dark condition when the Fermi levels of different materials equilibrated before 

photonic illumination. Image (c) shows the effects after illumination of the Xe lamp. Image (d) 

shows the situation when an anodic bias has been applied to the setup shown in the image (c). 

Image (e) shows the influence of the LSPR of the Au NPs under illumination. Image (f) shows 
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the influence of the Au/CdS NPs. The images also depict overviews of redox reactions 

occurring at the anode and cathode. 

The electrolytic loaded with H2O2 underwent oxidation at the Al-foil-anode to release O2 gas 

in the atmosphere and produce H+ ions in the solution following the half-reaction, 

H O O 2H 2e2 2 2
+ −→ + + .36 The peroxide decomposition in the bulk under acidic and basic 

conditions have been elucidated in detail in the following section. The oxidation of anode led 

to a progressive deposition of oxide at the Al-foil-anode when Al combined with hydroxyl ions 

of the droplet. This was confirmed by the Raman and KPFM characterization of the electrodes 

before and after the analysis, as shown in the Figures 3.4 (b), 3.4 (c), and 3.5.63 The reduction 

of H2O2 occurred at the ZnPC-Cu cathode, which eventually formed water, following the half-

reaction, H O 2H 2e 2H O2 2 2
+ −+ + → .36 The electrode degradation was characterized by 

Raman spectra, as summarized in the Figure 3.4. The plot (a) shows the variation of ψoc with 

t of the Fuel 2I when integrated with the same set of electrodes for 3 cycles each spanning 50 

min. The plot suggests that after each cycle the degradation was not that significant and even 

after 150 min of operation, the change in the ψoc was not that significant. In these experiments, 

as soon as peroxide touched the Al surface, the peroxide decomposition led to the etching of 

Al surface to form Al(OH)3. This anodic oxidation was one of the major reasons behind the 

reduction of ψoc in each cycle, which prevented charge transfer to some extent. 

The plot (b) shows the Raman spectra of the anode before and after the reaction. After a reaction 

time of 50 min, new peaks were observed on the Al surface owing to the formation of the 

hydroxide layer.64 The plot also shows that the variation in the spectra was not that significant 

and the electrode could be used further for performing experiments. Importantly, the cathode 

surface did not change much due to the chemical stability of the ZnPC on Cu, as shown in the 

plot (c). We also determined the change in surface potential using the Kelvin Probe Force 

Microscopy (KPFM) of the electrodes before and after the exposure of H2O2. In the topography 

AFM image, plot (a) of Figure 3.5, a clear surface belonging to the unused Al foil electrode 

could be observed along with its surface potential, as shown in plot (b). 

However, after the exposure to peroxide solution in the presence of an anodic bias, the change 

in the topography as well as the surface potential could be visible in the images (c) and (d). 

The images suggest the surface topography and potential changed significantly due to the 

chemical reaction between peroxide and electrode. In order to further understand this 

observation, we have employed the KPFM model to investigate the change in work function 
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of the electrodes in the presence of corrosive material. A modulation voltage of 0.5 V was 

maintained in between the cantilever and the sample surface to attain a resonance frequency of 

cantilever in order to map the surface potential over the Al foil electrode. A Pt/Ir coated Si tip 

whose work function had been optimized to be 4.58 eV by using the known work function of 

a HOPG surface had been used for the analysis. We could quantitatively measure the surface 

potential by applying the following equation: 

( ) / .tip sampleCPD e= −               (3.1) 

 

 
Figure 3.4 Image (a) shows variation of ψoc with t of the Fuel 2I when the electrodes were 

utilized for three times. Image (b) shows the Raman spectra of the Al anode before (Al-Bfr-

Rxn) and after the reaction (Al-Aftr-Rxn). Image (c) shows the same for ZnPC-Cu cathode 

before (ZnPC-Cu-Bfr-Rxn) and after (ZnPC-Cu-Aftr-Rxn) reaction. 

The KPFM aids in the determination of the contact potential difference (CPD) between the 

work function of the tip (ϕtip) and the work function of the material (ϕsample) when, e, is the 

elementary electronic charge. From the calculations using the software nanoscope analysis, the 

CPD of the unused Al foil electrode was calculated to be ~0.0033 eV, as represented by plot 

(b). Therefore, using the above equation, the work function of the electrode before applying 

the peroxide solution was found to be 4.577 eV. After the Al foil electrode was exposed to the 

TH-2768_156107004



 

  Chapter 03 

82 | P a g e  

 

peroxide solution in presence of an anodic bias, the CPD of the substrate changed by ~ 0.545 

eV, as represented by plot (d). Thus, after applying the equation mentioned above, the work 

function of the electrode after the exposure of peroxide was found to be 5.125 eV. 

 
Figure 3.5 Image (a) shows the topographic profile of the unused Al foil electrode. Image (b) 

shows the corresponding surface potential plot of the Al foil electrode. Image (c) shows the 

surface profile of the Al foil electrode after exposure to peroxide solution in the presence of an 

anodic bias. Image (d) shows the corresponding surface potential profile of the reacted Al foil 

electrode.  

Interestingly, the KPFM helped in identifying the work function of Al anode before the reaction 

to be ~ 4.577 eV, as depicted in the Figure 3.3 (a). The schematic diagram in Figure 3.3 (b) 

shows that these redox reactions initiate a charge transport across the electrodes, which was 

the initiation of the conversion of chemical to electrical energy. Since the circuit was complete, 

the different components of the μ-DropFC strived to equilibrate their Fermi level. However, 

upon contact with the low work function Cu, an electron flow occurred from the metal to ZnPC 

via the formation of mixed states,52,53 which led to the balancing of the potentials at these two 

surfaces, as shown in Figure 3.3 (b). Further, during equilibration of the Fermi level, the 

conduction and  valance bands of the p-type semiconductor ZnPC underwent a band bending 

near the SC-electrolyte and metal-SC interfaces, as shown in Figure 3.3 (b).60,61 

The band diagram under dark condition also helped the charge transfer at the mixed-molecule 

ZnPC-Cu interface. Previous studies have shown that interfacial dipoles could be created at the 

metal-SC junctions, which influenced the Schottky barrier height.52,53 Especially when the SC 
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layer has been physisorbed on a metal surface, charge redistribution might take place across 

the junction to affect the interface dipoles. In such a scenario, in order to maintain the Pauli 

exclusion principle valid, the charges present around the interface have been pushed back into 

the metal, leading to a slight reduction in its work-function. Importantly, the interactions 

between the ZnPC and Cu in the proposed μ-DropFC could be explained along the similar 

lines. The physisorbed ZnPC on Cu created interfacial states at the junction and the ZnPC 

molecules were “pulled” towards the Cu core owing to the lower work function of the metal.53 

This made the interaction between SC and metal surfaces result in a stronger bond and 

subsequently, the charge transfer from Cu to the HOMO of ZnPC facilitated the reduction of 

peroxide into water near the SC-electrolyte interface.53 

Figure 3.3 (c) shows the effect of the illumination of Xe lamp on the μ-DropFC wherein the 

photonic excitation pumps in more electrons into the system due to the electron transfer from 

valance to conduction bands of ZnPC molecules.61 Subsequently, the influence of anodic bias 

to the pattern of band bending of the p-type ZnPC has been shown in the Figure 3.3 (d) under 

the illumination of Xe lamp. The image also suggests a redistribution of the Fermi levels with 

the application of the anodic bias. It can be seen that at the anode, the Fermi level went down 

due to introduction of positive charges, which facilitated the reaction further as more electron 

transfer could take place from the oxidation reaction of H2O2. Subsequently, on the cathode 

side, the Fermi level increased due to injection of negative charges, which further increased the 

rate of reduction reaction. In a way, at the electrode interfaces, charges were either introduced 

(cathode) or removed (anode), which influenced the rate of reaction. This led to higher electron 

transfer from the metal to the p-type SC. Furthermore, since the inherent charge density over 

the p-type SC increased under light, this facilitated higher rate of charge transfer to the adjacent 

electrolyte due to the Fermi energy difference. The effect of the addition of the Au NPs to the 

μ-DropFC and the subsequent effect of LSPR have been schematically shown in the Figure 

3.3 (e). The photonic excitation on the Au NPs promoted LSPR on the same which in turn 

improved the photoactivity of the μ-DropFC. The presence of Au NPs also increased the 

electrical conductivity of the microdroplet, which improved the rate of electron transfer through 

the circuit.  

Concisely, the Figure 3.3 helps in understanding that the usage of the each and every 

component contributed to the increased performance of the μ-DropFC. Importantly, the μ-

DropFC setup was found to be rather robust because the output characteristics did not alter 

much when the experiments were repeated on the same system. This was shown by reporting 

the small reduction in the ψoc measured for the duration of a single operation cycle when the 
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same set of electrodes were operated 3 times, as shown in Figure 3.4 (a). However, the change 

in the ψoc values changed significantly after three cycles, owing to the electrode degradation. 

KPFM analysis revealed a significant change in the surface potentials upon exposure of the Al-

foil-anode to peroxide in the presence of an anodic bias, as shown in Figure 3.5.   

Figure 3.3 (f) depicts the variations in the band configurations upon the addition of n-type CdS 

NPs in the solution in the form of Au/CdS NPs. This facilitated the formation of a p-n junction 

when some of the n-type CdS NPs got adsorbed at the p-type ZnPC. Although the configuration 

ensured a flow of electron from CdS to ZnPC under forward bias and inside dark condition, 

under light, the electronic transitions of both the ZnPC and CdS molecules changed the 

scenario. The transition in the n-type CdS facilitated its oxidation into in CdSO4 in presence 

of peroxide fuel65 while the electron in the conduction band of ZnPC after transition due to 

photonic excitation was transferred to CdS for further oxidation of the same. In this manner, 

the configuration ensured that the addition of CdS did not disturb the mainstream flow of 

electrons in the μ-DropFC. It may be noted here that the major purpose of addition of CdS NPs 

were to degrade the dyes under light. However, in order to ensure such activity, we did not 

compromise much with the power density of the μ-DropFC owing to the photoactivity of the 

CdS NPs, as shown in the Figure 3.3 (f). It may also be noted here that the Au/CdS NPs were 

mostly suspended in the bulk rather than adsorbed on the electrodes, which influenced the 

kinetics of the electron flow rather than the thermodynamics. Further, these nanoparticles 

increased the rate of decomposition of the peroxide fuel due to catalytic activity. The charge 

transfer in the electrolyte was also facilitated by the presence of the Na+ and Cl- ions in the 

electrolyte.44 

 

3.3.2   μ-DropFC Characterization 

Experiments performed revealed a clear distinction between the performances of the μ-

DropFCs under dark and illuminated conditions. Clearly, the setup generated a higher output 

under light following the mechanism mentioned previously. The electrical characterization of 

the μ-DropFCs have been performed with the help of a set of nanovolmeter and sourcemeter.  

For this purpose, a linear sweep voltammetry (LSV) was employed with a voltage scan from 0 

V to the open circuit voltage (ψoc) of the system. The testing parameters were kept the same 

for all experiments reported unless mentioned otherwise. In what follows, we discuss the results 

associated with the μ-DropFCs under the light. It may be noted here that all the P-ψ plots show 

a progressive increase in P with ψ until they reach a maximum value of Pmax before they 
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decrease with further increase in ψ to a zero value at ψoc. It may also be noted here that, initially, 

we optimized the loading of salt and acid in the native μ-DropFCs before we performed the 

experiments with the NPs.  

 
Figure 3.6 Image (a) shows the P-ψ characteristics of a few native μ-DropFC setups, which 

comprise of three different solutions, (i) 10 μL of 0.3M aqueous H2O2 and 10 μL of 0.1M HCl, 

(ii) a 20 μL droplet obtained by mixing 10 μL aqueous 0.3M H2O2 with 10 μL of aqueous 0.1M 

HCl, and (iii) 30 μL of fuel 1 – mixing 10 μL aqueous H2O2 (0.3 M) with 10 μL aqueous HCl 

(0.1 M) and 10 μL aqueous NaCl (1M). Images (b) and (c) show the effect of pH on the P-ψ 

plots of the 10 μL droplet of Fuels 2I and 3I. Image (d) shows the variation of ψoc of Fuel 1 at 

different pH. 

 

A few major parameters associated with the μ-DropFC setups were the pH of the droplet, 

electrical conductivity of the droplet, maximum power generated (Pmax) and open circuit 

voltage (ψoc). Figure 3.6 shows the results obtained during the tuning of all these parameters 

to extract an optimal performance from the native μ-DropFC, before the addition of the 

nanoparticles. It may be noted here that all these experiments were carried out under 

illuminated conditions. The plot (a) shows the P-ψ characteristics of three different solutions, 

(i) 10 μL of 0.3M aqueous H2O2, (ii) a 20 μL droplet obtained by mixing 10 μL aqueous 0.3M 
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H2O2 with 10 μL of aqueous 0.1M HCl, and (iii) 30 μL of Fuel 1 – mixing 10 μL aqueous H2O2 

(0.3 M) with 10 μL aqueous HCl (0.1 M) and 10 μL aqueous NaCl (1M). All the P-ψ plots in 

the images (a) – (c) show a progressive increase in P with ψ until they reach a maximum value 

of Pmax before they decreased with the increase in ψ to arrive at ψoc. 

The plots suggest that since the pristine 0.3M aqueous H2O2 was itself a highly reactive 

medium, it decomposed rapidly due to the interaction with the electrode materials and photonic 

excitations. However, as suggested by the blue P-ψ plot in the plot (a), this system was unable 

to generate significant power. It may be noted here that the H2O2 procured always contained 

some amount of HCl during its supply to maintain its stability during transport under dark 

condition. Importantly, when we increased the stability of the H2O2 procured by mixing the 

same with 0.1M aqueous HCl solution, the presence of the H+ ions in the solution negatively 

catalyzed the system to provide further stability. In such a scenario, the μ-DropFC decomposed 

with a significant rate for a longer duration when integrated with the electrodes and exposed to 

light, which helped in improving Pmax and ψoc, as shown in the plot (a). The cell characteristics 

could be improved further when the aqueous NaCl solution was added to the system. 

Subsequently, a 30 μL droplet of μ-DropFC at pH 1 and in presence NaCl produced a Pmax ~ 

0.35 mW/cm2 and 0.38 V. This we have chosen as the native system for all other experiments 

and named as Fuel 1. 

Importantly, the μ-DropFC performance varied significantly with the pH of the droplet. The 

plots (b) and (c) in the Figure 3.6 depict the P-ψ measurements of Fuels 2I and 3I, respectively, 

when pH was varied from 1 to 13. The inset in the plots show the variations in Pmax with pH. 

It may be noted here that the alkalinity (acidity) of the solutions was varied by adding aqueous 

NaOH (HCl) solution before measuring the pH with pH meter. The plots show that Pmax could 

be improved significantly with the increase in the alkalinity of the solutions for the Fuels 2 and 

3. It is well known that the OH- positively catalyzes peroxide decomposition, which could be 

further aided by Au and CdS NPs. The highly alkaline solutions not only degraded the fuel 

quickly but also neutralized the Au/CdS NP. However, the major issues associated with the 

alkaline system were smaller shelf-life and marginal ψoc, which has been summarized in the 

plot (d) of Figure 3.6 for the Fuel 1. The reactive decomposition of H2O2 under alkaline 

condition can be shown in the following way:29 

H O OH HO H O2 2 2 2
− −+ → + ,                 (3.2) 

HO H O 2e 3OH2 2
− − −+ + →  ,                 (3.3) 

HO OH O H O 2e2 2 2
− − −+ → + + ,                 (3.4) 
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O 2H O 4e 4OH2 2
− −+ + → .                  (3.5) 

The plot (d) shows that ψoc varied with time (t) considerably for solutions with different pH. 

At higher pH values, peroxide existed as hydroperoxyl ions in the solution, as shown below in 

Eq. (3.2). These ions then combined with water to give hydroxyl ions, as shown in Eq. (3.3). 

In these highly alkaline conditions, sudden increase in the ψoc was observed because the change 

in the concentration of OH- ions facilitated faster breakdown of H2O2, as shown in the Eq. (3.4). 

Moreover, since oxygen was present, its reduction could also take place at such potential values 

following the Eq. (3.5). Thus, such alkaline conditions were found not so sustainable for long-

term power generation because the rapid degradation of peroxide due to combination with the 

reactive oxygen species (ROS).  

On the other hand, at low pH values, the hydrogen peroxide was more stable as the reactive 

species were generally kept under control, which led to a much more consistent ψoc. The 

decomposition of peroxide fuel in acidic media can be shown by the following equations:1 

H O 2H 2e 2H O2 2 2
+ −+ + → ,                 (3.6) 

H O O 2H 2e2 2 2
+ −→ + + ,                  (3.7) 

O 4H 4e 2H O2 2
+ −+ + → .                  (3.8) 

Over longer periods of time, these conditions were found to be favourable for a controlled 

decomposition of peroxide fuel, which led to a higher ψoc value compared to the alkaline 

conditions, as shown by the black line in the plot (d) of Figure 3.6. This mechanisms for this 

phenomenon is also a well-established one in the existing literature.30,34 Under such conditions, 

the H2O2 molecules reduced at the electrodes into water in the presence of charges, as shown 

in Eq. (3.6). Subsequently, at these potential values, H2O2 oxidation could also take place at 

the anode, as shown in the Eq. (3.7). Since, oxygen was also present in the system, it also 

reduced at the electrodes, as shown in Eq. (3.8), which was the main cause of the increased 

overpotential and decrease in the overall ψoc values. Concisely, the plots (a) – (d) in the Figure 

3.6 suggests that pH 1 was optimal for significant power generation at an adequate open circuit 

voltage for the proposed μ-DropFC, which justified the usage of Fuel 1 as the native system 

for all the experiments performed. Subsequently, all the other Fuels 2 – 6 were synthesized by 

mixing Au or CdS NPs or dyes with the Fuel 1, as summarized in the Table 3.1. 
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Figure 3.7 Power-potential (P-ψ) curves for the different μ-DropFCs containing varying 

volumes of additives - Au NPs and Au/CdS NPs, respectively. Image (a) shows the 

performance curves indicating the variation in power density (P) with ψ of three different fuels 

1, 2I and 2V. Image (b) shows the effect of changing the volume (V) of the Au NPs suspension 

on the overall power generation (P). Image (c) shows the power-potential (P-ψ) curves for the 

fuels 1, 2I and 3I. Image (d) shows the effect of changing the volume (V) of the Au/CdS NPs 

suspension on the overall power generation, P. All the results were obtained under the 

application of a voltage sweep from 0 V to ψoc, and then by measuring the resulting output 

currents. Details of fuels 1 – 6 are provided in Table 3.1.  

 

Figure 3.6 shows the characteristics of a few native μ-DropFCs when the salt and acid/alkali 

loading were varied. The Figure 3.6 also shows that although the alkalinity of the solution 

improved the power density of the energy harvester, it reduced the life time and ψoc. In contrast, 

at an acidic pH 1, a steady and continuous degradation of peroxide for a longer duration led to 

a better performing and long-lasting μ-DropFC. These experiments uncovered that the Fuel 1 

in the Table 3.1, a mixture of 10 μL 0.3M aqueous H2O2 with 10 μL of 0.1M aqueous HCl and 

10 μL of 1M of aqueous NaCl, was the near optimal native system, which led to Pmax ~0.35 

mW/cm2 at ψoc = 0.38 V, as shown in the Figure 3.7 (a). 

Interestingly, Figure 3.7 (a) also shows nearly a four-fold increase in Pmax when the native 

system was loaded with a suspension of Au NPs, named as Fuel 2V. The combined influence 
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of the LSPR of the Au NPs under light and enhanced electrical conductivity of the system led 

to the improvement of the power harvesting parameters, Pmax ~ 1.5 mW/cm2. The plot (b) 

shows the effect of variation of the volume of Au NPs, Fuel 2I – 2V, on the P-ψ values of the 

μ-DropFCs. The plot suggests that although increasing the volume of the Au NPs led to higher 

P values, however, the increment saturated due to diffusional resistance at higher values. The 

Au NPs improved the output parameters because, (i) the LSPR under light improved charge 

transfer between the electrodes, (ii) under acidic conditions Au NPs catalyzed the degrading of 

peroxide fuel, (iii) they also acted as electron relays for a better charge transfer, and (iv) they 

reduced the electrical resistance of the composite fuel droplet marginally.47,57 The 

incorporation of the Au NPs or Au/CdS NPs primarily affected the kinetics of the process as 

they were suspended in the bulk rather than adsorbed at the electrodes. With increasing solution 

volume, more quantity of NPs participated in the charge transfer processes and thereby 

facilitated faster redox reaction at the electrodes which resulted in higher output. Furthermore, 

with increasing the volume of NPs solution, the area occupied by the composite fuel droplet 

also increased marginally since the anode surface was partially hydrophilic. This led to the 

increase in number of reaction sites available for the redox reaction to occur. Although it may 

be noted here that by gradually increasing the droplet volume in the system, output cell 

characteristics were enhanced under external radiation due to the various reasons mentioned 

above. Since the droplet volume increased, the resistance to diffusion near the electrodes also 

decreased however, a saturation limit was observed beyond a certain volume of NPs.  

The performance of the Fuel 3I – 3V have been summarized in the plots (c) and (d).  The plot 

(c) suggests that, in comparison to the Fuel 1, they performed better showing a Pmax ~ 0.59 

mW/cm2, however, the performance was not as good as with Fuel 2. Again, the plot (d) shows 

the increase in the performance characteristics before saturation with the loading of Au/CdS 

NPs. It may be noted here that the addition of Au/CdS NPs was intended towards their 

capability of photocatalytic degradation of dyes, which is to be discussed later. However, from 

the purely energy harvesting point of view, Fuel 2 with optimal loading of AuNPs was found 

to be superlative, as summarized by the Figure 3.7. Figure 3.8 (a) shows the J (current 

density) - t (time) plot, for the Fuels 2I and 3I. The plots suggest that the solution containing 

only Au NPs displayed an initial higher current density of ~ 5 mA/cm2 when compared with 

the solution containing Au/CdS NPs (~ 3.5 mA/cm2), on the application of a bias of 0.1 V. 

Thereafter, the decay during initial ~ 200 s could be because of the mismatch between the high 

rate of redox reactions occurring at the interface and limited charge transfer at the cathode. In 

such a scenario, the μ-DropFCs with Au NPs showed enhancement was because of the higher 
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ionic conductivity, better charge-transfer rates due to the presence of charge mediators, and 

occurrence of faster chemical kinetics at the electrode interface due to the enhanced 

Plasmonics.44,46,57  However, the plot also shows that the μ-DropFCs with Fuel 3I registered a 

sustained charge density of about 1.7 mA/cm2, which was higher than that of Fuel 2I even after 

long period of time. The ratios of J values after 0 s and 1500 s were ~ 0.3 (Fuel 2I) and ~ 0.5 

(Fuel 3I), which indicated slower degradation of the Au/CdS NPs system. 

 

 

Figure 3.8 Image (a) shows the chronoamperometric current density (J) versus time (t) studies 

for different μ-DropFCs with the Fuels 2I and 3I at an applied voltage of 0.1 V. Image (b) 

shows the corresponding open-circuit potential (ψoc) with t for 50 min. In order to demonstrate 

long-term performance of μ-DropFCs, chronoamperometry test was performed for the different 

systems. 

 

The plot (b) in the Figure 3.4 highlights the difference in ψoc for the Fuels 2I (0.58 V) and 3I 

(0.52 V). The plots suggest the generation of a high ψoc upon the addition of the photo-sensitive 

NPs under a longer duration of light illumination for ~ 50 min. Here the ψoc values signify the 

overall driving force of the system, which is a measure of the thermodynamic potential 

difference between the electrodes. It may be noted here that for the system containing 

additional additives in electrolyte, ψoc is the difference between the chemical potential (μ) of 

the electrolyte and the potential of the conduction band of the photo-sensitive electrode (e,g 

ZnPC in the present setup), OC C
E= −  .44,66 The external irradiation might cause intense 

localized electric field to develop on Au NPs, which effectively could reduce μ to, ' qV= − 

, where q represents the charge of the particle and V, the potential developed due to the field 

around the excited particle.44,66 

Subsequently, an enhancement in ψoc could be expected in a μ-DropFC loaded with Au NPs 

under a prolonged light exposure, as shown in the plot (b). In comparison, for the case of 
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Au/CdS NPs, a lower ψoc value was observed, which could be attributed to the generation of 

lower value of potential difference between the electrodes. In the presence of light, the photo-

excitation generated the electron-hole pair in CdS NPs in which the conduction band was at a 

lower potential value. This caused electron transfer from CdS NPs to oxidize the peroxide fuel. 

In the process, a fraction of the photonic energies was taken up by CdS NPs for peroxide 

degradation in the bulk rather than at the electrode, which contributed to a reduced ψoc. 

3.3.3  Energy Harvesting with Dye Degradation 

As discussed previously, the μ-DropFC setup could also be utilized as a dye degradation system 

without much alteration of the components. For this purpose, Au/CdS NPs were involved to 

exploit their act as superior photo-catalysts under light. The energy harvesting performance 

involving P-ψ characteristics and J-t curves of such μ-DropFCs have been summarized in the 

Figure 3.9. Initially, we added a fixed amount of an aqueous solution of Rhodamine 6G 

(Rh6G) (0.5 mg/mL) in the μ-DropFC to prepare the Fuels 4 – 6, as described in the Table 3.1 

of the chapter. The plot (a) in the Figure 3.9 show that in presence of additives such as Au NPs 

(Fuel 5) and Au/CdS NPs (Fuel 6), the μ-DropFC was able to generate decent Pmax ~ 0.61 

mW/cm2 and 0.51 mW/cm2, respectively. Even without these additives also the Fuel 4 

produced a slightly lower Pmax while simultaneously performing the dye degradation. The plot 

(b) shows the chronoamperometric current density (J) – time (t) studies for μ-DropFC at an 

applied potential of 0.1 V in presence of Rh6G solution (0.5 mg/mL). Again, as expected, the 

system containing only dye molecules displayed the least amount of current density.  

 

 
Figure 3.9 The plot (a) shows P-ψ characteristics of μ-DropFC with Fuels 4 – 6 containing the 

organic pollutant, Rhodamine (Rh6G). The plot (b) shows the chronoamperometric current 

density (J) versus time (t) studies for the same μ-DropFCs at an applied potential of 0.1 V. The 

plots correspond to the Fuels 4 – 6 in the Table 1 of the chapter. 
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However, on addition of Au and/or CdS NPs there was significant improvement in which use 

of Au NPs showed maximum energy harvesting. In a way, the Au/CdS NP system showed 

effective photocatalytic properties for the dye degradation.55,67 Under the illuminated 

conditions, these photocatalysts degraded the organic dye molecules by breaking down their 

backbone. Subsequently, rather than facilitating the breakdown of the peroxide fuel at the 

electrodes, the additives engaged in dye degradation. Thus, when only Au NPs were present, 

the setup showed a higher J value wherein the rate of energy harvesting was larger and rate of 

dye degradation was rather less. However, for Au/CdS NPs, the dye degradation rate was faster 

while the rate of energy harvesting was found to be little less. Importantly, these effects 

stabilized the cell in relation to the J values because a stable current density could be achieved 

for a long period of time, as shown in plot (b). 

Figure 3.10 (a) schematically shows the energy band diagrams displaying the various stages 

of the operation of μ-DropFC when loaded with the Fuels 4 – 6. In the presence of light, the 

Au NPs catalyzed the formation of OH radicals via the degradation of peroxide molecule,68 

which formed one of the many reactive oxygen species (ROS) engaged in the degradation of 

the dye, as shown by the Eqs. (3.9) and (3.10). The OH radicals were also produced due to the 

oxidation of the water in presence of holes generated by the n-type CdS NPs under photonic 

excitations, as shown by the Eq. (3.10). 

Subsequently, the dissolved oxygen accepted the electrons from the LSPR prone Au NPs to 

form the superoxide radicals, which subsequently broke down the dye molecules, as shown by 

the Eqs. (3.11) and (3.12). The mechanism for the degradation of dye can be summarized 

as follows:57 

Au-CdS + ћν → Au(e-)-CdS(h+),                (3.9) 

Au(e-)-CdS(h+) + H2O → Au(e-)-CdS + ȮH + H+,           (3.10) 

Au(e-)-CdS + O2 → Au-CdS + O2
¯,              (3.11) 

O2
¯ + ȮH + Rh6G → CO2 + H2O + Organic Products.           (3.12) 

The Au/CdS nanocomposites are known to have significantly better photocatalytic properties 

than bare CdS NPs. The increment in the degradation efficiency was because of the improved 

charge generation and transfer rates for CdS NPs in presence of Au NPs.69 Importantly, the 

setup showed reduced ~ 85% of Rh6G in 50 min along with harvesting of redox energy. 
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Figure 3.10 Image (a) schematically shows the energy band diagrams displaying the various 

stages of the operation of μ-DropFC when loaded with the Fuels 4 – 6. Image (b) shows the 

Plasmonic effect of Au NPs in the form of enhanced Raman spectra of Rh6G molecule. The 

spectrum A corresponds to a pure Rh6G solution in water (0.5 mg/mL), the spectrum B shows 

the same when 0.5 mg/mL of aqueous Rh6G solution was mixed with 0.3M aqueous H2O2 

loaded with Au/CdS NPs and spectrum C shows the same when only Au/CdS NPs were added 

to the Rh6G solution in absence of peroxide. Image (c) shows the UV-Visible plots at different 

time intervals for Fuel 6, measured from 6 min (t1) to 46 min (t5). Image (d) shows the variation 

in the normalized concentration of Rh6G (ln C0/Ct) with time where initial concentration is C0 

and concentration at time, t is Ct. The kinetics was found to be similar to a pseudo-first order 

reaction with a rate constant of, k ~ 0.044 min-1. 
 

In order to confirm the LSPR effect of Au NPs, we performed the Surface Enhanced Raman 

Spectroscopy (SERS) study, as summarized in the Figure 3.10 (b). The plot shows that, upon 

irradiation with a 633 nm laser in the Rh6G solution loaded with either Au NPs or Au/CdS 

NPs, enhanced Raman peaks were observed. We also analyzed the rate of dye degradation of 

the μ-DropFCs employing UV-Visible spectroscopy. Figure 3.10 (c) shows the variation in 

the peak intensity of Rh6G with time for Fuel 6. The plot also shows that the intensity of peak 

decreased with time to mark degradation of the complex dye molecule inside the μ-DropFC. 
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The image (d) shows the variation in the normalized concentration of Rh6G (ln C0/Ct) with 

time where initial concentration is C0 and concentration at time, t is Ct.  The kinetics for this 

system was found to be a pseudo-first order with a rate constant of k ~ 0.044 min-1.54 

3.3.4   Performance, VLSI, and Efficiency 

The μ-DropFC system showed enhanced output characteristics in presence of the additives like 

Au NPs and Au/CdS NPs. The additives played an important role in not only enhancing the 

power densities but also aided the transformation of the μ-DropFC setup to be realized as a dye 

degradation setup. In what follows, we have analyzed the role of diverse additives in promoting 

the output characteristics: (i) addition of salt NaCl led to an increase in the electrical 

conductivity, which was further increased when salts like CdSO4 was formed during the 

operation due to oxidation of CdS NPs; (ii) in presence of high H+ loading at a lower pH value 

the controlled breakup of peroxide fuel in presence of the Au NPs57,68 aided  high density 

power generation for a longer period; (iii) since the cell operated under a light source, the 

incident radiation caused LSPR to create Plasmonic hot-spots around the Au NPs; (iv) the Au 

NPs displayed electron relay effect under a large potential difference between the two 

electrodes to transfer charges at a higher rate. Table 3.2 provides an overall outlook on the 

performance of the different fuels utilized for the μ-DropFC. The results presented so far 

uncovered that the addition of Au NPs in the Fuel 1 to generate Fuels 2I – 2V helped in 

enhancing the Pmax, ψoc, and ψmax (the voltage corresponding to Pmax). 

 

Table 3.2 Output parameters for μ-DropFC loaded with Fuels 1-6. 

Fuels 
ψoc 

(V) 

ψmax 

(V) 

Pmax 

(mW/cm2) 

Fuel 1 0.38 0.24 0.35 

Fuel 2I 0.59 0.38 0.72 

Fuel 3I 0.55 0.36 0.57 

Fuel 4 0.36 0.22 0.39 

Fuel 5 0.56 0.44 0.61 

Fuel 6 0.54 0.41 0.51 

 

Further, addition of Au/CdS NPs (Fuels 3I – 3V) did improve the overall characteristics of the 

system over the native fuel 1, however, the values were lower compared to the Fuels 2I – 2V. 
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Importantly, addition of Rh6G solution did reduce the output values significantly because it 

hardly contributed to the energy production attributes. In order to optimize the NPs additives 

in the fuel, we performed further experiments, which have been summarized in the following 

section. Figure 3.11 (a) shows the case studies wherein different volumes of Au/CdS NP 

solutions 10 μL to 80 μL was added to Fuel 1 and the variation in the Pmax was noted down. 

The plot suggests that increasing the volume of the NP increased Pmax but the increase was not 

always linear. As the volume increased, the reactants delivered to the electrodes increased, 

which increased the rate of reaction and hence Pmax. However, this also increased the 

diffusional resistance faced by the different species and once this effect was prominent the Pmax 

values saturated. Plot (b) shows that the increase in Pmax was rather more significant when only 

the Au NPs volume proportion was increased in the peroxide fuel. However, in this plot too, 

we observed that the peak power density tends to saturate at higher solution volume. From 

these results, the adequate volume of NPs required for a single cell to obtain a high power 

density was optimized. Hence, we utilized ~ 70 μL of solution for every cell in the VLSI system 

to get the maximum power density in an optimal manner.  

Figure 3.11 shows that addition of ~70 μL of Au NPs solution in the Fuel 1may be optimal 

for harvesting high density energy for a longer duration. Thus, we chose this fuel to show a 

pilot scale μ-VLSI potential of the proposed μ-DropFC setup in the following Figure 3.12. 

Figure 3.12 (a) shows the pilot scale μ-VLSI setup comprised of 10 μ-DropFCs connected 

in parallel with each other. The plots (b) and (c) show the corresponding P-ψ analysis for Fuels 

2 and 3 with the exception that 70 μL Au NPs and Au/CdS NPs were added to prepare each μ-

DropFC. 

 

 

Figure 3.11 Plots show the variation of Pmax with varying volume of fuels (VF). Image (a) 

depicts the effects of the volume of Au/CdS NP solutions while image (b) reveals the effects 

of the volume of Au NP solutions. 
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Figure 3.12 (b) shows a 14-fold increase in Pmax to ~ 7 mW/cm2 when the number of μ-DropFC 

with Fuel 2 was increased from one to ten. It may also be noted that we achieved such power 

density for the maximum fuel mixture volume of 1 mL (100 µL per cell for 10 cells). Figure 

3.12 (c) shows a 10-fold increase in Pmax to ~ 5 mW/cm2 when the number of μ-DropFC with 

Fuel 3 was increased from one to ten. Again, the usage of Au NPs led to a better performance 

than the Au/CdS NPs for the reasons discussed previously.  

 

 

Figure 3.12 Image (a) shows the schematic diagram of the μ-VLSI setup comprised of 10 μ-

DropFCs connected in parallel with each other. The plot (b) and (c) represent the P-ψ curves 

for the VLSI with increasing number of μ-DropFCs. In the plot (b) for each μ-DropFCs 70 μL 

of Au NPs was added to the 10 μL of native system while in the plot (c) 70 μL of Au/CdS NPs 

was added to the 10 μL of native system. Plot (d) represents the I-t data for the VLSI setup of 

10 μ-DropFC consisting of the fuels mentioned for Plots (b) and (c). 
 

It may be noted here that, initially for a single cell, it was observed that the power density value 

reached ~ 0.72 mW/cm2 when it contained 10 µl of Au NPs along with other constituents 

making up the total cell volume to be nearly 40 µl. The power density thereafter, increased to 

~1.8 mW/cm2 when the Au NPs volume increased to 80 µl. For the VLSI circuit, an optimal 

value of 70 µl of Au NPs was chosen which increased the cell volume to 100 µl. Subsequently, 

different number of cells (3,4,7,10) were connected and the system was analyzed using fuel-
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cell characterization techniques. Due to the parallel connection within the system, the current 

values added up and resulted in the overall enhancement of the output power values. This 

circuit design allowed us to harvest high power densities from the setup.  

There was also a change in the ψoc values observed, however, the change was not significant 

when compared with that of the single cell. As the number of cells increased, there was a 

gradual increase in the maximum power density of the configuration and upon employing linear 

sweep voltammetry technique, it was observed that the Pmax value was obtained near 0.36 V. 

Thereafter, the 10 cells that were connected in parallel to harvest a high power density value 

from the system eventually resulted in generating ~7 mW/cm2. There was an overall loss in 

the output efficiency which could be assigned to various factors including, the ohmic 

resistances arising from different cell connections, non-uniform cathode coating (ZnPC) across 

different cells and peroxide decomposition. 

Figure 3.12 (d) shows the chroamperometry plot for the VLSI system with 10 cells, which 

confirmed that the overall current density for the Fuel 2 was higher than Fuel 3. The tests were 

performed for 50 min to obtain a variation of J from 55 mA/cm2 to 10 mA/cm2 (35 mA/cm2 to 

10 mA/cm2) for Fuel 2 (Fuel 3) with a potential of 0.1 V. The enhanced current density values 

could be attributed to the inherent electronic and optical properties of the proposed prototype, 

which substantially improved under the presence of light. 

 

Table 3.3 Comparison of membraneless H2O2 fuel cells with μ-DropFC. 

An Ct 
ψoc 

(V) 

H2O2   

[M] 

Pmax 

(mW/cm2) 

VF 

(mL) 
Ref 

Mg PB 2.3 0.5 4.9 2 18 

Ni PB 0.6 0.5 1.5 50 36 

Ni [FeII(H2O)2]3[CoIII (CN)6]2 0.8 0.3 9.9 -* 37 

Ni Pedot:PSS 0.5 0.1 0.3 -* 41 

Ni FePC 0.5 0.3 0.01 -* 47 

Al PB 0.6 0.5 0.8 0.5 61 

Al ZnPC-Cu 0.6 0.3 
1.4-1cell 

7.1-10cells 

0.07-1cell 

0.1-10cells 
This work 

* not explicitly mentioned. An - Anode, Ct - Cathode, VF - volume of fuel utilized per cell, 

FePC - Iron Phthalocyanine, PB - Prussian Blue. 
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The Table 3.3 shows a comparison of the different performance parameters of the proposed μ-

DropFC with the others available in literature. The values summarized in the table suggest that 

Pmax of μ-DropFC are quite comparable if not better than the others referred with respect to the 

working volume of the fuel. In a way the proposed setup has its uniqueness in the development 

of a portable and affordable μ-DropFC for harvesting high density power from both chemical 

and light energies utilizing significantly low fuel volumes, which can also be simultaneously 

utilized for dye degradation. The calculations of efficiencies for the different μ-DropFCs have 

been discussed hereafter. 

Effect of the external radiations was analyzed by performing the power-potential analysis for 

the μ-DropFC system employing Fuel 1, under dark condition. As can be observed by the 

Figure 3.13, very less P values from the system could be obtained as compared to the condition 

when the system was operating under external radiations. Thus, the incoming external 

radiations not only had influence on the overall current generation but also on the overall 

potential value. Furthermore, in order to evaluate the performance criteria for the μ-DropFC 

system, the overall efficiency of the the μ-DropFC was determine employing the following 

formula: 

O T E PV   =   .                         (13) 

where, O  is the overall efficiency of the system, T  is the thermodynamic efficiency of the 

system, E  is the electrochemical efficiency and PV  is the photovoltaic efficiency of the system. 

 

Figure 3.13 Plot showing the variation of P with ψ for the μ-DropFC under dark condition for 

when Fuel 1 was employed. 

The thermodynamic efficiency of the system represents the overall allowed driving force for 

the redox reactions owing due to the inherent chemical energy of the fuel utilized. The 

electrochemical efficiency of the system represents the maximum driving force involved during 
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the fuel cell operation as it takes into consideration the different over potentials involved and 

the corresponding losses occurring due to them. The photovoltaic efficiency highlights the 

increment in the overall charge transfer processes due to the presence of external radiation. 

Briefly, these efficiencies can be represented by: 

T

G

H



=
 ,                                     (3.14) 

 
oc

E

th





=

 ,                  (3.15) 

max max
PV

in

J

P


=



.                  (3.16) 

Here, ΔG and ΔH represent the free energy and enthalpy values of the overall hydrogen 

peroxide disproportion reaction.28,42 It has been assumed that the enthalpy of the reaction and 

free energy values for the system does not vary significantly upon addition of the different 

additives. The parameters ψoc and ψth represents the open-circuit potential and the actual redox 

potential of the system under standard conditions. The parameters Jmax and ψmax represents the 

maximum current density achieved by the system at the corresponding applied potential and 

Pin represents the input energy of the system due to external radiations.  

Table 3.4 Comparison of efficiency of Fuels in the μ-DropFC. 

System ψoc Pmax εPV εT εE εO (%) 

Fuel 1 0.38 0.35 0.005 0.63 0.35 0.11 

Fuel 2I 0.59 0.72 0.01 0.63 0.55 0.36 

Fuel 2V 0.62 1.5 0.021 0.63 0.57 0.75 

Fuel 3I 0.55 0.57 0.008 0.63 0.51 0.26 

Fuel 3V 0.57 0.95 0.014 0.63 0.53 0.47 

Fuel 5 0.56 0.61 0.008 0.63 0.52 0.26 

Fuel 2* 0.63 7.2 0.102 0.63 0.53 3.54 

Fuel 3* 0.61 5.7 0.08 0.63 0.54 2.83 

*70 μL of fuel 2 or 3 was taken for the VLSI system. 
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For the proposed systems, the values for the different parameters corresponding to the different 

fuels have been laid out in the Table 3.4. For a particular fuel composition, in this case Fuel 

2I, the parametric values which determine the overall μ-DropFC efficiency have been given as 

follows: ΔG = 120 kJ/mol, ΔH = 190 kJ/mol, ψoc = 0.58 V, ψth  = 1.08 V, ψmax × Jmax = 0.8 

W/cm2 and Pin = ~70 mW/cm2. The efficiencies of the system were determined utilizing 

equations (13) – (16). In all the calculations, area was the circular footprint of the droplet of 

diameter 5 ± 1 mm. Table 3.4 shows the efficiency of different μ-DropFCs reported. 

The data suggests that the efficiency of the Au NPs loaded μ-DropFCs performed the best 

among the proposed systems. The output power density increased by ~ 10-fold when 10 such 

units were integrated under the same amount of photonic illumination, which highlighted the 

scope for improving the overall efficiency of the setup through VLSI. The data reported in the 

Table 3.4 show the capacity of the proposed μ-DropFC for harvesting high density power in a 

very efficient manner, which can be improved further with the help of process intensification 

and VLSI in future. 

3.4   Conclusions 

A peroxide microdroplet has been designed and developed into a high-performance fuel cell, 

namely μ-DropFC, which is also capable of harvesting solar energy. For this purpose, a 

peroxide microdroplet at optimal pH and salt loading has been utilized as the native system 

integrated to Al-anode and ZnPC-Cu cathode. The n-type ZnPC enable the formation of a 

photo-active Schottky junction at the electrolyte and metal interfaces, which is found to be 

suitable for power generation under light. Oxidation and reduction of H2O2 on the electrodes 

helped in conversion of chemical energy into the electrical one in a membraneless setup. Usage 

of suspended Au NPs enhance power density under photonic illumination through LSPR. 

Addition of n-type CdS NPs infuse the capacity of catalytic photo-degradation of dyes under 

light. The simple, low-cost, portable, and membraneless setup possess significant power 

densities of ~ 0.8 mW/cm2 per cell and 7 mW/cm2 at an efficiency of 3.5% when used a group 

of 10 cells have been integrated. The single-cell setup requires significantly less working fluid 

volume and can give a high-power density at a voltage of ~ 0.38 V. The single-cell setup also 

delivers a current density of ~ 1.5 mA/cm2 under an applied voltage of 0.1 V for 30 min. 

Further, the single-cell setup is capable of degrading ~ 85% of rhodamine 6G dye in 1 h while 

simultaneously generating energy at a power density of ~ 0.6 mW/cm2. A comparison with 

previous works shows the superiority of the proposed μ-DropFC for harvesting high density 

TH-2768_156107004



 

  Chapter 03 

101 | P a g e  

 

power, which can be improved further with the help of process intensification and VLSI in 

future.  
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Abstract 

A single-step pathway has been invented for the generation of a large-area and high-density 

liquid crystal (LC) droplets via rapid spreading of an LC-laden hexane film on an aqueous 

surfactant bath. The LC droplets floating on the air-water interface have been employed as 

fluidic photomasks with tunable optical properties suitable for soft-photolithography (SPL). 

Such masks help in the decoration of a host of mesoscale three-dimensional features on the 

films of photoresists (PR) when photons are guided through the LC droplets. For example, an 

array of flattened droplets is obtained on a positive-resist while donut features are observed on 

the negative tone. Phase transition of LC droplets under solvent vapor annealing has been 

employed to control the movement of photons through LC droplets and subsequently control 

the light exposure on PR surfaces. Remarkably, during the solvent vapor exposure, even though 

the orientational order of nematogens in the bulk of the droplet has been transformed into the 

isotropic one, the LC molecules retained their anchoring at the LC-water-air three-phase 

contact line (TPCL). Thus, while the photons could undergo a facile migration through the bulk 

or the droplet, the phase boundaries reflect them back to develop interesting patterns on the 

positive or negative tones of the PR surface. Importantly, the surfactant loading on the water 

bath helps in tuning the size, periodicity, and ordering of LC droplets of the photomask floating 

on the water bath. For example, at lower (higher, beyond CMC) surfactant concentration shows 

a slower (faster) spreading with a gradual (random) retraction of TPCL. On the other hand, use 

of hexane as a solvent promoted a rapid spreading, dewetting, and evaporation to produce 

photomasks with LC droplets as small as 1 µm while the use of long-chain alcohol such as 

heptanol as a solvent lead to LC droplets larger than 100 µm. The droplet size and periodicity 

could also be tuned by changing the LC loading in the solvent. In the process, a host of 

unprecedented drop formation modes such as, spreading, retraction, dewetting, evaporation and 

‘fire-cracking’ have also been uncovered. 
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4.1 Introduction 

Decoration of self-organized patterns have found their utility in the micro/nano fabrication 

arena owing to the possibility of their low-cost footprints in the diverse cutting-edge 

applications such as miniaturized display units,1 photodetectors,2 sensors,3 opto-fluidic 

devices,4 micro/nanoelectronics5 and photovoltaic cells.6 In particular, among the other 

available techniques, soft-lithography7 has emerged as a simpler and scalable alternative for 

the assemblage of large-area and ordered patterns. Interestingly, such micropatterns have 

already been tested in a number of proof-of-concept futuristic applications which include 

plenoptic cameras8, micro-mirrors,9 or optical switches.10 More importantly, the use of smart 

materials such as the liquid crystals (LCs) on such patterned surfaces have also opened up the 

opportunity for further phase-modulation and light manipulation capabilities of the 

devices.11,12,13 A few recent seminal contributions highlight that the tunable optical properties 

of LC droplets and their intrinsic curvature can be some of the many attractive features to 

exploit for a number of futuristic applications.14 In fact, flat panels,15 smart windows,16 solar 

cells,17 optical wave guides,14 3-D displays,18 and optical traps19 already employ such tailor-

made properties of LC materials.19,20 Thus, there is a need to further innovate and explore the 

exceptional features of the miniaturized LC droplets leading to reliable and inexpensive 

optofluidic technologies. 

In this direction, the prior-art has already demonstrated that the self-organized nanoassembly 

of colloidal particles at the air-water interface can lead to the formation of low-cost photomasks 

suitable for a number of top-down lithography applications.21 The presence (or absence) of the 

colloidal particles under a light exposure enable the reflection (or passage) of photons to 

decorate positive or negative replica of the patterns decked by the colloidal assembly at the air-

water interface. However, the colloidal particles are rather dormant in terms of their light 

modulation capabilities and the use of LC droplets with the tunable optical properties can 

become a game changer in this regard. In a way, replacing the colloidal assemblage with the 

LC droplets can help in the regulation the photonic exposure on the diverse photoactive 

resists.22 For example, while an LC droplet may reflect the plane polarized light, in the isotropic 

phase the same droplet may allow the full exposure of the photons to the resist.23 Further, in 

such a scenario, the curvature of the droplet meniscus and the surrounding contact line can also 

play a crucial roles in the reflection, scattering and transmission of the photons through an LC 

or isotropic phase under varied conditions.  
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However, some of the major challenges in this direction has been, (i) the formation of 

miniaturized LC droplets from the films through the destruction of inherent elasticity 

originating from their orientational order24 and (ii) decoration of large-scale assemblage of 

miniaturized LC droplets.25 Traditionally, the destruction of orientational order of an LC film 

has been achieved through thermal annealing beyond its phase transition temperature, Tp.
26 A 

few recent studies uncover that the same can also be achieved under a solvent exposure at room 

temperature.27 Subsequently, self-organization28 under long-rage interactions or spin-

dewetting29 of an LC film on a patterned surface can lead to an ordered array of LC droplets. 

Once such droplet arrays are formed, the reflection, scattering and transmission of the photons 

through such LC droplets can indeed be controlled through a solvent exposure.29  

It is important to note here that the self-organization of liquid films on the air-water interface 

can be an optimal single step soft-lithography method to generate multitude of droplet 

patterns.30–32 From the scientific standpoint, the self-organized dewetting of films are generally 

governed by the interplay of viscous, interfacial tension, intermolecular, and adhesive forces.33–

35 In particular, the spacing and size of the droplets are decided by the reduction (increase) in 

the stabilizing (destabilizing) influence of the interfacial tension (intermolecular force).34,36 

Particularly, the reduction in the interfacial tension is achieved either by the addition of 

surfactants37 at the air-water interface or by the use of liquid/liquid interface wherein the 

interfacial tension is at least one order of magnitude less than the same at the liquid-air 

interface.38 The evaporation of the volatile solvents from the films,39 slippage of the films on 

the fluid interface,40  or the thermal/solutal Marangoni effects41 are found to be some other 

important factors in deciding the size and spacing of the droplets. While the prior-art related to 

soft-lithography has mainly focused on the generation of such liquid droplets on the liquid 

surfaces,42,43 there is hardly any study that considers, (i) decoration of miniaturized array of LC 

droplets at the air-water interface and (ii) use them as low-cost photomasks with the capability 

to modulate the polarized rays.  

In view of this background, we demonstrate a single-step technique to generate high-density 

and quasi-monodispersed nematic LC droplets, which are later employed as photomasks to 

decorate miniaturized pattern on the photoresists. For this purpose, initially, a droplet of 5CB 

laden hexane has been dispensed on a water bath loaded with a surfactant (e.g. 

cetyltrimethylammonium bromide – CTAB). The rapid spreading of the immiscible hexane-

5CB droplet with a lower surface tension on the slippery water surface with a higher surface 

tension immediately fragments into an array of 5CB laden hexane islands. Subsequently, a 

swift evaporation of hexane leaves an array of miniaturized LC droplets floating on the air-
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water interface. Experiments uncover that the LC loading in the solvent, surfactant 

concentration in water bath and volatility and viscosity of the solvent are some of the important 

handles to control the size and periodicity of the droplets. For example, at low CTAB loading 

in water, we observe a spinodal dewetting of the LC laden hexane droplet followed by the 

contact-line instabilities (CI) to generate uniform 5CB droplets. On the other hand, beyond the 

critical micellar concentration (CMC) in water, islands of CTAB micelles at the air-water 

interface promote a heterogeneous nucleation induced dewetting leading to formation of poly-

dispersed 5CB droplets.  

Finally, a proof-of-concept application has been demonstrated by employing the anisotropic 

5CB droplets as fluidic photomasks in an alternative soft-photolithography (SPL) setup. For 

this purpose, plane polarize light has been passed through the array of LC droplets before 

exposing the rays on the thin films of positive (PPR) or negative (NPR) photoresists. During 

this experiment, the LC droplets are also brought under the solvent vapor exposure to stimulate 

a phase transition from nematic to isotropic states. Remarkably, such a low-cost setup could 

easily develop miniaturized patterns with the shapes of castle-moats, cavities, drops or donuts 

on the surface of the PR films. Importantly, while the solvent exposure could easily destroy the 

director orientation in the bulk of the droplet, the LC molecules at the contact line retained their 

orientational order even after a long-time solvent exposure. Thus, even though the polarized 

rays could pass through the bulk of the isotropic LC droplet after the phase transition, the 

surrounding three-phase contact line (TPCL) reflected them back to facilitate the castle-moat 

or donut patterns on the PR surfaces. In a way, the shape of the droplets floating on the air-

water interface and the modulation of the optical properties of the LC droplets at the different 

stages solvent vapor induced phase transition help in decorating such complex patterns on the 

surface of the photoresists, which are rather difficult to fabricate using other conventional 

lithography techniques44,45 or the colloidal masks.46 

4.2 Materials and Methods 

4.2.1 Materials 

4-Cyano-4'-pentylbiphenyl (5CB), PS (avg. Mw 192,000), Cetrimonium bromide (CTAB), 

sodium dodecyl sulfate (SDS) was purchased from Sigma Aldrich, India. Ammonia, hydrogen 

peroxide (30% v/v), hexane, toluene, heptanol, chloroform, isopropyl alcohol (IPA), ethanol 

and acetone were purchased from Merck, India. The chemicals utilized for PL experiments – 

NPR (SU8-2002), SU-8 Developer, PPR (S1813), MBK were purchased from MICROCHEM, 

USA and hexamethyldisilazane (HMDS) was purchased from HIMEDIA, India. The AR grade 
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chemicals were directly used for experiments without any further purification.  Silicon wafers 

was procured from MACWIN, India. Cover glass (24 x 24 mm, avg. thickness ~ 0.11 mm) was 

supplied from Borosil. Ultra-violet (UV) light source (intensity ~ 20 mW/cm2) was acquired 

from a local vendor. Milli-Q grade water was employed to prepare all the solutions and for 

cleaning the glassware. 

4.2.1.1 Characterization 

Imaging ellipsometer (EP3, Nanofilm, Accurion Scientific Instruments Pvt. Ltd) was employed 

to measure the film thickness of PR layers. Surface morphologies were characterized by the 

field emission scanning electron microscope (FESEM, Jeol India Pvt. Ltd), an atomic force 

microscopy (AFM, Bruker, Innova series), and an optical microscope (Leica, DM 2500 upright 

microscope, with POM mode). ST and IFT measurements of different liquid systems were 

carried out using an automatic surface tensiometer (KYOWA, DY-300). 

4.2.2 Methods 

4.2.2.1 Dewetting of a 5CB droplet on CTAB-water bath 

Initially a glass petridish of 45 mm diameter was filled with 5 mL CTAB solution. Upon 

deposition of a 2 μL hexane droplet containing varying concentrations of 5CB (5-500 mM), a 

film formed on the surface of the surfactant-water bath, which initiated a cascade of events 

culminating with an ensemble of numerous self-organized micro/nano droplets. Figure 4.1 

schematically shows the different stages of droplet generation involved: (i) dispensation of the 

LC laden hexane droplet on the CTAB-water bath, as shown in the image (I); (ii) rapid 

expansion of the 5CB-hexane film due to a positive spreading coefficient (S > 0) of the LC 

loaded hexane droplet on the water surface, as shown by the image (II); (ii) generation of 

multitude of droplets from the retracting TPCL after hexane evaporation, as shown by the 

image (III). In this stage only, the formation of holes take place on the 5CB-LC film alongside 

the formation of the fingers through the retraction of TPLC at the edges of the evaporating 

droplet; and (iv) finally, simultaneous evaporation of hexane leading to the generation of high-

density 5CB droplets, as shown by the image (IV). The various stages of such dynamics were 

recorded under an upright microscope (Leica DM 2500) attached with a high-speed resolution 

digital camera (Fastcam Mini UX100, Photron Ltd. 
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Figure 4.1 Schematics (I) – (IV) showing the side and top views of the stages of spreading and 

dewetting of 5CB-hexane droplet on a CTAB-water interface wherein the insets (a) – (d) show 

the optical and polarized optical micrographs – POMs. (I) The pressure in the solvent rich 

isotropic droplet (initial diameter, 0
Dd ) is PL while the same outside is Patm. The top view 

through POM in the inset (a) indicate the absence of director orientation. (II) Spreading of the 

droplet and a rapid expulsion of the hexane vapors. Image (b) shows the droplet spreading on 

the surfactant bath. (III) Retraction of the contact-line due to solvent evaporation and the onset 

of the fingering instability followed by the droplet formation, as shown by POMs in the inset 

(c). (IV) Ensemble of 5CB droplets on the water bath wherein the POM inset (d) indicates the 

restoration of the nematic order in the droplets. The experimental insets (a) – (d) at different 

time intervals represent a 5CB mixture in hexane (5 mM) dispensed on a 0.01 mM CTAB-

water bath. Scale bar for above images is of length 50 µm. 

 

4.2.2.2 Soft-Photolithography 

For the SPL experiments, initially a Si wafer was cut into small substrates of dimensions 1 cm 

x 1 cm and cleaned according to a standard protocol that has been mentioned in the Appendix. 

The fluidic photo-mask composed of multitude of LC droplets was prepared by coating a cover 

glass with 200 μL of 10 mM CTAB/water solution and then dispensing 2 μL of 50 mM 

5CB/hexane solution on it. The fluidic mask was carefully placed on the PR coated substrate 

ensuring a soft-contact between the two surfaces. At the beginning, Si substrates were spin-

coated with HMDS solution (primer) at 4000 rpm for 60 s. The coated substrates were then 
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heated at 170 °C for 20 min to remove the excess solution. After allowing it to cool down to 

room temperature, the substrates were then coated with respective PPR and NPR tones for 

obtaining the desired patterns. For PPR coating, S1813 solution was spin-coated at 3500 rpm 

for 60 s that resulted in a film thickness of 1-2 μm. This was followed by direct exposure to 

UV-illumination for 40 s under the LC droplet mask. Thereafter, the substrates were submerged 

in the developer solution for 1 min and rinsed thoroughly with water. The developed substrates 

were dried with N2 gas and heated at 80 °C for 10 min (post-baking) to harden the developed 

features. For NPR coating, SU-8 2002 solution was spin-coated at 500 rpm for 30 s, followed 

by 3500 rpm for 90 s resulting in a film thickness of 40-45 μm. The coated substrates were then 

pre-baked at 80°C for 3 min, followed by at 110 °C for 6 min. Subsequently, they were exposed 

to UV-illumination for 40 s under the LC droplet mask and then those substrates were heated 

at 80 °C for 1 min, followed by 110 °C for 5 min. Afterwards, the substrates were submerged 

in the developer solution for 6 min and then in IPA for 20 s. The developed substrates were 

cleaned using N2 gas and heated at 170 °C for 10 min to harden the patterned features. 

4.3 Results and Discussion 

4.3.1 Single-Step 5CB-Droplet Generation 

Initially, a single step methodology has been formulated to generate a multitude of 5CB 

droplets. For this purpose, a petri dish (area ~16 cm2), filled with 5 mL of aqueous CTAB 

solution, is used as the bath on which a 2 µL droplet of 5CB-hexane solution is dispensed. The 

droplet rapidly spread on the aqueous surfactant bath because, when the hexane-LC droplet is 

dispensed on the water-surfactant bath, the combination of materials results in a positive 

spreading coefficient (S). The spreading coefficient of the droplet on the water bath has been 

defined as, wv dv dwS   = − − wherein the interfacial tensions at the hexane-air, water-air, and 

hexane-water interfaces are represented by dv , wv , and dw . The different stages of 5CB 

droplet spreading have been depicted in Figure 4.1. Figure 4.1 (I) schematically shows the 

formation of a lens of the 5CB-laden hexane droplet on the water-surfactant bath at the time of 

dispensation. At this stage, the initial diameter of the droplet-lens is denoted as, 0
Dd , while the 

Laplace pressure in the droplet is represented as PL and the pressure outside is the atmospheric 

pressure, Patm. The optical micrograph in the inset (a) shows the top view of the 5CB droplet 

lens at the time of dispensation. 

Following this, within a few ms, the droplet spreads rapidly on the water surface owing to the 

S ~ 6 mN/m.47 Subsequently, a rapid expansion of the TPCL of the 5CB-hexane droplet on the 
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water bath is observed until an equilibrium contact angle is achieved, as schematically 

represented in the Figure 4.1 (II). The image (b) depicts a snapshot of the spreading droplet 

from the top using the optical microscope when the 5CB loading is 5 mM in hexane and CTAB 

concentration in water is 0.01 mM. The spreading of the droplet leads to a large increase in the 

area of the hexane-air interface as well as hexane-water-air TPCL which in turn facilitates a 

faster rate of evaporation of the hexane from the droplet matrix with a relatively high vapor 

pressure of 20 kPa.  

Subsequently, the loss of solvent from the 5CB-hexane droplet results in a number of 

interesting phenomena, (i) transformation of hexane rich droplet into a 5CB rich one with 

progressive restoration of the orientational ordering of the 5CB molecules; (ii) transformation 

of the droplet into a nonuniform 5CB rich film, as schematically shown by Figures 4.1 (II) 

and 4.1 (III); (iii) the dewetting of the film with the formation of holes followed by their 

expansion and coalescence before forming ribbons and droplets, as schematically shown by 

Figures 4.1 (III) and 4.1 (IV); (iv) the retracting TPCL of the 5CB rich hexane droplet show 

a the formation of periodic fingers along the contact line, which rapidly ejects an array of 

uniformly sized droplets during the retraction, as shown by the image (c). A rapid and non-

uniform evaporation of the hexane is expected to generate a gradient of surface tension near 

the TPCL which in turn generate the required solutal Marangoni stress for the ‘finger’ at the 

receding edge of the contact line.48 Subsequently, as a result of the CI instability, an array of 

trails of 5CB droplets are generated from the leading edge of the fingers; (v) finally, the 

mechanisms discussed in the points (iii) and (iv) lead to the formation of a collection of 5CB 

droplets on the water-CTAB bath as shown in the image (d) and Figure 4.1 (IV); (vi) during 

the dewetting and subsequent 5CB drop formation we also observe the presence of periodic 

“humps” on the contact line near the dewetting front which is a  typical characteristic of the 

slip-induced dewetting on a soft and slippery surface.49,50  

Importantly, the size of the LC droplets formed is found to progressively increase as one moves 

from the TPCL to the center of the main droplet. Again, the size and polydispersity of the 5CB 

droplets could be tuned by changing the 5CB loading in hexane and CTAB in water. It may be 

noted that, since 5CB is initially dissolved in hexane, it is completely in the isotropic state when 

the droplet is dispensed. Post-dispensation, a rapid loss of solvent engenders a progressive 

phase transition from isotropic to the nematic state. Importantly, after the phase transition the 

nematogens anchored in a very different manner at the bulk and TPCL of the 5CB droplets 

formed, which has been discussed in detail with the application later. Interestingly, the droplets 

are found to be stable for long periods of time (~ 3 h) because the coalescence is restricted by 
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the elastic energy barrier of the miniaturized 5CB droplets.51 Further, a quasi-monodispersity 

in the size of the droplets also slowed down the rate of coalescence providing a kinetic stability 

to the miniaturized droplets. Interestingly, when the collection of miniaturized droplets shown 

in the image (d) has been exposed to a solvent vapor to cause a nematic to isotropic transition 

they gradually coalesced. The control experiment corroborated towards the correctness of the 

aforesaid hypothesis of the stability of the 5CB droplets in their nematic state.  

 

4.3.2 Effects of solvent and surfactant   

The solvent employed to dissolve and spread the 5CB droplet plays a vital role in determining 

the overall droplet distribution after fragmentation. In this study, we show the results for three 

such spreading solvents (SS) for the creation of miniaturized 5CB droplets on the water bath. 

The solvents hexane, heptanol, and toluene differ in polarity, volatility, viscosity, density, 

miscibility with water, and surface tension, as shown in the Table 4.1.  

 

Table 4.1 Physical properties of three different solvents employed to dissolve 5CB 

Solvent 

Solubility 

in water      

(g/100 

mL) 

Volatility 

(kPa) 

Surface 

tension  

(mN/m) 

Interfacial 

tension 

(mN/m) 

Viscosity 

(mPa.s) 

Density 

(kg/m3) 
References 

Heptanol 0.1 0.135 26 7 -7.5 3.95 819 52 

Toluene 0.05 3 28.5 37.5-38 0.56 857 53 

Hexane 0.0009 20 18 50-51.5 0.3 655 47,54 

 

Since heptanol and toluene are relatively more miscible and have a lower surface tension their 

spreading has been far more rapid. However, in case of the non-volatile heptanol, once the 

TPCL attain an equilibrium configuration upon spreading, it is able to retain the same for a 

longer time (>150 s) as compared to more volatile toluene (~ 100 s), before it eventually 

retracts. This is in stark contrast to the case with the most volatile hexane wherein the spreading 

as well as retraction have been fast and completed within ~ 30 s, before the miniaturized 5CB 

droplets are formed. As mentioned earlier, rate of solvent evaporation from the droplet interface 

plays a decisive role in controlling the droplet size distribution. Lower volatility and higher 

viscosity of heptanol and toluene in comparison to hexane, cause the droplets to be ejected at 

a lower rate from the TPCL having a larger size. Further, the size distribution of droplets is 

observed to be maximum for heptanol followed by toluene and is minimum for hexane. 
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Table 4.2 Surface tension values of the SDS and CTAB solutions. 

 

In addition to the solvent type, the type of surfactant mixed to the water bath also play a pivotal 

role on the size and distribution of the droplets. Thus, apart from cationic CTAB, the anionic 

SDS has also been employed for the experiments, as shown in the Table 4.2. In this regard, 

surfactant concentrations near and well beyond the CMC limit have been utilized to test their 

effects on the size of the miniaturized droplets and their distribution. For example, a 2 µL 

droplet of 5CB/SS (0.1% v/v) has been dispensed on a 5 mL SDS-water bath and the 

subsequent daughter droplet dimensions has been analyzed, as presented in the Figure 4.2 (I). 

Further, when the surfactant loading is less (10 mg/mL), larger 5CB droplets are formed when 

heptanol (105±15 µm) is used whereas smaller droplets are observed for hexane (50±20 µm). 

On the other hand, high surfactant concentrations produce larger droplets in toluene (60±40 

µm) and smaller in hexane (30±10 µm). Further, since heptanol has the highest polarity among 

the solvents reported, its interaction with the surfactant bath underneath also established a 

stability towards the 5CB-heptanol film.  

In addition to this, as concentrations beyond CMC, the presence of the micelles at the water-

air interface produced a gradient of interfacial tension, which influence the movement of the 

TPCL and subsequent ejection of the drops from the ‘fingers’. However, this influence is found 

to be less for hexane. The aforesaid control experiments have helped us in deciding the solvent 

to be hexane for further experiments where for which we observe less size-variation in the 

miniaturized 5CB droplets, high density of droplets, and a smaller time scale of dewetting. 

Remarkably, when the surfactant loading has been well below the CMC in the water bath, the 

dewetting of the film follow a spinodal pathway.55,56 In contrast, when the surfactant loading 

has been near CMC or well beyond the same, the defect induced heterogeneous nucleation has 

been observed.57 In a way, when the water surface is sparsely populated with surfactant 

Nature of surfactant Conc. (mM) Avg. surface tension (mN/m) 

SDS (Anionic) 

1 42.8 

10 37 

100 33 
   

CTAB (Cationic)  

0.01 56.4 

0.1 48.7 

1 37 

10 35.3 

100 34.2 
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molecules, the spinodal pathway is preferred.56,58 However, the presence of the micelles at the 

water air interfaces acts as the nucleation sites of hole formation for the solvent-5CB film, 

which eventually promotes the defect guided dewetting.  

 

 

Figure 4.2 Effect of variation of different parameters on the LC droplet diameter. (I) spreading 

solvent, (b) nature of surfactant – anionic and cationic. For the case (b), hexane was chosen as 

the spreading solvent for dissolving 5CB molecules. The 5CB concentration in all the cases 

were maintained 0.1% (v/v). 

 

In addition, among the anionic SDS and cationic CTAB, the latter produce much smaller 5CB 

droplets with a more uniform size distribution, as shown in the Figure 4.2 (II). Further, we 

perform a few experiments wherein a 2 µL 5CB-hexane droplet is dispensed on a water-

surfactant bath (5 mL) containing equal amount of SDS and CTAB (100 mg/mL). It is well 

known that the limiting surface area and MW of SDS (288.37 g/mol) is lower as compared to 

CTAB (364.65 g/mol). Further, the conditions ensure that the surfactant loading has been well 

beyond CMC for both SDS (~ 8 mM) and CTAB (~ 1 mM).59 In such a scenario, presence of 

a large number of micellar structures is found to contribute towards an uneven droplet 

distribution. It is also known that the length of aliphatic chains of surfactant molecules can 

significantly influence the molecular orientation in an LC droplet.59,60,61 Since SDS contains 

(SO4)
-Na+ as the head group and CTAB contains (CH3)3N

+Br-, a 5CB molecule with biphenyl 

structures along with a CN group at one end, may have a tendency towards attracting positively 

charged species. Thus, the electrostatic interactions of the 5CB nematogen with the CTAB may 

have entailed higher surface coverage area and aided in generation of smaller and uniform 

droplets. Therefore, CTAB has been selected as the surfactant for further experiments. 

Figure 4.3 (I) presents the plot wherein the 5CB concentration (CLC) is varied in a 2 µL of 

5CB-hexane drop across two orders of magnitude for three different values, 5 mM, 50 mM and 

500 mM while CTAB concentration (CCTAB) is varied from 0.01 mM to 100 mM. The plot 
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suggests that, at low 5CB concentrations, droplet sizes ( 0

Dd ) vary from 95±10 µm (CCTAB = 

0.01 mM) to 0.8±0.3 µm (CCTAB = 10 mM). Importantly, for CCTAB = 100 mM the droplets are 

not visible under an optical microscope, which indicate the possibility of the formation of 

nanodroplets under such circumstances.  

 

 

Figure 4.3 (I) Effects of LC loading (CLC) and CTAB concentration (CCTAB) on the average 

droplet diameter ( 0

D
d ). (II) Plot shows the variation in Weber number (We = 2 0

D D D m
v d  ) with 

Reynolds number (Re = 0

D D D D
v d  ) at different CLC (5 mM, 50 mM and 500 mM in hexane) 

and CCTAB in water bath (“A” refers to 0.01 mM, “B” refers to 0.1 mM and “C” refers to 1 mM 

CTAB concentration). (III) Plot shows the variation in Capillary number (Ca = 
D D m
v  ) 

with Re for different CCTAB but at the same CLC of 5 mM. (IV) Optical micrographs of 5CB 

droplets (a-o) obtained by varying CLC and CCTAB. Images for 5 mM and 50 mM were taken at 

10x, while for 500 mM, they were taken at 2.5x. Scale bar is of length 100 µm. 

Increasing CCTAB from 0.01 mM to 10 mM results in reduction in surface tension of the water 

bath from 49 mN/m to 35 mN/m, as shown in Table 4.2. Thus, the size of the 5CB droplets 

significantly reduce to the nanoscale especially when the 5CB loading in hexane is small (filled 

square, blue symbols). However, increasing CLC further and CCTAB well beyond CMC (~ 1 
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mM) does not help for size reduction (circular and triangular symbols). Overall, the plot 

indicates a reduction in LC loading in the solvent and use of optimal surfactant concentration 

in the water bath near CMC may lead to the formation of nanostructures with a higher density 

and reduced polydispersity. The optical micrographs (a) – (d) in the Figure 4.3 (II) shows 

progressive reduction of micro to nanostructures at 5 mM initial 5CB loading in hexane and 

with the variation in CCTAB at the water bath. The images (a) – (d), (e) – (h), and (i) – (l) together 

suggest that the 5CB droplets are, (i) of bigger size at lower CCTAB and higher CLC, (ii) 

monodispersed and miniaturized in size near or little beyond CMC, (iii) larger in size at lower 

CCTAB and higher CLC, (iv) monodispersed and of microscale at higher CCTAB and CLC; (v) 

nanoscale at higher CCTAB and lower CLC. It may be noted here that the optical micrographs 

reported are taken from regions where droplets are present on the water surface.  

The dynamics of the dewetting phenomenon has also been analyzed using the following 

parameters, which influence most, such as initial 5CB drop diameter ( 0

D
d ), instantaneous 

velocity of retracting film (
D

v ), density of the solvent (
D

 ), viscosity of the solvent (
D

 ) and 

interfacial tension of the hexane-water interface ( dw ). A dimensional analysis using these 

parameters have led to the formation of following dimensionless numbers, such as, Reynolds 

(Re = 0

D D D D
v d  ), Weber (We = 2 0

D D D m
v d  ) and capillary (Ca = 

D D m
v  ) numbers, which 

help in understanding the science behind the phenomena. Figure 4.3 (III) shows the variation 

in Re with We when CLC and CCTAB are varied. For an increased CLC at a fixed CCTAB, it is 

observed that the inertial forces dominate the initial droplet spreading dynamics, as indicated 

by the higher values of Re number. This eventually results in the formation of larger 5CB 

droplets at the end. Increasing CCTAB for a fixed CLC, reduce the surface tension, which increase 

the We. This initiates a faster retraction of the TPCL and generate smaller droplets. The systems 

leading to the parameters Re > 2 × 102 and We > 10-2, could not be captured under microscope 

due to enhanced perturbations. Figure 4.3 (IV) suggests that increasing CCTAB for a fixed CLC 

lead to an increase in increased Ca, indicating the reduction in the capillary forces near the 

interface. This leads to a rapid spreading and subsequent retraction regime suitable for the 

generation of sub-micron 5CB droplets with a higher density and monodispersity. 
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4.3.3   Triplet of Modes 

 

Figure 4.4 Different modes of droplet formation on a CTAB-water bath when the solvent used 

are hexane, chloroform, and toluene. The images I(a) – (e) showing the DeCI mode, II(a) – (e) 

showing the RanEj mode, and III (a) – (e) showing the FiCTS mode. (IV) Optical micrographs 

representing the different phases of toroid formation with the resultant droplet diameters 

highlighted as DLC and the spacing between them as λLC.  (B) Composite plot highlighting the 

different dewetting mechanisms presented by dewetting of a LC/SS droplet on a surfactant/no 

surfactant bath. Interestingly, similar dewetting mechanisms were also displayed by 

polystyrene/SS droplets, albeit at different concentrations. SS utilized were chloroform and 

toluene. Scale bar in the image is of 50 μm length. 

If a summary is made from all the experiments performed with the different solvents and 

surfactants, we identify the presence of three distinct modes of droplet generation: (i) images 

(a) – (e) in the Figure 4.4 (A) (I) showing the one discussed in the previous section is termed 

as dewetting and contact line instability (DeCI) mode when the solvent is hexane; (ii) images 

(a) – (e) in the Figure 4.4 (A) (II) showing the random ejection (RanEj) mode when the solvent 
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is chloroform;36 and (iii) images (a) – (e) in the Figure 4.4 (A) (III) showing the ‘fire cracker’ 

toroid splitting (FiCTS) mode when the solvent is toluene. The images clearly suggest that for 

the DeCI mode the droplet spread rapidly to form a film before the solvent evaporated and the 

TPCL retracted to stimulate the contact line instability. Subsequently, the film dewets while 

retracting contact line ejects an array of 5CB droplets.  

In comparison, the RanEj mode (Figure 4.4 (A) (II)) shows that the 5CB-chloroform droplet 

does not spread and forms a lens because the droplet dimension has been more than its capillary 

length of ~ 4 μm. In such a scenario, the droplet is found to be under continuous self-propelling 

motion on the water-surfactant bath while ejecting an array of 5CB droplets through the 

TPCL.62 In fact, the recoiling motion due to the asymmetry in the droplet ejection from the 

non-circular TPCL decides the direction of the movement of the primary droplet lens. The 

propulsion is found to be as high as 10 body-lengths per second while the droplet size is 

progressively reduced with the continuous ejection of the secondary droplets. The primary lens 

diminishes in size over a period of time with the random ejection of the secondary droplets. 

Notably, the bigger secondary droplets with adequate solvent further eject third and fourth 

generation of droplets. Thus, in under 40 s, one can observe droplets miniaturized by 6 orders 

of magnitude in volume, from 10-12 m3 for 100 μm droplets to 10-18 m3 for 1 μm droplets. 

Importantly, the frequency of random ejection of the droplets has been found to be very high 

~200-300 Hz in the beginning while the same reduce to ~20-30 Hz near the end when the 

primary droplet size reduce. Finally, as chloroform evaporate, a collection of 5CB droplets are 

obtained on the water bath.  

However, the most interesting and attractive one is the FiCTS mode (Figure 4.4 (A) (III) 

wherein the 5CB-toluene drop initially spreads rapidly to form a film with the simultaneous 

evaporation of the toluene from the matrix on a water bath with 100 mM CTAB. The 5CB-

toluene droplet (10 mM) spread on the CTAB-water surface because S ~ 40 mN/m.63 For 

droplets with diameter more than ~10 µm, capillary forces dominated the inertial forces, which 

results in the breakup of the stretched film into multiple droplets. In a way, the film dewets in 

parallel to contact line instability at the TPCL to form droplets, as observed in the case of DeCI 

mode. Since the vapor pressure of toluene is relatively lower (~1/7th of hexane) the dewetting 

happens for a longer duration. The daughter droplets also display a lateral and longitudinal 

motion on the soft and slippery water surface as the motion was assisted by the low interfacial 

tension of the bath. Interestingly, at the intermediate stage, the solvent rich droplets start 

forming metastable fluidic structures resembling ‘donut’ or ‘toroidal’ shapes as the solvent is 

progressively evaporated from the droplet matrix.64 The spatiotemporal ‘fission’ of the 
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metastable donut and toroidal liquid structures also resemble the ‘flower pot’ shaped 

explosions of ‘fire crackers’ leading to the generation of an array of miniaturized droplets. Such 

breakup of toroidal structures on a slippery liquid surface can also be interpreted as a special 

case of Plateau-Rayleigh instability.23 Interestingly, such explosions happen at all length scales 

– for the droplets with bigger to smaller sizes where there is adequate solvent present.  For 

example, after ~ 4 s all droplets with dimensions below 400 μm display the FiCTS mode of 

droplet disintegration.  

Figure 4.4 (A) (IV) shows the steps of hole and toroid formation and then the breakup into the 

droplets in the FiCTS mode. The figure suggests that, initially, the 5CB-droplet lens undergoes 

a faster evaporation of the solvent through the center of the droplet rather than the ‘hidden’ 

TPCL under the droplet lens, which facilitates the formation of the primary hole at the center. 

During this stage, the droplet expands to maximum normalized diameter, Dmax/Dd ~ 1.8-1.9, 

before the hole appears. Here, Dmax refers to the maximum droplet diameter before 

disintegrating and Dd refers to initial diameter of the particular droplet that is about to undergo 

dewetting. Subsequently, the metastable toroidal structure is created on the water bath, which 

has a pair of TPCL at the inner and outer rings.65,64,66 The hole formed at the center of the 

droplet expand because the TPCL of the newly created inner ring tries to achieve equilibrium 

contact angle. Subsequently, the toroidal structure expands before undergoing a Plateau-

Rayleigh instability to form droplets. The cascading effects of the FiTCS mode is evidenced 

through the self-organized breakup of first generation of the droplets to second generation one 

then into the third-generation ones and so on. Such droplet breakup leads to the reduction in 

the droplet diameter form ~100 µm to ~ 10 µm in ~ 2 s.  

Importantly, the modes discussed in this section is not material-specific. Figure 4.4 (B) 

highlights the different kinds of interaction observed for the polystyrene-solvent (PS-SS) 

droplets interacting with CTAB-water bath. For PS, chloroform and toluene are selected as the 

Hansen solubility parameters for both solute and solvent is not too different.67 The figure also 

maps the results of the 5CB-SS system to have a better clarity on the happenings. The plots 

suggest that at higher PS concentrations (CPS ~ 10-3 M) an incomplete DeCI mode is observed 

for both the solvents on the 0 mM and 100 mM CTAB-water bath. However, at lower PS 

concentrations, RanEj mode is observed in chloroform when CPS ~ 10-6 M and FiCTS mode is 

observed in toluene when CPS ~ 10-7 to 10-4 M. Importantly, for the 5CB systems same happens 

at slightly higher LC loading (CLC ~ 10-3 M). The plots (A) – (D) in the Figure 4.5 show the 

typical reduction in the droplet diameter with time in the different solvents for both PS and 

5CB. The plot (A) suggests that the 5CB droplets could reduce from ~ 200 μm until < 1 μm in 
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only 25 s. The sizes of the 5CB drops can further be reduced just by reducing the 5CB loading 

in the droplets. 

 

Figure 4.5. Plots (I) to (IV) shows the daughter droplet diameter and spacing for LC (DLC,λLC) 

and for PS (DPS, λPS) profile representing the FiCTS dewetting mode. A 5CB mother droplet 

(10-3 M 5CB/hexane) and PS mother droplet (10-5 M to 10-7 M PS/toluene) was deposited on a 

100 mM CTAB bath. Scale bar in the image is of 50 µm length. 

For the PS/toluene system, a range of PS concentrations from 10-7 M to 10-5 M were observed 

in plots II, III and IV. The closest resemblance to the 5CB/hexane configuration in terms of 

DPS and λPS was observed at a PS concentration of 10-6 M. It may be noted that from the 

experiments conducted, decreasing the PS concentrations led to a reduction in the DPS value 

while it increased the λPS value. Diluting the solutions led to the reduction in the overall droplet 

viscosity which afforded more elasticity to the corresponding droplets on low IFT bath. This 

in turn facilitated higher spreading. Thinner films resulted in creation of smaller droplets with 

higher droplet spacing. Smallest droplets observed were ~ 5-10 μm in diameter. Overall, the 

modes reported in this section highlights the potential of the proposed methodology in the 

disintegration of the LC loaded solvent droplets into their miniaturized forms from nearly 

milliscale to the submicron scales within a minute. The study also shows that by maintaining 
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the surfactant loading on the water bath one can impose quasi-monodispersity to the size of the 

droplets, which can suitable for the SPL applications as disclosed below.    

4.3.4   Application  

4.3.4.1   Soft Photolithography 

 

 

Figure 4.6 Solvent-vapor annealing of the 5CB droplets on the CTAB-water bath. Scheme I(a) 

shows a tilted alignment of nematogens in the bulk of the LC droplet while I(b) shows the 

isometric view of the same wherein the incoming polarized rays are reflected, as shown in by 

the POM inset. Scheme II(a) shows a partial phase-transition in the bulk of the droplet ensued 

upon solvent exposure while the same is unable to destroy the orientational order near the 

TPCL, as shown by the scheme II(b) and the respective POM inset. Scheme III(a) showing the 

complete destruction of the nematic order in the bulk through solvent vapor exposure while the 

retention of the same at TPCL, as shown by the scheme III(b) and the respective POM inset. 

In this case, the incoming rays passed through the bulk while reflected back from the TPCL as 

shown in the POM inset. For a 2 µl droplet on a 1 cm × 1 cm water bath, it takes ~ 15 s for the 

5CB droplets to undergo a transition to an isotropic phase in the presence of the hexane solvent. 

Scale bar is of length 20 µm. 

 

Employing the aforesaid methodologies, once the nematic 5CB droplets are decorated on the 

CTAB-water bath, they may possess different types of director orientation at the different parts 

of the droplet. For example, the 5CB molecules are expected to have a tilted or angular director 

orientation both at the free 5CB-air and confined 5CB-water soft interfaces.68 Further, the 

polar- and weakly polar interaction between the surfactant and 5CB molecules at the 5CB-

water interface is also expected influence such director orientations.25,59 For example, at a 

higher surfactant concentrations, e.g., especially beyond CMC, a different type of tilted 
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orientation of the nematogens is expected near the interfacial region.25,69 This may allow a more 

effective  intermolecular interaction between the surfactant molecules and 5CB to lower the 

overall free energy at the interface.69 In fact, prior-art suggest that the order parameter, 

s cos = −23 1

2 2 , to be finite in such locations where θ is the angle between the long axis of the 

nematogen and director.69 Importantly, the TPCL of the 5CB droplet may also have a different 

type of tilted director orientation with larger stability towards its orientation due to the 

preferential anchoring of the 5CB molecules at the contact line.70  

 

 

Figure 4.7 Effect of variation in CTAB concentration on the oil droplet texture. (I) At low 

CTAB concentration of 0.1 mM, no feature around the oil droplet boundary was visible at 10x 

magnification. (II) Under the same magnification, at higher CTAB concentration of ~ 0.7-1 

mM, birefringence pattern around the oil droplet could be observed. (III) For 5CB (50 mM 

conc.) nematic droplets, however a different was obtained at the same CTAB concentration of 

~ 0.7-1 mM. Scale bar is of length 50 µm. 

Figure 4.6 shows the evidence of such hypotheses when such a 5CB laden water bath is 

exposed to the hexane vapor. In this figure, while the top row schematically shows the director 

orientation at the initial, intermediate and longtime vapor exposure, the bottom row shows the 

fate of a light exposure to the system. The insets show the respective POMs of the 5CB droplets 

floating on the water bath. The figures in the column (I) suggests that before the exposure the 

polarized lights are reflected by the 5CB droplets. The figures in the column (II) suggest that, 
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upon introduction of hexane vapor, a solvent vapor induced phase transition is initiated at room 

temperature.71 At the intermediate stages, the droplet matrices allow a partial transfer of the 

light  process in the 5CB droplets present on the CTAB-water layer was initiated. However, 

near the TPCL the 5CB molecules remain anchored even after a long-time exposure, as 

depicted by the images in the column (III). In such a scenario, the polarized lights could pass 

through the droplet matrix but reflected back from the TPCL.  This results in the formation of 

transparent 5CB droplets with a reflective TPCL.  

Control experiments are also performed using a sunflower oil droplet to check whether the 

“highly reflective” TPCL for isotropic materials. Figure 4.7 shows the absence of such patterns 

for the isotropic materials confirming the property to be specific towards the LCs at low 

surfactant concentrations.72 Experiments were performed to verify the origin of different 

optical textures within and around the 5CB droplet. Initially, for observing the effect of 

surfactant towards generating the various optical textures, 10 μL of sunflower oil droplets was 

dispensed on a 0.1 mM CTAB solution. No particular feature around the oil droplets could be 

observed under polarized optical microscope as shown in Figure 4.7 (I). However, upon 

increasing the CTAB concentration to ~ 0.8 mM, the surfactant packing around the oil droplets 

displayed the characteristic birefringence pattern of that of 4-arc shaped structures in most of 

the oil droplet as shown in Figure 4.7 (II). It must be noted that, under the same CTAB conc. 

of ~ 0.8 mM, 5CB droplets displayed a different droplet texture when compared to the oil 

droplets, as shown in Figure 4.7 (III). The different molecular arrangement displayed by the 

nematogens in the bulk and around the 5CB droplet was a result of the interactions with the 

surfactant and water molecules. In the bulk, a radial alignment of the director existed whereas 

at the periphery a tilted alignment was present. LC packing of surfactants could also have 

contributed towards the reflective droplet boundary albeit at higher surfactant concentrations. 

In a way, the 5CB molecules anchored strongly at TPCL to retain the LC properties under the 

exposure of the hexane vapor while the same is lost in the droplet matrix, which eventually 

allowed the light to pass through the droplet matrix and reflect from the TPCL. 

Subsequently, we employ such optically responsive droplets to be used as photomasks for 

creating 2-D and 3-D patterned features on the photoresist surfaces. Towards this end, 

experiments are performed utilizing a simple setup, which consists of a light source, a polarizer 

lens, a thin layer of CTAB solution dispensed on a cover slip, and the PR substrate. Figure 4.8 

(A) presents the schematic diagram of the prepared unconventional PL setup. The light source 

(360 nm) is kept at a fixed distance of 15 cm from the photomask. The photomask unit consists 

of a cover glass (thickness ~ 110 μm) on which 200 μL of 1 mM CTAB/water solution is 
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dispensed. About 2 μL of 50 mM 5CB/hexane solution is then drop-casted on it, which results 

in the generation of a large array of 5CB droplets covering the entire substrate. The cover glass 

is softly placed on top of the PR coated Si wafer ensuring a proximity contact between them. 

Details regarding the PR spin coating process has been provided in the materials and methods 

section. The diffused light exposure intensity is fixed at 20 mW/cm2 and a constant exposure 

duration of 50 s has been applied for both PR tones – +ve (S1813) and –ve (SU8 – 2002). The 

setup is kept on top of a platform with the surroundings constantly monitored to prevent any 

disturbance to the soft photomask layer. 

Figure 4.8 (B) presents the optical pathway followed by the incoming radiations on their way 

from the LC droplet to the PR layer. The 5CB droplets has an effective refractive index (n) of 

~ 1.6 73,74 and thus could focus the incoming rays from the ambient surroundings, n ~ 1. The 

surrounding surfactant-water medium broaden the pathway of the incoming rays and direct 

them away from normal, due to the presence of a lower n ~ 1.33. The rays undergo a contraction 

towards the normal axis near the water-glass interface with n ~ 1.5. Focused rays eventually 

reach the PR layer and depending upon the nature of the PR layer generate the patterns on it 

accordingly. Figure 4.8 (C) shows the AFM profiles of the PPR layer in presence and absence 

of the fluidic photomasks. Image (I) inset presents the AFM profile of a developed substrate, 

which is exposed to UV-light in absence of any photomask placed on top. The details of the 

developing process of the PR substrate have been outlined in the materials and methods section. 

Since there is no photomask, the entire substrate is uniformly exposed, resulting in no particular 

feature formation. Image (I) highlights the profile of the etched PPR layer obtained in the 

presence of a photomask. Island-like structures (aspect ratio 1:13) on a large-scale are obtained 

that are spatially distributed throughout the substrate. Height distribution of the patterns are not 

exactly uniform and may have been caused due to uneven distribution of refracted light on the 

PR layer. The diverse size distribution of the droplets may have contributed towards non-

uniform light exposure on substrate. The patterns generated are due to nature of the PPR layer 

itself. It may be noted that, the 5CB droplets remain in nematic phase at the air-water interface 

offering a radial configuration and are generally translucent in nature. They would have 

reflected most of the light falling on the droplets itself, while allowing the light to transmit 

through the remaining regions. This would have caused reduced light-induced exposure in 

droplet-covered areas, enhanced exposure in other regions, resulting in island-like structures. 
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Figure 4.8 (A) Schematic diagram representing the fluidic lenses-enabled SPL process. (B) 

Optical pathway followed by the UV-light radiations from the LC droplet to the PR layer. 

Image (C) (I) depicts the topography of the modified PR surface in the presence of 5CB fluidic 

lenses. On +ve toned PR (S1813) substrates, pillar like features with an aspect ratio of 1:13 

were generated. (inset) shows the topography of a blank PPR substrate that has been etched in 

absence of any fluidic lens. Image (II) shows A line profile (green-colored line on the image 

(I)) of the patterned substrate obtained during an AFM scan. Image (III) presents the 3D 

morphology of the respective image I. Image (D) (I) presents the topography of the modified 

NPR (SU8-2002) in presence of fluidic lenses. High-aspect ratio donut-like features were 

generated owing to the 5CB droplet sensitivity towards modulating the incoming radiations. 

(inset) presents the blank substrate etched in the absence of any 5CB lens. Image (II) shows A 

line plot (black line). Image (III) presents a 3D surface morphology of the respective image I. 

Light exposure intensity (20 mJ/cm2) and exposure time (45s) was kept constant while the 

substrates were exposed to a UV light (360 nm) source from a distance of 11 cm.  
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The cross-sectional profile corresponding to the selected green line in Figure 4.8 (C) (I) has 

been provided in Figure 4.8 (C) (II), which indicates an avg. height of 65 nm with a base of 

2-4 µm over a 100 µm × 100 µm area. Moreover, Figure 4.9 presents a Raman plot of the 

patterned substrate. Higher Raman intensity has been observed on the island structures as 

compared to the surrounding region, indicating a higher amount of material present.75 Nematic 

5CB droplet photomasks would have restricted the transmission of light through them, resulting 

in relatively higher exposure of the neighboring regions in the below PR surface with their 

eventual removal through developing process. This may have led to generation of island-like 

structures on the PR surface 3D profile of the obtained structures has been provided in Figure 

4.8 (C) (III). Multiple structures in a definite region correspond to the high-density of droplet-

based masks.  

  

 

Figure 4.9 (left) Raman spectra of a +ve photoresist (S1813) surface highlighting the presence 

of etched patterns. Flattened-droplet structures produced a higher intensity as compared to the 

nearby etched surface. (right) AFM profile of the developed +ve PR surface, when it was 

etched in the presence of 5CB fluidic lens. Scale bar is of length 20 μm. 

 

Figure 4.8 (D) highlights the profiles developed on the NPR substrate in the presence and 

absence of the droplet photomask. Image (I) inset presents the profile of the substrate developed 

in absence of droplet masks on top of it. Figure 4.8 (D) (I) presents the patterns obtained on 

the PR layer when LC droplets are utilized, which eventually lead to donut-like features with 

thick rims surrounding a receded central portion. Since the bulk of the nematic 5CB droplets 

allow the passage of light while the  TPCL reflect back, a higher etch-out is observed near the 

zones where the light is pasting through the bulk while the formation of rim-like structures 

happen in the zones where the light reflects back from the TPCL.23 Figure 4.8 (D) (II) shows 
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the plot having the line-profile of the patterned substrate across the selected black line, which 

also provides an aspect ratio of ~ 1:12 for the structures obtained. The 3D surface profile in 

Figure 4.8 (D) (III) offers a better visualization of the patterns obtained.     

Experimental investigations have also been carried out to utilize the solvent vapor-induced 

phase-transition property of 5CB droplets for employing them as tunable photomasks. Figure 

4.10 (I) depicts the schematic of the overall setup. A glass petridish is utilized to hold the LC 

droplets as photomasks and NPR film as well as containers of the solvent vapors are kept within 

the chamber as shown.  

Following this, hexane vapor is introduced into the chamber to induce a phase transition in the 

5CB droplets.71 Although the change in 5CB phase occurs in few seconds, to prevent the 

disturbance in the liquid photomask layer due to Marangoni-driven motion, 3 min of exposure 

time has been provided. Subsequently, the polarized light rays are transmitted through the 

transparent enclosure and focused on the underlying layers. Figure 4.10 (II) (A) depicts the 

POM image of the nematic 5CB droplets, in absence of any solvent vapors within the chamber. 

Figure 4.10 (II) (B) presents the optical micrograph of multitude of island like features 

obtained on the NPR substrate. The patterns are obtained on a large-scale corresponding to the 

high density of the droplet photomasks. Figures 4.10 (II) (C) and II (D) present the 2-D and 

3-D AFM profiles of the features present on the NPR substrate. Excessive light transmitted 

through the bulk of the nematic droplets results miniaturized island-like structures while the 

retention of the LC properties at the TPCL again restricts the light transmissions leading to the 

formation of ‘castle moats’ surrounding each island. After phase transition, similar 

experimental conditions were maintained to obtain features on the NPR. Figure 4.10 (III) (A) 

shows the POM image of the isotropic 5CB droplet configuration. Figure 4.10 (III) (B) shows 

the optical micrograph of multitude of island like features obtained on the NPR substrate. 

Figures 4.10 (III) (C) and III(D) present the 2-D and 3-D profiles of the features obtained on 

the NPR substrate.  

In another proof-of-concept experiment, large-area pattern surfaces are generated by varying 

the phase of 5CB droplet photomasks and directing the transmitted light onto the NPR surface 

via TEM grid. Figures 4.10 (IV) depicts the schematic of the experimental setup and the results 

obtained employing the modified setup. Utilization of a pre-patterned template such as TEM 

grid allowed for the creation of specific patterns on definite regions. Figure 4.10 (V) shows 

the schematic of the entire process.  
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Figure 4.10 Effect of solvent-vapor annealing on the obtained patterns. (I) Schematic of the 

setup to perform SPL experiment on a NPR substrate. (II) Initially, the patterns are obtained in 

absence of any solvent vapor. (A) POM image of 5CB droplets possessing a radial 

configuration. (B) Optical micrograph of the pattern on the NPR substrate. (C) and (D) 

represent corresponding 2-D and 3-D AFM images. (III) In presence of hexane solvent, the 

5CB droplets undergo a phase transition. (A) POM image of 5CB droplets in an isotropic state. 

(B) Optical micrograph of the patterns obtained with the photomasks in an isotropic phase. (C) 

and (D) represent the corresponding 2-D and 3-D AFM profiles of the patterns. Scale bar in 

images II (A) and III (A) correspond to 50 µm and 100 µm respectively. Effect of using TEM 

grids as pseudo-masks during solvent vapor annelaed SPL. (IV) Schematic of the overall setup 

wherein the incident polarized light passed through 5CB droplets and reached the NPR 

substrate as directed by the TEM grids. (V) Optical micrographs of the patterns obtained when 

the 5CB droplets were in the nematic phase. (VI) Optical micrographs of the patterns obtained 
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when the 5CB droplets were in the isotropic phase. (bottom) Corresponding 2D and 3D AFM 

profiles of patterned obtained in image (III). Scale bar for images (II) and (III) is 100 µm and 

50 µm, respectively.    

TEM grid was softly placed on the NPR surface, which was exposed to polarized rays from the 

above. Figure 4.10 (VI) shows the optical micrograph of patterns obtained on the TEM-grid 

masked region of the NPR substrate. Each square region of the grid was about 58 µm x 58 µm. 

The 5CB droplet photomask was generated by drop-casting a 2 µL droplet of 500 mM 5CB 

solution on a 10 mM CTAB-water bath. This resulted in generation of droplets of 45-60 µm 

diameter. Almost matching imprints of the droplets could be obtained within the square regions 

on the NPR substrate. Figure 4.10 (VII) (top) shows the optical micrograph of the patterns 

obtained in presence of solvent vapor annealing. Nematic to isotropic configuration resulted in 

altering the internal molecular order of the 5CB droplets, which allowed light to travel in a 

different orientation onto the NPR substrate. 2-D and 3-D AFM profiles for a particular grid 

has been shown in Figure 4.10 (VII) (bottom), where the altered topography attained in 

presence of the isotropic 5CB photomasks can be clearly observed. The central portion of the 

5CB droplet allowed light to pass through which resulted in that particular area on the NPR 

substrate to be cross-linked, while at the edges the planar configuration along with the 

surfactant LC configuration, reflected incoming light which led to the grooves obtained upon 

developing. 

4.3.4.2 Measurement of Order Parameter of LC 

Amount of transmitted light is a function of the molecular order existing within the optically 

active 5CB droplets. While the nematic phase results in limited transmission of incident light 

owing to its translucent nature, isotropic state allows higher amount of transmitted light owing 

to its transparent nature. Experiments were performed to understand and analyze the 

differences in the obtained patterns on the account of different transmitted light intensity and 

orientation. Figure 4.11 I (a) and (b) presents the 2-D and 3-D AFM profiles of features 

obtained on a PPR substrate, in absence of any hexane vapor. Since limited light was 

transmitted across the nematic droplet photomasks, it resulted in over-exposure of outside 

droplet regions and under-exposure of regions beneath the droplets, lying on the PPR substrate. 

This led to generation of island like structures after developing. Figure 4.11 (II) presents the 

schematic of the overall process employed to quantify the variation in transmitted light 

intensity as a function of the hexane vapor annealing. Light dependent resistor (LDR) was 

utilized to capture the transmitted light and produce corresponding change in resistance. 
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Figure 4.11 Variation in transmitted light intensity as a function of hexane vapor annealing of 

5CB droplets. (I) (a) and (b) 2-D and 3-D AFM profiles of the patterns on the PPR substrate 

obtained during the nematic state of the 5CB droplet photomask. Patterns were obtained in 

absence of any solvent vapor annealing, and on the account of the limited light passing through 

the translucent, nematic 5CB drop. (II) Schematic of the setup utilized to assess the effect of 

solvent vapor annealing on the transmitted light intensity. The light passing through the 5CB 

drop interacted with the light dependent resistor (LDR), which resulted in generation of 

electrical current in the circuit. (III) (a) and (b) Plots showing the variation in normalized 

electrical resistance (RN) in the circuit as a function of the solvent vapor annealing process. 

(IV) 2-D and 3-D AFM profiles of the patterns on the PPR substrate obtained during the 

isotropic state of the 5CB droplet photomask.    
   

In order to analyze the output light intensity, two plots depicting the changes in electrical 

resistance across the LDR as a function of solvent annealing time were developed, as shown in 

Figure 4.11 (III). Plot (a) presents the changes occurred when the 5CB droplet was converted 

from the nematic configuration to the isotropic configuration. The amount of transmitted light 

intensity increased with solvent exposure time, as it led to destruction of order within the 5CB 

droplet making it more transparent. This led to a gradual reduction in resistance across the LDR 

and hence, decreased the RN value. Upon solvent removal, as the hexane vapors exited the 

isotropic droplet due to vapor pressure difference, molecular order gradually started to develop 

within the 5CB droplet and as a result the droplet’s intensity reduced, as shown in the Plot (b). 

Changes in the light intensity as a function of the vapor annealing process resulted in drastically 

different patterns as depicted in Figure 4.11 (IV). Figure 4.11 IV (a) and (b) presents the 2-D 

and 3-D AFM profiles of the features obtained on the PPR substrate, due to the isotropic 

configuration in the 5CB droplet photomask. Crater-like structures were obtained on the PPR 
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surface because of maximum light transmittance through the isotropic 5CB droplets and 

lensing effect of the 5CB droplets. Areas surrounding the crater-like structures on the PPR 

substrate were at a higher elevation (relatively less etched), probably owing to the reduced light 

transmittance from the reflective droplet boundaries. Furthermore, the better transmitted light 

intensity in the isotropic phase as compared to the nematic phase resulted in higher interaction 

with the underlying PR surface and consequently, led to higher aspect-ratio structures. The plot 

resembles the variation in the order parameters of a LC with temperature or solvent exposure.76 

The simple setup shown here highlight a method to experimentally measure the order parameter 

of an array of microdroplets of LC.  

 

4.4 Conclusions 
In summary, a liquid-on-liquid dewetting technique involving a 5CB-hexane droplet on a 

CTAB/water bath was employed for generation of an array of nematic 5CB droplets. The 5CB 

droplets were kinetically stabilized by internal LC ordering as well as external surfactant 

coverage. Two distinct ordering of the LC nematogens was observed within the 5CB droplets, 

in the bulk and at the periphery, owing to the presence of polar interactions with the surfactant 

medium. The 5CB-hexane droplet dewetting dynamics on the surfactant bath, involved inertia-

dominated, rapid spreading of the TPCL on a low IFT surface until it reached equilibrium. 

Thereafter, solvent evaporation induced the change in S which led to the retraction of the TPCL. 

This facilitated large-scale droplet generation from the receding droplet periphery due to the 

CI instability over a soft, slippery interface. Additionally, it was observed that the sudden 

expansion of the 5CB-hexane droplet over the surfactant bath gave way to spinodal dewetting 

along with CI instability at low surfactant concentrations, and nucleation dewetting at high 

surfactant concentrations. Laminar retraction of the 5CB droplet leading edge over the 

surfactant bath was observed from 100<Re<102, 10-6<We<102. Beyond this regime, turbulent 

conditions prevented analysis of the retracting edge. Control studies were also performed over 

the selection of SS and nature of surfactant. Finally, the potential of this system towards 

employing large-scale, tunable, optically active droplets as soft photomasks in PL setup was 

realized. Two kinds of PR substrates were selected, which after etching revealed different kinds 

of micron-scale features. Furthermore, solvent vapor annealing of the 5CB droplets modulated 

the internal structure of the droplets and controlled the amount of light transmitted through 

them. This provided another handle over development of unique 3-D patterns on the PR 

substrates.  Interestingly, the 5CB droplet over the CTAB-water bath displayed various 

dewetting modes when other SS such as toluene and chloroform were employed. Moreover, 
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the dewetting mechanisms were not material-specific and were also observed in PS/SS 

mixtures over the CTAB-water bath. During the dewetting analysis, 5CB and PS toroids were 

also observed in presence of toluene as the SS.  
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Abstract 

Dewetting of anisotropic liquids such as liquid crystal (LC) presents a facile and rapid pathway 

for realizing large-scale, self-organized optically active droplets. This study uncovers the 

striking fluid dynamics associated with a 5CB droplet in presence of a hexane droplet on a 

water bath. Hexane interaction with the 5CB droplet leads to genesis of a number of 

instabilities. Solutal Marangoni driven recirculation in the droplet bulk is observed. A pair of 

vortices form primarily and grow with time, on one half of 5CB droplet as it experiences an 

asymmetrical exposure to hexane source. The recirculation rate grows with time due to 

increasing surface tension gradient between bulk and surface. Beyond a critical rate, the 

centripetal forces generated as a result momentarily dominate the surface tension forces and 

lead to droplet distortion. This leads to a cessation of the vortices and restoration of the circular 

droplet periphery, leading to initiation of another such cycle. Another effect of hexane 

interaction concerned the 5CB droplet motility on the water bath. Beyond a critical water 

volume in the bath, the gradient in the spreading coefficient across the 5CB droplet three-phase 

contact line initiates 5CB droplet movement in direction of high surface tension. The 

convective flow in the underlying water bath as a result of recirculation in the 5CB droplet 

assists the droplet motility towards hexane source. Consequently, hexane droplet was observed 

to move away from the 5CB droplet. An additional instability manifestation was also observed 

near the leading edge of the 5CB droplet. As the 5CB droplet spreading occurs, hexane 

evaporation rate increases and it results in localized change in interfacial tension value. 5CB 

droplet retraction over the water bath is induced. This enforces the setting up of capillary 

instability at the leading edge which results in generation of numerous miniaturized 5CB 

droplets. The influence of Marangoni stresses as additional destabilizing forces is reflected in 

finger spacing (λ) to droplet diameter (R5CB) ratio analysis. Influence of temperature variation 

in water bath on the recirculation rate is also analyzed. Existence of thermal Marangoni stresses 

encourages higher recirculation rate while reducing the recirculation time period. Furthermore, 

increasing the polarity of the underlying also increases the recirculation rate as enhanced 

electrostatic interactions stabilizes droplet periphery.    
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5.1  Introduction  

Liquid droplets at the air-water interface display a variety of striking behaviour due to 

asymmetrical variation in the interfacial properties as a result of change in the external field. 

Notable examples include attractive capillary interaction between neighbouring droplets due 

to “Cheerios effect”,1 chemical gradient driven surfactant-stabilized systems 2,3 and 

evaporation-induced thermocapillary driven autonomous systems.4 Not surprisingly, the 

distinct motion displayed by droplets on the surface have been considered towards a variety of 

applications such as cargo carriers,5 self-sustained cleaners,6 microfluidic mixers,7 self-

aligning liquid-lens,8 and triboelectric energy generators.9,10 Furthermore, these fluidic 

elements have also prompted extensive research towards obtaining a fundamental 

understanding of, (a) the self-propelled active objects with their dynamical, collective 

behaviour,11,12 and (b) methods designed towards self-organization at the meso-scale.13,14   

The interface between two immiscible fluid phases is never at rest. Any change in the surface 

curvature is accommodated by a proportional change in the interfacial tension. Of late, 

increasing number of works have focused on uncovering the mechanisms associated with the 

genesis of interfacial gradient due to: thermal15,16, surface-active agent17 and solutal effects7,18. 

It may be noted that any change in the surface tension results in development of shear stress 

that is enforced on the bulk fluid, leading to its flow. This movement of layers due to the change 

in chemical potential of the system is commonly referred to as Marangoni-driven flow.12,19 

Solutal driven Marangoni (SM) flows have found utility in different applications of late such 

as volatile organic contaminants detection20, energy harvesting21, and droplet sorting8. This 

method of engendering convective flows within the droplets does not require much additional 

conditions such as thermal gradients or surfactants, and also does not lead to droplet 

contamination.22 In this regard, droplets of isotropic materials such as water have been 

extensively studied.2,3,11 Distinct recirculation dynamics initiated by the SM effect have been 

observed in pure water droplet based-systems as well as surfactant-laden droplets.2 In order to 

visualize and quantify the recirculation in the liquid bulk due to SM driven effects, studies 

concerning utilization of liquid crystal (LC) droplets have been reported.23 

Active emulsions employing LC droplets are primary candidates for studies that focus on 

uncovering fundamental mechanisms of self-propelled droplets undergoing symmetry 

breaking. In a related study, surfactant moieties were introduced to LC droplets in a 

microchannel and the ensuing dynamics associated with collective motion of the LC droplets 

was analysed23. Individual LC droplets dissolved near the three-phase contact line following a 
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micellar pathway that engendered an interfacial tension gradient leading to droplet motility. 

Furthermore, due to the birefringence nature of 5CB droplets the dynamic interactions with the 

surfactant moieties were observed due to variation of director field within droplets.24 These 

systems highlight the importance of anisotropic emulsions that aid in visualization of flow 

fields developed in presence of an external field gradient.   

Identification of diverse drop fragmentation pathways is critical for the design of systems 

incorporating pristine or complex droplets. These droplets are routinely utilized in applications 

such as pharmaceuticals25, food and beverage industries26 as well as in fundamental analysis 

for mimicking biological and artificial systems such as synthetic cells27, membraneless 

organelles28 and microbots29. Current approaches towards droplets generation includes high 

energy intensive methods such as mechanical homogenization30, and low-energy 

emulsification processes including droplet-based microfluidics31, bubble bursting32 and phase 

inversion33. Latter set of techniques are particularly useful towards large-scale droplet 

generation as they allow large-scale droplet generation via minimal consumption in terms of 

interfacial shearing of confined liquids34 and usage of nanoparticles-stabilized emulsions33.  

Of late, unconventional approaches such as wetting transition induced self-emulsification of 

multi-phase bilayer system35, condensation of water vapor onto subcooled oil/surfactant 

solutions36, thermally stimulated breakup of liquid droplets into smaller dimensions37, and 

evaporation induced Marangoni flows in compound droplets can lead to formation of 2D 

assemblies of microdroplets38. These techniques possess the potential for translation to bigger 

platforms as they provide a facile and rapid approach towards large-scale production of 

miniaturized droplets. Certain limitations of these methodologies such as utilization of 

complex, multi-component phase-separating mechanisms and inclusion of secondary volatile 

component does necessitate the need for further research. However these works inspires 

development of novel techniques that employ a quick, controlled disintegration of pristine 

droplets without any contamination39,40. 

As mentioned earlier, utilization of techniques that employ dewetting of a liquid layer on 

another wetting/partially wetting soft, deformable substrates offer certain advantages in 

comparison to utilization of solid substrates41,42. Reduced resistance to inertial-dominated flow 

of top layer (subphase) and absence of contact line pinning allows rapid spreading of subphase 

such that minor disturbances in the three-phase contact line, such as gradient in interfacial 

tension, can lead to onset of instabilities43. Furthermore, presence of a net variation in the 

spreading co-efficient across the droplet periphery may lead to an autonomous motion of 

droplet driven by gradient in chemical potential. Hence, this pathway can be utilized to 
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supplement complex, expensive techniques employed to generate miniaturized compound 

reactors44 or anisotropic lenses45, thereby providing a facile and scalable route.  

In the present work, we explore the dynamics associated with the chemotacticity-driven 

dewetting of a 5CB droplet in presence of a hexane droplet, on a water bath. In the vicinity of 

the volatile solvent drop, solutal-Marangoni driven recirculation are engendered in the bulk of 

the 5CB droplet whilst at its TPCL, an oscillatory contact line instability (CLI) is established. 

The latter phenomenon succeeds the 5CB droplet spreading on the water bath. The leading 

edge of the 5CB droplet undergoes CLI and eventually breaks up into numerous miniaturized 

LC droplets. Extensive experimental investigations have been carried out in order to uncover 

the recirculation dynamics in bulk and CLI, which occur at the leading edge. These phenomena 

result from the interplay of solutal-Marangoni effects and wetting transition at the TPCL, both 

of which are induced by rapid evaporation of hexane. Experimental investigations involving 

effects of 5CB droplet volume, hexane droplet volume, height, polarity and temperature of 

underlying water bath, on the rate of recirculation and corresponding droplet motility over 

water bath have been performed.  

 

5.2 Materials and Methods 

5.2.1 Materials 

4-Cyano-4'-pentylbiphenyl (5CB) was purchased from Sigma Aldrich, India. Ammonia, 

hydrogen peroxide (30% v/v), hexane, ethanol and acetone were purchased from Merck, India. 

The AR grade chemicals were directly used for experiments without any further purification.  

Glass petridish (45 mm diameter) was supplied from Borosil. Milli-Q grade water was 

employed to prepare the bath and for cleaning the glassware. 

5.2.1.1 Characterization 

Surface morphologies were characterized by an optical microscope (Leica, DM 2500 upright 

microscope, with polarized optical microscopy (POM) mode). Thermal imaging of the droplet 

systems was performed using infrared (IR) camera. 

5.2.2  Methods 

5.2.2.1 Spreading of 5CB droplet on a water bath in presence of hexane  

Initially a glass petridish was filled with 2 mL DI water. A 2 μL drop of 5CB was dispensed 

on the water bath. The drop spread to a limited amount owing to the presence of a positive 

spreading coefficient (S, 14 mN/m). Thereafter, a 10 μL hexane droplet was deposited in the 

vicinity of 5CB droplet at an edge-to-edge distance of ~ 1.5 mm. Due to favorable S value for 
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hexane (2 mN/m), it wetted the water surface and reduced the distance between the leading 

edge of two droplets. Furthermore, due to a relatively high volatility rate of hexane, its vapors 

were adsorbed relatively faster on the front-facing 5CB droplet region. As a result of the change 

in 5CB droplet surroundings, different types of instabilities set in the 5CB droplet. Within a 

period of 2-3 s, a pair of recirculation sets in the 5CB droplet on the account of solutal 

Marangoni effect. Thereafter, due to increasing rate of recirculation and occurrence of a net S 

value across the droplet periphery, beyond a certain water level in the bath, droplet motility 

over the liquid substrate was observed. Furthermore, at the 5CB droplet region nearest to the 

hexane source, the three-phase contact line expanded and contracted in a non-monotonous 

manner. The spreading of the 5CB droplet interface gave way led to thinning of the LC film 

which underwent capillary instability. Subsequently, threads of LC columns destabilized and 

underwent dewetting to give way to generation of numerous daughter droplets. Thus, a facile 

method for generation of large-area, miniaturized optically active droplets was achieved. The 

various stages of the 5CB dewetting process were recorded under a POM microscope (Leica 

DM 2500) attached with a high-speed resolution digital camera (Fastcam Mini UX100, Photron 

Ltd.)   

 

5.3  Results and Discussion 

5.3.1 The Phenomenon 

Figure 1 presents the overall schematic of the phenomenon. Initially, experiments were carried 

out in order to explore the dynamic interactions between a LC droplet and solvent droplet on a 

soft, slippery interface. A 2 μL 5CB droplet dispensed on a DI water bath, underwent spreading 

owing to Laplace pressure gradient as well as a favorable spreading co-efficient (S, ~ 11 mN/m) 

as shown in Figure 5.1 (I) (A) - (C). Thereafter, a 10 μL hexane droplet was dispersed such 

that droplet-to-droplet distance was < 2 mm. Ambient conditions such as relative humidity of 

~80% and temperature 21°C were maintained throughout the analysis.  
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Figure 5.1 Schematic diagram depicting the entire phenomenon. (I) (A) A 5CB droplet on a 

water bath undergoes spreading due to Laplace pressure difference and favourable S. (II) (A) 

Hexane droplet undergoes spreading due to similar reasons. However, the 5CB droplet 

undergoes change in S due to interaction with hexane and retracts. (III) (A) As hexane 

evaporates, its vapor gets adsorbed on 5CB surface and solutal Marangoni driven recirculation 

is set in. (IV) (A) After interaction with the hexane droplet, the 5CB droplet also undergoes a 

convective motion on water bath due to osmotic pressure gradient. (V) (A) Enhanced spreading 

of 5CB droplet on water bath, due to reduction in interfacial tension results in generation of 

miniaturized droplets from the contact line. (I) – (V) (B) represents the different stages of the 

dewetting phenomenon schematically from a top view. (I) – (V) (C) POM imaging of different 

stages of 5CB droplet (2 µL) with hexane droplet (10 µL) on a water bath (5 mL). Scale bar in 

the image is 500 µm. 

 

Hexane spreading on water surface disrupted the 5CB contact line equilibrium such that a 

retraction in its periphery was observed, due to change in the S (4 mN/m) as shown in Figure 

5.1 (II) (A). Additionally, due to its high vapor pressure, hexane droplet started evaporating 

almost immediately. The time scale for sensing of the hexane vapors by 5CB droplet (tsense) 

was ~ 1-2 s for a 2 μL 5CB droplet on a 2 mL water bath, as 

2

BTW
sense

hexane-air

=
d

t
D

. Here, dBTW is the 

distance between the 5CB droplet and hexane droplet and Dhexane-air is the diffusivity of hexane 

in air. Thus, within 1-2 s, recirculation sets in the 5CB droplet due to the solutal-Marangoni 

effect as hexane vapors were adsorbed on the 5CB droplet. An asymmetrical hexane exposure 

led to preferential adsorption of vapors on one-half of the 5CB droplet that was facing the 
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hexane droplet. This resulted in formation of two vortices within the bulk, which facilitated the 

movement of 5CB moieties from a region of low-surface tension near the periphery to a region 

of high surface-tension in the bulk, as depicted in Figure 5.1 (III) (A). The reduction in surface 

tension was further caused by interaction of the 5CB droplet contact line with the hexane layer 

on water bath, which led to the formation of an osmotic pressure gradient. 

The recirculation rate beyond a certain value, along with the presence of an osmotic pressure 

gradient, initiated droplet motility on the water bath as presented in Figure 5.1 (IV) (A). 

Recirculation in the 5CB droplet, led to the viscous dissipation in the water bath which 

facilitated the 5CB droplet motion, as shown in Figures 5.1 (II) (B) - (C). The 5CB droplet 

movement was in the direction of the hexane droplet, which in turn, was seeming to move away 

from the 5CB droplet. The movement of the water layers in the opposite direction (to the 

direction of recirculation in 5CB droplet) engendered a movement of the water bath such that 

the hexane droplet was pushed away. As the 5CB droplet was approaching the hexane droplet 

(due to osmotic pressure gradient), the underlying water bath caused the hexane droplet to 

move in an opposite direction. Interestingly, the reduction in interfacial tension near the three-

phase contact line (TPCL) of the 5CB droplet facing hexane, facilitated its spreading on the 

water bath. This resulted in the distortion of the droplet geometry in that region as droplet 

curvature prevented resisted deformation of the TPCL. Increase in the surface area of the 5CB 

film facilitated faster evaporation of hexane. This led to the change in the S near the TPCL such 

that a droplet retraction phase was observed. The receding TPCL underwent capillary 

instability that led to the generation of daughter 5CB droplets, as observed in Figures 5.1 (III) 

(B) and 5.1 (III) (C) – (i), (ii).  

Miniaturized 5CB droplets could also be generated from the initial 5CB droplet resulting in a 

final volume reduction of ~ 10-12 m3. Hence, this technique presented a controlled pathway for 

the generation of a large number of miniaturized nematic 5CB droplets as depicted in Figures 

5.1 (IV) (B) – (C) and 5.1 (V) (A). It may also be noted that, since hexane had initially spread 

on the water bath, its contact with 5CB droplets also allowed to enrich itself with LC moieties. 

It is well known that 5CB is highly miscible in hexane.20 Thus, when the hexane droplet 

evaporated on the water bath, it left behind multitude of 5CB droplets which were also 

generated from the TPCL due to capillary instability. POM images of the different stages of 

the process have been shown in Figures 1 (I) – (IV) (C). for the system consisting of a 2 μL 

5CB droplet and a 10 μL hexane droplet on the water bath. The distance between the 5CB and 

hexane droplets played a vital role in sustaining the phenomenon. If the distance between the 

two droplets was more than ~ 5 mm, no recirculation was observed to set-in with no apparent 
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5CB droplet motility. However, if the droplets were dispensed such that both contacted, 

coalescence of both drops occurred due to high degree of solubility of 5CB in hexane.  

5.3.2 Effect of Varying Bath Volume on Recirculation Rate 
 

 
Figure 5.2 Average recirculation velocity (ωavg) within the 5CB droplet varies with volume of 

water in underlying bath. (I) Change in the nature of recirculation from steady to unsteady 

occurs. The modified Strouhal number (St, avg 5CB,M avg=St ω D V ) also increases as ωavg 

increases with increase in Vbath for a fixed 5CB droplet diameter. (II) Plot depicting the variation 

in St as a function of Reynolds number (Re, 5CB avg 5CB,M 5CBρ μ=Re V D ). Unsteady vortices are 

characterized by larger ωavg values. Beyond Re 0.15, unsteady vortices are generated. 

 

The water level in the bath had an influence on the 5CB droplet motility. Changing the volume 

of water in the container (corresponding water level height, H) led to varying rates of droplet 

motility, as shown in Figure 5.2 (I). At smaller Vbath values, droplet ωavg was limited as well 

as the average droplet velocity Vavg on the water bath was also low. With rise in the Vbath value 

from 1 to 6 mL, ωavg value increased from 0.6 s-1 to 1.8 s-1. Also, Vavg value increased from 

0.07 mm/s to 1.54 mm/s for corresponding rise in water amount from 1 to 4 mL. Beyond 4 mL, 

Vavg calculation was challenging as the droplet displayed erratic motion. Enhancement in the 

droplet recirculation velocity due to solutal Marangoni effect was captured by the reduction in 

the advection time-scale (
5 ,

advection =
CB M

avg

R
t

V
). Here, R5CB,M refers to the radius of mother 5CB 

droplet. Reduction in tadvection was observed from ~21 s to ~ 1 s, as Vbath increased from 1 mL 

to 4 mL.  

It may be noted that the change in H affected the viscous dissipation in the underlying water 

bath due to the recirculation in the 5CB droplet. For a 2 μL 5CB droplet in presence of a 2 μL 

hexane droplet on a 2 mL water bath, the sustained movement of the 5CB droplet was observed 

TH-2768_156107004



  

                                                                                                                              Chapter 05 
 

153 | P a g e  

 

between 33-38 s. Flow in the water bath develops close to the lower surface of the 5CB droplet, 

from a boundary layer thickness of ( ) ( )~δ t νt , where ν is the kinematic viscosity of water. 

For H ~ 5 mm (Vbath ~ 2 mL), δ reaches H within a time period of ~ 35 s. This period reduced 

gradually to ~ 5 s, as H increased to 12 mm (Vbath ~ 6 mL). At low water levels in the container, 

movement of water just beneath the rotating 5CB droplet was impeded due to influence of 

boundary layer near the glass substrate. Since the motion was restricted, flow capable of 

initiating 5CB droplet movement on the water layer could not be established. However, with 

rising water levels, the recirculation within the 5CB droplet induced faster movement of water 

layers such that a flow could be developed in the water bath. As the recirculation within the 

5CB droplet stopped, the 5CB droplet motility also ceased.   

Furthermore, variation in the S between the two halves of 5CB droplet (droplet facing side and 

droplet back side) led to the disturbance of equilibrium near the TPCL. A net positive value of 

S such that ∫ 𝑆 𝑑𝛳 ≫ 0
2𝜋

0
 (θ being the central angle), caused the movement of the 5CB droplet 

in the direction of low surface tension towards the hexane droplet.7 The convective flow within 

the water bath assisted the 5CB droplet motion such that with increasing volume of water, 

higher values of Vavg were observed. Interestingly, the increase in recirculation rate beyond a 

critical value led to the disruption in the droplet geometry as the centripetal forces overcame 

the surface tension forces. The sudden expansion of the droplet was followed by an 

instantaneous restoration of droplet shape as the recirculation ceased and surface tension forces 

prevailed. This transition from steady to unsteady vortices was observed beyond 1.5 mL water 

in the bath (~ 4 mm water column). This transition in the nature of recirculation was also 

characterized with the aid of dimensional analysis. 

Parameters such as mother 5CB droplet diameter (D5CB,M), average recirculation rate (ωavg), 

recirculation velocity (V5CB), 5CB density (ρ5CB) and 5CB viscosity (μ5CB) 46 were employed to 

obtain dimensionless numbers such as modified Strouhal number (St,
avg 5CB,M

avg

ω
=

D
St

V
) and 

Reynolds number (Re,
5CB avg 5CB,M

5CB

ρ

μ
=

V D
Re ). In the beginning, the St decreased with increase 

Vbath as the average flow velocity of 5CB droplet, Vavg, increased. However, beyond the ω 

avg,critical an increment in the St was observed owing to the enhanced Vavg values. Vbath (> 4 mL) 

facilitated rapid recirculation as well as droplet motility in seemingly random manner, such 

that it was challenging to calculate St value. Figure 5.2 (II) highlights the transition from 

steady to unsteady vortices, as the Re increased with increasing Vbath. Higher ω avg within the 
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5CB droplet induced the droplet motility over the water bath. This further aided in increasing 

the inertial forces of the 5CB droplet such that it could overcome the drag. Moreover, beyond 

ω avg,critical, since the droplet was unable to withstand the centripetal forces generated by the 

recirculation, it led to disruption of the droplet geometry as was observed at higher Re numbers.   

As mentioned earlier, with increase in Vbath the ωavg increased until it reached a critical point. 

Beyond this point, as the 5CB droplet was unable to maintain its shape, it distorted at the droplet 

end nearest to the hexane droplet. The recirculation within the 5CB droplet gradually increased 

owing to the dynamic change in the surface tension gradient between the 5CB droplet surface 

and the bulk, as depicted in the plot of Figure 5.3. The number of recirculation (NR) increased 

with time and reached a maximum at the ωavg, critical. As a limited region of the droplet expanded 

due to imbalance in surface tension and centripetal forces, it instantaneously went back to its 

original shape. The droplet curvature and S prevented in the distortion of the 5CB droplet 

geometry on the “other half”, such that a limited portion of the 5CB droplet was destabilized. 

As the droplet expanded and contracted, the NR value within the recirculation ceased to exist. 

The peak of chemical to mechanical energy manifestation was attained as the 5CB droplet 

expanded due to increase in the inertial forces. As soon as the droplet expanded, there was an 

imbalance of recirculation within the droplet and net magnitude of centripetal forces decreased.  

This was immediately followed by the contraction stage as the surface tension forces overcame 

leading to cessation of the recirculation and restoration of the circular geometry of the 5CB 

droplet. Gradually the cycle repeated as the surface tension gradient was again established 

because of the recirculation. With time, the NR value decreased as the 5CB droplet started to 

saturate with hexane. This not only reduced the surface tension gradient across the 5CB droplet 

but also led to the transition from nematic to isotropic phase.     
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Figure 5.3 Nature of recirculation within 5CB droplet. NR within a definite period increases 

with time as more vapor gets adsorbed on the surface. Image (I) presents the POM image of a 

5CB droplet (2 µL) in absence of hexane droplet (10 µL). Once hexane droplet is deposited in 

its vicinity, ωavg increases as does NR. Beyond a ωavg,critical value, at max. NR, sudden distortion 

in droplet geometry occurs as shown in image (II). Image (III) presents the 5CB droplet state 

at the beginning of another cycle. Scale bar is of length 500 µm. 

 

5.3.3 Effect of Varying 5CB and Hexane Volume on Recirculation Rate 

Experiments were also carried out to understand the effect of fixed vapor amount on the 

recirculation rates when the volume of 5CB droplets were increasing. Figure 5.4 (I) presents 

the plot depicting the variation in the ωavg with V5CB. It was observed that for a fixed hexane 

droplet volume (2 μL), increasing the 5CB droplet volume led to a gradual reduction in the 

ωavg. For smaller 5CB droplet (1-2 μL) the hexane vapor concentration in its vicinity was 

sufficient to generate high recirculation rates. As the V5CB increased, and since the amount of 

hexane was definite, higher resistance in the form of diffusion and viscous forces in the bulk 

of the 5CB droplet, prevented the establishment of high recirculation rates. This was also 

evident as the time of recirculation also reduced with increasing V5CB. It was also observed that 

there was a steady rise in the St with increasing V5CB. This would have occurred due to increase 

in the droplet dimensions as well as reduction in the Vavg. The bulk droplet velocity reduced 

with increasing V5CB as lesser magnitude of surface tension gradient was attained within the 

droplets due to limited amount of hexane vapor. The hexane vapor penetration in to the bigger 

droplets would have reduced due to diffusion-based mass transfer resistance.  
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Figure 5.4 Effect of varying 5CB droplet volume on rate of recirculation for a fixed hexane 

droplet volume. (I) Plot shows the variation in ωavg with initial 5CB volume. Increasing the 

droplet volume, increases the resistance to recirculation in the form of inertial forces. A limited 

increase in St is observed owing to the increment in droplet diameter and reduction in bulk 

droplet velocity (II) Increasing the hexane droplet volume assists in the recirculation as the 

change in surface tension gradient is enhanced due to higher availability of hexane. 

Simultaneous increment in St takes place for a fixed 5CB droplet volume as ωavg increases.  

 

In order to elaborate the effect of increasing 5CB droplet radius on the solutal-Marangoni 

driven recirculation a simple mathematical model was utilized.7,47 Initially, hexane vapor 

concentration in air (Chex) was determined using a steady-state Poisson diffusion equation. Few 

assumptions were made while solving: hexane vapor propagated along the radial direction 

along the water bath due to its relatively large molecular weight; region for diffusion was half 

as the droplet was asymmetrically exposed to hexane vapor, this subsequently led to doubling 

of vapor concentration near 5CB droplet facing side; and, point source of hexane vapor led to 

representation of the equation in spherical co-ordinates. Schematic diagram of the setup is 

presented in Figure 5.5. Thus, the concentration profile obtained at z=0 is,  

0
hex hex

hex
2 2

5CB

 × 21
( )

2 ( ) +( )
=

+ −

C R
C x,y

d R x y
, where 0

hexC  is initial hexane concentration near hexane 

droplet, Rhex is radius of hexane droplet and L is the distance between 5CB droplet and hexane 

droplet (assumed to be a constant value of ~ 2 mm). For purpose of simplification, G (=

2 2
5CB( ) +( )+ −d R x y ), is used to represent the gap between the point source and 5CB droplet. 

The concentration equation satisfies conditions Chex = 0 as G → ∞ and Chex = 0
hexC  as G → Rhex. 

From the experiments it was observed that the recirculation in the 5CB droplet were observed 

mostly in regions marginally larger than one-half of the droplet, facing the point source. Thus, 
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the modified concentration equation is 0
hex hex

2 2
5CB 5CB

1 1
* =  × -

( ) +( )

 
 
 + 

C C R
L L R R

, where C* 

is the concentration gradient between 5CB droplet periphery and centre. Estimation of the 0
hexC

was obtained using Dalton’s law and the value was ~ 0.61 kg/m3 at NTP.  

 

 

Figure 5.5 (A) (i) Schematic diagram of experimental setup. Hexane source kept close to 5CB 

droplet has an initial concentration of Co (~ 0.65 kg/m3) in air. (ii) The hexane source (having 

a radius Rhex) is dispensed at a distance L from the 5CB droplet (having a radius R5CB). (B) Plot 

of concentration gradient of hexane at 5CB surface (C*) as a function of 5CB droplet radius.   

It may be noted that in this study the value of Re within the 5CB droplet is usually < 1. Hence, 

the forces generated due to solutal-Marangoni effect (
2
5

γ

CBR
) were balanced by the viscous 

forces within the 5CB droplet ( 5

5

μ CB

CB

V

hR
), where γ is the change in surface tension at 5CB 

surface and h5CB is the droplet height.47 Plot of V5CB, calc with γ variation could not be 

constructed as parameters linked to it such as diffusion co-efficient of hexane in 5CB, constants 

defining hexane conc. gradient-surface tension relationship of 5CB, are unavailable in 

literature. However, variation in C* with R5CB, provides a demonstrative idea of the 

phenomenon.  

Figure 5.5 (A) depicts the droplets arrangement on the water bath. Co represents the hexane 

concentration in air close to source. The different parameters such as Co, L, R5CB and Rhex have 
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been represented in Figures 5.5 (A) (i) and (ii). As the hexane evaporated into the air, its 

concentration close to the source droplet was highest. With gradually increasing distance its 

concentration varied due to diffusion in air. As a result, increasing the radius of the 5CB 

droplet, increased the gap between the 5CB droplet centre and 5CB droplet surface, where 

hexane concentration was highest. The variation in the hexane concentration gradient existing 

at the 5CB droplet surface has been shown in Figure 5.5 (B). Hence, with increasing R5CB, the 

surface tension gradient required to generate recirculation increased. However, a reduced ωavg 

was observed with V5CB, since the hexane vapor had to diffuse through a larger distance in 

order to initiate the movement of layers, which also faced resistance due to viscous forces.  

Another set of experiments were carried out to determine the effect of increasing solvent vapor 

amount on the ωavg when the 5CB droplet volume was fixed at 2 μL. To begin with, no 

recirculation was observed in the 5CB droplet in the absence of any hexane source. As the 

Vhexane increased, the ωavg also started to rise and displayed a direct relationship with the volume 

of hexane droplet. From experimental findings it was revealed that presence of a minimum Vhex 

of 2 μL was required for ~ 3-4 s at L of 2 mm, to initiate the recirculation in a 2 μL 5CB droplet 

on a 2 mL water bath. As the vapor concentration in the droplet ambience increased, the 

magnitude of surface tension gradient set-in increased. This led to establishment of higher ωavg 

for the 5CB droplet of fixed volume. Presence of hexane vapor for longer time-period not only 

induced faster recirculation but the time period for recirculation also increased. It was also 

observed that there was a gradual rise in the St with the rise in Vhexane, as shown in Figure 5.4 

(II). This was attributed to the enhanced recirculation rates for a fixed 5CB droplet diameter. 

Although, there was a simultaneous increment in the Vavg, the rise in the recirculation rates was 

more. Volume of water in the bath was fixed at 5 mL for the experiments conducted. Hence 

the amount of time required to initiate flow in the underlying water bath was much longer than 

that required for initiating recirculation. The development of flow in the underlying water bath 

was important as it was required to sustain the bulk 5CB droplet motility on the water bath.  
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5.3.4 Effect of Varying Salt Concentration on Recirculation Rate 

 
Figure 5.6 Salt concentration in the underlying bath influences the rate of recirculation as well 

as phase transition time within the 5CB droplet. Plot presents the effect of changing NaCl 

concentration in water on ωavg and time for nematic-to-isotropic transition (tNI). Optical 

micrographs (I) and (II) highlight the 5CB droplet on water bath in absence and presence of 1 

M NaCl, respectively. Scale bar is of length 500 μm. Grey region in the POM image of 5CB 

droplets highlight the nematic phase, while the black regions highlight the isotropic phase.  

 

Further experiments were carried out to understand the role played by the physico-chemical 

characteristics of the water bath on the nature of 5CB recirculation. 5CB has been known to 

have favourable interactions with air-water interface towards formation of stable films. 48,49 

The polar mesogens of 5CB (dipole moment ~ 5D 50) interact with the highly polar water 

molecules via electrostatic interactions. As a result, strong anchoring is imposed on the LC 

surface as witnessed in the LC droplets 50, fibres 51 or films 52 in aqueous environment. In the 

present study, effect of anionic salt addition in the water bath (NaCl) on the rate of recirculation 

was investigated. In the absence of electrolyte, ωavg for a 2 μL 5CB droplet in the presence of 

5 μL hexane droplet was around 1 s-1 for a bath containing 5 mL water. However, under similar 

experimental conditions much faster rate of recirculation was observed in presence of varying 

concentrations of NaCl (CNaCl), as can be seen in Figure 5.6. With gradual increase in the CNaCl 
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from 0 to 2.5 M (near solubility limit at room temp.53, there was a noticeable enhancement in 

the ωavg from 1 s-1 to 3.5 s-1. 

Moreover, the high rate of recirculation also did not disturb the droplet geometry, which was 

in stark contrast to 5CB droplet dynamics witnessed in earlier experiments. Since the 5CB 

droplet displayed rapid, steady twin-vortices, no transition to unsteady vortices was observed 

in the presence of electrolyte solution. The addition of NaCl to the water bath increased the 

polarity of the medium. This improved the dipole-induced dipole interactions between the polar 

nitrile-head (-C≡N) of 5CB mesogens and the underlying ionic solution. It is hypothesized that 

along with the surface tension forces, this interaction between the 5CB and salt solution 

imparted stability to the TPCL of the 5CB droplet such that a stable interface existed between 

the droplet and water bath, which prevented the distortion of droplet geometry at high ωavg.  

It may also be noted that in the presence of salt solution and under 10X magnification, it was 

observed that the 5CB droplet end close to the hexane droplet did not distort and engender 

generation of many daughter 5CB droplets. Furthermore, due to the high recirculation rates 

existing within the nematic 5CB droplet, hexane diffusion was enhanced which led to faster 

phase transition. Figure 5.6 (I) and (II) reflect the state of the 5CB droplets which were 

exposed to hexane for similar period on a water bath containing no NaCl, and 1 M NaCl, 

respectively. Transition from nematic phase (grey region) to isotropic phase (black region) took 

less time (tNI) as the salt concentration in the underlying bath increased. It was observed that 

while tNI was ~ 45 s in a 5CB droplet on 1 M NaCl bath, it was reduced to ~ 25 s for a 5CB 

droplet on a 2.5 M NaCl bath. Thus, naturally the period of recirculation within the 5CB droplet 

also decreased with increasing CNaCl in the water bath, as the 5CB droplet became saturated 

with hexane at a faster rate.    

5.3.5 Effect of Varying Bath Temperature on Recirculation Rate 

The recirculation within the 5CB bulk may have occurred either as a result of density driven 

flows (Rayleigh-Bénard (RB) instability) or surface tension difference, as depicted in Figure 

5.7 (I). Considering the droplet diameter was near its capillary length, gravity may have 

necessitated flow within the droplet due to evaporation induced temperature changes. In order 

to verify this hypothesis, an IR camera was employed to detect the temperature changes during 

the entire analysis. For a 2 µL 5CB droplet, temperature at its surface was monitored in the 

presence of a 2 µL hexane droplet on the water bath.  
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Figure 5.7 (I) Generation of recirculation within the 5CB droplet affected by solutal Marangoni 

effect and thermal Marangoni effect. Influence of RB instability on the recirculation rate was 

not significant. (II) IR profiles of 5CB-hexane droplets on the water bath. (A) Image represents 

the temperature profile of 5CB drop and hexane drop, at the time of deposition of hexane on 

water bath. 5CB drop (not visible) is present on the water bath having a temperature ~ 24.3 °C. 

(B) After a period of ~ 5s, the 5CB drop starts moving towards hexane drop, however the 5CB 

temperature has still not significantly changed (~ 24 °C). (C) After the entire hexane 

evaporates, the change in 5CB temperature is minimal (~ 23 °C). (III) Plot depicting the 

variation in 5CB droplet temperature (ΔT) as a function of hexane volume (Vhexane). Here 

Tc
*represents the minimum critical temperature required to initiate Rayleigh-Bernard 

recirculation within the 5CB droplet. Scale bar in the image is of length 2 mm.   

  

The temperature of the entire setup at different time intervals has been presented in Figure 5.7 

(II). IR profile of 5CB-loaded water has been depicted in Figure 5.7 (II) (A) wherein hexane 

droplet was just dispensed. Average temperature of water bath and 5CB was around 24.3 °C 

whereas hexane droplet was ~ 23 °C. Thereafter, on the account of variation in S, droplet 

motility of 5CB towards hexane was observed after a period of ~5s, as shown in Figure 5.7 

(II) (B). As the hexane droplet evaporated its temperature reduced further. 

Moreover, it was observed that the interaction of the hexane vapor with the 5CB droplet did 

not result in significant change in 5CB temperature (ΔT). The temperature change at the end of 

the process when hexane evaporated led to a decrease in 5CB droplet temperature to a 

minimum of ~ 23 °C, as shown in Figure 5.7 (II) (C). Increasing the hexane droplet volume 

increased the temperature gradient at the 5CB surface as more hexane adsorption and 

desorption occurred. However, the temperature change required to initiate flow within 5CB 
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droplet due to RB instability did not reach the critical value (Tc
*) within the present set of 

experimental conditions, as depicted in Figure 5.7 (III). Hence, the recirculation was primarily 

due to surface tension gradient generated at the 5CB droplet periphery. 

In order to understand the origin of recirculation within the 5CB droplet, whether it was 

Thermal or solutal Marangoni driven, a simple analysis was performed. It may be noted that at 

room temperature under similar experimental conditions as mentioned in above experiments 

(V5CB – 2 μL, Vhexane – 10 μL, Vbath – 2 mL), the thermal-driven Marangoni effect either due to 

ambient conditions or due to evaporation, was not significant. Thermal Marangoni number 

(MaT, max 5CB

5CB 5CB

σΔ

μ α
=T

T R
Ma ) < 1, where σ  is the rate of change of surface tension in 5CB as a 

function of temperature 54, maxΔT  is the maximum temperature change observed within the 

5CB droplet during analysis and 
5CBα  is the thermal diffusivity of 5CB.55 The rate of change 

of fluid movement within the droplet due to thermal diffusion was similar to that generated due 

to thermally-varying surface tension gradient. Moreover, the limited contribution of thermal 

effects at room temperature towards inducing recirculation was also highlighted by the 

marginal value of thermally-driven Marangoni convection velocity (Vthermal, max
thermal

5CB

σΔ

μ
=

T
V ) 

of value ~ 0.4 mm/s. Furthermore, for 5CB mother droplets having V5CB smaller than 4 μL , the 

Bond number (Bo, 

2

5CB 5

5

ρ

γ
= CB

CB

gh
Bo ) was < 1, where 5CBρ is the density of 5CB, 5CBh  is the 5CB 

droplet height and 5γ CB
is the interfacial tension at 5CB-water interface. As a result, the 

interfacial driven forces governed the droplet dynamics compared to the gravitational forces.  
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Figure 5.8 Effect of variation in the bath temperature (Tbath) on the 5CB droplet recirculation. 

Plot (I) presents the change in ωavg as a function of Tbath. With increasing temperature of 

underlying bath, ωavg values increased. Plot (II) presents the variation in Capillary number (Ca, 

D avg mCa V = ) with bath temperature. Higher surface tension gradient generated due to 

larger hexane availability near 5CB surface, led to rise in Ca with increment in Tbath. Moreover, 

at higher Tbath conditions, the enhanced recirculation also increased the Weber number (We, 
0

D avg D mWe V d = ) since the availability of hexane in addition to the thermal Marangoni 

stresses improved the convective flow within the droplet.     

 

The consequence of this was that the recirculation generated due to buoyancy driven forces 

was also weak, the magnitude of which was represented by the Vbuoyant (~ buoyant
5CB

gβΔ

ν
= maxT

V ). 

Here, g is the gravitational constant, β is the expansion co-efficient for nematic liquid crystal 

56 and ν5CB is kinematic viscosity of 5CB. For V5CB < 4 μL, Vbuoyant was around 0.04 mm/s. 

Hence, the recirculation due to density-driven was not significant for smaller 5CB droplets. 

However, changing ambient parameters and employing larger 5CB droplets led to conditions 

which involved interplay of gravitational and thermocapillary effects. 

Changing the underlying bath temperature (Tbath) influenced the recirculation rate within the 

5CB droplets considerably. Since the dimension of the 5CB droplet having V5CB ~ 2 uL was 

near its capillary length (Lc, 
5CBσ

Δδg
=cL ) of value ~ 2.3 mm, gravitational effects would have 

also determined the movement of fluid within the 5CB droplet. Density-variations as a result 
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of thermal gradients around the droplet periphery had to be considered. Figure 5.8 (I) presents 

the effect of Tbath on the rate and the period of recirculation (tR). It was observed from the 

experiments that at lower bath temperatures (0-10 °C), ωavg had a lower value compared to 

what it was at room temperature. Since the recirculation in the 5CB droplet was solutal-

Marangoni driven; at lower Tbath, low volatility of hexane solvent contributed towards presence 

of reduced surface tension gradient at the 5CB surface. Additionally, the density variation due 

to difference in temperatures between 5CB-air interface and 5CB-water interface, would have 

facilitated movement of 5CB fluid in a direction that opposed the surface-tension driven flow.  

With increasing Tbath, ωavg improved considerably. Rise in recirculation within the 5CB droplet 

would have been primarily due to a faster hexane evaporation rate, and thermocapillary effects. 

Higher hexane evaporation would have led to generation of high vapor pressure near droplet 

periphery and consequently, higher absorption within the 5CB droplet. Furthermore, a heated 

water bath would have allowed stronger convection currents to develop in the 5CB droplet such 

that the movement of fluid from the 5CB-air interface towards 5CB-water interface would have 

assisted the solutal-Marangoni driven flow. With increasing Tbath, tR reduced gradually. As the 

volatile solvent droplet evaporated faster with rising Tbath, the driving force required to sustain 

the recirculation within the droplet waned. Also, as more hexane diffused within 5CB droplet, 

the net hexane concentration gradient in the droplet diminished leading to establishment of a 

low surface tension gradient.  

Convective flow magnitude within the 5CB droplet was also studied employing parameters 

such as initial 5CB drop diameter ( 0

Dd ), average recirculation rate (ωavg), average recirculation 

velocity (Vavg), drop density ( D ), drop viscosity ( D ) and IFT between the 5CB-hexane drop 

and surfactant-water bath (γ5CB). This analysis led to formation of dimensionless numbers such 

as Capillary number (Ca, = D avg mCa V  ) and Weber number (We, 0= D avg D mWe V d  ) which 

helped in understanding the interplay of viscous, inertial, capillary and centripetal forces. 

Figure 5.8 (II) depicts typical variation in the droplet Ca number when Tbath was changed. At 

lower bath temperatures as the recirculation velocity was low, the surface tension forces 

dominated the flow profile resulting in the existence of a low Ca number. However, with 

increasing water temperature, the rate of recirculation within the 5CB droplet enhanced such 

that the Vavg improved, leading to an overall increase in the Ca number from 0.25 at 3 °C to ~ 

0.5 at 60 °C. As the inertial forces dominated, simultaneous improvement in the We number 

also took place from 30 at 3 °C to ~ 130 at 60 °C, as depicted in Figure 5.8 (III). The rise in 
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We was relatively higher to Ca number under the same temperature range, suggesting enhanced 

influence of inertial forces w.r.t capillary forces in determining the recirculation dynamics. 

Additionally, with increase in the centripetal forces as a result of enhanced recirculation, the 

droplet stability was affected and occurrence of unsteady vortices was observed at temperatures 

beyond 40 °C. It must be noted that there was a marked change in the respective slopes of Ca 

number and We number profiles as Tbath was increased. The change occurred in the region of 

5CB phase transition, between 35-40 °C.57 As the droplet transitioned from a nematic to an 

isotropic state, an enhancement in the rate of recirculation was observed owing to the reduction 

in the 5CB droplet viscosity at higher temperatures. Moreover, an increase in the surface 

tension gradient at higher Tbath did occur due to higher hexane evaporation and thermocapillary 

effects. However, the change in the Vavg was considerable due to viscous dissipation in the 

underlying bath such that a net increment in the Ca and We numbers was still observed.    

Besides solutal-Marangoni driven recirculation and oscillatory contact line instability, another 

phenomenon was observed at the TPCL of the 5CB droplet in presence of hexane on the water 

bath. The 5CB droplet half facing hexane droplet displayed spreading dynamics on the water 

bath. Since there was a net difference in the S around the 5CB droplet, due to favourable 

conditions, a limited region of the 5CB droplet extended over the bath to form a “film”. As the 

droplet spread, surface area of the formed 5CB film increased which led to higher evaporation 

rate of hexane. This induced a change in the sign of S such that a retraction of the leading edge 

was observed. This resulted in the characteristic contact line instability phenomenon. Near the 

leading edge, the curvature forces overcame the surface tension forces to initiate the 

disintegration of the film into miniaturized 5CB droplets in the range 6-22 μm as depicted in 

the Figure 5.9 (I).  

Thus, this chemotacticity driven 5CB droplet dewetting phenomenon enables production of 

5CB droplets whose volume spans about 4 orders of magnitude. Moreover, the liquid threads 

developed at the leading edge demonstrated a definite wavelength, λ as shown in Figure 5.9 

(II). Interestingly, the oscillatory contact line motion influenced the spreading dynamics of the 

5CB film on the water bath, such that dewetting of the film was more visible as the droplet 

proceeded in direction of hexane droplet than when the droplet was receding. This occurred 

due to change in the S value as the droplet neared the hexane droplet resulting in higher surface 

tension gradient. Figure 5.9 (III) shows the leading edge of the 5CB droplet disintegrating to 

generate daughter droplets.  
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Figure 5.9 Contact line instability induced dewetting. Plot (I) presents the effect of variation 

in 5CB droplet volume on the generated daughter droplets and droplet spacing (λ). Higher 5CB 

droplets leads generation of larger daughter droplets. Plot (II) presents the variation in the 

finger spacing (FL) on the account of changing the V5CB value. Higher FL values are observed 

for bigger 5CB droplets. Image (III) shows an optical micrograph of the leading edge of 5CB 

droplet (2 µL) undergoing dewetting while displaying fingers with a spacing λ.  

Varying the 5CB droplet size resulted in generation of different droplet dimensions as well as 

λ/R5CB ratio. Larger 5CB droplets (> 6µL) resulted in the generation of daughter droplets having 

15-20 µm diameter. As the recirculation set-in the 5CB droplet, due to larger inertial forces 

dominating the flow characteristics, the region of the droplet undergoing spreading over the 

water bath would have had higher thickness than the film formed due to spreading in the 5CB 

droplet of lower volume (0-2 µL). Stabilizing forces such as Nematic elasticity and 

intermolecular forces would have delayed the onset of dewetting in these films such that it 

would have resulted in more spacing between fingers and resultant daughter droplets with 

larger dimensions. 

On the other hand, in case of spreading in 5CB droplets of lower volume (0-2 µL), the film 

formed on the water bath would have been relatively thinner. This would have allowed 

destabilizing forces such as Marangoni stress and surface tension to dominate the dewetting 

dynamics and result in generation of narrower finger spacing with smaller daughter droplets. 
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This was observed in the plot also as λ/R5CB ratio decreased from the standard value of ~ 8.85-

9 observed in curvature-driven dewetting in case of Rayleigh-Plateau (RP) instability to < 4, 

observed under conditions wherein additional destabilizing forces such as surface tension 

dominates. 

5.4 Conclusions 

This study investigates the striking contact line dynamics displayed by the pristine 5CB droplet 

in presence of a hexane droplet on a water bath. This mechanism of liquid-on-liquid dewetting 

also presents a facile route for obtaining multitude of miniaturized 5CB droplets. The 

phenomenon initiates via interaction of the 5CB droplet with the hexane source that leads to a 

change in the 5CB droplet composition. Surface tension gradient leads to generation of the 

solutal Marangoni stresses in the 5CB droplet which leads to the generation of bulk 

recirculation. The recirculation grows gradually with time leading to a critical value. 

Spontaneous deformation of the circular periphery as a result of dominance of centripetal forces 

is observed. This results in stopping of the recirculation and an instantaneous restoration of the 

droplet geometry. This cycle was observed to repeat in time. Variation in the 5CB droplet for 

a fixed hexane amount, resulted in reduction of the recirculation rates due to dominance of 

viscous forces over inertial forces. Changing the hexane droplet volume enhanced the 

recirculation rate within the 5CB droplet as a result of prolonged surface tension gradient 

presence near the 5CB droplet. Increasing the bath temperature led to faster recirculation on 

the account of thermal Marangoni effects, however it reduced the recirculation time period as 

5CB phase transition occurred early. Polarity of the water bath also had an effect on rate of 

recirculation as increasing the salt content facilitated higher recirculation rates. Higher polar 

interactions with the 5CB droplet allowed for balancing of the centripetal forces such that 

unsteady recirculation was prevented. Another interaction near the droplet three-phase contact 

line occurred due to an osmotic pressure gradient that caused 5CB droplet motility over the 

water bath. Experiments uncovered that variation in the water bath level changes the rate of 

droplet locomotion. Presence of the hexane source also facilitated droplet spreading on the 

water bath. This led to localized hexane evaporation resulting in variation of interfacial tension 

gradient. Capillary instability in the retracting 5CB droplet was observed before spontaneous 

disintegration of the film into miniaturized 5CB droplets. Influence of destabilizing surface 

tension forces could be identified as reducing the 5CB loading resulted in reduction of droplet 

spacing and droplet diameter, with their ratio being less than that observed during RP 

instability.      
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6.1 Conclusions  

This thesis presents proof-of-concept setups that have employed simple droplet configuration 

upon solid and liquid substrates for catering to biosensing, energy harvesting and patterning 

applications. Functional nature of liquid droplets has been exploited by incorporation of 

suitable materials for obtaining tailored responses. The following sections provide a brief 

overview of the key results from the different chapters and also highlight the avenues for future 

research in these areas.  

6.1.1 Acoustic Wave Catalyzed Urea Detection Utilizing a Pulsatile Microdroplet Sensor 

In this chapter we employ an external sound-stimulated conducting water microdroplet for the 

purpose of functioning as a biosensing setup as well as a sound detector. Variations in the 

electrical resistance of the oscillating droplet can be mapped with the analyte concentration 

(biosensor) as well as with the characteristics (pitch, tempo) of the external sound (sound 

detector). The main conclusions of this study are: 

➢ Stimulating the droplet with acoustic waves results in generation of recirculation within 

the droplet. The sound pressure waves isotropically impact the three-phase contact line of 

the incompressible fluid, resulting in generation of a symmetrical fluid displacement. The 

convective flow within the conducting water droplet results in displacement of ions. At the 

resonant frequency of the setup, maximum displacement of ions results in the maximum 

decrease in electrical resistance across the droplet as measured with the help of two Cu 

wires and a multimeter. Furthermore, the oscillations also distort the droplet geometry 

which further contributes towards the change in ionic distribution within the droplet.    

➢ Employing a free droplet configuration wherein one of the surfaces was exposed to 

surroundings while the other was resting on substrate, a sound sensor was developed. The 

microdroplet was acoustically stimulated with sounds from different instruments such as 

harmonium, flute and tabla. Depending upon the characteristic of the external sound, the 

change in electrical resistance was observed. The droplet was successfully able to 

distinguish between the different octaves and bol depending upon their pitch and tempo.  

➢ Employing a sandwich configuration wherein the droplet was attached to the glass 

substrate on either end, a biosensing application was performed. Incorporating Au/CdS 

attached urease nanocomposite to the acoustically stimulated droplet facilitated the 

construction of a urea biosensor. The Au/CdS nanocomposite was added to improve the 

interfacial area of enzymatic reaction and also improve the conductivity of the system. In 

TH-2768_156107004



 

Chapter 06 
 

176 | P a g e  
 

situ droplet experiments performed by utilizing a particular enzyme concentration for a 

range of urea concentrations led to the development of a calibration chart. Depending upon 

the amount of urea present in the droplet, its decomposition in the presence of urease 

resulted in generation of ions which contributed to the decrease in the electrical resistance 

across the droplet. Thus, for different values of urea concentration, different electrical 

resistance values of the droplet were obtained. Interestingly, it was observed that the 

enzymatic reaction rate was enhanced in the presence of nanocomposite and external 

acoustic waves. The standard Michaelis-Menten kinetics was replaced by a faster, first 

order rate kinetics for a longer time period. From a device point of view, this aided to 

reduce the sensing time of the setup.  

➢ The calibration chart was used to detect urea concentration in unknown serum samples. 

The results obtained from the microdroplet sensor were compared with a standard 

laboratory technique. The difference between the results was less than 15% on average.   

To conclude, this study presents a facile way of developing a droplet-based sound sensor. 

Moreover, the same microdroplet in a different configuration was also used to develop a urea 

biosensor. Externally stimulating the droplet with acoustic signals led to a faster enzymatic rate 

kinetics, which reduced the response time. Thus, this technique provides a simple and robust 

way of developing point-of-care biosensor.   

6.1.2 Microdroplet photofuel cells to harvest high-density energy and dye degradation 

In this chapter we investigate the utility of a hybrid microdroplet photofuel cell that is capable 

of simultaneously harvesting electrochemical energy while being engaged in dye degradation. 

Incorporation of photonic NPs assists in enhancing the overall power and current density value 

of the cell. A VLSI configuration of cells results in generation of 7 mW/cm2, which is 

significant considering the volume of fuel used is ~1 mL. Incorporation of a pollutant in the 

droplet setup, results in its degradation while energy is continuously harvested from the setup 

at 0.6 mW/cm2 for 0.05 mL of fuel consumed. Overall, the major findings of the study are: 

➢ A membraneless microdroplet photofuell cell has been constructed with H2O2 as the fuel 

and oxidant, a photosensitive semiconductor, ZnPC, along with a metal support, Cu, as the 

cathode and Al as the anode. Addition of HCl is performed to stabilize the peroxide 

decomposition and allow the cell to operate for a longer time. NaCl is added to improve 

the ionic conductivity. As the cell components are connected, Fermi energy equilibration 

across the different materials occur. In the presence of external illumination and external 
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bias, change in the Fermi energy levels gives way to transfer of charges from one electrode 

to another.    

➢ Addition of Au NPs to the microdroplet setup in presence of external illumination 

enhances the output parameters significantly. LSPR effect of these photonic NPs 

stimulates the charge transfer characteristics as it not only encourages exciton formation 

in the ZnPC electrode but also provides a route for charge extraction, thereby improving 

the overall potential difference. Au NPs also play the role of redox carriers and aid in 

charge transfer between the electrodes. These NPs also improve the ionic mobility of the 

solution. 

➢ Au/CdS NPs are added to assist in the dye degradation process. Although they tend to 

reduce the overall power density as they act as redox centre for peroxide decomposition 

and prevent the fuel from being degraded at the electrode. Increasing the amount of 

Au/CdS NPs present in the solution increases power density value linearly until a particular 

value. Thereafter, further addition of NPs does not lead to a proportional increase in the 

output, as mass transfer limitations near the electrodes limit the interactions. With regards 

to the dye degradation application, in presence of Rhodamine 6G dye, Au/CdS NPs 

promotes the formation of ROS which breakdown the recalcitrant molecule. Spectral 

overlap between Au and CdS bands assist in the charge transfer characteristics which 

degrade the dye molecule. For a single photofuell cell consisting of Au/CdS NPs, dye 

degradation of ~ 85 % is accomplished within 1 hr while simultaneously generating ~ 0.6 

mW/cm2.  

➢ To enhance the overall performance of the photofuel cell, multiple cells (10) in parallel are 

connected in a VLSI configuration. For Au NPs laden cells, this improves the power 

density value from ~ 0.8 mW/cm2 per cell to 7 mW/cm2 per cell, at an overall efficiency 

of 3.5 %. Furthermore, the current density also increases from 1.5 mA/cm2 per cell to ~ 9 

mA/cm2 per cell. For the Au NPs laden microdroplet photofuel cells in a network 

configuration, the thermodynamic, photovoltaic and electrochemical efficiencies are 0.63 

%, 0.1 % and 0.53 %, respectively.      

In summary, a facile method for harvesting electrochemical energy from a photofuell cell setup 

has been presented. Utilization of photonic NPs has been shown to improve the output 

parameter of the system. An in situ dye degradation process is also carried out while also 

harvesting energy from the constituents. This technique presents a combined approach towards 

developing multi-functional systems that are capable of being deployed in remote locations.  
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6.1.3 Self-Organized Liquid Crystal Droplets as Tunable Soft-Photomasks 

In this chapter we explore the pathway to obtain large-scale, self-organized, optically active 

5CB droplets for usage as soft photomasks towards photolithography application. A liquid-on-

liquid dewetting process has been tuned accordingly for the generation of 5CB droplets of 

controlled sizes. Experiments have been performed by varying the surfactant concentration and 

solvent type for realizing smallest droplet structures. The droplet structures obtained have been 

employed for tuning the incoming radiations so that diverse patterns on the PR surfaces can be 

developed. The key results from the study are: 

➢ 5CB/hexane droplet deposition on a CTAB bath results in striking spreading dynamics that 

precedes spontaneous dewetting. The spreading of the 5CB droplet on the CTAB bath is 

inertia dominated and facilitated by a change in the S value of the droplet. After achieving 

maximum spreading, the equilibrium configuration of the three phase contact line 

experiences retraction owing to the change in the interfacial tension value. As hexane 

evaporates, it changes the local surface tension gradient and facilitates dewetting of the 

5CB droplet. Capillary instability near the contact line results in spontaneous ejection of 

daughter droplets.  

➢ Varying the solvent, 5CB loading and underlying CTAB concentration leads to an 

optimized droplet generation process. In comparison to heptane and toluene, using hexane 

as solvent not only leads to faster dewetting dynamics but also minimizes droplet 

dimensions. With regards to 5CB loading, increasing the 5CB content in the droplet leads 

to bigger dimension of daughter droplets. For a fixed 5CB loading, increasing the CTAB 

concentration leads to two different dewetting mechanisms: at low concentrations, 

spinodal dewetting is observed while at higher concentration, random dewetting is 

observed due to presence of micelles. Beyond a critical surfactant concentration, analysis 

of the retraction process of leading edge in terms of Re, Ca and We was not possible as the 

dynamics become erratic.  

➢ Dewetting experiments of the 5CB droplet (10-2 M) over the CTAB bath was also 

performed employing toluene and chloroform as solvents. Different dewetting 

mechanisms were observed. Metastable structures such as 5CB toroids could also be 

obtained. Interestingly, this mechanism was not 5CB specific. Dewetting experiments with 

PS as solute (10-7 - 10-4 M), also led to similar fluid dynamics, albeit at much lower 

TH-2768_156107004



 

Chapter 06 
 

179 | P a g e  
 

concentrations than 5CB. The difference primarily would have been due to higher viscosity 

of PS solutions.  

➢ The self-organized droplet structures were employed as soft photomasks in an 

unconventional photolithography setup. Two types of PR substrates were used – positive 

tone (S1813) and negative tone (SU8). Diverse patterns such as donuts, pillars, craters and 

islands were generated. In order to obtain large-area patterns, a TEM grid was also utilized 

which further focused the incoming radiations that fell on the PR surface. An additional 

handle over light modulation was achieved by using solvent vapor technique to induce 

phase changes within the 5CB droplet. It was observed that the nematic state of the 5CB 

droplet (translucent) transmitted less light as compared to the isotropic phase (transparent). 

This feature of 5CB was used to generate different patterns by simply varying the hexane 

exposure time over the droplet structures.    

Thus, this chapter presents a one-step methodology for obtaining large area droplets whose size 

and molecular orientation can be controlled via simple experimental handles. In comparison to 

the conventional techniques of lithography, soft lithography techniques such as this can be 

optimized accordingly for obtaining unique 3D patterns. Furthermore, using solvent vapor 

annealing, LC droplets can be accordingly tuned for generating desired patterns.  

6.1.4 Chemotactic liquid/liquid dewetting of a nematic droplet 

In this chapter, we investigate the dewetting of a nematic LC droplet over a water bath and in 

presence of a solvent droplet, enroute to generation of multiple, miniaturized LC droplets. 

Extensive experimental investigations have been performed to analyze the salient features of 

the chemotactic driven dewetting of the nematic LC droplet. The major observations of the 

study are: 

➢ A 5CB droplet on a water bath in the vicinity of a hexane droplet displays numerous 

instabilities. As the hexane drop evaporates (high volatility) it adsorbs asymmetrically on 

the 5CB droplet surface. This engenders a gradient in surface tension between the bulk and 

droplet surface that is nearest to the hexane droplet. As a result of this surface tension 

gradient, a number of instabilities originate in the 5CB bulk as well as on the surface. 

➢ Solutal Marangoni driven recirculation originate in the bulk of the 5CB droplet. A pair of 

vortices, in their early stages, form mostly in one-half of the 5CB droplet that is close to 

hexane. Strength of the recirculation gradually grows with time as more hexane gets 

adsorbed. Beyond a critical recirculation rate, it is observed that the recirculation 
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engenders a spontaneous deformation of the 5CB droplet surface. Centripetal forces 

generated as result of convective flow, overpowers the surface tension forces. However, 

as the droplet periphery deforms it immediately leads to cessation of the recirculation and 

surface tension forces immediately restore the circular periphery. 

➢ Beyond a critical bath level, 5CB droplet motility over the water bath was observed. As 

the volume of water in the bath increases, the boundary level effect due to underlying glass 

substrate reduces, hence the recirculation within the water bath increases. This flow aids 

in the movement of the 5CB droplet. Furthermore, due to interaction of hexane with the 

5CB contact line, an osmotic pressure gradient is created. This directs the movement of 

the 5CB droplet towards the hexane droplet. However, due to convective flow in the water 

bath, the hexane droplet does not remain stationary and it moves away from the 5CB 

droplet as a result. 

➢ Hexane adsorption also causes net change in the S value along the droplet three phase 

contact line. Combined with the recirculation flow within the 5CB bulk, an oscillatory 

contact line instability is witnessed on a macroscale. On the microscale, due to localized 

spreading of the 5CB droplet, hexane evaporates faster in the region and it results in 

increasing the interfacial tension value. This is followed by the dewetting stage wherein 

the receding edge of the 5CB droplet breaks down into liquid threads as the surface tension 

destabilizes the droplet periphery. Thereafter, these liquid threads disintegrate into 

miniaturized 5CB droplets via Rayleigh Plateau instability.  

➢ The influence of temperature variation of the water bath on the recirculation rate was also 

analyzed. With increase in bath temperature although the recirculation rate increased due 

to thermal Marangoni effect, the recirculation time decreased. As hexane amount in the 

5CB droplet increased, the surface tension gradient decreased. This reduced the driving 

force required to sustain convective flow in the bulk. 

To conclude, an experimental analysis of the various instability modes depicted by the 5CB 

droplet on the water bath is discussed. The study performed throws light on a facile 

methodology developed to create miniaturized, optically active nematic droplets. An 

alternative method for stimulating mixing within anisotropic materials such as LC droplets has 

been shown.   
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6.2 Future Scope of Research  

The different fluid dynamic phenomena associated with droplets in presence of acoustic, light 

and chemical potential gradient has been presented here. These systems provide various 

avenues of fundamental research for improving the efficacy of techniques presented as well as 

for modifying the application according to the objectives. The following paragraphs highlights 

few prospective areas of research from the chapters presented. 

❖ Acoustically stimulated microdroplets for sensing purpose can be utilized for development 

of multi-analyte sensing. Utilization of multiple droplets in an array which can be 

simultaneously stimulated may lead to development of a multiplex detection setup. 

Responses can be made more precise and accurate by understanding the influence of 

substrate-droplet interactions during oscillation. 3D numerical simulations of the sensing 

mechanism may shed more light with regards to contact angle variation during oscillation, 

influence of pressure wave distribution over mixing of constituents and charge transfer 

characteristics near electrodes. Theoretical investigation of the effect of acoustic energy 

on reaction kinetics can be an interesting area of research that can aid in development of 

robust sensors. 

❖ Scaling up of membraneless photofuel cell setups employing a microdroplet configuration 

can be a lucrative area of research with real world implications. Modifications within the 

setup concerning low-onset potential cathodes, high density fuel, inert electrodes and 

addition of NPs for enhancing performance, may lead to designing of problems which 

improve overall attributes of the device. Employing hybrid functionalities to the droplet 

photofuel cell such as sensing capabilities may lead to generation of systems that can be 

deployed in remote locations. Moreover, better dye degradation capabilities can be 

imparted by addition of photocatalysts with appropriate Fermi energy level.  

❖ Liquid-on-liquid dewetting systems can be harnessed for a number of applications such as 

developing drug carriers, microbots for surface algae removal, energy harvesting and in 

situ reactors. Developing techniques for incorporating doped LC-composite materials 

towards generating large-area, functional droplets that can be employed in sensing 

applications can be an interesting research domain. From a fundamental viewpoint, non-

linear stability analysis of the dewetting dynamics can further explore the phenomenon for 

eventually obtaining monodispersed droplets. Utilization of LC droplets besides nematic, 

such as smectic and cholesteric, can be employed to develop tunable photomasks. 
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Developing methodologies for incorporating such optically active photomasks in a soft 

photolithography application can be a potent area of research. 

❖ Dewetting of a nematic LC droplet on a water bath can lead to a number of exciting 

research problems. Understanding oscillatory contact line instability for anisotropic 

systems on a soft, deformable interface can lead to better control over obtained 

miniaturized droplets. Further, droplet motility over the liquid substrate can be tuned in 

accordance with external gradient for application in energy harvesting, targeted drug 

delivery and sensing. 3D numerical simulations representing the experimental setup 

employed can be instrumental in developing models for validating the experimental 

observations. A non-linear stability analysis concerning the capillary instability induced 

LC droplet generation over a liquid substrate can be a stimulating area of research. 
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Appendix   
 

Cleaning procedure for Glass substrates  

Glass substrates of dimension 2.5 cm × 2.5 cm were employed in the experiments. The 

substrates were initially cut and placed in a detergent solution (SDS/water). They were rinsed 

with DI water and brushed. Then they were placed in a beaker containing SDS solution and 

sonicated for 30 min. Thereafter, the substrates were washed with DI water and submerged in 

boiling acetone and ethanol solutions for 10 min, respectively. The substrates were then 

removed were then removed and placed in a boiling solution of ammonia, hydrogen peroxide 

and water in 1:1:5 ratio. After maintaining the temperature for 30 min, the beaker was cooled 

to room temperature gradually. The substrates were then rinse with DI water and dried with N2 

gas.   

 

Cleaning procedure for Si substrates  

Si substrates with dimension 1 cm × 1 cm were employed in the experiments. The substrates 

were initially placed in a detergent solution (SDS/water) and a beaker containing the same was 

sonicated for 30 min. Thereafter, the substrates were washed with DI water and submerged in 

boiling acetone and ethanol solutions for 10 min, respectively. They were then removed and 

placed in a solution containing ammonia, hydrogen peroxide and water in 1:1:5 ratios. The 

solution was heated to its boiling point, and the same temperature was maintained for 30 min. 

After the substrates cooled down, they were thoroughly rinsed with water and dried with N2 

gas. Before using them for experiments, they were UV/Ozone treated for 15 min.    
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