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Abstract 

Surface acoustic waves (SAWs) technology for manipulating small volumes of liquids has 

received much attention in recent years. SAW-based manipulation can be used for different bio-

sampling functions, such as mixing, heating, pumping, jetting, separation, and atomization of 

droplets with volumes in the scale of microliters. Most studies in recent years have mainly 

focused on investigating SAW potential in different real-world microfluidics applications. 

However, the underlying physics of the droplet deformation by SAW still remains controversial.  

This thesis aims to investigate droplet deformations subjected to SAWs using both numerical 

and experimental methods. Different types of SAW devices with various resonant frequencies 

and different substrates are fabricated to carry out droplet actuation experiments. The 

experimental models are developed for three main reasons. First, to analyse the droplet 

deformation; second, to accurately define the contact angle boundary condition needed for 

simulations; and third, to validate the computational model.  

A Coupled Level Set Volume of Fluid (CLSVOF) mathematical model is developed to 

investigate the large deformation of sessile droplet induced by SAWs. A dynamic contact angle 

boundary condition is implemented to model the droplet three-phase contact line (TPCL) 

movement.  

The numerical and experimental results are quantitatively and qualitatively compared, and a 

remarkable agreement is achieved, which proves that the developed computational model can 

be used to simulate different droplet actuation scenarios. After validation of the computational 

model, it is used for analysing the physics of the droplet jetting and pumping. The effects of 

important factors such as droplet volume and SAW frequency and power on droplet pumping 

are investigated. Moreover, the model is used to analyse the energy budget of a droplet jetting. 

An investigation into the optimization of the interdigital transducers (IDT) location of the SAW 

devices for different microfluidic applications is also carried out using the computational model.  

The experimental and computational models are then employed to investigate a novel 

application of SAW devices to control the droplet impact. SAWs devices are used to manipulate 

and control the droplet dynamics. The experimental results revealed that characteristic impact 

parameters such as impact regime, contact time, maximum spreading and re-bouncing angle 

could be modified and controlled by SAWs. By changing the SAW direction and power, 
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droplets impact behaviour can be altered. The maximum reduction of contact time up to ∼50% 

can be achieved, along with alterations of droplet spreading, re-bouncing angle, and movement 

along the inclined surfaces. 

On the other hand, numerical results revealed that the SAWs could be used to modify and control 

the internal velocity fields inside the droplet. By breaking the symmetry of the internal 

recirculation patterns inside the droplet during the impact on flat surfaces, the kinetic energy 

recovered from interfacial energy during the retraction process is increased, and the droplet can 

be entirely separated from the surface with a much shorter contact time. Also, numerical results 

revealed that applying SAWs modifies the energy budget inside the liquid medium on both flat 

and inclined surface, leading to different impact behaviours. This innovative paradigm opens 

up new opportunities to actively program and controls the droplet impact on smooth or planar 

and curved surfaces, as well as rough or textured surfaces. 
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Chapter 1. Introduction 

1.1 Background and motivation 

Microfluidics has been extensively researched during the development of diverse technologies 

such as printing, lab on a chip (LOC), DNA chips, micro propulsion and microthermal devices 

in the past thirty years1–3. Technical difficulties arise when performing microfluidic applications 

on microscale volumes of liquids. For example, pumping microscale liquids (both in closed 

channels or free surfaces) is challenging due to the significant viscous and capillary forces which 

resist liquid motion4. As a result of the small scales, the Reynolds number in most microfluidic 

systems is low, and the flow is laminar5. In such systems, diffusive mixing is challenging and 

inefficient since it needs large length scales and long durations, which are impossible in many 

biochemical and biological microfluidic applications6. A reliable method to actuate liquids in 

the microscale is essential for successful applications of microfluidics. 

Surface acoustic waves (SAWs) has been introduced as a new technique to actuate small 

volumes of liquids (either in bulk or droplet shape) without any mechanical or moving parts7. It 

is well known that when a liquid medium is located on the SAW propagation path, the wave 

energy transfers into the liquid medium8. Depending on the SAW amplitude, frequency, and 

direction, as well as the surface properties of the SAW device, liquid mixing, jetting, pumping, 

patterning, atomization, particle sorting, separation, and concentration is attainable9. Moreover, 

SAW devices can be used for the actuation and manipulation of liquids in both closed 

microchannels and free surface droplets. 

SAW application in acoustofluidics is increasing due to unique features associated with this 

technology, such as their simplicity (i.e., no moving parts), low production costs, multi-function 

for sensing and actuation, fast fluidic actuation, tuneable frequency response, small size, and 

capability for easy interaction with other microfluidic components10–12.  

After the turn of the century, the actuation of liquids by SAWs was experimentally and 

numerically investigated7. Due to the great potential of SAW in microfluidics, a large and 

growing part of the research has been focused on the potential applications of SAWs in 

microfluidics8. Besides, efforts have been made to understand the physics of the interaction 
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between SAWs and liquids13. Many analytical and numerical methods have been developed to 

explain SAW-fluid interaction13. SAW technology has been used more commonly to handle 

liquids in microchannels. This is mainly due to the less complicated fabrication process and 

elimination of liquid evaporation. Closed channels reduce the contamination and provide rapid 

flow actuation, enabling fast track analysis of diverse samples. SAW devices have found vast 

applications in biochemical analysis, disease diagnosis, DNA sequencing, bioprinting, and drug 

delivery systems14.  

There are only a few computational investigations of droplet actuation by SAWs compared to 

the liquid actuation in microchannels. This is mainly because of the complexity of developing 

computational models capable of modelling complex wave-liquid interaction and the multiphase 

flow due to the rapid and dynamic changes of the solid-liquid and liquid-gas interfaces15. The 

most computational analysis of SAW-based droplet actuation assumes that the liquid interface 

remains undeformed. However, experimental results show that the droplet interface is 

considerably deformed in a wide range of applied SAW power15. Thus, the physics of droplet 

actuation by SAWs, considering the surface deformation, remains elusive.  

1.2 Project aims and objectives 

Understanding the physics of droplet actuation by SAWs can improve the SAW device 

efficiency for different applications and lead to entirely new potential applications of SAWs in 

the industry. In this thesis, the deformations of droplets subjected to SAWs will be numerically 

and experimentally investigated. This research focuses on developing and validating a high 

fidelity numerical model capable of simulating large deformations of droplet interface subjected 

to SAWs. The experimental results will be used to validate the numerical results. Then, the 

numerical model will be used to explore the physics of the droplet actuation by SAWs and the 

fluid flow details such as velocity and pressure, which cannot easily be measured using 

experiments. 

Several objectives have been outlined in this research to achieve the above aims: 

• A mathematical model will be developed to simulate the droplet actuation by SAWs 

considering the solid-liquid and liquid-gas interfaces deformations. A three-dimensional 

(3D) interface capturing mathematical model, based on coupled level set volume of fluid 
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(CLSVOF) method, will be developed to model wave-liquid interaction considering the 

liquid-gas interface deformation induced by SAWs. 

• To accurately simulate the solid-liquid interface deformation, a dynamic contact angle 

boundary condition will be developed. 

• SAW devices with various IDT designs on different substrates will be fabricated and 

characterized. Experimental setups will be designed and assembled to investigate differ-

ent droplet actuation scenarios. 

• The experimental results will be used to validate the numerical model and simulation 

cases. Additionally, these results will be used as an input for the boundary conditions to 

increase the simulation accuracy. Later the simulation results will be used to optimize 

the SAW device configuration. 

• Droplet impact on the smooth solid surface of the SAW device will be manipulated and 

controlled by SAWs. The effects of various parameters, such as SAW frequency and 

power, surface treatment, and SAW direction on the droplet impact parameters will be 

thoroughly investigated. 

1.3 Scope of thesis 

This thesis will be divided into seven chapters: 

Chapter 1 introduces the research motivation, project aims, and objectives and the scope of the 

thesis. 

Chapter 2 presents a literature review of the research, which will be mainly focused on the 

importance of the SAW technology, basic principles, applications in acoustofluidics, different 

approaches and current challenges in mathematical modelling of SAW-liquid interaction. 

Various methods of numerical modelling for multiphase flows will be reviewed in chapter 2. 

Finally, a review of the droplet impact phenomena will be presented at the end of this chapter. 

Detailed mathematical methods, including the governing equations, interface capturing method, 

and solid-liquid interaction modelling, will be explained in chapter 3. 

Experimental methodologies such as thin film deposition, SAW device fabrication, droplet 

actuation experiments, and droplet impact investigation will be explained in chapter 4. 
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In chapter 5, the developed model and boundary conditions will be firstly verified and validated. 

Then, droplet pumping and jetting behaviour will be analysed, and the physics behind these 

phenomena will be explained. The key parameters affecting the droplet pumping behaviour will 

be examined. Furthermore, using the energy budget method, the SAW device design will be 

optimized for different microfluidic applications. 

Using the models developing during the course of this study, two potential applications for SAW 

devices are demonstrated in Chapter 6. First, a new methodology to control the droplet impact 

on solid surfaces using SAWs will be introduced to reduce the droplet contact time during its 

impact onto a solid surface. The physics of the phenomena will be explained by computational 

analysis. Second, the droplet impact on inclined surfaces will be investigated numerically and 

experimentally, revealing the full potential of SAW devices for manipulating and controlling 

the droplet impact on inclined surfaces. 

Finally, the major conclusions of this thesis and recommendations for future works are presented 

in chapter 7.  

  



 

 

5 

 

Chapter 2. Literature review 

In this chapter, first, an overview of the fundamentals of surface acoustic wave generation and 

propagation and current research focus in this field is provided. Then, a review of previous 

experimental and numerical works on droplet actuation by SAWs is presented. Finally, the gap 

in knowledge and the main challenges in the numerical simulation of droplet actuation by SAWs 

are presented.  

2.1 Surface acoustic waves 

One year after the injurious earthquake in Colchester in 1884, Rayleigh16 mathematically 

analysed the earthquake waves. He explained that the destructive power of the earthquakes is 

transported via surface waves rather than bulk waves.  The SAWs energy is restricted in the area 

very close to the free surface of the elastic substrate. The whole SAW microfluidics is built on 

the same principle: SAWs propagate on the solid surface with very low attenuation, which 

allows them to strike a target more effectively. Rayleigh discovered that transverse-vertical 

(TV) longitudinal waves (Rayleigh waves) could only be transmitted on an elastic surface. In 

1911, Love17 disclosed a transverse-horizontal (TH) and longitudinal surface wave which could 

propagate on a piezoelectric surface. Principally, SAWs can be generated by applying an 

alternating electric field on a piezoelectric substrate by a pair of interdigital transducers (IDT). 

A detailed explanation of SAW excitation is presented in section 2.2. SAW-based technology 

has been used in many scientific and industrial applications since the 1940s18. These 

applications vary from filters and oscillators19 to sensors20 and microfluidics systems20. 

Considerable advances in the 1990s in microfluidic systems production enabled scientists to 

manipulate a small volume of liquid in a microlitre scale to nanolitre. Consequently, LOC 

technology emerged, enabling the application of microfluidic systems in life sciences2. A LOC 

device integrates numerous laboratory analyses onto a single chip. The fundamental roles of 

LOC systems are summarised as below21,22: 

• Transporting the liquid droplet (such as blood sample or DNA, Protein or cell containing 

Bio-samples) into the examination area in which probe particles are deposited. 

• Mixing and binding the reactants and take out the unbound species. 
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• Detecting any changes in chemical, physical, mechanical, magnetic, or electrical signals 

on the LOC. 

• Clean up the LOC surface for the next tests. 

In short, SAW devices can be used for mixing, separation, translation, jetting, heating, and 

atomisation of microfluid volumes of fluids for applications in biochemical analysis, disease 

diagnosis, DNA sequencing and drug delivery.  

2.2 Principles of liquid actuation by SAWs 

SAWs can manipulate a liquid droplet located on a piezoelectric substrate within its propagation 

path by fluid-SAW interaction23m. The difference between sound velocities in the fluid domain 

and piezoelectric substrate leads to SAW radiation into the fluid medium. A schematic view of 

the SAW and LSAW is illustrated in Figure 2-1. SAW propagates from left to right along the 

solid surface within the depth of a single wavelength24. The transmitted wave propagates inside 

the liquid medium along the Rayleigh angle, θR:  

𝜃𝑅 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑣𝑙

𝑣𝑠
⁄ ) (2.1)  

where vl and vs  are the sound velocities in liquid and piezoelectric mediums, respectively. 

SAW decays by a factor of e along the surface of the piezoelectric device due to leakage of the 

SAW into the fluid medium (LSAW). This length is the attenuation length, α−125: 

𝛼−1 =
𝜌𝑠𝑣𝑠

2

𝑓𝜌𝑙𝑣𝑙
 (2.2)  

where𝑓 is the SAW frequency and 𝜌𝑙 and 𝜌𝑠 are the densities of the fluid and the solid, 

respectively. On the other hand, SAW propagates in the liquid medium along the Rayleigh angle 

with a distinctly higher attenuation length, β−126: 

𝛽−1 =
𝜌𝑙𝑣𝑙

3

4𝜋2𝑓2(
4
3 𝜇 + 𝜇′)

 
(2.3)  

where μ and μ′ are the shear and bulk viscosities of the fluid, respectively.  
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Figure 2-1: Schematic view of the SAW propagation mechanism along a piezoelectric 

substrate and actuation and deformation of the droplet free surface27. 

 

When acoustic energy is transferred to the liquid medium by the sound wave, a net pressure 

field is formed along the Rayleigh angle, which generates an internal streaming flow within the 

liquid. Sessile droplets have been successfully actuated by electrowetting, SAW, and even light 

using special photo-responsive surfaces28. However, only SAW is capable of all types of 

actuations on the droplets. At low applied RF powers, the SAW energy generates an internal 

recirculation in the liquid, and the droplet deforms into the asymmetrical conical shape and leans 

at the Rayleigh angle. By further increasing the power, capillary vibrations will appear in the 

droplet liquid-gas interface. As the power is increased, the applied SAW power can overcome 

the pinning force between the liquid and solid and droplet translation is achieved. Droplet jetting 

and atomization are also observed in the experiments at high applied RF (radio frequency) 

powers discussed in the next sections.  

2.3 Droplet-based applications of SAWs 

The radiation of SAWs inside the liquid medium when it reaches an area on which liquid is 

located was discovered by scientists in the 1960s29. Nevertheless, it seems that the idea of using 
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SAWs to actuate liquids by nonlinear acoustics only emerged in Shiokawa’s researches during 

the late 1980s30,31. The Japanese research group reported jetting of droplets and liquid films by 

a 50MHz SAW device. In 1991, Moroney et al.32 excited a thin membrane to generate Lamb 

waves and actuate liquids. His detailed and comprehensive results revealed the potential of 

SAW technology for microfluidics applications. The fundamentals of microfluidics at the time 

were not fully established, and the works of Moroney and Shiokawa failed to answer an 

engineering necessity. By the start of the century, the fast development of microfluidic chips 

and molecular biology led to the first realistic application of SAW technology in DNA 

hybridization and subsequently amplification by PCR (Polymerase chain reaction) by Wixforth 

et al.6,33. Since then, the field has grown fast as a branch of acoustofluidics. SAWs enable a 

whole new set of microfluidics functions on both droplets and confined liquids. Investigations 

of actuation in microchannels are out of the scope of this study scope and thus are not covered 

here. In the following, a review of experimental works to actuate droplets with SAWs is 

reported. 

2.3.1 Streaming in droplets 

Generation of high-speed internal streaming inside droplets in the scale on microlitre is 

challenging due to the low Reynolds number which leads to the domination of laminar flows. 

However, mixing, concentration and separation of liquid mixtures are essential in many 

microfluidic applications28. The diffusive internal streaming speed is too low for most LOC 

applications. Thus, researchers have used SAW-based internal streaming in droplets to increase 

the streaming speed significantly by generating chaotic advection. Initially, SAWs were used 

for internal streaming of droplets by Wixforth34 almost twenty years ago. The idea of using 

acoustic waves for the actuation of droplets miniaturised the digital droplet LOC devices. This 

idea could effectively generate mixing in the droplet but was not suitable for concentrating and 

separating applications. Later, Li et al.35 proposed several designs for the generation of swirl-

like flow within the liquid (see Figure 2-2). They showed that an azimuthal flow with a vertical 

part could be induced by exposing asymmetric SAW on the droplet, pushing the vortex flow 

around the inclined axis.  
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Figure 2-2: Three methods used to generate azimuthal flow by asymmetric SAW propa-

gation. (Left) asymmetry is created by offsetting the drop from the centreline, (middle) 

symmetry is broken by the angled edge of the LN substratum, and (right) asymmetry is 

created by covering a part of the IDT with ultrasonic gel to absorb SAW in one area 

while reflecting it in another35. 

 

As shown in Figure 2-3, Shilton et al.36 explored the liquid recirculation in a droplet by the 

generation of travelling surface acoustic waves (TSAWs, i.e., with waves propagating from one 

side of the droplet) by different types of single-phase unidirectional transducers (SPUDT). A 

more refined TSAW-based droplet mixing was demonstrated by Frommelt et al.37 using a pair 

of tapered IDTs. By generating a narrow SAW beam with a variable launching point, they 

illustrated that the flow patterns could be modified and controlled by changing the input signals. 

They also controlled the mixing speed by modification of the SAW amplitude and frequency.  

In general, for each SAW device, droplet manipulation operates under a critical input power 

necessary for droplet motion on the solid surface. This threshold power depends on the surface 

treatment (e.g., it is higher for superhydrophilic surfaces and lower for superhydrophobic 

surfaces38) and the three-phase contact line  (TPCL) dynamics. For instance, Shilton et al.36 

reported that this critical power is 700 mW for their device.  Recently, Lim et al.39 used a dome-

shaped chamber to optimize the mixing performance. They fabricated the chamber to avoid 

droplet interface instabilities at high applied powers, which enhanced the mixing performance.   
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Figure 2-3: (a) SAWs induced by focused SPUDT is used for the concentration of parti-

cles in the 0.5 µl droplet (b) fast mixing water (blue) and glycerine (green) using con-

centric circular SPUDT designs40. 

 

Another key advantage of sessile drop microfluidics by SAWs is the possibility of generating 

internal flows in tiny sample volumes. For instance, Shilton et al.41 reported regulated mixing 

of fluids within nanolitre order droplets, while Miansari et al.13 were able to manipulate 10 fℓ 

droplets in a nanoslit using SAW. Additionally, liquid separation in immiscible mixtures is 

another application of SAW devices. For instance, Liang et al.42 used SAW propagating on a 

glass substrate to separate water from a microlitre scale water/oil mixture. SAWs are vastly used 

for rapid concentration and separation of the particles inside the droplets43–45. This is extremely 

useful for many LOC functions, such as the separation of red blood cells46.  

2.3.2  Translation 

Transportation (sometimes called pumping) of a sessile droplet in the microliter scale without 

evaporation is vital and challenging for LOC applications47. Microfluidic pumping is achieved 

typically by pumping in continuously filled channels; however, discrete liquid pumping (i.e., 

droplet translation) is achievable by applying SAW to the surface on which a droplet is located. 
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If the applied SAW power is higher than a limit, the internal streaming leads to a deformation 

in the droplet interface, which can eventually translate the droplet in the SAW propagation 

direction.  The applied SAW power must overcome the forces aroused by contact line pinning 

and contact angle hysteresis.  

Droplet pumping by SAW first was reported by Wixforth et al.33 using a SAW driven 

microprocessor on a patterned surface (see Figure 2-4). Renaudin et al.48 showed that droplet 

movement by SAW on a LiNbO3 piezoelectric substrate could be controlled by RF power and 

surface treatment. They showed that droplet pumping is achievable on hydrophobic surfaces by 

lower RF power. An experimental study of liquid droplet pumping by SAW generated on a 128º 

YX-LiNbO3 piezoelectric substrate was conducted by  Beyssen et al.49. Results demonstrated 

that by increasing the droplet viscosity, pumping velocity significantly decreases. The pumping 

velocity dropped from 40 mm/s to 2 mm/s by changing the Water droplet by a water/glycerol 

droplet. Generally, most SAW microfluidic devices have been made up on bulk LiNbO3 or 

quartz substrates; Du et al.50 reported the fabrication of a SAW device using a thin-film 

piezoelectric material for droplet pumping with volumes up to 10 µl. The surface of the device 

surface was treated with a self-assembled monolayer of octadecyl trichlorosilane (OTS), which 

made the device surface hydrophobic to promote the pumping.  

 

Figure 2-4: microfluidic SAW-based microprocessor designed by Wixforth et al. to mix, 

move and merge nanodroplets33. Snapshots (a) to (d) show the motion and mixing of the 

droplets. 
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The authors also experimentally studied the droplet size effect and applied RF voltage on droplet 

pumping velocity. Their results showed that droplet with lower volumes at higher applied RF 

voltages moved with higher velocity on hydrophobically treated surfaces. 

Brunet et al.51 experimentally explored the effect of the SAW amplitude, droplet volume, and 

fluid viscosity on the droplet pumping with the LiNbO3-based SAW device. Their results 

showed that maximum droplet velocity occurs when the solid-liquid interface diameter is equal 

to the attenuation length. At smaller diameters, the whole SAW energy was not absorbed by the 

droplet. However, droplets with greater solid-liquid interface diameter moved slower because 

the same amount of applied SAW energy was used to move a higher mass of liquid.  

The actuation of stationary droplets by low power SAWs was investigated by Baudoin et al.52. 

Their results demonstrated that the necessary power to deform and move a sessile droplet could 

be reduced through vibrating the droplet. They showed that inertia-capillary oscillations 

effectively decrease the SAW power for internal streaming and pumping. The minimum 

required SAW power to move the droplet was reduced between 50 and 75 per cent using this 

method. This method is vital for cases where the droplet temperature needs to be kept constant 

during the mixing or pumping process. 

To use the SAW technology as a LOC platform, these devices must handle droplet merging, 

splitting, and controllable translation. In 2012, Travagliati et al.53 reported a method to detect 

and manipulate the droplet. They designed a SAW device with a cavity with a specific resonant 

frequency. The resonant frequency was shifted when the droplet reached the cavity; 

consequently, the SAW was reflected, and the droplet was stopped. 

Ai and Marrone54 used the focused SAW for droplet translation. Their results showed that by 

placing a droplet on the focal distance of the FIDTs, the droplet could be moved approximately 

five times faster than a straight IDT. Laterally offset modulated SAWs were used by Collignon 

et al.55 for droplet merging and splitting applications. They showed that droplets with a volume 

of 0.5 to 6 μl could be symmetrically divided into two equal-size droplets. They also studied the 

effect of the liquid physical properties on merging and dividing the droplet. The snapshots of 

droplet dividing by SAW is shown in Figure 2-5. 
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Figure 2-5: Splitting of a 3 µl droplet using a 0.5 mm thick 128° Y–X single-crystal lith-

ium niobate substrate55. 

 

Bussonniere et al.56 investigated the oscillation and translation of the droplets and three-phase 

contact line dynamics through high-speed camera imaging. They observed that the front and 

rear TPCL displacement occurs during droplet oscillation, as shown in Figure 2-6. They 

suggested that the maximum droplet speed is given by the product of droplet displacement per 

oscillation and the oscillation frequency.  

A few studies have reported droplet transportation and mixing using SAW. For instance, Zhang 

et al.57 reported the transfer of droplets with different colours from a glass substrate onto the 

piezoelectric surfaces and mixing the droplets in less than 7 s. Fu et al.7 also reported translating 

a smaller droplet by SAW and mixing it into a bigger droplet. The snapshots shown in Figure 

2-7 show that the smaller droplet is transported by sliding and rolling mechanism toward the 

bigger droplet and deforms before merging. The mixing efficiency depends on droplets contact 

angles, applied RF power, frequency, and droplet volume. 

Recently, Wang et al.58 Reported droplet translation on the inclined surfaces by AlN/Si SAWs. 

They showed that droplets with volumes smaller than 3 µl could be effectively transported on 

arbitrary inclined surfaces. 

 

f 
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(a) 

 
(b) 

Figure 2-6: a) Oscillation of the droplet producing movement of the rear three-phase contact 

line during stretching and then the front three-phase contact line movement during flatten-

ing. b) Consecutive deformations of the droplet excited by SAW, leading to both pumping 

in SAW prorogation direction and oscillations of amplitude ∆h56. 

Surface properties play an important issue that can affect the droplet pumping velocity by SAW. 

The superhydrophobic surface would minimize the solid and liquid contact area and thus 

minimize the pinning force and create a slippery surface. However, this minimized interaction 

area limits the amount of energy transferred by SAW to the liquid medium. On the contrary, 

hydrophilic surfaces generate a large pinning force that refrains the droplet from smooth 

translation. Most of the literature has used hydrophobic coatings such as CYTOP for smooth 

droplet translation. Innovatively, Lou et al.59 reported droplet pumping on a slippery layer of 

lubricating oil-filled on a hydrophobic layer, making the surface superhydrophobic. The 

threshold power to pump the droplet on a ZnO/Si SAW device is significantly reduced (up to 

85%) by using this method. Moreover, Tao et al.38, proposed droplet pumping on curved flexible 

surfaces. They reported that changing the surface treatment, changing the contact angle 

hysteresis and receding contact angle droplet motion on inclined and curved surfaces can be 

modified.   
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Figure 2-7: Snapshots of Pumping and mixing of two water droplets by SAW7. The dye col-

ours the smaller droplet. (a) separated droplets before applying SAW, (b) the dye droplet is 

transported towards the large droplet at t = 0.4. (c) droplet merging and internal flow crea-

tion by Rayleigh angle inside droplet at t = 0.44. (d) internal streaming patterns at t = 0.45. 

(e) a homogeneously mixed droplet at t = 0.5. 

 

2.3.3 Jetting 

Generally, jetting of liquid occurs at the liquid-gas interface when external energy sources 

generate inertial pressure that overpowers surface tension. A nozzle is typically required to 

generate enough pressure and velocities to overcome the large surface tension of small liquid 

droplets60. Principally, significant shear stress appears in the fluid medium using a nozzle to 

create a jet61. Consequently, in bioprinting applications, the cell mortality percentage is 

increased, and as a result, clogging can occur. This leads to a significant drop in performance 

for the device62. Therefore, many nozzleless droplet jetting approaches, such as 

thermocavitation laser-generated bubble production63 and spark-generated cavitation bubbles 64 

inside the liquid, have been introduced lately. Compared with these methods, droplet jetting by 

SAW has advantages, including high-energy efficiency, lower possibility of damage to 

biological entities in the liquid, and high biocompatibility65. Additionally, SAW-based droplet 

jetting eliminates the need for various mechanical components, making the setup simpler, more 

reliable and reducing maintenance costs.  

SAW-based jetting can happen when the transferred energy of SAW into the liquid medium is 

high enough to create a pressure field, which can overcome the surface tension at the liquid-air 

interface. SAW energy could create a large velocity field, which deforms the interface droplet, 

leading to a jet beam. Liquid jetting by SAW was debuted by Shiokawa et al.66. They showed 
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that by applying a relatively high RF power to a SAW device, discrete liquid droplets were 

ejected continuously along the Rayleigh angle from the liquid film on the surface.  

Later, Bennes et al.67 reported the jetting phenomenon dependency on surface treatment. While 

on a hydrophobic surface, the contact angle was higher than 90̊ and a narrow bands of the water 

jet was extracted from the liquid by SAW, a spray of multi water jets with an increased number 

of tiny droplets were observed by applying the RF power on a SAW device with a hydrophilic 

surface. Tan et al.68 investigated SAW excited droplet jetting using two opposite focused 

interdigital transducers (IDTs) fabricated on a 128º YX- LiNbO3 piezoelectric substrate with a 

wavelength of ~ 200 µm. They derived a straightforward equation for jet velocity calculation 

based on the momentum balance. Bhattacharjee et al.69 utilized the SAW-based jetting method 

to extend a pendulous droplet to form a liquid bridge with a second substrate underneath it. This 

simple method made it possible to build capillary bridges for low viscosity liquids, such as 

water, to investigate their capillary-thinning behaviour. Pang et al.70 fabricated and tested SAW 

devices by deposition of Ultra-smooth nanocrystalline diamond (UNCD) and ZnO with various 

thicknesses on Silicone substrate. Their results showed that the droplet jetting efficiency is 

improved by introducing the UNCD interlayer to the ZnO/Si device. They reported that the 

UNCD layer helped increase the amount of the SAW energy transferred from the solid surface 

to the liquid medium. 

Guo et al.71 reported droplet jetting by both bulk (i.e., 128o YX LiNbO3) and thin-film (ZnO/Si) 

piezoelectric materials. They reported the microfluidic performance of the SAW devices in a 

range of applied powers and frequencies. Their results showed that for SAW devices with higher 

resonant frequencies, jetting threshold power is increased. The increased thresholds are 

attributed to the smaller attenuation length and, in turn, lower acoustic energy transferred to the 

liquid medium. Darmawan and Byun72 reported the effects of substrates wettability (i.e., 

hydrophobic and superhydrophobic) on droplets jetting and explained the resulting unique 

jetting behaviour. In an analysis of jetting behaviour, they found that the detachment time for 

the superhydrophobic surfaces is slightly higher than hydrophobic surfaces related to the SAW 

propagation area. 

Zhou et al.73 also reported the jetting phenomena achieved using the AlN/Si SAW device. Their 

systematic investigation of the effect of RF power and droplet size on the microfluidic 

applications showed that at lower droplet volumes, the threshold from RF power to observe 
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jetting in experiments decreased. Jetting by shear horizontal SAWs (SH-SAWs) on 36o YX 

LiNbO3 was first reported by Fu et al.10. Lee et al.62 used a 128◦-rotated YX-cut LiNbO3 

substrate to manufacture a focused SAW device and demonstrated its interfacial jetting 

characteristics and thermal stability.  In 2018, Castro et al.61 introduced a method to eject single 

or multiple droplets using pulsed SAWs continuously. They showed that by changing the pulse 

duration, the ejected droplet size could be controlled. Recently, Lei et al.74 used travelling SAWs 

to perform single droplet jetting from a vertical capillary tube. They thoroughly analyzed the 

jetting characterization parameters such as applied RF power threshold, SAW device frequency, 

liquid volume, and pinch off droplet size (See Figure 2-8).  

Although extensive work has been carried out to explore droplet jetting by experiments, far too 

little attention has been paid to understanding the physics of droplet jetting (and pumping). 

 

 

 

Figure 2-8: Snapshots of droplet generation in a vertical capillary tube by SAWs. The sche-

matic figure in the dashed box illustrates the interaction principles between the SAW and 

liquid medium75. 
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2.3.4 Atomization 

In recent years, atomization has gained ample attention due to its interesting physics and many 

industrial applications. Liquid atomization typically occurs in SAW devices at considerably 

higher applied RF powers than the one used for jetting. Atomization creates a continuous flow 

of several tiny droplets with rather similar sizes, and most of the research is focused on 

optimising and predicting the parameters of the characteristics13. The basic theory for SAW 

atomization is not still well understood, and yet several studies have recently been conducted to 

investigate the effects of viscosity, SAW frequency, fluid dynamics and applied SAW power. 

Moreover, device engineering improvements is needed to reliably generate SAW atomization 

at lower input power76. Considering that this thesis aims not to investigate SAW liquid 

atomization, a detailed review of this phenomena is avoided. 

2.4 Droplet impact phenomena 

In past decade, the phenomenon of liquid droplet impact on solid surfaces has been extensively 

studied because of its significance in science and industrial applications, including anti-

fogging77, anti-acing78–80, inkjet printing81–84, agriculture85,86, spray cooling87,88, self-cleaning89–

91, anticorrosion92–94, internal combustion engines95,96, optical devices97 and anti-bacterial 

surfaces98.  Inspired by nature, diverse techniques have been invented to manipulate the droplet 

impact dynamics99–102. For instance, textured superhydrophobic surfaces are used to manipulate 

and promote the droplet rebouncing from the surface; topological heterogeneity is used for 

droplet rebouncing direction control103–106; high107,108 and freezing109 temperature surfaces are 

utilized to enhance complete bouncing of the liquid droplet. Droplet impact regimes, such as 

deposition, rebound, break-up, jetting and splash, can happen depending on the fluid properties. 

These include surface tension and viscosity, kinematics related to droplet size, impact velocity 

and direction, and structural and chemical properties of the solid surface110–112. Droplet impact 

dynamics have been investigated extensively in terms of many characteristic parameters such 

as contact time, maximum spreading diameter, droplet tip height and velocity during the impact, 

and rebouncing direction113. However, because of the millisecond-scale interaction and the 

liquid deformability, it is still challenging to control the characteristic impact parameters 

effectively within the context of different real-world applications. 
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Figure 2-9: Snapshots of the complete droplet rebound from the surface114. 

 

The Reynolds number (𝑅𝑒 =
𝜌𝐷0𝑈0

𝜇
, where 𝜇 is liquid viscosity) denoting the ratio of inertial 

force to the viscous force, the Weber number (𝑊𝑒 = 𝜌𝑈0
2𝐷0 𝛾𝑙𝑔⁄ , in which 𝜌, 𝑈0, 𝐷0, 𝛾𝑙𝑔 are 

density, impact velocity, initial diameter, and surface tension of the droplet correspondingly) 

indicating the fraction of inertial force to surface tension and the Ohnesorge number (𝑂ℎ =

𝜇/(𝜌𝛾𝑙𝑔𝐷0)
1/2

) representing the ratio of viscous force to the inertial and capillary forces are 

three dimensionless numbers that are characteristically used to describe the droplet impact 

dynamics on solid surfaces. 

After the droplet impact on solid surfaces and in the absence of splashing, the droplet spreads 

on the solid surface to a maximum spreading diameter and them depending on the surface and 

liquid physiochemical properties, and the droplet can retract or permanently remain spread on 

the surface (See Figure 2-9)115. The droplet dynamics are controlled by the interaction between 

kinematic, surface and potential energy and viscous dissipation116. Precisely, when the solid 

surface is (super)-hydrophobic, less energy is dissipated during the spreading phase and droplet 

detachment from the surface even as a jet can be observed117. By altering the wettability of the 

solid surface, the dynamics of spreading and retracting can be controlled.  

During the spreading phase, ~75 % droplet kinetic energy is dissipated118, and simultaneously 

the rest of the initial kinetic energy is converted to surface energy. After reaching the maximum 

diameter, potential surface energy starts to convert back to kinetic energy, and the droplet starts 

to retract. If the converted kinetic energy is high enough during the retraction process, the 
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droplet will detach from the surface118. The contact time between the droplet and solid surface 

affects the amount of energy transferred between the liquid and solid and is favourable to be 

minimized for a wide range of real-world applications such as anti-icing, dropwise 

condensation, anti-corrosion,  anti-fouling and self-cleaning surfaces119,120. Various methods 

have been reported to decrease contact time using textured surfaces with post arrays to achieve 

pancake-bouncing 121, ridge to break the symmetry122, cylindrical macrostructures123, or curved 

surfaces124. 

A few passive techniques have been developed and applied to reduce the droplet contact time 

on surfaces inspired by nature. For instance, Regulagadda et al. proposed texturing the substrate 

with a triangular ridge to realize droplet ski-jumping from the surface, thus leading to a contact 

time reduction of ~65%. Zhang et al. reported a 10%-30% contact time reduction using 

substrates patterned with varied posts and coated with nanoparticles for oblique droplet 

impact125. However, the efficiency, practical fabrication and applications of these proposed 

methods are still controversial. Hitherto, there is no report for an active method that can change 

the droplet impact regime, contact time, and rebouncing angle on an inclined surface for any 

random impact scenario.  

2.5 Numerical models of droplet actuation by SAWs 

Accurate computational modelling of the interaction between SAWs and droplets can be used 

to understand the underlying physics and improve the SAW device design and fabrication. 

Pioneer works of Rayleigh16 and Eckart126 revealed that acoustic streaming inside the liquid 

exposed the transfer of the momentum from the wave to the liquid by sound attenuation. Most 

of the researchers have distinguished two types of flow depending on whether the flow is 

generated by shear stress on the solid boundary (oscillation driven streaming) or from the 

dissipation of the sound momentum by viscosity (Eckart or bulk streaming)26,127–131. One of the 

initial works on acoustic streaming was carried out by Nyborg127, who neglected the nonlinear 

hydrodynamics term (fluid inertia on streaming motion) in the Navier Stokes equation. Nyborg 

believed that both acoustic streaming and subsequent fluid velocity were second-order 

phenomena, and thus, the nonlinear hydrodynamics, which was fourth-order, could be 

neglected. Lighthill argued, in the 1970s, that the fluid inertia was only negligible for slow 

streaming velocities. He developed a mathematical model which provided a body force 

expression for the bulk streaming26. Analytical studies of droplet actuation by SAWs started by 
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seminal papers of  Shiokawa et al.31,66. By neglecting the acoustic waves' internal reflections at 

the liquid-gas interface, they followed Nyborg’s approach to developing an analytical body 

force for calculating the streaming velocity66.  

As a result of advanced numerical methods and high-performance computing (HPC), several 

numerical models were developed to explicitly simulate the interaction of SAWs and liquid and 

internal streaming in droplets. These numerical works are mainly divided into two general sets:  

• Separation of scales  

• SAW as a body force 

 

2.5.1 Separation of scales  

In this method, the acoustic wave propagation is modelled inside the droplet, considering the 

viscous damping. The main challenge in this method is significantly different time scales for 

wave propagation (i.e., time discretization on the order of 10-8 s) and liquid streaming (i.e., 10-3 

to 10-1)132. Generally, in this method, the wave propagation and microfluidics equations are 

modelled through two sets of equations followed by a perturbation expansion. Each physical 

quantity in this method is resolved into three contributions: hydrostatic (i.e., the system at rest), 

acoustic (i.e., oscillation part of the perturbation) and hydrodynamic (i.e., time-averaged part of 

perturbation during an acoustic period) 26,133.    

𝑝 = 𝑝0 + 𝑝1 + 𝑝2 (2.4)  

𝜌 = 𝜌0 + 𝜌1 + 𝜌2 (2.5)  

�̂� = �̂�1 + �̂�2 (2.6)  

where 𝑝, 𝜌, and 𝑢 are the pressure, density, and velocity, respectively. Also, since the droplet is 

at rest before SAW propagation, 𝑢𝑖,0 = 0. Subscripts 0, 1, 2 refer to the hydrostatic, acoustic, 

and hydrodynamic terms, respectively132. The coupled acoustic wave is treated as a first-order 

perturbation into the fluid by using the first-order approximation to simplify and reduce the 

computational costs. The governing equations of the wave propagation become4: 

𝜕𝜌1𝑓

𝜕𝑡
+ 𝜌0𝑓(𝛻. �̂�1) = 0 (2.7)  
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𝜌0𝑓

𝜕�̂�1

𝜕𝑡
= −𝛻𝑝1 + 𝜇𝛻2�̂�1 + (𝜇′ +

𝜇

3
) 𝛻𝛻. �̂�1 (2.8)  

𝑝1 = 𝑣𝑙
2𝜌1𝑓    , �̂�1 =

𝜕𝑥𝑖

𝜕𝑡
 (2.9)  

where 𝑣�́� is the mechanical displacement of a Rayleigh wave (SAW). To derive the above set of 

equations, it is assumed that the flow is compressible and isentropic, and the thermal effects of 

wave damping and fluid heating are neglected. Assuming that the droplet is in contact with 

elastic walls partially traversed by SAWs the mechanical displacement of the wave can be 

calculated by the wave equations134,135:  

𝜌𝑠

𝜕2𝑥𝑖

𝜕𝑡2
− 𝑐𝑗𝑘

𝜕2𝑥𝑖

𝜕𝑥𝑗𝜕𝑥𝑘
− 𝑒𝑗𝑘

𝜕2�́�

𝜕𝑥𝑗𝜕𝑥𝑘
= 0, (2.10)  

𝑒𝑗𝑘

𝜕2𝑥𝑖

𝜕𝑥𝑗𝜕𝑥𝑘
− 휀𝑗𝑘

𝜕2�́�

𝜕𝑥𝑗𝜕𝑥𝑘
= 0 (2.11)  

where, 𝑖, 𝑗, and 𝑘 indexes refer to the cartesian direction. 𝑐𝑗𝑘 is the stiffness tensor of the 

piezoelectric material, 𝑥𝑖 is the displacement component along the corresponding Cartesian 

axes. �́�, 𝑒𝑗𝑘, and 휀𝑗𝑘 are electrical potential, the piezoelectric tensor, and dielectric permittivity 

tensor respectively136. SAWs have only two displacement components, the longitudinal 

component along the propagation direction, �̂�1, and transverse displacement in the direction 

perpendicular to the surface, �̂�3.  Solution of the wave equations (i.e., Equations 2.10 and 2.11) 

gives the mechanical displacements of the SAWs which can be used in Equation 2.9 44. The 

results of Equations 2.9 can be used as a boundary condition to solve the mass and momentum 

conservation equations (i.e., Equations 2.7 and 2.9).  

Using this method, Köster developed an algorithm to compute the internal streaming flow and 

small deformations of the surface for a two-dimensional (2D) droplet induced by SAWs. In the 

simulations, the droplet interface was considered a free capillary fluid boundary that simulates 

small deformations of the surface. Köster's 2D simulations did not provide any validation 

against the experimental data. Moreover, the numerical study was limited to one droplet size 

excited at a specific frequency. Antil et al.137 simulated the wave propagation and the induced 

internal streaming flow using the separation of scales method. The obtained results were used 

to optimize the SAW devices. However, like the work of Köster, the obtained 2D results 

simulated the internal streaming flow in a channel and were not compared to the experimental 
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results.  Raghavan et al.44 also used this method to reproduce the internal streaming flow induced 

by asymmetrical SAWs in 3D. Although the method predicted the flow patterns precisely, the 

reported internal streaming velocities was one order of magnitude smaller than the experimental 

velocities. Tan et al.136 presented a numerical study of liquid actuation by SAW using the 

separation of scales method. Their two-dimensional numerical model focused on the dynamics 

of the liquid-gas interface in the low amplitude flow patterns. Their results, confirmed by 

experimental results, showed that at lower applied SAW amplitudes (i.e., acoustic Reynolds 

number lower than 1, 
𝜌𝑙𝑣𝑙𝜆𝑆𝐴𝑊

2𝜋𝜇′
< 1 ) a fundamental resonant frequency and a superharmonic 

frequency was found in free surface vibrations. They also showed that the liquid-gas interface 

vibrations are comparable to the Rayleigh wave displacements. Their analysis was used to 

predict the vibration of the liquid-air interface for a 2D droplet and did not predict the large 

deformations of the free surface.  

Vanneste and Bühler138 developed a numerical algorithm of acoustic streaming based on the 

separation of scales method, inducing viscous dissipation and vortex generation. They 

spotlighted that Reynold stress and pressure gradient would cancel each other without viscous 

dissipation, and no mean flow would not be generated in the streaming. Furthermore, they 

proved that in cases for millimetric droplets actuated by SAWs with resonant frequencies higher 

than 10 MHz, the Eckart streaming dominates over the oscillation driven streaming. This 

method was applied to different geometries; however, the solutions were in 2D, and the authors 

neglected the internal reflections at the liquid-gas interface. They also considered the fluid 

medium as a square box placed on the surface of the SAW device. Riaud et al.133 developed a 

cost-effective numerical method based on Vanneste and Bühler to investigate the effect of liquid 

viscosity of the internal streaming in a droplet induced by SAWs. They showed that liquid 

viscosity strongly affects the Eckart streaming inside the liquid and thus should be considered 

in the mathematical modelling. The developed model reproduced the experimental results of 

internal droplet streaming by SAWs. They also showed that the acoustic streaming patterns in 

a semi-spherical sessile droplet are dependent on both sound wave propagation and 

hydrodynamic flow motion. Chen et al.138 performed a 3D simulation of boundary-driven 

streaming induced by SAWs in highly viscous oil. They assumed that a water droplet is 

stationary inside the oil medium. They defined their method as the slip velocity method, which 

was developed based on the separation of scales method. Specifically, in the viscous boundary 
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layer, the 1st-order and 2nd-order equations were solved with the surface displacement 

equations in the solid-liquid interface as the actuation source. Their experimentally validated 

results showed that there is a stagnation point in the simulations. Their results showed that after 

this point,  the droplet stops moving; however, acoustic streaming inside the oil medium 

continues. 

2.5.2 SAW as a body force 

High fidelity simulation of fully coupled compressible Navier-Stokes and wave propagation 

equations is complex, expensive, and sometimes inaccessible. Consequently, to simplify the 

numerical models, most of the numerical works on droplet streaming by SAWs have replaced 

the effect of surface vibrations with a body force term to the Navier-Stokes equation. In fact, 

this method is a particular case of the separation of scales method in which only the incident 

acoustic field is considered, and the acoustic propagation within the liquid and reflections are 

neglected. Using this method can significantly reduce the computational costs allowing 3D 

simulations of complex cases. However, since acoustic propagation is neglected, viscous 

damping of the flow is not considered in the simulations, and thus local vorticity generation 

cannot be simulated. 

Within this framework, Schindler et al.139 numerically studied droplet deformation due to high-

intensity surface acoustic waves, but they ignored the SAW radiation specifics in the drop and 

performed their simulations in 2D. Sankaranarayanan et al.140,141 calculated the streaming force 

applied to a droplet by focused IDTs. Alghane et al.142 performed a 3D simulation of liquid 

mixing by SAW. The nonlinear hydrodynamic term was included in the Navier-Stokes equation 

using a body force term. As a function of input power, they experimentally determined the SAW 

amplitude and additionally calculated the streaming velocity as a function of applied power. 

Using numerical simulations, they calculated all three components of the streaming velocity as 

a function of SAW amplitude. The comparison between the simulation and experiments results 

showed some simple flows under relatively low power (up to 0.025 W) in relatively large drops 

(30 μL). Ai and Marrone54 investigated the droplet translation by focused surface acoustic 

waves. A part of their research was to numerically simulate the acoustic streaming force on the 

hemispherical droplet on the surface. In their 2D simulations, they mostly focused on the 
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comparison between focused and straight IDT effect on the streaming force and did not consider 

the liquid-gas interface deformation. 

Shah et al.143 numerically investigated the interaction between SAW and droplets using a body 

source term, and they also reported a linear relationship between the input power and mixing 

velocity. However, they did not compare their results with experimental results and did not 

consider the deformation of the droplet interface. The first experiment regarding the simulation 

of droplet deformation by SAWs was most likely performed by Jangi et al.15, who simulated the 

droplet vertical jetting using this approach. They developed a multiphase flow model to capture 

the large deformations of the droplet induced by circular and focused SAWs. However, they did 

not consider the dynamics of the three-phase contact line in their simulations. In another recent 

study, Noori et al.144 simulated the droplet jetting by TSAW with the Lattice Boltzmann method. 

Their results could reproduce the droplet jetting, but they were performed in 2D, and the effect 

of contact angle hysteresis was not considered in the simulations. 

2.6 Numerical modelling of multiphase flow 

Computational resources and numerical methods development have made it possible to 

investigate the liquid-gas interface shape change by Computational Fluid Dynamics (CFD). 

Since 1980, numerous numerical methods have been developed for capturing the interface in 

two-phase flow in CFD145. In many cases, the experimental investigation of two-phase flow is 

challenging and expensive. On the other hand, numerical modelling can simulate a variety of 

cases in details economically.  Numerical modelling of one phase flow aims to calculate the 

velocity, pressure, and temperature (for non-isothermal cases) for discrete points in the domain. 

Because of the two-phase flow complexity, the interface between two fluids, its movement and 

deformation, must be considered in the simulations by defining a proper boundary condition. 

The interface is tracked by explicit methods in Interface Tracking Methods (ITM)146. A 

stationary fixed mesh is used to discretize to the domain, while a Lagrangian grid tracks the 

interface between two fluids such that its velocity should be equal to surrounding fluid at any 

time. Theoretically, the results provided by this method must be accurate. These methods are 

computationally costly since they require mapping of the interface from one grid to another. 

Besides, some numerical difficulties may arise for large deformation of the interface147. 
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On the other hand, Interface Capturing Methods (ICM) consider the two phases of the fluid as 

one mixture and solve the problem on a fixed mesh. A phase function is used in ICMs to identify 

the interface between two phases at each time step. These methods are the most popular methods 

for multiphase problems in CFD and are considerably less expensive and can provide accurate 

results147. Among all ICM methods, Volume of Fluid (VOF) and Level Set (LS) methods have 

been vastly developed and used in two-phase flow problems. The coupling between VOF and 

LS (CLSVOF) has recently been developed to combine the advantages of both methods148.  

Since the approach used in this thesis is CLVOF, this review is concentrated principally on 

explaining the most frequently used methods of capturing interfaces (i.e., VOF, LS, and 

CLSVOF). Nevertheless, other methods are also present in the literature for two-fluid flow 

studies. In the following, a brief outline of the main important features of each approach is 

provided. Later, a more detailed explanation of VOF and LS methods is presented. 

2.6.1 Boundary Integral Method  

The liquid-gas interface of the flow is captured by solving the integral of the liquid-gas interface 

boundary equation in the Boundary Integral Method149,150. This approach only investigates the 

interface between the gas and liquid and thus is an effective and computationally cheap method. 

The main disadvantage of this methodology is the lack of viscosity simulation since the integral 

boundary methodology assumes that the solution is governed by potential flow in each fluid. 

More complex methods should be applied for large interface deformations, such as combining 

and breaking up the interface. 

2.6.2 Diffuse Interface method 

In the Diffuse Interface technique, the liquid-gas interface is smoothed to a particular thickness 

over several cells151,152. A narrow miscible field separating the two fluids is known to be the 

diffuse interface layer. In this approach, to differentiate between the two fluids in the domain, 

the volume fraction C is used, while C = 1 in the cells occupied by one of the fluids, C = 0 in 

the cells occupied by the other fluid. Using the convective Cahn-Hilliard equation, this scalar 

field is advected153. The key advantage of this approach is its applicability to the two-fluid flow 

problems with solid boundaries since it allows the interface to move by convection or diffusion 

along the solid walls due to the chemical gradient potential. 



 

 

27 

 

2.6.3 Lattice Boltzmann method 

The Lattice Boltzmann method is a mesoscopic scale technique for computationally explaining 

the fluid flow based on the kinetic energy of the gases154. A density distribution function 

evaluates the particles' density in the computational domain, and then the fluid density is 

calculated as a function of the molecular mass of these particles. Interaction potential parameters 

are defined and used in this approach to model the liquid-gas and solid-liquid interfaces and 

interactions. One of the key benefits of the Lattice Boltzmann approach is that the boundary 

conditions are applied at the boundary particles instead of the domain itself155. This allows the 

simulation of the liquid-gas interface and solid boundaries without any additional requirements 

compared to other methods. 

2.6.4 VOF method 

Hirt and Nichols156 developed the VOF method for the first time. This method solves a full 

Navier-Stokes equation for mass and momentum conservation in connection with the advection 

of a scalar called colour function, α. The colour function is defined as the percentage of each 

computational cell volume filled by the liquid phase.  If the cell volume is only filled by gas, α 

is zero, and it is 1 when the cell is entirely covered by liquid157. The interface is defined among 

the cells where α is between 0 and 1. This method generally conserves the mass.  The fluids 

physical properties are calculated using the colour function157. A numerical error is created due 

to the discrete interface representation. Unphysical flows around the interface represent this 

error (see Figure 2-10). The algorithm proposed by Hirt and Nicholas is summarized as below: 

(1) Initialize pressure, velocity field and colour function in all the cells 

(2) All cells which are partly filled are marked as boundary cells. 

(3) Velocity in a new time step is predicted using old-time pressure 

(4) Generally, predicted velocities do not satisfy the continuity equation. Pressure in the interior 

cells is changed, and the velocity change due to pressure change is added to initial velocities. 

Iterations are done until the continuity equation is satisfied.  

(5)  Using new calculated velocities, the advection equation is solved by an explicit scheme. 

(6) Go to the second step until the end time or steady-state. 
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If negative or higher than one values are enhanced for colour function during the solution, they 

are simply reset to 0 or 1, respectively. This resetting is one of the main reasons for the mass 

error. All the developments enhanced for this method aimed to reconstruct the interface 

accurately and with less possible errors for different meshes types. A summary of essential 

developments is presented in the following. 

While the amount of the fluid in each grid cell is calculated by the colour function, the gradient 

of this function is also needed to determine the interface direction. VOF technique is generally 

composed of two main steps, (i) interface position and slope determination by discretization 

scheme (ii) the time integration algorithm for advecting the colour function. The first process 

obtains the fluid fluxes and flow fields through the mesh cell faces. These terms are required to 

solve the advection equation. Two main approaches to determine the interface can be defined; 

Geometrical reconstruction scheme158 and algebraic discretization scheme159 

According to the neighbour cells, the VOF method developed by Hirt and Nichols can 

reconstruct the interface line segment either horizontally or vertically. The interface normal 

components magnitude determine the interface direction160. The RIPPLE code was developed 

based on this algorithm161. Y-VOF is a more exact algorithm for interface reconstruction, which 

is developed by Young162. In the 2D case, a straight line is used to show the cells' interface to 

satisfy the colour function in each cell. The fluxes through the cell faces and colour function are 

updated by sweeping the grid in one direction, and then they are updated by sweeping the mesh 

in the other direction perpendicular to initial direction.  

 

Figure 2-10: Two-phase flow schematics: (a) accurate interface position (b) Domain 

with VOF colour function 156 
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Although these development methods were significant in multiphase modelling, they fail to 

simulate the interface accurately, especially in cases with large deformations with vorticity and 

shear near the interface. Most of these basic methods are no longer in use, and they are replaced 

by more accurate algorithms such as the Piecewise Linear Interface Calculation (PLIC) 

algorithm, which was developed by Rider and Kothe158. In this method (in 2D simulations), the 

slope of the line (which defines the interface) is determined by the gradient of a colour function. 

Since 1998, the PLIC algorithm has been developed, implemented and used in various CFD 

codes.  

Aulisa163 presented another algorithm for interface reconstruction and advection for 2D cases. 

In this method, the interface is reconstructed using a colour function and surface markers. 

Following the streamlines, the colour function field and markers are advected. A continuous 

chain of segments connects surface markers to build the interface. Using Edge-matched Flux 

Polygons and Spline-based Interface Reconstruction techniques (EMFPA-SIR), Lopez et al.164 

upgraded the Young’s VOF method. The first step in this algorithm is to calculate the interface 

direction by the Y-VOF method, and then during the second step, it is corrected by cubic spline 

interpolation of the interface parts centre points.  

Typically, in dispersed flows like fuel sprays, the cell size is much larger than the fluid part size. 

Consequently, reconstructions become more complicated, and the accuracy of the VOF method 

will decrease. In these cases, Ginzburg and Wittum165 used an adaptive grid refinement of the 

interface. An alternative way to overcome this problem is to use a more accurate interface 

capturing algorithm. Lopez et al.164 presented an improved algorithm to reconstruct the interface 

for cases where the fluid fields have a size less than the mesh size. They used markers to track 

the interface position and direction effectively. 

In general, the essential advantage of geometrical reconstruction algorithms is that these 

methods assure linearity conservation with first and second-order accuracy. The initial 

reconstruction schemes were based on direction splitting techniques with first-order accuracy166 

167. More advanced and complicated schemes were developed to get second-order accuracy in 

reconstruction and advection158,164,168.   

However, the geometrical reconstruction schemes have two main disadvantages: high 

computational costs and their complexity for 3D cases. These schemes require determining the 

shape of the truncated area (volume for 3d cases) in each interface mesh cell and preserving the 
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mass by detecting the accurate position of the interface. The focus of advances in geometrical 

methods in the last decade was developing schemes to preserve the linearity of the interface and 

be less computationally expensive164,169–171.  

 An alternative approach to preserving the interface resolution with lower computational costs 

is Algebraic VOF, an ordinary and straightforward way to implement the VOF method. A 

convention term with a standard discretisation method is used to transport the VOF field. 

However, the accuracy of the interface definition is affected by numerical diffusion in the 

transport scheme.  The initial algorithms of algebraic VOF methods are based on the scheme 

developed by Zalesak, named: Flux Correct Transport scheme (FCT)172. In this method, no 

explicit interface reconstruction is required. FCT has the advantage of stability because of the 

upwind method and interfaces sharpness, due to a downward method, through its mixed scheme. 

FCT is a faster method than geometrical reconstruction methods, but it has a lower accuracy 

than the Y-VOF scheme166. The FCT scheme is not diffusive, though tiny smears of fluid might 

separate from the interface to the gas phase166. 

Another algebraic method that depends on high-resolution discretization methods is 

Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM), developed and 

presented by Ubbink and Issa173. This method keeps the interface sharps while it preserves the 

colour function bounded. “Counter gradient” is an additional term introduced to the VOF 

advection equation in an open-source library solver called “InterFoam” to maintain the 

sharpness of the interface. This term assures that the boundedness of the interface and 

conservativeness are preserved so that smears separated from the fluid interface are limited.  

In short, since the early years of VOF method use, many advances in numerical modelling have 

been achieved. Most of the further research on this method focused on enhancing more accuracy 

and less computational costs. In the last decade, many efforts have been made to simplify 

implementing this method for various physical applications. During the VOF method 

improvements, a small number of benchmarking test cases have been used to compare these 

schemes' accuracy and mass conservation. Hollow square/circle of Rudman166, single vortex 

and time reserved flows by Rider-Kothe158, and Rayleigh-Taylor instabilities161,166 are the most 

repeated tests in the literature. Lately, several hybrid methods have been developed and 

presented to combine the advantages of other interface capturing methods174,175.  
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2.6.5 Level Set method 

Osher and Sethian176 developed the LS Method for the first time. Later this method was used 

for two-phase flow by Sussman177. A signed distance function, 𝜑 is defined to distinguish 

between two fluids in the mixture by providing the interface with a specific thickness. In one of 

the phases, φ is positive, and it is negative in the other phase. The physical properties change 

smoothly across the interface, which is defined as the area with 𝜑 = 0. To predict the interface 

deformation and move, the LS advection equation is solved. Sussman et al.178 highlighted the 

most problematic point of the LS method, which is notable dissipation during discretization of 

the LS advection equation. 

Additionally, because φ is not preserved during the solution, it has to be corrected at each time 

step, and this correction procedure leads to mass conservation issues174. After the first time step 

advection, the LS function ceases to act as a distance function. So, a “reinitialization” process 

is needed for distancing property recovery.  Sussman has shown that the LS method does not 

preserve mass conservation because of the re-distancing process177. To elucidate about the 

importance of the reinitialization process, it should be explained that a steep and flat gradient of 

LS function is not desirable and can lead to numerical instabilities and accuracy loss. A smooth 

LS function with no unnecessary oscillations is desirable to determine the interface. In the last 

two decades, significant improvements to LS methods to achieve mass conservation have been 

presented. The objective of the LS method was to increase the accuracy of the technique while 

keeping it simple. These enhancements were achieved using higher order discretization 

schemes, improvements in the reinitialization process to preserve mass and coupling the method 

with other two-phase flow techniques.  

The classic method for the reinitialization equation solving is using forward Euler time 

integration and spatial upwind scheme. This strategy leads to numerical dissipations as a loss of 

volume of the interface179. Shu and Osher [144] used a higher-order scheme called the Total 

Variation Diminishing Runge-Kutta scheme (TVD-RK) to overcome this problem. Using 

higher-order schemes were reported in many other references180,181. Essentially Non-Oscillatory 

(ENO) and the Weighted Essentially Non-Oscillatory (WENO) methods are other higher-order 

schemes that were suggested later180,181. ENO and WENO are high order schemes, combining 

low order upwind schemes178,182. A more detailed discussion about other spatial methods is 

presented by Losasso et al.179.  
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Since higher-order schemes cannot solve the mass conservation problem, particularly for 

compressible flow183, other solution strategies are required to improve the LS method. Many 

researchers have focused on reinitialization process improvement to reach this purpose so that 

a signed distance function is continuously attained near to surface.  

In summary, because of its advantage in precisely evaluating the interface normal and curvature, 

the proposed Level Set approach for solving two-fluid flow problems is a workable option for 

many applications. The main disadvantage of this approach is the loss of mass (volume) during 

the advection of the smoothed LS function. A few techniques have been suggested to solve this 

problem, such as implementing high-order discretization schemes such as WENO and 

improving the reinitialization equation using a smooth Heaviside function. The volume 

conservation error was also minimised by refining the mesh in the under-resolved domains 

where significant interface distortion occurs. 

2.6.6 Coupling level set and volume of fluid 

A tremendous amount of attention has been paid over the last two decade to integrating the key 

basic benefits of both VOF and LS in a single approach to take advantage of both methods184.  

Fully coupled LS/VOF (CLSVOF) developed by Sussman and Puckett (2000) and then used by 

many researchers184. In this method, the transport equation is solved for both fields. The results 

are used together to build the interface.  The LS builds a smoothly differentiable interface while 

the VOF makes sure that mass is conserved in all the field. In the coupled CLSVOF framework, 

Son and Hur (2002) created another technique for geometrical reconstruction of the interface185. 

This is done by adopting a configuration similar to the PLIC technique. The normal interface, 

in this method, is evaluated by using the LS smooth function. 

 Overall, to combine the advantages of both VOF and LS techniques, the coupled approach is 

developed. Implementation of the coupled approach is, however, more complicated than the 

standard VOF and LS techniques. This is associated with two major problems. First, in the 

CLSVOF method, a need to solve both VOF and LS advection equations is raised. A few 

approaches are recommended later to solve only the VOF advection equation and then initiate 

the LS field based on the VOF field. Second, to evaluate the interface slope and location in each 

interface cell, a geometrical reconstruction technique, like the PLIC method, must also be 

implemented. A few efforts have been made to create an analytical algorithm for determining 
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the interface of the CLSVOF approach to reduce the difficulty of the geometrical reconstruction. 

To achieve continuous properties through the interface for solving the VOF and LS advection 

equations, the Ghost Fluid Method (GFM) has been used to develop the CLSVOF method. This 

technique adds virtual cells to the real cells around the interface, known as ghost cells, so that 

both virtual and actual regions are used to solve the problem of multiphase flow185. 

2.7 Final remarks 

This chapter introduced the background of the experimental and numerical investigation of 

SAW-based acoustofluidics. A review on the SAW technology development is introduced, and 

the innovative SAW applications in the industry are highlighted. Additionally, applications of 

SAWs in droplet actuation are reviewed. Furthermore, a summary of analytical and numerical 

models, developed to investigate acoustic streaming and fluid actuation by SAW in a droplet, is 

presented. Moreover, a review of the literature of multiphase flow interface capturing methods 

has been presented. 

It can be concluded from the literature that some studies have developed models for numerical 

investigations of deformations of droplets by acoustic waves. However, the literature review 

showed that most of the research, to date, has focused on internal streaming. However, a major 

problem with this kind of numerical simulations is the assumption of no liquid-gas interface 

deformation. What is known about the physics of SAW interaction with liquids is largely based 

upon numerical simulation of acoustic streaming.  

In most of the SAW-based droplet actuation scenarios, interface deformations are observed. To 

date, the research has tended to focus on acoustic streaming rather than droplet deformation by 

SAWs. The present work will simulate the large deformations of the droplet interface subjected 

to SAWs. Furthermore, the interaction between the solid surface and the droplet will be taken 

into account in the simulations by developing a technique for accurate boundary condition 

treatments. 

A thorough review of the droplet impact on a solid surface is also performed. Significant 

progress has recently been made using textured surfaces, surface treatment with nanoparticles, 

or sub-millimetric arrays to modify the droplet impact behaviour on solid surfaces. However, 

these processes are complicated, challenging, and sometimes expensive.  It is also difficult to 

modify and control the impact dynamics in a programmable way actively and remotely. Up to 
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date, there is little research on the implementation of active methods to control the droplet 

impact on demand.   
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Chapter 3. Numerical method 

This chapter presents the mathematical formulation of the CLSVOF method and the dynamic 

contact angle models that will be used later to simulate the droplet actuation by SAWs. As 

explained in the previous chapter, the CLSVOF method is used to benefit both LS and VOF 

methods benefits’ of capturing sharp interface and mass conservation. The described 

mathematical model is implemented in the OpenFOAM® computational fluid dynamics toolbox. 

The details of the boundary conditions and discretization schemes are also explained in this 

chapter.  

3.1 Governing equations 

Continuity (Equation 3.1) and momentum (Equation 3.2) equations for an isothermal, unsteady, 

single-phase, incompressible, and immiscible fluid in the absence of evaporation in cartesian 

coordinates are186: 

𝜵. 𝒖 = 0 (3.1)  

𝜕(𝜌𝒖)

𝜕𝑡
+ 𝛁. (𝜌𝒖 ⊗ 𝒖) = −𝛁𝑝 + 𝛁. (2𝜇𝑺) + 𝜌𝒈 + 𝑭𝝈 + 𝑭 (3.2)  

where 𝒖 is the velocity vector and ⊗ is the dyadic product. Additionally, 𝑝 is static pressure, 

𝒈 is the gravitational acceleration, 𝜌 and 𝜇 are liquid density and viscosity, respectively. 𝑺 =

1

2
(∇𝒖 + ∇𝒖𝑇) is the strain rate tensor. 𝑭 and 𝑭𝝈 are the forces due to the SAWs and surface 

tension. The fluid density is constant in this modelling, and the multiphase methods calculate 

the density of the cells in the liquid-gas interface. To complete the model, closures are needed 

for SAW and surface tension forces.  

3.2 SAW force closure 

The magnitude of the SAW body force is calculated by Shiokawa’s approach to close the 

momentum equation 66. Shiokawa and co-workers considered SAWs to vary sinusoidally in time 

and took a time average of the Navier Stokes equation for the terms up to second order. For an 

incompressible fluid, the body force, 𝐹, the equation is given by66: 

−𝐹 = 〈𝜌𝑙(�́�. 𝛁)�́� + �́�𝛁. 𝜌𝑙�́�〉 (3.3)  
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where �́� represents the velocity of the particles in the liquid medium, and the brackets 〈. 〉 are 

used to show time-averaged value. The time average operation is defined as132: 

〈𝑂〉 =
1

𝑇
∫ 𝑂(𝑡)𝑑𝑡

𝑡0+𝑇

𝑡0

 (3.4)  

where 𝑇 = 2𝜋/𝜔 is the period of the harmonic SAW vibration, and 𝜔 is the angular frequency 

(𝜔 = 2𝜋𝑓, where 𝑓 is the SAW frequency). 

As shown in Figure 3-1, the SAW mode is changed to leaky SAW (LSAW) as soon as it reaches 

an area on which liquid is located. Like SAWs, LSAW propagates along the surface and excites 

a longitudinal wave into the liquid medium along the Rayleigh angle66. The particle 

displacement (�́� and �́�) in the fluid medium (𝑧 > 0) can be calculated by66: 

{
�́� = 𝐴𝑒𝑥𝑝 𝑗𝜔𝑡. 𝑒𝑥𝑝(−𝑗𝐾𝐿𝑥) . 𝑒𝑥 𝑝(−𝛼𝐾𝐿𝑧)       

�́� = −𝑗𝛼𝐴𝑒𝑥𝑝 𝑗𝜔𝑡. 𝑒𝑥𝑝(−𝑗𝐾𝐿𝑥) . 𝑒𝑥𝑝 (−𝛼𝐾𝐿𝑧)
 (3.5)  

 

Figure 3-1: Schematic illustration of SAW radiation into liquid66. 
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where 𝐴 is equivalent to the SAW amplitude at the entrance to the liquid medium, j is the unit 

imaginary number and �́�, represents the attenuation coefficient of the LSAW: 

�̀�2 = 1 − (
𝑣𝑠

𝑣𝑙
⁄ )

2
 (3.6)  

The wavenumber of the LSAW, 𝐾𝐿, can be calculated by extending the method of Campbell 

and Jones187. The effect of the vorticity generation by liquid viscosity is ignored in Equations 

3.5. Particle displacements from Equations 3.5 is used to drive the velocity equations as follow: 

{
�́�𝑥 = 𝑑�́�/𝑑𝑡
�́�𝑧 = 𝑑�́�/𝑑𝑡

 (3.7)  

the components of the acoustic streaming body force for an incompressible fluid is given by66: 

{
𝐹𝑥 = −𝜌𝑙(1 + 𝛼′2)𝐴2𝜔2𝐾𝑖. 𝑒𝑥𝑝 2(𝐾𝑖𝑥 + 𝛼′𝐾𝑖𝑧)

𝐹𝑧 = −𝜌𝑙(1 + 𝛼′2)𝐴2𝜔2𝛼′𝐾𝑖. 𝑒𝑥𝑝 2(𝐾𝑖𝑥 + 𝛼′𝐾𝑖𝑧)
 (3.8)  

where 𝛼′ = 𝑗𝛼, and 𝐾𝐿 = 𝐾𝑟 + 𝑗𝐾𝑖 is the propagation constant for leaky SAW, which is a 

complex number. In Equation 3.8, 𝑥 and 𝑧 are the tangential and normal positions based on the 

origin of the coordinates at the incidence point of the SAW and droplet on the device surface. 

As illustrated in Figure 3-2, in each XZ-plane, the SAW force is at its maximum at the SAW-

droplet incident cell, and it attenuates exponentially in X and Z directions. Since SAWs do not 

have transversal vibrations, the y-component of the body force (perpendicular to the SAW 

propagation path on the surface) is zero. The direction of the body force in each cell is calculated 

using the Rayleigh angle (Equation 2.1).  

 

 

Figure 3-2: Definition of the coordinates for SAW body force calculation. 
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3.3 VOF method  

In the VOF algorithm, both liquid and gas fields are defined by the volume fraction 𝛼, which is 

1 at the liquid phase and 0 at the gas phase and lies between 0 and 1 at the interface. Note that 

flow is considered incompressible, and thus the density (and viscosity) of the fluid is constant. 

In the interface cells (where 𝛼 is between 1 and zero), the density (and viscosity) of the cell is a 

function of 𝛼. An advection equation for the liquid volume fraction, 𝛼,  is solved188. 

𝜕𝛼

𝜕𝑡
+ 𝛁. (𝒖𝛼) = 0 (3.9)  

Density and viscosity in each cell are expressed by the volume fraction as: 

𝜌 = 𝜌𝑙𝛼 + 𝜌𝑔(1 − 𝛼) (3.10)  

𝜇 = 𝜇𝑙𝛼 + 𝜇𝑔(1 − 𝛼) (3.11)  

where indices 𝑙 and 𝑔 indicate liquid and gas, respectively, Equations 3.10 and 3.11 ensure that 

the accurate liquid and gas properties are used in the areas far from the liquid-gas interface. 

Additionally, 𝐹𝜎 in Equation 3.2 is calculated based  on the approach of Brackbill189: 

𝑭𝜎 =  𝛾𝑙𝑔𝜅(𝛼)𝛁. 𝛼 (3.12)  

where 𝛾𝑙𝑔 is the liquid-gas surface tension, and 𝜅(𝛼) is the curvature of the interface and is 

calculated by the method proposed by Brackbill et al.189. 

𝜅(𝛼) = −𝜵.
𝜵𝛼

|𝜵𝛼|
 (3.13)  

3.4 CLSVOF 

In this method, the LS field, 𝜙, is defined as a signed distance from the spatial interface. Thus, 

𝜙 is 0 at the interface and determined to be positive at the continuous phase (liquid) and negative 

at the discrete phase (gas). Like the VOF field, the LS field is convected as following178: 

𝜕𝜙

𝜕𝑡
+ +𝛁. (𝒖𝜙) = 0 (3.14)  

A re-initialisation step is applied at each time step to ensure that, |𝛻𝜙| = 1 and to improve the 

computations of the interface curvature. Here the re-initialisation approach introduced by 

Sussman et al. is used177. 
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𝜕𝜙

𝜕�́�
+ 𝑆𝑖𝑔𝑛(𝜙0)(|𝜵𝜙| − 1) = 0 (3.15)  

Here 𝑆(𝜙0) is a sign function of the initial LS field, and �́� is a fictitious time and an equation 

was solved explicitly with a timestep of ∆�́� = 0.1Δ𝑥 which is considered to solve the re-

initialisation equation explicitly. The density and viscosity of the mixture are then calculated 

by: 

𝜌(𝜙) = 𝜌𝑔 + (𝜌𝑙 − 𝜌𝑔)𝐻(𝜙) (3.16)  

𝜇(𝜙) = 𝜇𝑔 + (𝜇𝑙 − 𝜇𝑔)𝐻(𝜙) (3.17)  

where 𝐻(𝜙) is a Heaviside function calculated by: 

𝐻(𝜙) = {

0                                              |𝜙| < −𝜖
1

2
[1 +

𝜙

𝜖
+

1

𝜋
𝑠𝑖𝑛 (

𝜋𝜙

𝜖
)] |𝜙| ≤ 𝜖

1                                          |𝜙| > 𝜖

 (3.18)  

where 𝜖 = 1.5Δ𝑥 is the interface thickness and is defined so that the two-phase interface does 

not smear beyond a specific number of the cells. The key advantage of the LS method is to 

define the normal unit vector accurately as: 

𝒏𝒄 =
𝜵𝜙

|𝜵𝜙|
 (3.19)  

Thus, the interface curvature is calculated more accurately with the LS field. 

𝜅(𝜙) = −𝜵. 𝒏𝒄 (3.20)  

Since the surface tension has a significant impact in any multiphase flow, now it can be 

estimated more precisely.  

𝑭𝝈 =  𝛾𝑙𝑔𝜅(𝜙)Λ(𝜙)𝜵𝜙 (3.21)  

The interface function, Λ, is defined by190 

Λ(𝜙) = {

0                                   |𝜙| > 𝜖

1
2𝜖

(1 + 𝑐𝑜𝑠 (
𝜋𝜙
𝜖

)) |𝜙| ≤ 𝜖
 (3.22)  

Despite the mass conservative nature of the VOF method, since 𝛼 is diffused along with the 

interface between 0 and 1, and the interface is smeared along this area, the VOF method is not 

capable of obtaining a sharp interface. The LS182 and the VOF174 methods are coupled to capture 

a sharp interface and smooth transition of the physical properties along with the liquid-gas 

interface. The algebraic VOF solver “interFoam” of the standard OpenFOAM toolbox (version 
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4.x.) has been used as a basis to develop the CLSVOF code in this study27,191. The first coupling 

step is to define the level set field using the VOF field. At each time step, the LS field is 

initialised by assuming that the interface is located at 𝛼 = 0.5.  

𝜙0 = 0.75(2𝛼 − 1). 𝛤      (3.23)  

where 𝛤 = 0.75∆𝑥 is a non-dimensional small number, which is a function of the mesh size.  

This initial function, 𝜙0 is a signed function which is positive in the liquid phase and negative 

in the gas phase. The solution of the re-initialization equation, re-distances the value of 𝜙0: 

{

𝜕𝜙

𝜕�́�
− 𝑆(𝜙0)(|𝜵𝜙| − 1) = 0

𝜙(𝑥, 0) = 𝜙0(𝑥)                    
 (3.24)  

The solution convergence starts from the interface and moves toward two phases. The artificial 

time step is set to be 𝛥�́� = 0.1𝛥𝑥, to avoid any large changes in the LS function. Since VOF is 

capable of mass conservation, 𝛼 is used to get the size of the cut in any interface cell, which is 

advected. Due to the accuracy of the LS method in calculating the normal unit vector at the 

interface, 𝜙 is used to calculate surface curvature and volumetric surface tension force. In the 

region in which solid, liquid and air are in contact, the normal interface vector should be 

corrected to satisfy the dynamic contact angle condition. This is discussed in detail in the next 

section. 

3.5 Solid-liquid interaction 

3.5.1 TPCL motion on the solid surface 

The behaviour and the shape of the stationary droplets on solid surfaces are mainly determined 

by surface tension. The shape of a stationary droplet on a solid surface is defined by the 

equilibrium contact angle (ECA),  𝜃𝐸 ,  and determined by the surface wettability192. ECA is 

directly a function of three surface tension terms: (i) liquid-gas interface(𝛾𝑙𝑔), (ii) solid-liquid 

interface(𝛾𝑠𝑙), and (iii) solid-gas interface(𝛾𝑔𝑠)193.  Young’s law is illustrated in Figure 3-3 and 

states that the net force on the TPCL is zero when the droplet is stationary on the surface: 

𝛾𝑙𝑔 𝑐𝑜𝑠(𝜃𝐸) = 𝛾𝑠𝑔 − 𝛾𝑠𝑙 (3.25)  

The behaviour of the droplet on any solid surface is classified as hydrophilic (𝜃𝐸 < 90°) or 

hydrophobic (𝜃𝐸 > 90°).  
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Realistically, even the cleanest surfaces are not entirely homogeneous and show chemical or 

geometric heterogeneities. This eventually leads to contact angle hysteresis (i.e., the difference 

between advancing and receding contact angles), under which static contact angles, 𝜃𝑠, can be 

obtained in the spectrum between advancing, 𝜃𝑎, and receding, 𝜃𝑟, contact angles (𝜃𝑟 < 𝜃𝑠 <

𝜃𝑎). This indicates that the contact angle is chosen at the molecular scale and behaves as a 

macroscopic interface boundary condition192. 

The circumstance is completely different when the TPCL moves on the substrate, and the system 

is no longer at equilibrium. The ECA and contact angle hysteresis (CAH) are the key factors in 

TPCL motion on solid surfaces. An adhesion force, 𝐹𝑎𝑑ℎ, is generated by contact angle 

hysteresis in the TCPL region, which opposes the TPCL motion 38. It is well known that this 

adhesion force is lower for a droplet with a higher ECA and lower CAH194,195. A schematic 

illustration of the contact angles definitions and the direction of the  adhesion force is shown in 

Figure 3-4. 

 

 

Figure 3-3: Three interfacial surface tension values, which together generate a zero net 

force on the TPCL, determine the equilibrium contact angle (𝜃𝐸) of a liquid droplet. 
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Figure 3-4: Definition of the contact angles and the direction of the resistance force at 

the TPCL:  𝐹𝑎𝑑ℎ points to the left/right until 𝜃𝐸  is reached. 

 

To have a high-fidelity model, the effect of this force should be considered in the modelling. In 

this dynamic contact angle method, instead of attempting to calculate the adhesion force at the 

TPCL region, a technique in which the contact angle is defined as a function of TPCL velocity 

and CAH is implemented. The calculated contact angle is used to change the curvature of the 

liquid-gas interface in the TPCL region (consequently the surface tension), which creates a local 

resistance against the TPCL motion in dynamic conditions. The developed DCA model is 

applied as a boundary condition to VOF and LS functions in the patches where a TPCL exists. 

3.5.2 Contact angle treatment 

The angle between the wall and normal interface vectors at the TPCL region, 𝜃0 is initially 

calculated by196,197: 
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𝑐𝑜𝑠(𝜃0) = 𝒏𝑐. 𝒏𝑤𝑎𝑙𝑙 (3.26)  

where 𝒏𝑐 is calculated from the reconstruction algorithm and 𝒏𝑤𝑎𝑙𝑙 is the wall-normal vector. 

additionally, the normal interface vector at the TPCL region must be modified to the final 

normal vector, 𝒏𝑓𝑖𝑛𝑎𝑙. At each moment, this final normal vector is equal to the dynamic contact 

angle, 𝜃𝑑:  

𝑐𝑜𝑠(𝜃𝑑) = 𝒏𝑓𝑖𝑛𝑎𝑙. 𝒏𝑤𝑎𝑙𝑙 (3.27)  

Also, the plane in which the final normal vector lies must be defined by the normal interface 

vector, 𝒏𝑐 and the wall-normal vector, 𝒏𝑤𝑎𝑙𝑙. 

𝒏𝑓𝑖𝑛𝑎𝑙 = 𝑎𝒏𝑐 + 𝑏𝒏𝑤𝑎𝑙𝑙 (3.28)  

By merging Equations 3.26, 3.27, and 3.28, and solving the simultaneous set of equations for 

the values of 𝑎 and 𝑏, the coefficients can be calculated as: 

𝒶 =  
𝑐𝑜𝑠(𝜃𝑑) −  𝑐𝑜𝑠(𝜃0) 𝑐𝑜𝑠(𝜃0 − 𝜃𝑑) 

1 − 𝑐𝑜𝑠2
𝜃0

 (3.29)  

𝑏 =  
𝑐𝑜𝑠(𝜃0 − 𝜃𝑑) −  𝑐𝑜𝑠(𝜃0) 𝑐𝑜𝑠(𝜃𝑑) 

1 − 𝑐𝑜𝑠2
𝜃0

 (3.30)  

After calculation of a and b, the final normal vector, 𝒏𝑓𝑖𝑛𝑎𝑙 is calculated and replaced with the 

initially calculated normal vector, 𝒏𝑐 in all the domain cells in the TPCL area. The final normal 

vectors are used to calculate the curvature of the liquid-gas interface. Mathematically, the 

difference between the normal vectors generates a local surface tension force which considers 

the resistance force generated by the contact angle dynamics.  
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The dynamic contact angle (DCA) must be calculated initially to calculate 𝑎 and 𝑏,. The DCA 

is mostly derived in the literature as a function of the TPCL velocity. The velocity of the TPCL 

can be calculated as: 

𝑼𝑇𝑃𝐶𝐿 = 𝑼𝑐𝑒𝑙𝑙 − (𝑼𝑐𝑒𝑙𝑙 . 𝒏𝑤𝑎𝑙𝑙). 𝒏𝑤𝑎𝑙𝑙 (3.31)  

where 𝑼𝑐𝑒𝑙𝑙 is the difference between the velocity of cell centre and velocity of cell face (the 

face which is in contact with the solid surface).  

To know the direction of the TPCL, the direction of the interface parallel to the wall, 𝒏𝑤, is 

calculated as: 

𝒏𝑤 = 𝒏𝑐 − (𝒏𝑐. 𝒏𝑤𝑎𝑙𝑙). 𝒏𝑤𝑎𝑙𝑙 (3.32)  

The TPCL velocity along the solid surface can be calculated as: 

𝑢𝑇𝑃𝐶𝐿 = 𝑼𝑇𝑃𝐶𝐿 .
𝒏𝑤

|𝒏𝑤|
 (3.33)  

A negative value of 𝑢𝑇𝑃𝐶𝐿 means that TPCL is advancing, whereas a positive value of 𝑢𝑇𝑃𝐶𝐿 

means that TPCL is receding. This is due to the direction of the 𝒏𝑐 which is from the gas phase 

into the liquid phase (See Figure 3-5 for more details). 

 

Figure 3-5: A Schematic view of the initial and adjusted liquid-gas interfaces and the dy-

namic contact angle.  
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3.5.3  Dynamic contact angle calculation 

When modelling moving contact lines, there are mainly two difficulties: definition of the DCA 

and the adjustment of the no-slip boundary condition to eliminate the contact line singularity. 

The DCA model is often chosen as a function of Capillary number 𝐶𝑎, the static contact angle 

𝜃𝑠 and fitting parameter, 𝑘𝑖, which are used to fit the numerical results to the experiments198. 

𝜃𝑑 = 𝑓(𝐶𝑎, 𝜃𝑠, 𝑘𝑖) (3.34)  

𝐶𝑎 =
𝜇. 𝑢𝑇𝑃𝐶𝐿

𝛾𝑙𝑔
 (3.35)  

One of the important approaches in modelling DCA is the Cox-Voinov model199,200, which 

calculated the DCA from: 

𝐶𝑎 = 𝑘( 𝜃𝑑 − 𝜃𝑒)3 (3.36)  

where 𝑘 is a surface-related constant and is determined empirically200. Many empirical models 

for DCA have been developed based on Equation 3.36198. 

In this work, based on the DCA model proposed by the Afkhami et al.201 a model is implemented 

to evaluate the DCA as a function of TPCL velocity: 

𝑐𝑜𝑠 (𝜃𝑑) = 𝑐𝑜𝑠(𝜃𝑒) + 𝐶. 𝐶𝑎. 𝑙𝑛 (𝐾/(
𝛥𝑥

2
)) (3.37)  

where 𝐶 = 8.45 is an empirical fitting coefficient (See Appendix A), and 𝐾 = 0.2 is a constant 

with a dimension of length, and 𝛥𝑥 is the mesh size. The value of C is derived from the 

experimental data in chapter 5. Yokoi et al.202 developed a model which is based on their finding 

that the DCA tends to increase, levelling off to a maximum limit eventually equal to Advancing 

contact angle (ACA) at high Ca numbers. Likewise, the DCA continues to decrease, reaching 

to receding contact angle (RCA). Based on the Yokoi method (and experimental observations), 

the DCA is limited by ACA and RCA: 

𝜃𝑑 = {

𝑚𝑎𝑥[𝜃𝑑 , 𝜃𝑎𝑑𝑣]                    𝑖𝑓   𝑢𝑇𝑃𝐶𝐿 < 0
𝜃𝑠                                            𝑖𝑓   𝑢𝑇𝑃𝐶𝐿 = 0 

𝑚𝑖𝑛[𝜃𝑑 , 𝜃𝑟𝑒𝑐]                      𝑖𝑓   𝑢𝑇𝑃𝐶𝐿 > 0
 (3.38)  

 

The current DCA boundary condition is developed base on the existing DynamicContactAngle 

boundary condition in OpenFOAM. The motion of the TPCL on a no-slip boundary causes a 

non-integrable stress singularity which can be calculated as 𝜏𝑥𝑦 = 𝜇
𝑢𝑇𝑃𝐶𝐿

𝛥𝑥
. For the calculations 

using fine grids, this stress could hinder the motion of the TPCL203. It is suggested that applying 

the Navier-slip boundary condition near the three-phase contact line area, relaxes the local 
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singularity and allows the contact line motion on the solid surface201. Thus, the Navier Slip 

boundary condition is implemented as: 

𝒖|𝒛=𝟎 − 𝑼𝒔 = {𝜛
𝑑𝒖

𝑑𝑧
|𝑧=0                0 < 𝛼 < 1

0                     𝛼 = 0 𝑜𝑟 𝛼 = 1

} (3.39)  

At the solid boundary (z=0), where 𝜛 =Δx/2 is the slip length and 𝑼𝒔  is the velocity of the 

solid surface204. 

3.6 Finite Volume discretization 

A brief explanation of the discretisation procedures of OpenFOAM library, which is used in this 

modelling, is presented in this section. The governing equations should be discretized to achieve 

a numerical solution in CFD. The discretisation method implies how the partial and whole 

differential equations are translated into separate quantities and algebraic equations. It is then 

possible to resolve the discretized equations using linear solvers for the unknown variables. The 

solution domain is divided into a set of structured cells so that every two cells share one face.   

The normal vector of the face surface is illustrated in Figure 3-6. 

All of the equations which are explained in this chapter are discretized following the finite 

volume technique. In OpenFOAM multiphase flow solvers, the modified pressure, 𝑝𝑟𝑔ℎ is used 

instead of static pressure, p. This modified pressure avoids the high differences across the liquid-

gas interfaces.205. The relation between these two pressures is defined as: 

𝑝𝑟𝑔ℎ = 𝑝 − 𝜌𝒈. 𝒙 (3.40)  

where 𝒙 is the position vector. The integral form of the equations is solved in finite volume 

methods.  

 

Figure 3-6: Solution domain discretization, from OpenCFD Ltd 205. 
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The integration is carried out over the mesh cells, but discretization usually depends on the 

surface integral to estimate diffusive and convective fluxes. The Gauss theorem is used to 

convert the terms, including spatial derivatives, into integrals over surfaces bounding each cell.  

The value of each cell centre should be interpolated at the face centres to perform spatial and 

temporal discretisation. The Linear Central Differencing scheme is the default scheme for the 

interpolation processes in this work unless a specific scheme is introduced precisely for a 

specific operation. The Gauss linear integration scheme is used to discretize the gradient terms. 

Like the gradient terms, convection term (e.g., 𝜵. (𝜌𝑼 ⊗ 𝑼)) are discretized by the Gauss 

theorem. The implicit Euler scheme is used to discretize the time derivative terms. Although 

this scheme provides the first order of accuracy, it is entirely stable. In an effort to speed up the 

calculations, variable time step is used in this study through a user-defined function with a 

condition to keep the Courant number lower than 0.3. 

The solution procedure of the CLSVOF method can be explained in the following steps  

1. Scalar and vector fields ( 𝑼, 𝑝𝑟𝑔ℎ, 𝜌, 𝜇, 𝐻, 𝛿, 𝛼) definition. 

2. Numerical fields initialization, LS function reinitialization, then H and δ functions initial 

value calculation.  

3. Calculation of the SAW force source term based on the SAW device properties and 

liquid phase location in the domain. 

3.1. Evaluation of the Solid-liquid interface area and the mass centre of this area.  

3.2. Calculation of TPCL area and the body force (depending on the IDT type). 

4. Time loop start, interface correction and volume fraction correction at the liquid-gas 

interface. 

5. Solution of the volume fraction advection equation, correction of VOF field (if required), 

and initialize LS field. 

6. Solve the reinitialization equation, so that 𝑆(𝜙0) is obtained. Then interface at the 

boundaries is corrected, and new values of H and δ functions and surface curvature are 

calculated. 

7. Physical properties of the fluid and the fluxes are updated. 

8. Navier-Stokes equation solution by PIMPLE algorithm to calculate velocity and pres-

sure fields.  

9. Go to the next time step (starting from step 4). 
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The PIMPLE algorithm, which is used to solve the momentum and pressure equations for time-

dependent incompressible laminar or turbulent flows with large time steps, is the merged form 

of PISO-SIMPLE predictor-corrector solver (from OpenFOAM library). PISO (Pressure 

Implicit Split Operator) and SIMPLE (Semi Implicit Method for Pressure Linked Equations) 

are transient and steady-state solvers for incompressible flows. The PIMPLE algorithm is based 

on the iteration procedure for solving the Navier-Stokes equation. In this research, all the 

simulations are carried out on structured cells to decrease the computational costs and time. 

However, the developed method is capable of handling unstructured mesh. 

 

3.7 Summary 

In this chapter, the developed mathematical model to capture the liquid-gas interface is 

explained. In order to do so, An interface capturing method was developed based on the 

CLSVOF method to simulate the deformation of the droplet subjected to SAWs. A code was 

written to calculate the effect of SAW generated by various IDTs as a body force to consider 

the SAW effect. Furthermore, to accurately model the TPCL movement, a dynamic contact 

angle model is implemented. The dynamic contact angle model developed after testing a few 

models which were already in the literature and fitting the experimental data against simulation 

ones. The discretization methods are also explained in this chapter. In the next chapter, the 

experimental methods will be explained. 
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Chapter 4. Experimental methodology 

This chapter explains the methods used to fabricate and characterise the SAW devices and the 

experimental procedures. First, the methods used to fabricate and characterize the various SAW 

devices used in this study are explained, and then the details of the carried out experiments are 

explained. 

4.1 ZnO thin film deposition and characterisation 

The first step in the fabrication of a thin-film SAW device is the deposition of a piezoelectric 

layer (ZnO in this study) on a substrate. Thus, using the physical vapour deposition (PVD) 

process, the ZnO thin film was deposited on different types of substrates such as silicon wafers 

and aluminium plates. A schematic illustration of ZnO deposition with a direct current 

magnetron sputter system is presented in Figure 4-1. As shown in Figure 4-2(a), a direct current 

magnetron sputter system (Nordiko Ltd.) was used to deposit a layer of ZnO piezoelectric film 

on the substrates using a pure zinc target (99.99%). 10×10 cm Aluminium plates with 

thicknesses of 0.5 and 1 mm and 3 inch single-sided polished monocrystalline silicon wafers 

with a thickness of 1 mm were used as the ZnO substrate deposition. 

 

Figure 4-1: (a) A schematic illustration of a direct current magnetron sputter system. 
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(a) (b) 

Figure 4-2: (a) Nordiko sputtering machine. (b) Aluminium substrates fixed on the hold-

ers by Kaplan tape after eight hours of ZnO deposition. 

 

Before the deposition, the substrate surfaces were cleaned with acetone and then by ethanol, and 

then the substrates were rinsed with deionised (DI) water and dried with nitrogen. These 

substrates were fixed on the holders with Kaplan tapes after a surface cleaning process (see 

Figure 4-2(b)). Six holders with mounted substrates were fixed with screws on a rotational 

hexagonal cylinder which was installed in the centre of the sputtering machine chamber. The 

minimum distance of the holders from the targets was 20.0 cm, and the holder was rotating at a 

speed of 4.0 rpm.  

The vacuum pump was turned on, and during the deposition process, a chamber pressure of ~3.2 

mTorr was maintained. The deposition parameters are as follows: a DC power of 400 W and an 

Ar/O2 mass flow ratio of 10/15 SCCM (standard cubic centimetre per minute) without any 

external substrate heating. These parameters were selected after a few test runs and checking 

the film quality and thickness. The holders were not intentionally heated during the deposition. 

The achieved deposition rate was ~0.35 µm/hour and the total deposition time was 16 hours. 
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Figure 4-3: SEM image of the ZnO/Si SAW device surface. 

 

A scanning electron microscope (SEM) was used for surface morphology and cross-section 

characterising of the ZnO thin film. An SEM image of the film/substrate is illustrated in Figure 

4-3. 

4.2 SAW device fabrication and frequency response characterisa-

tion 

After thin-film deposition on substrates, interdigital transducers (IDTs) must be patterned on 

the SAW device surface. A characteristic SAW device consists of (minimum) one set of IDTs 

fabricated on the piezoelectric substrate surface. IDTs apply the electric field to the solid 

surface, and electrical energy is converted to mechanical stress and thus, SAW with 

displacement amplitude (in the order of 10 Å) is generated. The IDT design determines the 

characteristics of the SAW. By changing the profile, the number of fingers, spacing and aperture 

(overlap space) of the IDTs, the frequency, wave propagation path and mode of the SAW can 

be changed. For all the SAW devices fabricated in this research, straight IDTs were designed 

and patterned on the surface (see Figure 4-4).  



 

 

52 

 

 

Figure 4-4: A schematic sketch of straight IDTs. 

 

As shown in Figure 4-5, traditional photolithography and lift-off processes were used to pattern 

straight IDTs onto the ZnO film.  After the surface cleaning process, A layer positive photoresist 

S1813 (Rohm and Haas) was coated onto the surface by a spin coating method (Laurell 650M 

spin coater). Spin coating was performed in two steps: first 10 seconds or rotation with 10 rpm, 

and second 60 seconds by a steady rotational velocity raise up to 3,700 rpm. To softly bake the 

samples, they were located on a hot plate with a temperature of 95 oC for 10 minutes. An 

EVG620 mask aligner was used to expose a dose of 90 mJ to the samples, and then they were 

immersed in the MF319 developer solution for 1 minute to develop the S1813 photoresist. The 

patterned Cr/Au IDTs had thicknesses of 20/100 nm and consisted of 30 pairs of fingers, with 

an aperture of 5 mm and different wavelengths of 64 to 300 µm.  
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Figure 4-5: IDTs patterning process on the ZnO film using lithography and lift-off pro-

cesses 

The resonant frequency of each SAW device was measured using an RF network analyzer 

(HP8752A RF network analyzer). Table 4-1 list all the fabricated ZnO/Si and ZnO/Al SAW 

devices' measured resonant frequencies. 

Constructive interference occurs while the frequency of the RF signal is set equal to vs λSAW⁄  

(where λSAW is the wavelength, which is equal to the distance between two IDT fingers). A 

robust acoustic wave will be generated, travelling through the surface of the piezoelectric 

material7. The particles' motion in the solid surface is in two directions, A movement normal to 

the surface and a surface-tangential component of the motion with respect to the direction of the 

wave propagation (see Figure 4-6).  

Table 4-1: Measured frequencies and calculated velocities of ZnO/Si and ZnO/Al devices 

Wavelength 

(µm) 

ZnO/Si  ZnO/Al 

Frequency 

(MHz) 

𝑣𝑠 

(m/s) 
 

Frequency 

(MHz) 

𝑣𝑠 

(m/s) 

300 14.36 4310  9.00 2701 

200 21.61 4322  13.74 2749 

64 67.20 4301  42.87 2744 

36 116.80 4205  75.72 2726 

20 210.20 4204  136.55 2731 

16 271.00 4336  169.50 2712 



 

 

54 

 

 

Figure 4-6: A schematic illustration of SAW propagation4. 

4.3 Stationary droplet actuation experimental setup 

A schematic view of the experimental setup for jetting and pumping purposes is illustrated 

in Figure 4-6. To form a hydrophobic surface, the ZnO/Si SAW device's surface was coated 

with 1% CYTOP solution (Asahi Glass Co.) by drop coating and a post bake for 20 min at 150 

oC. The hydrophobicity of the surface was characterised by measuring the static, advancing, and 

retracting contact angles during volume addition and withdrawal to a sessile droplet on a droplet 

shape analyser (Kruss DSA30S). Table 4-2 summarizes the ZnO/Si and ZnO/Al SAW devices' 

measured angles with and without CYTOP surface treatment. 

 

Figure 4-7: A schematic view of the experimental setup for droplet actuation by SAWs 
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Table 4-2: ECA, ACA, RCA and CAH for ZnO/Si SAW and ZnO/Al devices with and 

without surface treatment. In this table, ± sign shows the standard error. 

SAW Device ECA ACA RCA CAH 

ZnO/Si 86º±3º 90º±4º 27º±4º 63º±8º 

CYTOP/ZnO/Si 122º±2º 123º±2º 95º±4º 28º±6º 

ZnO/Al 98º±10º 111º±1º 49º±1º 63º±2º 

CYTOP/ZnO/Al 114º±2º 114º±1º 105º±1º 9º±2º 

RF signals with different powers (from -5 db to 12 db) were triggered by a signal generator 

(Marconi Instruments 2024) and amplified with an RF amplifier (Amplifier research, 75A250) 

before being applied to the IDTs to excite SAWs. The amplifier output  power was measured 

using an RF power meter (RACAL Equipment, 9104). Droplet streaming and jetting 

experiments were carried out at an environment temperature of 20 ± 0.5 °C and 50 ± 5% relative 

humidity. At this temperature, the density, kinematic viscosity, and (water-air) surface tension 

of DI water are 998.2 kg.m-3, 1.004×10-6 m2s-1, and 0.072 N.m-1, respectively. Droplets of 

deionised (DI) water with various volumes were located at the SAW device centre using a 

micropipette. The droplet deformation was captured using a high-speed camera (HotShot 

1280CC) with a macro lens (120 mm-Nikon) at 2000-5000 frame per second (fps). A Matlab 

image processing tool was used to analyse the results. Each experiment was repeated three times 

to confirm the repeatability of the experiments. A schematic view of the experimental setup is 

illustrated in Figure 4-8. 

4.4 Droplet impact experimental setup 

Droplets of deionized water with an initial diameter of D0= 1.9×10-3 m was generated from 

hypodermic needles (BD Microlance, inner diameter Dn=1.5×10-3 m) mounted on a 2D 

positioner using a syringe pump (Cellix, World Precision Instruments, UK). The calculation of 

the droplet volume, 𝑉𝐷𝑟 was based on the numerical model proposed by Aminzadeh et al.206: 

𝑉𝐷𝑟 =
𝛾𝑙𝑔𝜋𝐷𝑛

𝜌𝑔
 (4.1)  

The droplets were released from differently selected heights, H, with an initial velocity of zero, 

to reach the desired velocities before their impacts on the inclined solid surface. The inclination 

angle of the device surface was set to be 0°, 15°, 30°, 45°, and 60°.  
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Figure 4-8: A schematic view of the experimental setup for droplet impact control by 

SAWs 

 

The impact and rebouncing sequences were captured from a side view using a high-speed 

camera (HotShot 1280CC) with a macro lens (120 mm-Nikon) at 5000 frames per second (fps). 

MATLAB image processing tool was used to calculate the droplet impact velocity from two 

consecutive images just before its impact onto the device surface. To fully understand how the 

SAW can modify the droplet impact on inclined surfaces, a set of systematic experiments were 

performed to investigate the effects of inclination angle, impact velocity, and SAW direction 

and power, at a lab temperature of 21 ± 0.5 °C and 50 ± 5% relative humidity. Each test was 

repeated four times to confirm the repeatability of the experiments. A schematic illustration of 

the experimental setup is presented in Figure 4-8.  

The diameter of the dispensing needle (Dn=3×10-4 m) was captured and measured, and the data 

were used to calibrate the images. A conversion factor of 40 µm/pixel was obtained. The optical 

imaging system resolution for observing droplets in our system was determined to be 120 µm 

based on edge detection methods corresponding to three pixels. On the other hand, the 

repeatability of the droplet diameter and impact velocity should be examined.  
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Figure 4-9: Uncertainty analysis for (a) Droplet initial diameter Do; and (b) droplet impact 

velocity Uo for different experimental cases as a function of droplet release height, ℎ. 

 

Figure 4-9(a) shows that the uncertainty of the droplet diameter was ±3.8%. In principle, the 

impact velocity can be calculated by the equation, U0=√2𝑔(ℎ − 𝐷0). Figure 4-9(b) shows that 

the uncertainty of the impact velocity was ±4.5%. This method is used to define the uncertainty 

because the number of the experimnts are limited and calculation of the standard deviation will 

not give reasonable ranges for error. The value of the relative error of the We number was 

calculated by the equation ΔWe/We=ΔD0/D0+2ΔU0/U0 to be 12.8%207. The angle deviation of 

the SAW device holder was ±0.3o. 

4.5 Summary 

In this chapter, the SAW device fabrication methodology was explained. Furthermore, the 

experimental setup and procedure for droplet actuation and impact experiments were described. 

Finally, an analysis of the experimental uncertainties was presented. Experimental observations 

and analysis showed that most of the parameters in the droplet-based experiments, such as 

internal pressure and velocity fields, are not easily measured by experimental results, and CFD 

simulations can give a better insight into the droplet dynamics. In the next chapter, the developed 

numerical model will be used to simulate droplet actuation by SAWs.  
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Chapter 5. Numerical investigation of droplets actuation by 

SAWs 

In this chapter, first, the simulation setups and input parameters are explained. Then, two 

different droplet actuation scenarios are simulated with the developed method for model 

validation purpose. The simulation and experimental results are quantitatively and qualitatively 

compared to examine the capability of the CLSVOF method to reproduce the pumping and 

jetting phenomena by SAWs. Numerical and experimental results investigate droplet translation 

by SAWs. Initially, the developed model is used to explain the physics of pumping and then the 

effect of different variables such as SAW frequency and power and droplet volume on pumping 

behaviour is investigated. 

Additionally, the developed model is used to investigate the droplet vertical jetting by SAWs. 

Moreover, the physics of droplet jetting and internal streaming by analysing the liquid medium's 

energy terms is investigated in this chapter. Finally, the numerical analysis is used to optimize 

the IDT positions to enhance optimum mixing, separation, and vertical jetting applications.  

5.1 General simulation parameters and boundary conditions 

In this section, all the simulation parameters which are similar for all the simulations are 

explained. Although the developed method can handle unstructured mesh, all the domains in 

this study are designed to lower the computational time and cost. Thus, the computational 

domain for all the simulations in this study is a rectangular box with fully Cartesian mesh. 

However, depending on the droplet size and microfluidic application, the dimensions of the 

boxes are determined for each case separately. To eliminate the boundary induced disturbances, 

a relatively large domain is chosen for all the cases. 

Since all the experiments in this thesis are carried out for water droplet in atmospheric air at 20 

oC and 20% humidity, the liquid properties are kept constant for all the simulations and 

presented in Table 5-1.  
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Table 5-1: Air and water properties 

Properties water Air 

Density 999.13 Kg.m-3 1.1839 Kg.m-3 

Kinematic viscosity 8.917×10-7 m2.s 15.52×10-6 m2.s 

Air-water Surface tension 

coefficient 
0.0707106 Kg.s-2 

  

 

The initial radius of the droplet is calculated as a function of droplet volume and ECA by: 

𝑅0 = √
−3𝑉𝐷𝑟

𝜋(1 − 𝑐𝑜𝑠𝜃𝐸)(𝑐𝑜𝑠2 𝜃𝐸 + 𝑐𝑜𝑠 𝜃𝐸 − 2)

3

 (5.1)  

where, 𝜃𝐸  is the equilibrium contact angle of the droplet on the surface. Interface thickness, 𝜖 is 

always equal to 1.5Δx and coupling parameter, Γ, is 0.75Δx in all the simulations.  

The velocity boundary condition for all the solid surfaces is the Navier slip boundary condition. 

On these surfaces, the developed dynamic contact angle model is applied to both VOF and LS 

functions ( See chapter 3 for definition)   fields. The pressure boundary condition for such planes 

is fixedFluxPressure. This boundary condition (which is almost identical to zero gradient 

boundary condition) is generally used in OpenFOAM for pressure, where forces such as surface 

tension and gravity are added to the Navier-Stokes equations. The boundary condition adjusts 

the gradient accordingly. 

For all other planes (i.e., sides and top), the velocity boundary condition is 

pressureInletOutletVelocity. This boundary condition assigns a zero gradient for the flow 

exiting the domain and a velocity field based on the flux in the patch-normal direction for the 

domain entering flow. On these patches (i.e., sides and top), the boundary condition for 𝛼 and 

𝜙 fields is zeroGradient. This boundary condition uses the value of the nearest cell to extrapolate 

the value of the fields to the patch. This means that the value on the patch is calculated in a way 

that its gradient in the direction perpendicular to the patch is equal to zero. The pressure 

boundary condition for all the patches (nonsolid surfaces) is totalPressure with total pressure, 

𝑝, of zero. This boundary condition sets the patched pressure by the following equation: 

pp = 𝑝 −
1

2
(𝑈𝑥

2 + 𝑈𝑌
2 + 𝑈𝑍

2) (5.2)  
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The time of the simulations are varied for each case; however, to reduce the simulation time, 

adjustTimeStep function is used to vary the time step in a way that the Courant number 

(
Δ𝑡 √𝑈𝑥

2+𝑈𝑌
2+𝑈𝑍

2

Δ𝑥
) would not exceed 0.3. All the simulations are carried out in parallel. A Simple 

geometric decomposition method (from OpenFOAM standard library) is chosen to split the 

domain into pieces by direction (e.g., two pieces in the X-direction, one in Y). The number of 

subdomains is decided so that the number of cells in each domain would not exceed 10000 cells. 

All the calculations are performed on Dual Intel Xeon E5-2680 v4 14 core 2.4 GHz CPUs. 

5.2 Droplet pumping  

As discussed in chapter 2, droplet pumping by SAWs has not been numerically investigated. In 

this section, using the developed CLSVOF method, droplet pumping is investigated for the first 

time, and the key parameters affecting the pumping behaviour is analysed. Furthermore, droplet 

jetting behaviour at higher applied SAW power is simulated by the developed code. This results 

of this section are published as a research paper in Sensors and Actuators, A: Physical journal. 

5.2.1 Model validation  

Initially, a spherical droplet with a volume of 1 µl (droplet diameter on the surface is 1.37 mm) 

and equilibrium contact angle (ECA) of 𝜃𝐸 = 110𝑜 is positioned on the left end of the bottom 

wall in the computational domain. In all the simulations, SAW is propagating from left to right. 

As simulation starts (t=0), SAW is propagated from the left edge of the computational domain 

in the X-direction. The XZ middle plane of the CFD mesh domain, droplet initial condition, and 

important boundary conditions are illustrated in Figure 5-1(a). The dimensions of the 

computational domain are selected after a series of test simulations for droplet moving area. 

Details of the input parameters are summarized in Table 5-2. The parameters used in the 

simulations of droplet pumping are fora ZnO/Si SAW device with a resonant frequency of 67.20 

MHz and a Rayleigh angle of 19.23o. The amplitude of the applied SAW is 400 Ǻ. 
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(a) (b) 

Figure 5-1: Numerical setup (a) An isentropic view of simulation geometry with the droplet 

initial position. In all the simulations, the wave direction is from left to right, (b) A cross-

section view of initial droplet condition and mesh refinement strategy. Rear point is defined 

as the point closer to the SAW device IDTs and vice versa. 

 

Three mesh refinement strategies are defined to perform a grid independency test. In each mesh 

refinement step, each cell is divided to eight equal cells. To obtain a domain with different cell 

sizes, the cells in the area in which it is expected the liquid medium would move is refined one, 

two and three times along the Z-direction. A summary of all three computational domains is 

summarized in table 5-3. Note that for Δ𝑥 larger than 6.75×10-5 m, convergence is not obtained. 

To analyse the results, the average droplet velocity during the simulation is compared to 

experimental results. This parameter is chosen since measurement of droplet velocity from 

experimental results is possible with image processing methods. A comparison between these 

results shows that with 1 mesh refinement, the difference between the experimental and 

simulation results is high. By increasing the number of the mesh refinements along the Z-

direction (i.e., smaller cell size), the results become closer to the experimental results. It is 

concluded from Table 5-3 that the droplet transportation velocity for domains with two and three 

mesh refinement steps has insignificant differences. Thus, to reduce the computational costs and 

time, all the computations for droplet pumping applications are performed in a domain with a 

droplet diameter to a minimum cell size ratio that is kept constant at ~60. 
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Table 5-2: Simulation parameter for droplet pumping by ZnO/Si SAW device 

Input parameters Value 

Equilibrium contact angle 110° 

Wave number140 -1813 m-1 

Attenuation coefficient 2.686 

After mesh independency tests, the experimental data are compared with the simulation results 

in details to validate the CLSVOF solver. The computational domain is a rectangular box with 

a dimension of 8.0 × 2.8 × 4.0 (𝑚𝑚) consisting of 3,476,480 hexahedral cells.   Simulation has 

been performed for a droplet of water with a volume of 5 µl and an initial radius of 1.17 mm. 

The SAW with a frequency of 64.49MHz is applied to the liquid medium from the left side. A 

qualitative comparison between computational and experimental results of droplet 

transportation on a ZnO/Si SAW device is presented in Figure 5-2. A very close agreement is 

obtained between the computational and experimental results, which clearly shows that the 

CLSVOF method can be used to simulate the droplet deformation and transportation by the 

SAW.  

Based on the simulation results, a comparison between the velocity of the front and rear points 

of the droplet (see Figure 5-1 for definition) is presented in Figure 5-3(a-b). The reasonably 

good agreement between the experimental and simulation results confirms that the numerical 

model can be used to simulate the droplet actuation by SAW. The difference between CFD and 

experiments between 0.018s and 0.032s is mainly because of the experimental setup. Since the 

surface treatment is not ideal at some positions the vaues of contact angles on the surface mihght 

change which leads to sudden movements of the TPCL.Since the TPCL motion is highly 

dependent on the dynamic contact angle model, the comparison between experimental and 

simulation results also validate the implementation of DCA boundary conditions. 

Table 5-3: A comparison between the droplet transportation velocities for three different 

grid resolution strategies 

Number 

of refine-

ments  

Δx 

(m×10-5) 

Number of 

cells in the 

domain 

Cell numbers 

across the drop 

diameter 

Simulation 

time (min) 

Average droplet 

velocity (m/s) 

Difference from 

experimental 

value 

1 3.425 350446 40 ~62 0.1552 +12.46% 

2 2.30 115230 60 ~240 0.1419 -1.44% 

3 1.72 2767050 80 ~1892 0.1418 -1.15% 
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Time = 0 ms 12 ms 25 ms 37 ms 

Figure 5-2:  A comparison between experimental and simulation results of droplet shape 

variation.  

5.2.2 Mechanisms of droplet pumping 

As the precision of the CLSVOF method and contact angle model is confirmed, the mechanism 

of large deformations of the droplet and transportation are now investigated in this section using 

CFD results of the same case. When the SAWs hit the droplet medium on the solid surface, the 

SAW force is at its maximum value at the rear point (interact point) and decays exponentially 

along X and Z-directions. There are three key parameters in droplet behaviour during its 

pumping: (i) the SAW force which generates momentum inside the fluid, (ii) the liquid viscosity 

which dissipates the energy transferred by SAW into the fluid medium, and (iii) the interaction 

between the solid and liquid surfaces. 

  

(a) (b) 

Figure 5-3:  A comparison between experimental and simulation results for droplet transpor-

tation velocity, (a) rear point (b) front point.  
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(a) (b) 

Figure 5-4:  Numerical simulation results of droplet transportation (c) droplet front and rear 

point position during the simulation. (b) Droplet tip position while pumping. 

 

Before applying the SAW force, the TPCL is a circle. As shown in Figure 5-4(a), by applying 

the force for ~4.3 ms, the rear side of the TPCL shrinks toward the centre of the circle while the 

front side is motionless.  The initial droplet deformation changes the contact angle. Meanwhile, 

the curvature at the droplet interface increases slightly. Equation 3.12 indicates that surface 

tension is proportional to the curvature of the droplet interface. Thus, the surface tension at the 

interface of the deformed droplet increases. During this time, the applied SAW force overcomes 

liquid inertia. After 4.3 ms, due to the momentum increase inside the droplet, the front side of 

the TPCL starts to move. 

Consequently, the droplet tip is raised, and the solid and liquid contact area is decreased. After 

12 ms, when the ratio of droplet tip height to its initial value (Z/Z0) is equal to ~1.3 (see Figure 

5-4(b)), the droplet tip starts to descend. The velocities of the rear and front points are also 

decreased due to the following two reasons (see Figure 5-3). Firstly, the surface curvature and 

surface tension are increased, which cancels the raise of the vertical momentum of the SAW 

force. Secondly, the lower contact area between the solid and the liquid reduces SAW energy 

transfer from the solid surface to the liquid medium. As soon as the ratio of Z/Z0 reaches ~1.1, 

SAW energy transferred to the liquid medium is large enough to push the droplet tip upward 

again. 

The total velocity of each cell centre in the liquid medium during the droplet transportation can 

be described as the sum of two velocities: (i) internal streaming velocity and (ii) translation 
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velocity along the solid surface. Snapshots of the middle plane of the droplet overlaid by total 

velocity vectors are illustrated in Figure 5-5(a) to explain the air and liquid streaming patterns 

during the first 6 ms. As shown in Figure 5-5(a), during the initial 29 ms of droplet pumping, 

the slopes of droplet velocity in the two sides of the TPCL are not similar. These different 

velocity slopes from both sides create a wobbling movement. After this time, the velocities of  

two sides of the droplet tend to have the same trend, and the wobbling of the droplet starts to 

disappear. The droplet linear velocity (i.e., droplet pumping velocity in X-direction) is 

subtracted from the x component of velocity vectors to show the internal streaming patterns 

inside the droplet. Temporal evolutions of all the vectors inside the fluid medium are shown in 

Figure 5-5(b). Initially, the droplet is wobbling, and two annular vortexes can be observed inside 

the droplet. The lower vortex creates a rolling movement of the droplet, while the higher vortex 

creates a twin annular flow, which is the main reason for droplet tip wobbling. The higher vortex 

disappears after 26 ms, and the centre of the lower vortex moves toward the front point.  

(a) 

 
 

 

Time = 2ms 4ms 6 ms 

(b) 

 
  

Time = 10 ms 20 ms 30 ms 

 

Figure 5-5:  (a) Snapshots of droplet midplane overlaid by velocity vectors during the 

start of the droplet pumping. (b) Internal streaming development while pumping.  
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(a) (b) 

 

(c) 

Figure 5-6:  (a-b) Numerical 3D illustrations of complex internal streaming pattern in-

side the droplet after 32 ms after applying SAW (a) Tilted view, (b) Cross-section view. 

(c) Velocity field for droplet and surrounding air of the droplet after 32 ms of calcula-

tion. 

As time evolves, after 30 ms, a fully developed vortex can be observed inside the droplet, which 

corresponds to the rolling movement of the droplet on the solid surface. The 3D streamlines of 

internal streaming inside the droplet after 32 ms are presented in Figure 5-6(a-b). The 

corresponding magnitudes of velocity vectors at the same time are shown in Figure 5-6(c). The 

airflow velocities near the interface are relatively high. 
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5.2.3 Key parameters in droplet pumping 

SAW power, droplet volume and SAW devide frequency are the three key parameters which 

are critical in SAW-based droplet pumping. Thus, the effect of these parameters on the droplet 

pumping is investigated by the developed numerical method in this section.   

5.2.3.1 SAW power  

Four cases were simulated to investigate the effect of the SAW power (i.e., wave amplitude) on 

transportation behaviour. For all the cases, the wave frequency was kept constant at 66.70 MHz. 

The water droplet has a volume of 5 µl with an initial contact angle of 110°. Wave amplitudes 

of 150, 250, 350, 420 (Å) were applied to change the wave powers for different cases. The CFD 

calculation was performed up to 45 ms.  

Figure 5-7 illustrates the droplet velocity and Z/Z0 results during the simulations for all cases. 

Experimental observations have shown that by increasing the SAW power at each frequency, 

different microfluidic functions such as internal streaming, transportation, and jetting can be 

obtained71.  At each frequency, transportation occurs at a specific range of SAW amplitude, 

which is increased by increasing the resonant frequency of the device141. At SAW amplitudes 

between 30 to 200 Å, the amount of energy transferred from the solid surface to the fluid 

medium is low, and surface tension and viscous dissipation are large enough to keep the droplet 

in its initial spherical shape. With further increase of SAW amplitude, the SAW vertical 

momentum becomes high enough to reach the droplet surface, and thus the droplet is deformed.  

  

(a) (b) 

Figure 5-7:  Simulation results for droplet transportation with different wave power,  (a) droplet 

front point velocity, (b) droplet tip height 
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5.2.3.2 Droplet volume 

In this section, the effect of droplet volume on the transportation behaviour of the droplet is 

investigated.  The SAW frequency is fixed at 66.70 MHz for all the cases, and the initial contact 

angle is 110°. If the same power is applied to the droplets with various volumes, due to the 

Newton’s second law by increasing the droplet volume its velocity will decrease. To have a 

better insight of the effect of the volume on the pumping the applied SAW power is normilized 

with droplet diameter. Therefore, during the simulation, the ratio of the amount of SAW force 

to droplet volume constant is kept constant, and the ratio of SAW amplitude to droplet diameter 

is also kept constant. More details about the simulation parameters of this section are presented 

in Table 5-4.  

The temporal evolution of Z/Z0 is presented in Figure 5-8 to compare the droplet interface 

deformation. An interesting observation for the cases with droplet volumes of 1 and 2 µl is the 

effect of droplet diameter on interface deformation. For these cases, surface tension is high 

enough to resist the vertical momentum created by SAW force and avoid the significant 

deformation of the droplet. 

As the droplet volume increases, droplet oscillation is more significant due to lower surface 

tension force at the liquid-gas interface. Some SAW energy is converted to surface energy by 

droplet deformation. Due to the liquid inertia, the droplet velocity is decreased for the larger 

droplets.  

 

Table 5-4: simulation parameters to compare the effect of droplet volume in pumping 

Droplet Volume 

(µl) 

Wave 

Amplitude 

(A) 

Droplet 

Diameter(mm) 
CFD mesh size 

Number of CFD 

mesh cells 

1 204.61 0.684 6.0 × 1.6 × 1.6(𝑚𝑚) ~1.0 million cells  

2 257.86 0.862 6.0 × 2.0 × 2.0(𝑚𝑚) ~1.5 million cells 

5 350 1.17 8.0 × 2.8 × 2.6(𝑚𝑚) ~3.7 million cells 

8 408.92 1.367 12.0 × 3.1 × 3.0(𝑚𝑚) ~5.0 million cells 
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Figure 5-8:  The ratio of droplet tip height to initial value during transportation with dif-

ferent droplet volume. 

5.2.3.3 SAW resonant frequency 

This section presents the simulation results in two parts to study the effect of resonant frequency 

on the droplet actuation. First, four different cases with different device resonant frequencies of 

64.49, 116.96, 210.48 and 271.32 MHz were defined. The wave amplitude and initial contact 

angle are kept constants at 350Å and 110°, respectively. At higher frequencies, the solid-liquid 

interface area actuated by SAWs is limited to the rear edge area. However, the magnitude of the 

force in this area is larger (higher 𝜔 in the SAW body force equation). Droplet transportation 

velocities at different SAW frequencies are shown in Figure 5-9(a). The droplet front point 

velocity is decreased with the increase of the resonant frequency as the attenuation length of 

SAW decrease by increasing the frequency, and less energy is dispatched inside the fluid 

medium at a constant wave power. Second, to link the experimental and computational results, 

a set of simulations were performed to find the minimum wave amplitude to start droplet 

transportation or jetting. Experimental results show that by increasing the resonant frequency, 

the attenuation length is decreased, and thus, lower SAW energy is dispatched from the surface 

to the fluid medium71. As the wavenumber is a linear function of frequency, the wavenumber is 

increased by increasing the frequency, and the SAW force is attenuated in a shorter length 

among X and Z-directions. However, the magnitude of the force in the SAW agitated area is 

much larger. The total SAW momentum dissipated into the fluid medium, and its dissipation 

distance are significantly reduced by increasing the frequency. 

It is vital to define a mathematical relationship between RF power and SAW amplitude to 

compare the simulation and experimental results of droplet transportation by SAW waves at 
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different frequencies for ZnO/Si devices. Here, an empirical correlation between experimental 

and simulation results is introduced to identify the normalized SAW amplitude, 𝐴 𝜆⁄ By the RF 

power.  

𝐴

𝜆
= 6.72 × 10−6𝑃1.94 + 1.52 × 10−6𝑃0.91 (5.3)  

where P is the applied RF signal power in Watts. This expression is enhanced by assuming that 

surface treatment quality is ideal for the experimental cases. The minimum power to enhance 

jetting and pumping at each wavelength is fitted with the simulation results with the same 

wavelength. Figure 5-9(b) shows the simulated minimum SAW amplitude normalized by 

wavelength to start droplet transportation and jetting at different frequencies. The comparison 

between the experimental and simulation results shows that the computational model can predict 

droplet behaviour. The mixing area is defined as an area where applied power creates internal 

streaming while the droplet is stationary. 

The range of applied RF power to enhance internal streaming, transportation, or jetting is critical 

to design an optimum microfluidic SAW pump operated at a specific resonant frequency. The 

accuracy of the developed computational model can be used to predict the acoustofluidic 

behaviour at different RF power ranges. Comparing the minimum  𝐴 𝜆⁄  value to start jetting and 

transportation at different frequencies, the ratio between minimum power for jetting and 

transportation is decreased by increasing the frequency.  

 

Figure 5-9: (a) Droplet front point velocity at different resonant frequencies; discrete points 

are the experimental results (b) A comparison between simulation and experimental results 

for minimum 𝐴 𝜆⁄  to start transportation and jetting  
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5.2.4 One-sided jetting 

Droplet jetting can happen when the SAW energy transferred from the solid surface to the liquid 

phase is large enough to overcome the surface tension and gravitational forces, and the droplet 

interface deforms until the droplet is separated from the surface along the Rayleigh angle15. The 

jetting phenomena are reproduced for a droplet of 5 µl on a SAW device with a resonant 

frequency of 271.32 MHz. The measured static contact angle for a sessile droplet on this device 

is 110°. Wavenumber and attenuation coefficient for this sample set at 425 and 2.47 

consequently142.  

A comparison between experimental and simulation results is presented in Figure 5-10. The 

results clearly show that the developed code can capture the droplet interface during the jetting. 

The simulation results are overlaid by the velocity field inside the middle droplet plane. After 3 

ms of simulation, Velocity vectors show that there is developing streaming at the left corner of 

the droplet. Droplet deformation is also pushing the surrounding air and creating an airflow 

around the droplet tip. After 11 ms, a strong flow pattern inside the droplet pushes the droplet 

upward. Furthermore, an air vortex can be observed on the left side of the droplet. Interestingly 

after the droplet separation from the surface, the internal streaming velocity is lower because of 

viscous dissipation. 

 

Figure 5-10: Comparing experimental and simulation results of droplet jetting by 

SAW device with a resonant frequency of 271.32 MHz. Scaled velocity vectors 

overlay simulation results.  
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5.3 Droplet jetting and internal streaming 

In this section, the droplet actuation by a pair of IDTs is simulated to model the interactions 

between the solid and liquid phases and TPCL dynamics. After model validation by the 

experimental results, numerical results are used to analyse the energy budget of the droplet 

required for SAW induced internal streaming and jetting. Different energy terms, such as kinetic 

energy or viscous dissipation, are not easily measured experimentally. However, these energy 

terms and their effects on the physics of the flow can be investigated using the 3D numerical 

results, which are beneficial for designing and fabricating SAW devices for different LOC 

applications.  

5.3.1 Model validation for droplet jetting 

The computational domain for the droplet jetting cases is illustrated in Figure 5-11. For all the 

cases, a droplet at room temperature with an initial radius of 0.862 mm and a static contact angle 

of 110o is set to be stationary in the bottom plane centre. The droplet contact angle and volume 

are equal to those of the experimental results. Grid dependency tests were carried out by defining 

three cases, e.g., with coarse, normal, and fine mesh sizes. The minimum cell size for each case 

is presented in Table 5-5. The simulation time is based on parallel simulation on 4 Dual Intel 

Xeon E5-2680 v4 14 core 2.4 GHz CPUs (224 cores). 

 

 

(a) (b) 

Figure 5-11: (a) 3D view of the computational domain. (b) A cross-section of the XZ-plane 

to illustrate the mesh domain 
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Droplet jetting velocity, i.e., the droplet jet velocity in the Z-direction, is chosen to be compared 

with experimental results. As shown in Table 5-5, the average tip velocity (i.e., the average 

vertical motion of the droplet tip during 12 ms of the jetting) is 2% higher for the Coarse case 

than those of the Fine and Normal cases. 

Moreover, a comparison between the temporal evolution of the droplet tip velocity (i.e., the 

droplet tip temporal velocity in Z-direction) has been made, as shown in Figure 5-12(a). For 

both the Fine and Normal cases, the tip velocity is nearly identical. However, the difference in 

results of the Coarse mesh case illustrates that mesh independency is not obtained with this mesh 

size. Overall, given that simulations with fine mesh size are computationally expensive, all the 

numerical cases of droplet jetting by SAWs are carried out with a mesh size of 2.50×10-5 mm. 

Experimental and simulation results are quantitatively and qualitatively compared to validate 

the numerical model. A 2 µl Droplet is excited by a pair of aligned IDTs (e.g., forming a 

conventional SSAW) with applied SAW power and frequency of 12 W and 67.2 MHz, 

respectively. The applied SAW power to the IDTs in the experiments is 35 W. To tune the wave 

amplitude to SAW power, which is used in experiments, several simulations with various 

amplitudes were performed to achieve a close match between the simulation and experimental 

results. The applied SAW amplitude to the droplet is set to be 542 Ǻ in numerical modelling. 

The computational domain is a rectangular box with a dimension of 5×5×6 mm3. The temporal 

evolution of the droplet contact width in the X-direction, βx, is compared with the experimental 

results shown in Figure 5-12(b). Moreover, the computational and experimental data of droplet 

tip velocities during the jetting are compared, as shown in Figure 5-12(c). Good agreements 

between the experimental and simulation results are obtained for these cases. Therefore, the 

numerical results can be used to analyse the droplet jetting by SAWs.   

Table 5-5: Test cases for grid dependency analysis. 

Case  Δx (mm) Number of 

cells 

Simulation time 

(min) 

Average tip velocity 

(m/s) 

Coarse 3.125×10-5 1179648 ~120 0.1447 

Normal 2.50×10-5 2304000 ~390 0.1419 

Fine 1.92×10-5 5061888 ~2880 0.1420 
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Figure 5-12: (a) Temporal evolution of droplet tip velocity during the jetting phenomena 

for different grids. (b) temporal evolution of droplet contact width in X-direction for a 

droplet induced by standing SAW with straight IDTs. The black line represents numerical 

results, and the cyan circles are obtained from experimental results. (c) A comparison be-

tween the tip velocity of the droplet for numerical and experimental results. For both cases, 

the droplet volume is 2µl. 

 

As a case study, the numerical method and energy analysis is used to optimise the IDT positions 

of the SAW devices for microfluidic applications such as mixing, separation and jetting. 

Typically, internal droplet streaming and jetting are generated using SAW devices with one IDT 

or a pair of aligned IDTs. As explained in chapter 2, many studies applied standing surfaces 

acoustic waves (SSAW, i.e., a SAW is generated from both sides of the droplet by two aligned 

IDTs positioned precisely in front of each other) or travelling surface acoustic waves (TSAW, 

i.e., SAW is generated by one IDT) designs. In contrast, only a few studies have used two IDTs 

with an offset distance between them for internal droplet streaming and jetting. AS shown in 

Figure 5-13, it is hypothesised that by changing the relative positions of two opposite IDTs on 

the SAW device, the droplet dynamics would be significantly modified due to alteration in 

internal streaming and recirculation patterns. For example, it is expected by using offset IDTs 

(see Figure 5-13(b)), a swirling flow pattern would be generated within the droplet, which could 

increase the mixing efficiency. Here, an offset parameter, b, is defined as the ratio between the 

offset distance from the edges of two IDTs, d, to the IDT aperture, w, (see Figure 5-13 for a 

graphical illustration). For different LOC applications, a distinct type of flow is desired; 

therefore, this section aims to use the computational tool to find an optimum value of b for each 

microfluidic function (e.g., mixing, separation, jetting).  
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Figure 5-13:  Schematic illustrations of droplet actuation with a ZnO/Si SAW device with 

(a) Aligned IDTs (b) IDTs with offset. The dashed lines illustrate the expected deformation 

in the liquid-gas and liquid-solid interface area. 

 

5.3.2 Mechanism of droplet jetting 

Figure 5-14(a) shows the experimental snapshots of the droplet jetting induced by SSAWs using 

two aligned IDTs. The applied SAW energy from both sides generates a flow along the Rayleigh 

angle. As a result of the generated flow, a liquid beam is formed. Meanwhile, the solid-liquid 

contact area is diminished until the droplet separation from the surface15,208. The time history of 

the snapshots of the XZ and YZ middle planes of the droplet overlaid by velocity vectors is 

shown in Figures 5-14(b) and 5-14(c), which are obtained from the simulation results. A 

quantitative comparison between Figures 5-14(a) and 5-14(b) shows an acceptable agreement 

between the numerical and experimental results.  

The comparison between the intensities of the velocity vectors in the XZ and YZ midplanes 

shows that the flow patterns are stronger in the YZ midplane compared to the XZ midplane (see 

Figures 5-14(b) and 5-14(c)).  

Based on the simulation results, by applying the SAWs, droplet contact width starts to decrease 

until the jetting is complete, and the droplet is separated from the surface after 7.5 ms. Due to 

the liquid inertia, at the start of the jetting and during the first 1 ms, the jet velocity is not 
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significantly raised. During the next 5 ms, since the liquid-solid contact area is high, the SAW 

energy is quickly transferred into the liquid medium. The transferred energy can overcome the 

gravitational energy, and as a result, the jet velocity is increased significantly. As the time 

evolves, due to the decreased solid-liquid interaction area and jetting, the transferred SAW 

energy is diminished, and the droplet tip velocity is reduced. 

 

Figure 5-14:   Experimental results of the temporal evolution of droplet jetting phenomena 

induced by SAWs. CFD snapshots of droplet interface overlaid by velocity vectors during the 

jetting process. (b) XZ middle plane, (c) YZ midplane. For both experimental and numerical 

results droplet volume is 2 µl. The applied SAW power to the IDTs in the experiments is 12 

W. Amplitude of the applied SAW to the droplet is 360 Ǻ. 
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5.3.3 Energy analysis of jetting phenomena 

To better understand the droplet jetting phenomena and further investigate the droplet vertical 

jetting induced by SAWs, the energy evolution during the jetting period is investigated in this 

section. During the jetting, the applied SAW energy, ESAW, continuously changes the energy 

budget of the droplet. Here the cumulative applied SAW energy to the droplet at the given time, 

ti, after the onset of SAW propagation, t0, is defined as: 

𝐸𝑆𝐴𝑊 = ∫ ∫(𝑭𝑺𝑨𝑾. 𝑼)𝑑𝑉𝑑𝑡
𝑡𝑖

𝑡0

 (5.4)  

The applied SAW energy causes an increase in the kinetic energy K, surface energy, ES, and 

gravitational energy, P, during the jetting process. However, part of this energy is dissipated due 

to liquid viscosity. Here the differences of these energies from their initial value at the stationary 

state can be calculated. It is assumed that the droplet kinetic energy before applying SAW is 

zero (i.e., assuming there is no movement or no internal recirculation within the liquid medium 

for the sessile droplet). The kinetic energy of the liquid can be defined as the volume integral of 

the kinetic energy of the infinitesimal volume element, V, within the liquid medium, e.g., 

𝐾 = ∫
1

2
𝜌𝑙𝑢2𝑑𝑉  (5.5)  

where u is the magnitude of the velocity vector. The surface energy 𝑆𝐸 is given by209: 

𝑆𝐸 = 𝛾𝐿𝑉(s𝑎 − 𝑠𝑎0) + (𝛾𝑆𝐿 − 𝛾𝑆𝑉)(𝑠𝑠 − 𝑠𝑆0) (5.6)  

where 𝑠𝑎 and 𝑠𝑠 are the areas of the droplet in contact with gas and solid medium, respectively. 

𝑠𝑎0 and 𝑠𝑠0 are the droplet initial contact areas with the surrounding air and underneath the solid 

surface, respectively.  The Gravitational energy, 𝑃𝐸, is calculated from 

𝑃𝐸 = ∫ 𝜌𝑙𝑔𝑧𝑑𝑉 − ∫ 𝜌𝑙𝑔𝑧0𝑑𝑉 (5.7)  

where 𝑧 and 𝑧0 are the distances of each element in the Z-direction from the solid surface at a 

time of 𝑡𝑖  and the stationary state, respectively. Due to the liquid viscosity, a part of the applied 

energy is continuously dissipated. The viscous dissipation function, 𝜓, is defined as:  

𝜓 =
𝜇

2
(𝑆. S) (5.8)  
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Here, 𝑆𝑖𝑗 = (
𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
) is the strain tensor. The cumulative viscous dissipation at the given 

time, ti can be calculated by: 

𝐸𝑑𝑖𝑠 = ∫ ∫ 𝜓 𝑑𝑉 𝑑𝑡
𝑡𝑖

0

 (5.9)  

The results of the various energies for the simulated cases are presented in Figure 5-15. All the 

energies are normalised by the initial and total SAW energy applied to the droplet during the 

jetting process (7.58×10-7 J, calculated by Equation 5-4). It is apparent from Figure 5-15 that the 

viscous dissipation energy is two orders of magnitude lower than the other energies. Therefore, 

its effect on the jetting phenomena is insignificant, and thus could be neglected in jetting. As 

time evolves during the jetting, the solid-liquid contact area is diminished. Therefore, the 

transferred SAW energy, 𝐸𝑆𝐴𝑊 , from the SAW device to the droplet is decreased. Consequently, 

during the first 4 ms of the jetting, 𝐸𝑆𝐴𝑊 is increased sharply. After this period, because of 

rapidly reduced solid-liquid contact area, the rate of applied SAW energy is significantly 

reduced. 

By applying SAW energy, and during the first 4 ms of the jetting, the droplet kinetic and surface 

energies are increased because of the generation of an internal streaming field (See Figure 5-

15).  Within this period, the surface and kinetic energies are continuously increased. However, 

after 4 ms, the surface and kinetic energies do not show significant changes, and the gravitational 

energy of the droplet is increased. Interestingly, the kinetic and surface energies of the droplet 

have similar values at its separation moment. In brief, the energy analysis indicates that a part 

of SAW energy is converted into kinetic energy which drives the droplet upward and another 

part of it is used to deform the droplet interface. The energy dissipation due to liquid viscosity 

is negligible during the jetting process. 
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Figure 5-15:   Temporal evolutions of the different energies obtained from CFD results. All 

the energies are normalised by the total amount of the SAW applied to the droplet during 

the jetting. 

5.3.4 IDT location optimization by numerical results 

Here, using different energy terms as the design variables for specific microfluidic applications, 

different IDT configurations is investigated with numerical simulations. The internal droplet 

streaming without significant interface deformation in the liquid-gas interface is first studied. In 

general, for mixing applications, by increasing the viscous dissipation, the time to achieve an 

efficient and fast mixing is reduced210. Therefore, it is ideal for SAW-based micromixer design 

to have the maximum viscous dissipation within the liquid medium. On the other hand, for the 

centrifugation applications such as microseparators, the optimum design should achieve the 

maximum internally circular streaming velocity. Therefore, the design criteria are to maximise 

the kinetic energy of the whole droplet.  

The internal streaming patterns for SAW device with aligned IDTs (a standard SSAW); and 

SAW device with offset IDTs (See Figures 5-16(a-b) for illustrations) are compared. Figure 5-

16(a) shows the 3D internal streaming pattern within the liquid medium induced by SAWs from 

two perfectly aligned IDTs. As shown in the XZ-view, the liquid is excited and pushed upward 

in the area close to the TPCL and then forms a relatively strong downward flow in the Z-

direction at the centre of the droplet. The YZ-view illustrates the circular patterns which are 

created within the liquid medium. Four zones can be distinguished in the flow patterns at the 

XY-plane at the bottom of the droplet. The downward flow at the centre forms a circular flow 
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pattern. The outward flow (red arrows) are redirected along the Rayleigh angle at the TPCL by 

the SAW force and surface tension. Thus four vortexes are created within the liquid, which is 

in a good agreement with the literature133,211,212.  

Whereas for the SAW device with offset IDTs (as shown in Figure 5-16(b)), the flow pattern 

within the liquid is changed to one circular flow around the Z-axis in the centre of the droplet. 

As shown in the first and second rows of Figure 5-16(b), a swirl-like circular flow is generated 

within the liquid7,213. Therefore, it is expected to have lower viscous dissipation within the liquid 

due to the generation of lower local vorticities. 

Another interesting observation is the shape change of the droplet interface after applying the 

SAWs. For the aligned IDTs, the droplet tip is raised because of the upward flow patterns (red 

arrows in Figure 5-16(a)). Moreover, the initial circular solid-liquid interface is changed to an 

elliptical shape since the diameter of the solid-liquid interface is reduced in X-direction by SAW 

and as a result, expanded in Y-direction. For the IDTs with the offset design, the rotational flow 

changes the initial solid-liquid interface into a semi-rectangular shape with rounded edges. This 

is due to the deformation and motion of the TPCL in the areas affected by SAW. Meanwhile, 

the droplet tip height is lower than the aligned IDT cases since the droplet is spread on the planar 

surface. The same dynamics are observed in the experiments and are presented in Figure 5-17. 
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Figure 5-16: Internal streaming patterns for a droplet excited by a pair of (a) aligned IDTs, 

(b) offset IDTs. For both cases, a droplet with a volume of 2 µl is in place in the centre of 

the SAW device with a static contact angle of 104o. Wave amplitude and frequency for 

both cases are 180 Å and 66.2 MHz, respectively. Internal streaming flow (red coloured 

lines) is presented after 42 ms of simulation to illustrate a fully developed flow,. XZ and 

YZ views are shown in 3D, and the XY view is the 2D view of the bottom plane. 
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Figure 5-17: Experimental results of a 2 µl droplet internal streaming with a pair of (a) 

aligned IDTs, (b) adjacent IDTs. For both experiments, the applied power to the IDTs is 

3.6 W. 

 

Figures 5-18(a-b) compare the kinetic energy and viscous dissipation rate in the middle planes 

in XZ and YZ planes after 42 ms of simulation. The colour map indicates the kinetic energy per 

volume (right side) and viscous dissipation rate per volume (left side) enhanced by simulation 

results. The blue line illustrates the liquid-air interface. By comparison of the coloured maps, it 

is possible to follow the changes in dissipation rates of kinetic and viscous energies. Due to 

negligible motion in the liquid-air interface, the surface and gravitational energies changed are 

simulated to be less than 4 and 2 percent, respectively. Consequently, the applied SAW energy 

to the liquid medium is mostly converted into the kinetic energy, which creates an internal 

streaming flow. However, a part of this energy is dissipated due to the fluid viscosity.  

For the aligned IDTs (see Figure 5-16(a)), since there is a downward flow in the droplet centre, 

the kinetic energy is high in this region in both XZ and YZ planes. In addition, at the edge of 

the droplet in XZ plane (where is excited by SAW), the flow is in the Rayleigh angle direction, 

and the kinetic energy per volume is high in that region. Besides, the viscous dissipation rate is 

high in the areas close to the liquid-gas and liquid-solid interfaces (see the left side of Figures 

5-18(a-b)).   

On the other hand, for the offset IDT configuration (see Figure 5-18(b)), most of the kinetic 

energy is concentrated in the area close to the liquid-air interface, which shows that the 

rotational flow velocity is higher in this region. Moreover, since lower vorticities are generated 

in the stream, the liquid viscous dissipation rate is lower. The viscous dissipation rate is 

relatively high in the areas close to the liquid-air interface. However, unlike the aligned IDTs,  
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Figure 5-18: Kinetic energy and viscous dissipation rate fields for a droplet with internal 

streaming induced by a pair of aligned IDTs in (a) XZ-midplane and (b) YZ-midplane. Ki-

netic energy and viscous dissipation rates fields for a droplet with internal streaming in-

duced by a pair of IDTs with offset (b=1), in (c) XZ-midplane and (d) YZ-midplane. The 

colour map in the left side depicts the viscous dissipation function per unit volume, and the 

right side shows the kinetic energy per volume. Fields are compared after 42 ms of simula-

tion to make sure that the internal flow is steady. 

 

viscous dissipation is much lower in the centre of the droplet. A comparison between the viscous 

dissipation rates in Figures 5-18(a-b) and (c-d) clearly illustrates that more energy is dissipated 

in the aligned IDT configuration. These results provide an important insight into the effect of 

the IDT configurations in the internal streaming patterns. The gradual changes of the IDT offset 

value, b, on energy terms of the droplet are further investigated to use the numerical results to 

optimise the IDT position design.   
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Figure 5-19: (a) Normalised total kinetic energy of the liquid medium after 42 ms of apply-

ing SAW as a function of IDT offset. (b) The normalised rate of applied SAW energy and 

viscous dissipation 42 ms after the start of SAW propagation. For all the cases, the SAW 

amplitude and droplet volume are kept constant at 180 Å, and 2 µl. in both graphs the val-

ues are normalised by the value of the aligned IDT case (i.e., b=0). 

 

By progressively changing the value of b from 0 to 1.4, a series of simulations (keeping all other 

parameters constant) is ran, and energy terms are compared. The results are shown in Figure 5-

19. All the energy terms are calculated after 42 ms of simulation and normalised by the aligned 

IDT device energy term (i.e., 𝑑 = 0). 

As shown in Figure 5-19(a), by increasing the value of 𝑏, the kinetic energy is increased until it 

reaches a peak at 𝑏 = 1 (i.e., the IDTs are offset). The droplet kinetic energy for the offset IDTs 

case is ~1.9 times larger than the aligned IDTs for the same applied power to the SAW device. 

Meanwhile, For the IDTs overlapping between them (i.e., 𝑏 > 1), the droplet kinetic energy is 

decreased. The kinetic energy of the fully developed flow illustrates the streaming velocity 

inside the liquid. For concentration or centrifugal applications, it is ideal for generating the 

maximum mixing velocity (i.e., maximum kinetic energy) by using the same applied SAW 

power211. Therefore, a SAW device with offset IDTs with 𝑏 value of one is optimal for 

microscale mixing and separation applications. 

As shown in Figure 5-19(b), with a successive increase in the value of 𝑏, a reduction in viscous 

dissipation (and thus diffusive mixing) is obtained. The reason for the decrease of viscous 

dissipation within the liquid could be the reduction in the local vortices by the generation of the 
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swirl-like circular flow within the droplet. As expected, in SAW device with an IDT offset, the 

amount of SAW energy transferred to the liquid medium is decreased by increasing the value 

of 𝑏, since the solid-liquid interface induced by SAW is reduced. Thus, two aligned IDTs are 

optimal for mixing applications to obtain a fast and homogeneous mixing effect. The results in 

Figure 5-19 show that optimising an electrode configuration for various SAW device 

applications can be checked by performing these simulations before physically fabricating the 

SAW devices with different IDT configurations.  

Examples of experimentally obtained droplet jetting images with a pair of IDTs with the offset 

design are presented in Figure 5-20. As shown by the red lines, SAW generates a swirl-like flow 

within the liquid droplet which deforms the droplet interface and triggers the liquid jetting. To 

explore the effect of the IDTs design on jetting by the developed numerical method, the 

simulation results of the jetting process of two different cases, e.g., with aligned and offset IDTs 

are compared. The amplitude of the applied SAW and droplet volume in all simulations are kept 

constant at 542 Å and 2 µl, respectively. Figure 5-21 illustrates the internal streaming patterns 

of the droplet during the jetting. For the aligned IDTs (see Figure 5-21(a)), after applying the 

SAWs, the liquid-solid interface forms a deformed oval shape from the top view as discussed 

above. During the jetting, this oval area is diminished until the droplet is separated from the 

surface.  

 

 

Figure 5-20: snapshots of 2 µl droplet jetting induced by a pair of IDTs with offset (b=1). 

The applied RF power to the IDTs is 9 W, and the SAW device frequency is 66.54 MHz  
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The top view of the velocity vectors illustrates that an upward flow is created inside the droplet, 

and this flow pushes the droplet in the vertical direction. The velocity vectors in the ZY-plane 

(i.e., Uyz = UY.j+UZ.k) shows that the area close to the liquid-gas interface has a stronger upward 

flow pattern compared to the centre of the droplet, which pushes the droplet jetting upwards.   

The flow patterns for the offset IDT SAW device is presented in Figure 5-21(b). Similar to the 

internal streaming case, after SAW agitation, the solid-liquid interface is changed from its 

circular shape to a rectangular-like one with curved edges. Due to the IDTs offset, the liquid 

flow profile combines vertical jetting and swirling flow in XY-plane during the jetting process. 

The swirling velocity field (see the XY-plane in Figure 5-21(b)) illustrates that synchronous 

twisting and jetting can be obtained. This SAW platform with particular IDT configuration can 

be used in bioprinting applications to mix and jet the flow toward a particular target, 

simultaneously.  

The kinetic energy and viscous dissipation rate for the liquid jet, 4 ms after the inset of SAW 

propagation in XZ and YZ mid-planes, are summarised in Figure 5-22. As shown in Figure 5-

22(a), for the aligned IDTs, the kinetic energy is higher at the areas closer to the liquid-air 

interface compared to the centre of the droplet in both XZ and YZ mid planes. This shows that 

the applied SAW energy creates an upward momentum which has a higher value around the 

liquid-gas interface region, at which the flow is pushed upward along the Rayleigh angle. 

Moreover, due to the higher velocity gradients at this area, more energy is dissipated by 

viscosity. Both kinetic energy and viscous dissipation energy are lower around the Z-axis in the 

centre of the droplet. 

On the other hand, due to the swirling flow pattern during the jetting induced by the offset IDTs, 

the kinetic energy and viscous dissipation for these cases are somewhat different. Unlike the 

internal streaming cases in Figure 5-18, the viscous dissipation is higher for the offset IDTs 

since the combined vertical jetting and twisting flows generate vorticities, promoting viscous 

dissipation. Also, for the offset IDT case, the region close to the droplet tip does not have the 

maximum kinetic energy. 

 

 



 

 

87 

 

 

Figure 5-21: internal flow patterns during the jetting for a droplet excited by a pair of (a) 

aligned IDTs, (b) offset IDTs. For both cases, a droplet with a volume of 2 µl is in place in the 

centre of the SAW device with a static contact angle of 104o. Wave amplitude and frequency 

for both cases are 542 Å and 66.2 MHz, respectively. Internal streaming flow is compared after 

4 ms of simulation. XZ and YZ views are shown in 3D, and the YZ view is the 2D view of the 

middle plane. 
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Figure 5-22: Kinetic energy and viscous dissipation rate fields for a droplet jetting trig-

gered by a pair of aligned IDTs in (a) XZ-midplane and (b) YZ-midplane. Kinetic energy 

and viscous dissipation rates fields for a droplet with internal streaming induced by a pair 

of offset IDTs (b=1), in (c) XZ-midplane and (d) YZ-midplane. The colour map in the left 

side depicts the viscous dissipation function per unit volume, and the right side shows the 

kinetic energy per volume. For both cases, a droplet with a volume of 2 µl is in place in the 

centre of the SAW device with a static contact angle of 104o. Wave amplitude and fre-

quency for both cases are 542 Å and 66.2 MHz, respectively. Fields are compared after 4 

ms of simulation. 
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Like internal streaming applications, numerical results can be used to compare the IDT design 

effect on the jetting phenomena. The jetting time (i.e., the time which it takes for all of the 

droplets to be removed from the surface) and the jetting velocity (i.e., the velocity of the droplet 

tip) are used as the design parameters in this section to investigate the effect of IDT 

configuration on droplet jetting. Droplet tip velocity and jetting time as a function of IDT offset 

ratio are shown in Figure 5-23(a). The simulation results show that with the increase of IDT 

offset, the tip velocity is decreased, and the jetting time is increased. Unlike the internal 

streaming cases, the solid-liquid interface area during droplet jetting is not (almost) constant. 

Thus, the total applied SAW energy to the liquid is a function of both the solid-liquid interface 

area and jetting time. The jetting time is increased by increasing the value of b since the total 

SAW energy transferred to the liquid medium is decreased, and the energy dissipation rate is 

increased (See Figure 5-23(b)). As shown in Figure 5-23(b), by increasing the IDT offset from 

0 to 1.4, the applied SAW energy is decreased by ~42%, and the viscous dissipation is increased 

by 435%. As a result, the tip velocity is reduced by ~76%. 

However, the comparison between the internal streaming patterns in Figure 5-20 illustrates that 

the swirl-like flow around the Z-axis (which is generated as a result of IDT offset) also affects 

the vertical jetting velocity. To understand the effect of the swirling on the droplet flow, the 

swirl number, SN, is defined and evaluated from the velocity components as214: 

𝑆𝑁 =
∫ √𝑈𝑋

2 + 𝑈𝑌
2 𝑑𝑉

∫ √𝑈𝑍
2 𝑑𝑉

 (5.10)  

The simulation results can obtain the temporal evolutions of the SN for four of the IDT designs, 

which are presented in Figure 5-24. Numerical results show that after a transient time, the jetting 

flow is fully developed. Then the swirling numbers for all the cases remain almost a constant. 

The SN as a function of IDT offset is presented in Figure 5-23(c). By increasing the value of 

the b, the mixing flow in XY-plane becomes more dominant compared to the jetting flow along 

the Z-axis. Considering the results shown in Figures 5-23(a-c), one can explain the differences 

in the flow induced by the different SAW devices. By increasing the IDT offset, the solid-liquid 

interface area which is excited by SAW is decreased. Thus, much lower SAW energy is 

transferred to the droplet (see Figure 5-23(b)). For the SAW device with aligned IDTs (i.e., 𝑏 =

0), the maximum SAW energy is applied to the droplet during the jetting time. However, as 

shown in Figure 5-23(c), the application of energy produces a flow along the Z-axis (maximum 
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jetting velocity and minimum swirling). By increasing the IDT offset, less energy is transferred 

to the liquid medium during the jetting. Simultaneously the jetting velocity is decreased, and 

interestingly recirculation in the XY-plane is increased. 

Another interesting observation based on the simulation results is the increase of viscous 

dissipation (and thus diffusive mixing) during the jetting. Figure 5-16 illustrate that viscous 

dissipation is negligible (compared to other energies) in jetting. However, for potential SAW-

based jetting applications, which may require both synchronised jetting and mixing, it is 

essential to optimise the IDT design and configuration. As shown in Figure 5-23(b), by 

increasing b values in IDT design, the viscous dissipation is increased within the droplet, and 

consequently, diffusive mixing is enhanced. 

 

 

Figure 5-23: (a) Normalised tip velocity and jetting time as a function of IDT offset. (b) 

Normalised total applied SAW energy and viscous dissipation during the jetting time versus 

IDT offset. (c) Normalised swirl number (SN) versus IDT offset. For all the cases, SAW 

amplitude and droplet volume are kept constant at 542 Å and 2 µl.  All the parameters are 

normalised by their respective value of the aligned IDT cases.  
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Figure 5-24: Temporal evolution of the Swirl number for four selected cases. For all the 

cases, the SAW amplitude and droplet volume are kept constant at 400 Å and 2 µl. 

 

5.4 Summary 

In this chapter, the numerical results were used to simulate the simulate droplet pumping and 

jetting scenarios. After doing mesh dependency tests for both cases, the experimental and 

simulation results are compared, and a good agreement was obtained. This chapter shows that 

the developed solver can be used to simulate different droplet actuation by SAWs cases.  

After model validation, the simulation results are used to explain the physics of the droplet 

pumping and then the key factors affecting droplet movement by SAWs are investigated. 

Additionally, droplet jetting by TSAW and SSAW is explored by numerical results as well. The 

energy budget of the droplet during the jetting and internal streaming applications is explained. 

Additionally, the simulation results are used to optimize the IDT positions in the SAW device 

for various microfluidic applications such as mixing, separation and jetting. 

In the next chapter, the use of SAWs to modify and control the droplet impact dynamics on solid 

surfaces is investigated. 
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Chapter 6. Droplet impact control by SAWs 

In this chapter, a method is proposed to modify and control the droplet impact dynamics using 

SAWs. First, in section 6.1, SAWs are used to reduce the droplet contact time (CT) on flat 

surfaces and then this method is used to control the droplet impact dynamics on inclined surfaces 

in section 6.2. The results in sections 6.1 and 6.2 are published as research papers in Physical 

Review Applied and Langmuir. 

6.1 Contact time reduction for droplet impact on flat surfaces 

The need for manufacturing a textured surface with macrostructures to reduce the droplet impact 

time brings complexity for practical applications. Therefore, finding new methodologies to 

manipulate droplet impact on a smooth and non-textured surface with an extensive area 

coverage is crucial. In this section, the effect of applying SAWs during the droplet impingement 

process on the solid surface is investigated. It is expected that the CT of an impacting droplet 

would be reduced by remotely generating SAWs, which then propagate along a smooth and 

non-textured surface into the area where the droplet impact is occurring. Figure 6-1 illustrates 

the droplet impingement dynamics on the solid surface in the presence of a propagating SAW. 

The droplet contact width is characterised by 𝛽 = 𝛿 𝐷0⁄ , which is the ratio of the contact width, 

𝛿, to the initial droplet diameter, 𝐷0. The droplet interface asymmetry along the X-axis is 

expected to be observed, triggered by SAW energy conversion into the LSAWs and the resulting 

different internal streaming patterns inside the droplet. This would affect the various interfaces, 

which in turn could lead to different contact widths and dynamics during the impingement. It is 

reasonable to conjecture that the droplet may detach from the surface sooner and along a non-

normal detachment angle, as shown in Figure 6-1. 

This section aims to determine whether CT will be reduced by applying the SAW during the 

droplet impact on the solid surface based on the above hypothesis. A thin-film ZnO/Si SAW 

device with a resonant frequency of 66.2 MHz is used to achieve this. Two types of SAWs were 

applied during the impact, including (i) TSAWs, and (ii) SSAW during droplet impingement. 

The experimental results were compared with the conventional droplet free impact (DFI) on the 

solid surface in terms of contact width and contact time, as functions of SAW power and the We 

number. 
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Figure 6-1: Anticipated time evolution of droplet impact on a solid surface with the pres-

ence of SAW propagating on the surface. SAWs can dissipate energy into the liquid 

droplet during its impact process and break-off the symmetry in droplet spreading and 

retracting phase leading to shorter contact time. 

 

6.1.1 Experimental results 

6.1.1.1 Device selection 

SAW devices with resonant frequencies ranging from 22.04 to 110.84 MHz are used to 

investigate the droplet impact hydrodynamics in the presence of SAWs. The droplet impact 

dynamics on ZnO/Al and ZnO/Si SAW devices with the same wavelength are compared to see 

the Rayleigh angle effect on the droplet contact time. Table 6-1 lists the measured frequency of 

the fabricated ZnO/Al and ZnO/Si devices. As explained in Chapter 3, the SAW force (see 

Equation 3.8) is applied to the liquid medium along the Rayleigh angle, and the ratio of the 

components of the SAW force in X and Z directions is equal to the attenuation coefficient 
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(
𝐹𝑆𝐴𝑊𝑧

𝐹𝑆𝐴𝑊𝑥
= 𝛼1)66. As shown in Table 6-1, due to lower sound velocity on the aluminium substrate, 

the Rayleigh angle is larger for Al-based SAW devices and thus 𝛼1 is lower. 

Consequently, the ratio of the 
𝐹𝑆𝐴𝑊𝑧

𝐹𝑆𝐴𝑊𝑥
 is lower for the ZnO/Al device than the ZnO/Si device due 

to the larger Rayleigh angle. Experimental results of droplet CT on the surface of ZnO/Al and 

ZnO/Si SAW devices as a function of SAW power are illustrated in Figure 6-2(a). This graph 

shows that at lower SAW powers, the CT for the ZnO/Al SAW device is reduced up to 10% on 

the ZnO/Al device. However, by increasing the SAW power (𝑃 >  20 w), the CT starts to 

increase sharply. On the other hand, for the ZnO/Si device, the CT is decreased by increasing 

the SAW power. The experimental movies show that by applying TSAW to the droplet, it moves 

a certain distance along the X-direction during the impingement. The transition along the X-

direction on the surface before separation, ∆𝑥, for both devices is compared in Figure 6-2(b). At 

higher SAW power, ∆𝑥 is larger for the Al-based devices. The ZnO/Al SAW device has a lower 

attenuation constant than the ZnO/Si SAW device. Thus, the X-component of the SAW force is 

higher, driving the droplet on the surface in X-direction at high SAW powers before complete 

detachment. This, in turn, leads to a change in the CT for ZnO/Al SAW devices. Since this 

section investigates the CT reduction using SAWs, ZnO/Si SAW devices are chosen to be used 

for this purpose.  

 

Table 6-1: Resonant frequency, Rayleigh angle, SCA, advancing contact angle, receding con-

tact angle, and CAH for ZnO/Al SAW device. The contact angles are measured after the sur-

face treatment with CYTOP. The contact time is measured for a 3.56 μl droplet with an im-

pact velocity of 1.41m/s. 

SAW Device Resonant Frequency Rayleigh Angle 𝛼1 

ZnO/Al 40.40 (MHz) 34.75° 1.46 

ZnO/Si 66.1 (MHz) 21.2° 2.47 
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Table 6-2: Measured frequencies and calculated sound velocities and liquid attenuation 

lengths, 휁, for ZnO/Si SAW devices 

Wavelength (µm) Frequency (MHz) 𝑣𝑆(
𝑚

𝑠
) 휁/𝜆 

36 110.82 3989.5 850 

64 66.10 4230.4 1602 

100 43.12 4312.0 2550 

200 22.04 4407.5 5215 

 

Four different ZnO/Si SAW devices with different IDT designs are used to explore the effect of 

the resonant frequency on droplet impact dynamics. Details of the used devices are presented in 

Table 6-2. 

 

 

Figure 6-2: (a) Experimental results of normalized CT versus SAW power for ZnO/Si and 

ZnO/Al SAW devices. For both devices, the wavelength of the SAW is 64 µm, and a drop-

let with a volume of 3.56 µl is impacting the surface with a velocity of 1.4 m/s. CT, 𝜏 is nor-

malized with the CT of DFI case, 𝜏0 for each device. (b) Experimental results of transition 

distance in x-direction before separation as a function of SAW power.  
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To compare the effect of frequency on the dynamics of the impacting droplet, the SAW 

wavelength, λ, is normalized with the attenuation length of the SAW in the liquid medium, 휁13. 

휁 =
𝜌𝑣𝐿

3

4𝜋2𝜔2(
4
3 𝜇 + 𝜇′)

 (6.1)  

The effect of the SAW device resonant frequency on the CT of the droplet is illustrated in Figure 

6-3. By increasing the wavelength, SAW propagates longer distances within the liquid medium 

before significant attenuation. For the devices with a higher resonant frequency, the interaction 

area between the SAW and liquid medium is decreased71. As a result, less momentum is 

transferred by SAW to the liquid medium during the impingement. As shown in Figure 6-3, the 

SAW device with a resonant frequency of 110.82 MHz cannot significantly reduce the CT. 

On the other hand, by effectively transferring the SAW momentum to the droplet during the 

impingement, the CT can be significantly reduced by SAW devices with lower resonant 

frequencies (i.e. 66.10 MHz and lower). However, for the SAW devices with a resonant 

frequency of 43.12 MHz and 22.04 MHz, and at higher SAW powers (𝑃 = 25 W for 43.12MHz 

device and 𝑃 = 25 W for 22.04MHz device), the droplet impact regime can be changed from 

complete rebound from the surface to break-up. In this case, a few sub-units are separated from 

the droplet during the retracting phase (See Figure 6-3). The attenuation length of the SAW can 

explain the droplet breakup mechanism in the liquid medium. At lower frequencies, the 

attenuation length of the liquid medium is higher, leading to higher SAW energy reaching the 

liquid-gas interface. This energy can overcome the surface tension at larger powers, and the 

droplet will break into smaller sub-units. Considering the effect of frequency on the droplet 

behaviour on the surface, SAW devices with a resonant frequency of 66.10 MHz are selected to 

perform our studies.  
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Figure 6-3: Experimental results of normalized CT versus wave power for SAW devices 

with different frequencies for a droplet with a volume of  3.56 μl and impact velocity of 

1.4 m/s impacting the ZnO/Si SAW device surface with CYTOP surface treatment. Solid 

and dashed lines represent droplet rebounce and break-up regimes, respectively.  

 

Based on this results, the ZnO/Si SAW device with a resonant frequency of 66.10 MHz is 

selected for CT reduction studies. Figures 6-4(a-c) show snapshots of the droplet impact images 

on the SAW device surface with the CYTOP surface treatment for three different DFI, TSAW, 

and SSAW cases, respectively. When the droplet impinges onto the solid surface in both the 

cases of the DFI and SSAW, it starts to spread into its maximum diameter before it starts to 

retract, and both the deformation patterns are relatively symmetric with respect to the Z-axis. In 

contrast, the TSAW shows a more irregular and asymmetric pattern (see Figure 6-4(b)), which 

is more significant during its maximum spreading and retraction/detachment periods. Figure 6-

5(a) shows comparisons between experimental and simulation results as a function of the 

normalized contact width for all three impact cases. During the spreading and retracting stages 

(e.g., 𝑡 <  6 ms), the dynamics are comparable for these three cases. The spreading time (𝜏𝑠)  

for all the cases is similar and can be given as 𝜏𝑠 𝜏~𝑊𝑒−0.5⁄ 215. The CT for the TSAW case is 

reduced by ~4.6 ms compared with the DFI case, mainly due to the shortening of the detachment 

period. Figure 6-5(b) shows the maximum contact width for both the TSAW and SSAW cases 

at different SAW powers. By increasing the SAW power, the maximum spreading diameter is 
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decreased. As expected, this radius reduction during the impact is higher for the SSAW case, as 

the X-component of the SAW force from both directions restrain the contact line movement 

during its spreading phase. 

Figure 6-5(c) shows the normalized CT of the droplet versus SAW power. For the TSAW cases, 

the CT is reduced by increasing the SAW power. Whereas at lower SAW powers (P < 15 w), 

the CT reduction is not significant, due to the lower energy transferred from the solid surface 

during the impingement. By increasing the normalized SAW power up to 40 w, the CT is 

significantly reduced by ~25%. For the SSAW case, the evolution of the CT can be divided into 

two stages. The CT reduction is observed at powers lower than 25 w, whereas the CT is 

increased at normalized powers higher than this value.   

 
Figure 6-4: Experimental snapshots of a water droplet impinging on the solid surface. (a) 

Droplet free impact case without SAW applied, (b) impact on ZnO/Si surface with TSAW 

applied to propagate from left to right (c) impact on ZnO/Si surface while SSAW is applied 

to the surface. For all the experiments, the droplet impact velocity and volume are respec-

tively  1.4 m/s and 3.56 μl. See Supplementary videos 1-3 for experimental movies. 
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The CT for the DFI scenarios is not a function of impact velocity195,216. Interestingly, the 

experimental results showed a threshold of droplet impact velocity for a complete rebound from 

the hydrophobic and non-textured surfaces. As shown in Figure 6-5(d), with the impact 

velocities lower than 1.26 m/s, the droplet initial kinetic energy is not high enough to detach the 

whole droplet from the surface at the end of the retract phase. The results in Figure 6-5(d) show 

that by applying the TSAW, the impact regime can be effectively changed from deposition to 

rebound for impact velocities lower than 1.26 m/s. Furthermore, applying the TSAW can reduce 

the CT by ~25% on average for higher impact velocities. The results in Figure 6-5(d) indicate 

that the CT of the droplet, regardless of the presence of SAW, is not a function of impact 

velocity. Additionally, the TSAW can change the nature of the untextured hydrophobic surface 

into a water-repellent surface. 

6.1.1.2 Effect of surface wettability  

Droplet impact tests with a volume of 3.56 µl and an impact velocity of 1.08 m/s are carried out 

on the surfaces with and without CYTOP treatments to investigate the effects of surface 

treatment and wettability on the impact dynamics. The same experiments were repeated in the 

presence of TSAW with a power of 27 W for both types of SAW devices. The devices' 

differences in contact angles after the surface treatments are listed in Table 6-1. 

During the TPCL motion on the solid surface, CAH generates an adhesion force that resists the 

droplet motion and dissipates the droplet kinetic energy. To explain the effect of contact angles 

on droplet impact hydrodynamics, the work done by this adhesion force, 𝑊𝑎𝑑ℎ, is 

analysed195,217:  

𝑊𝑎𝑑ℎ ∝
𝑐𝑜𝑠𝜃𝑟 − 𝑐𝑜𝑠𝜃𝑎

1 − cos 𝜃𝑎
 (6.2)  

Equation 6.2 shows that during the impact, a higher ACA or a lower CAH can lead to lower 

energy dissipation during the TPCL motion. 
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Figure 6-5: (a) Comparing numerical and experimental results for normalized contact width 

of droplet impact on SAW device for DFI, TSAW and SSAW scenarios. (b) Maximum 

contact width versus SAW power for both SSAW and TSAW cases. Impact experiments are 

carried out for a droplet with a volume of 3.56 μl and an impact velocity of 1.4 m/s. (c) Nor-

malized CT as a function of SAW power for a droplet with a volume of  3.56 μl and impact 

velocity of 1.4 m/s impacting the ZnO/Si SAW device surface with CYTOP surface treat-

ment. (d) CT versus impact velocity for a droplet with a volume of 3.56 μl for DFI and 

TSAW scenarios. The shaded area represents droplet deposition on the surface for DFI 

cases.  

 

For the DFI case, due to the adhesion force large work on the surface without hydrophobic 

treatment, the droplet still stays on the surface after the impact. In the same DFI case, by treating 

the device surface with a layer of CYTOP, the CAH is decreased by ~35o while the ACA is 

increased by ~35o, thus reducing adhesion force work by 320%. Thus, a much lower value of 

kinetic energy loss by the adhesion force can be expected for the CYTOP coated surfaces, and 
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partial rebound of the droplet is observed for the DFI cases on these surfaces. Due to the lower 

energy dissipation by the CAH resistance work, a sub-unit of the liquid has enough energy at 

the end of the retraction phase to overcome the surface tension and is separated from the droplet 

while the bulk droplet still remains on the surface. 

However, for both the treated and non-treated surfaces, by applying the TSAW the droplet gains 

enough kinetic energy during the impingement to bounce off the surface, mainly due to the large 

vertical SAW momentum dissipated into the liquid by the Z-component of the SAW force. As 

shown in Figure 6-6, in the absence of SAW, the droplet stays on the surface at the end of the 

retraction phase. However, by applying the SAW, the droplet gains more energy during the 

impingement and is fully separated from the surface. Due to the lower energy loss induced by 

the resistive work for the surface with CYTOP coating, less kinetic energy is dissipated, leading 

to a faster detachment of the droplet from the surface. Figure 6-6 shows that applying a TSAW 

can significantly reduce the CT regardless of the surface treatment. Moreover, the droplet impact 

regime can be changed from deposition on the surface to complete rebound from the surface 

after applying the SAW. 

 

Figure 6-6: Temporal evolution of contact width for droplets impacting the SAW device 

surface with different wettability. In these experiments, a droplet volume and impact ve-

locity are kept constants at 3.56µl and 1.08 m/s. For each surface coating, experiments 

are carried out for both DFI and TSAW scenarios. The applied RF power to the IDTs for 

the TSAW scenario is 27 W. Snapshots of the experimental results confirm that TSAW 

changes the droplet deposition (red dashed line) and break-up (black dashed line) on the 

surface to complete rebound (solid lines). 
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6.1.2 Numerical simulations 

In this section, to gain a better insight into the physics of contact reduction by the SAW and to 

interpret the differences between droplet detachments for both the TSAW and SSAW cases, the 

SAW effect on the impingement dynamics is investigated using the numerical simulations.  

Initially, a series of validation simulations are performed to reproduce the experimental results 

and test the capability of the developed numerical method. Agreements between the 

experimental and simulation results are achieved, which can be seen from the results shown in 

Figure 6-3(a). Since the simulation results can reveal the internal streaming patterns during the 

impingement process, the numerical results are used to understand the mechanism by which 

different SAW modes change the CT. As can be seen in Figure 6-7, while the velocity vectors 

for the DFI and SSAW cases demonstrate relatively regular and symmetric flow patterns, the 

results for the TSAW case (see Figure 6-7) involve an irregular flow pattern and a robust internal 

recirculation on the left-hand side.  

As the process evolves in time, relatively regular flow patterns for both DFI and SSAW cases 

are developed. It is worth mentioning that both the DFI and SSAW cases exhibit a very similar 

spreading flow pattern with an almost identical maximum spreading diameter of 2.4 mm, while 

the apparent differences between these two cases are only observed at a much later stage, e.g., 

after 6 ms, which is during the retraction period. 

The impingement behaviour of the droplet subjected to TSAW is entirely different (see Figure 

6-8). Considering the shape of the interface in Figure 6-8 at a time of 3 ms, the initiation of an 

asymmetric deformation at the interface near the rim on the left-hand side (where it is subjected 

to the SAWs) is noticed. This deformation is not present on the right-hand side of this case, 

neither can be found in the results for DFI and SSAW cases. The same asymmetric deformation 

can be seen in Figure 6-4(b). This irregular deformation at the droplet interface, which the one-

sided SAW has initially triggered at 2.5 ms during the spreading period, is rapidly developed 

during the retraction phase. The asymmetric retraction of the droplet, in turn, creates even more 

irregular deformations and instabilities at the interface and rapidly develops an asymmetric flow 

pattern with a different interface morphology as it can be seen in Figure 6-8 after 7 ms. At the 

end of the spreading phase, the streamlines around the droplet rims are toward the centre of the 

droplet, However, there fluid in the droplet centre is still flowing toward the rims. This flows in 



 

 

103 

 

opposite directions, create a rather complex streamlines inside the liquid medium. Since the 

applied SAW increase the inward flow in the TSAW scenario, the streamline in this flow is 

directed toward the centre of the droplet after 3ms. It is expected that these complex flows would 

cause the flow inside the droplet to become temporary turbulent at some points which needs 

further investigations. 

 
Figure 6-7: Time evolution images of the droplet impact dynamics obtained by numeri-

cal simulation. (a) DFI scenario. (b) SSAW propagation on the solid surface during the 

impact.  In all the simulations, the droplet impact velocity and volume are 1.4 m/s and 

3.56 μl subsequently. 
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Figure 6-8: CFD snapshots of liquid phase overlaid by velocity vectors during the im-

pingement process in the presence of TSAW propagating from left to right. The droplet 

impact velocity and volume are 1.4 m/s and 3.56 μl subsequently. 

During the impingement process, there are continuous changes of gravitational, kinetic and the 

liquid-vapour-solid interfacial/surface energies. Furthermore, these energies are continuously 

dissipated during the impact because of viscous dissipation, wave generation on the interface 

and sub-unit separation116,218.  The energy budget and the rates of conversion of the initial energy 

of the droplet, 𝐸0 into the kinetic energy, potential energy and interfacial energy are analysed 

here to reveal the real mechanism of CT reduction in the TSAW case. The sum of the kinetic, 

gravitational, and interfacial energies are defined here as the total energy of the droplet: 
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𝐸𝑡 = K + SE + P𝐸 (6.3)   

The normalized total energy of the droplet during the impingement, 𝐸𝑡/𝐸0, is illustrated in 

Figure 6-9(a). Interestingly, more than 70% of the total energy is dissipated within less than 0.5 

ms after the onset of impact, which is consistent with the finding in references116,118,219.  Since 

the potential energy is one order of magnitude smaller than kinetic and interfacial energy, it is 

not shown in Figure 6-9. 

The variation of kinetic energy (normalized by E0) shown in Figure 6-9(b), indicates its 

significant reduction in the first 0.5 ms of the impact time. Results in Figure 6-9(c) shows only 

10% of the kinetic energy is stored in the form of interfacial energy during the spreading phase, 

and the rest of the kinetic energy is dissipated during the first 0.5 ms of impact. The stored 

interfacial energy at the end of the spreading phase starts to be converted into kinetic energy 

and causes retraction. The conversion of the interfacial energy into kinetic energy leads to an 

increase in the kinetic energy between 3-6 ms after the onset of the impact. This increase in the 

kinetic energy is more significant for the TSAW scenario since the kinetic energy is increased 

both by interfacial energy conversion and applied SAW energy. However, for the SSAT and 

DFI scenarios, due to droplet deformation symmetry, a relatively strong internal recirculation 

field is created within the droplet, which dissipates the kinetic energy.  

More importantly, Figure 6-9(a-c) show that the energy conversion rates for all the cases during 

the spreading and retracting time, e.g., time < 6 ms, are almost identical. This implies that the 

total initial energy dissipation by viscous liquid and interaction between liquid and solid 

surfaces are the two dominant processes during the initial 6 ms. However, the differences 

between these cases begin to appear in the values of kinetic energy, after approximately 3.5 ms, 

because of the presence of SAW, which is shown in the magnified diagram in Figure 6-9(b). 

For example, the kinetic energy recovery rate from the interfacial energy between the durations 

of 3.5 ms and 6 ms, is ~37% higher for the TSAW case than that of the SSAW case. The droplet 

normalized vertical momentum by the initial momentum is shown in Figure 6-9(d). The 

differences in the kinetic energy, in turn, increases the vertical momentum of the droplet during 

the retraction phase. Also, the separation of each sub-unit from the main droplet leads to a 

sudden decrease in the momentum, which delays the droplet detachment from the surface. 

Another interesting phenomenon obtained from Figure 6-9(c) is that while significant 

differences of the variation of kinetic energy between TSAW with those of SSAW and DFI are 
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observed, the interfacial energy in all the cases is almost identical during the spreading and the 

retraction phases. This clearly shows that the dissipation rate for the TSAW case during the 

retraction period is 50% smaller than those of SSAW and DFI cases. Snapshots in Figure 6-7(a-

b) reveal the mechanism responsible for such higher dissipation rates in SSAW and DFI cases. 

It can be seen in Figure 6-7(a-b) at 6 ms that the rather symmetric small-scale vortices have 

been formed for both the SSAW and DFI cases. Such small-scale vortices have not formed in 

the TSAW case due to its asymmetric and irregular flow patterns.  

All the above results indicate that most energies in the SSAW and DFI cases during the 

retraction processes are dissipated by the symmetric and very stable internal flow recirculation. 

In contrast, they have been recovered into the kinetic energy more efficiently in the TSAW case 

since such an internal recirculation cannot be easily formed due to the asymmetric and the 

instabilities. This, in turn, leads to a much faster retraction and dispatching processes of the 

droplet from the surface in this TSAW case. Simulation results show that a shorter CT can be 

achieved by increasing asymmetry in the liquid flow during droplet impact under the TSAWs.  
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Figure 6-9: (a) Total energy, (b) Kinetic energy, (c) Interfacial energy for FI, TSAW, 

and SSAW scenarios. In the simulation, the droplet impact velocity and volume are 1.4 

m/s and 3.56 μl subsequently. All the energies are normalized by kinetic energy at the 

onset of impact. 

 

To further verify this idea, the droplet impact dynamics are further investigated using a 

perpendicular IDT design sample, which can generate two waves propagating in vertical 

directions into the droplets (see Figure 6-10). Three different cases were tested, and the 

results are illustrated in Figure 6-10(a). Depending on the droplet size, the CT can be reduced 

between 20-35%, if compared with the DFI case. Unlike the SSAW cases, in this IDT design, 

the applied SAWs from both sides create a kinetic energy field that breaks the symmetry of 

droplet deformation in both X and Y directions and speed up the detachment process of the 

bouncing droplet. Figure 6-10(b) shows the effects of the impact velocity for the droplet 

impact dynamics. At lower SAW powers, the CTs for all the cases do not show significant 

differences. However, at SAW powers greater than 20 w, the CT is considerably reduced 

with increased impact velocity. This is mainly due to the significant increase of the acoustic 
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wave energy absorbed by the droplets. Results clearly confirm our prediction that by 

breaking the droplet symmetry along both the X and Y axis, the CT can be significantly 

reduced. However, the CT reduction achieved using this method is limited by the applied 

power to the IDTs. Applying powers higher than 50 w could damage the SAW device, and 

at such high powers, the droplet tends to break-up or splash during the spreading phase.  

6.1.3 Discussion 

Overall, the presented results clearly indicate that the droplet impact dynamics can be 

modified and controlled using the thin-film based SAW technique. The key features of the 

thin-film piezoelectric platform are its seamless, scalable, and localized SAW generation, 

which can then propagate across entire structural surfaces. Piezoelectric films can be 

deposited and applied locally on a component to generate vibrations without covering the 

whole structure surface with the piezoelectric film. The SAW direction and amplitude can 

also be controlled through electrode shapes and designs, and SAWs can also be generated 

wirelessly and remotely. Therefore, due to its high efficiency and wireless function, the 

SAW technique can be used in different engineering applications.  

 
Figure 6-10: (a) Experimental results of normalized CT as a function of SAW power for 

droplets with the initial diameter of 1.87, 2.04 and 2.22 mm. Impact velocity for all the 

cases is kept constant at 1.7 m/s. (b) Experimental results of normalized CT as a function 

of SAW power for droplets with impact velocities of 1.4, 1.7, and 2.0 m/s. Droplet initial 

diameter is kept constant at 1.87 mm for the experiments presented in this graph. Error 

bars represent SD of CT. 
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6.2 Droplet impact control on inclined surfaces 

In this section, the application of SAWs for the active control of droplet impact dynamics 

(including impact regime, contact time, and rebouncing angle) on inclined surfaces is 

investigated. The droplet impact regime can be effectively modified by applying SAWs with 

different propagation directions and powers on inclined surfaces. Additionally, different 

impact parameters such as CT, maximum spreading diameter, and rebouncing angle can be 

dramatically altered. It is expected that by applying upward SAW (USAW) or downward 

SAW (DSAW) and as a result of changing the energy budget within the liquid medium, the 

motion of the leading and tailing edges of the droplet (See Figure 6-11 for definitions) would 

be altered. Consequently, impact characteristics parameters such as CT, maximum spreading 

(𝛽𝑀𝑎𝑥 = 𝐿𝑐𝑙 ,𝑚𝑎𝑥/𝐷0, where  𝐿𝑐𝑙 ,𝑚𝑎𝑥 is the maximum spreading width along the direction 

tangential to the surface), movement along the surface, (𝛿/𝐷0), and rebounce angle 

(𝜃𝑅𝑒𝑏𝑜𝑢𝑛𝑐𝑒, which is defined as the angle between the surface normal vector and the line 

connecting the separation point to the droplet tip at the separation moment in an 

anticlockwise direction) could be altered in a programmable and controllable way. 

Definitions of all these parameters are illustrated in Figure 6-11.  

To examine the effect of SAW on droplet impact, three scenarios are proposed, e.g., droplet 

free impact (DFI), droplet impact in the presence of USAW, and DSAW on the inclined 

surface, as illustrated in Figures 6-11(a-c). Using the developed CLSVOF mathematical 

model, first, the physics of the droplet impact on inclined surfaces is investigated. Later the 

effect of critical parameters such as inclination angle, impact velocity, SAW direction and 

power are experimentally investigated. 
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Figure 6-11: Schematic views of different scenarios of droplet impact on inclined sur-

faces. (a) Droplet free impact (FI), (b) Droplet impact in the presence of USAW, (c) 

Droplet impact in the presence of DSAW. The positive direction of the rebouncing angle 

is in the anticlockwise direction from the surface normal direction. (d) Schematic view of 

SAW and gravitational force interaction. 

6.2.1 Impact mechanism based on numerical simulations.  

First, droplet impact and bouncing dynamics of a spherical droplet on a solid surface with 

an inclination angle of 30o for three cases of DFI, USAW, and DSAW scenarios are 

simulated. For all the simulation cases, the droplet volume and impact velocity are kept 

constants at 3.5 µl and 1.4 m/s, respectively. A set of experiments with the same parameters 

was performed to validate the numerical results. A quantitative comparison between 

experimental and simulation results for the droplet contact width during the impact is shown 

in Figure 6-12(a). A good agreement between the experimental and numerical results can be 

found, proving that simulation results can be precisely used to analyse the SAW effect on 

droplet impact. Moreover, to qualitatively validate the numerical findings, comparisons 

between the droplet interfaces from numerical and experimental results are presented in 

Figures 6-13. Both the quantitative and qualitative comparisons show that the developed 

numerical method can capture the interaction between the acoustic waves and liquid medium 

and the TPCL movements. 
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Figure 6-12: (a) A quantitative comparison between the simulation and experimental re-

sults for the droplet contact width evolution. (b) Temporal droplet velocity (i.e., an aver-

age of leading and tailing-edge velocities) in the X-direction. (c) Temporal evolution of 

normalized droplet tip height in Z-direction. 

 

As shown in Figure 6-12(a), the droplet continuously spreads to its maximum diameter on 

the inclined surface for all three scenarios, and then the thickened rim starts to retract toward 

the centre of the liquid.  For the DSAW (USAW) scenario, the applied SAW energy restricts 

the tailing-edge (leading-edge) from spreading. For the DFI scenario, the contact width 

reduces until the droplet is separated from the surface after 16.8 ms. By applying DSAW, 

the maximum spreading width and the time to reach this width are reduced (i.e., 2.4 ms 

compared to 3.6 ms for USAW and DFI cases). After reaching the maximum spreading 

width, the contact width is gradually reduced until 8 ms after the onset of the impact. Then, 

it stays nearly a constant for ~2.6 ms since the droplet is moving on the inclined surface. 

Afterwards, the contact width is reduced sharply until the droplet is separated from the 

surface after 13.6 ms. In the case of the USAW, during the whole retract phase, the contact 

width is lower (higher) than the DFI (DSAW) case. Moreover, the sharp reduction in 

spreading width is not observed at the end of the retracting phase for the USAW scenario.  
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Figure 6-13: Comparisons between experimental and simulation results of the droplet in-

terface during the impact on a surface with an inclination angle of 30o for (a) FI scenario, 

(b) USAW scenario, and (c) DSAW scenario. In both simulation and experiments, a 

droplet with a volume of 3.5 µl and We number of 50 is impacting on the surface. 

Figure 6-12(b) shows the average droplet velocity along the X-direction for the three cases. 

During the spreading phase, the velocities do not show considerable differences. After ~2.8 

ms from the onset of impact, the droplet in the DSAW scenario starts to accelerate much 

faster than the other two scenarios. In general, since the applied DSAW (USAW) energy 
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promotes (restricts) the droplet motion in the X-direction, the droplet has a higher (lower) 

average velocity compared to the DFI scenario. The ratio of the droplet tip height (highest 

point in Z-direction in liquid medium), Z, to its initial value, Z0 (see Figure 6-12(c)) shows 

that the droplet tip heights have a rather similar behaviour during the impact. However, since 

the maximum spreading diameter of the droplet is larger for the DFI scenario than those of 

USAW and DSAW scenarios, the droplet tip position is lower for this case at its maximum 

spreading.  

The internal streaming patterns within the liquid medium during the impingement for the 

designed three scenarios is are investigated. Snapshots of internal streaming patterns in the 

middle plane of the droplet are illustrated in Figure 6-14.  For the DFI case, 2 ms after the 

onset of the impact, there is a strong velocity field in the region close to the leading-edge. 

However, due to viscous dissipation, this velocity field is not apparent in the tailing-edge, as 

shown in Figure 6-14(a). After 6 ms, while the leading-edge has moved ~1.4 mm on the 

inclined surface, the tailing-edge has moved as large as 3 mm, resulting in a significant 

internal flow generation in the tailing-edge area (see Figure 6-14(a)). After 16 ms, near the 

last moment of the impingement, the droplet contact width is minimized, and the internal 

streaming pattern is faded compared to previous snapshots. 

By applying USAW, after 2 ms from the onset of the impact, a hunch is noticeable in the 

centre of the spreading droplet on the inclined surface. Since the USAW is restricting the 

droplet to spread downward, the velocity field around the leading edge is much weaker than 

that of the DFI case. After 6 ms, the tailing-edge has moved ~2.6 mm. In the liquid medium 

close to the tailing-edge, a velocity field along the X-direction is generated. A strong 

streaming pattern along Z-direction is observed near the centre of the droplet because of 

applied SAW energy, which can push the droplet upwards. Finally, after 15 ms, the droplet 

is separated from the surface with a faded internal streaming pattern in the area close to the 

droplet tip and a rather weak internal streaming field in the droplet root, mostly along the Z-

direction.  

For the DSAW scenario (see Figure 6-14(c)), during the spreading phase, the SAW energy 

causes the restriction of spreading from the tailing-edge, and a strong streaming pattern is 

created in the area close to the tailing-edge. After 6 ms, the droplet tip height is 21% larger 

than that of the DFI case (see Figure 6-14(c)), and the internal streaming pattern in the 
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droplet root is almost disappeared. However, a strong velocity field is created in the droplet 

tip area. After 12.5 ms, the droplet is at its final moments of impingement, and the liquid 

medium has a relatively strong velocity field inside. 

The simulation results clearly show that the energy of SAW has changed the internal 

recirculation patterns upon the droplet impinging onto the inclined surfaces. By applying the 

USAW, the velocity field (especially in the leading-edge area) is slightly rotated toward Z-

direction in all the impact stages. However, the intensity of the internal streaming patterns 

looks similar to that of the DFI scenario. On the other hand, in the DSAW scenario, it is 

apparent that the liquid medium has a much stronger internal recirculation pattern during the 

impact.  

 

Figure 6-14: CFD snapshots of droplet interface overlaid by velocity vectors at spread-

ing, retracting, and detachment stages for (a) FI scenario, (b) USAW scenario, and (c) 

DSAW scenario. For all the cases, a droplet with a volume of 3.5µl and We number of 

50 is impacting on a surface with an inclination angle of 30o. 
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To quantitively analyse the applied SAW energy effect, we further investigate the energy 

budget during the designed scenarios' impact. Results of the evolution of energies for the 

simulated three scenarios are presented in Figure 6-15. The initial energy of the droplet 

normalizes all the energies in Figure 6-15 at the onset of the impact (e.g., 𝐸0 =
1

2
𝑉𝐷𝑟𝑢2 +

𝛾𝑙𝑣𝑠𝑎0). Figure 6-15(b) shows that the gravitational energy occupies less than ~2 % of the 

total energy during the impingement for all the cases; therefore, it is not considered in the 

following analysis. Figure 6-15(c) illustrates the total energy dissipation from the impact 

moment. 

For the DFI scenario at the onset of the droplet impact, 79% of its total energy is in the form 

of kinetic energy, and during the spreading phase (e.g., the blue area in Figures 6-15(a-c)), 

the kinetic energy is converted to the surface energy or dissipated by viscosity and capillary 

dissipation. During the droplet spreading, surface energy is increased by 18%, and ~44% of 

the system energy is dissipated. At the end of the spreading phase, there is a transient time 

when the surface energy stays almost a constant. During the retraction phase, the surface 

energy is converted back to kinetic energy (e.g., the red area in Figures 6-15(a-c)). At the 

end of the retraction phase, the surface energy is decreased by 23.3% from its maximum, 

and the kinetic energy is increased by 7%. After ~7 ms, the droplet kinetic energy starts to 

decrease due to the energy dissipation, and the droplet is separated from the surface after 

~16.8 ms.  

By applying the DSAW, the X-component of the SAW force along the inclined surface 

prevents the tailing-edge from spreading, and thus, the maximum surface energy is ~4.2% 

lower than the DFI case. On the other hand, during the impingement, the total SAW energy, 

which is transferred to the liquid medium (as shown in the small graph in Figure 6-15(a)), is 

as much as 66% of the initial energy of the droplet. The droplet kinetic energy at the end of 

the spreading phase is decreased to ~20%, and the energy dissipation is ~60%. However, 

due to applied SAW energy and conversion of the surface energy, the kinetic energy of the 

droplet starts to increase sharply. Once all the energy stored as surface energy is converted 

back to kinetic energy (i.e., after ~8 ms), the kinetic energy stays almost constant, meaning 

that the applied SAW energy is dissipated during this period. Due to the relatively higher 

kinetic energy after the spreading stage, the droplet detaches from the surface after ~13.6 

ms, which is 20% shorter in contact time than the DFI case. 
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Figure 6-15: Simulation results of the effect of SAW on the temporal evolution of energy. 

(a) The normalized kinetic energy of the liquid medium. The embedded graph represents 

the total energy of the droplet. (b) The normalized surface energy of the liquid. Normalized 

gravitational energy is presented in the embedded graph. (c) Energy dissipation during the 

impingement. Blue and red areas represent the droplet spreading and retracting, respec-

tively. All the energies are normalized with the total droplet energy at the inset of the im-

pact. 

 

For the USAW case, during the 6 ms after the onset of the impact, the kinetic energy has a 

rather similar trend to the DFI scenario. Nevertheless, between 6-10 ms after the impact, the 

droplet kinetic energy is ~5% higher on average than that of the DFI case. The results 

indicate that despite the applied SAW energy to the droplet for both USAW and DSAW 

scenarios are equal (see the embedded graph in Figure 6-15(a)), the droplet gains less kinetic 

energy in the USAW cases due to significant energy dissipation. This can be explained by 

the fact that the X-component of the SAW force is in the opposite direction of the component 

of gravitational force, and thus (as a result of interaction between these forces in a 3D 

pattern) a rather strong internal recirculation field with vortices is generated within the liquid 

medium, thus dissipating more energy. Interestingly, for the USAW case, the amount of 

dissipated energy by viscosity is higher than the initial droplet energy. The ratio of the total 

dissipated energy for USAW and DSAW cases, 
𝐸𝑑𝑖𝑠,𝑈𝑆𝐴𝑊

𝐸𝑑𝑖𝑠,𝐷𝑆𝐴𝑊
  is ~1.35. This result is significant 

since it shows that by changing the SAW propagation direction, energy dissipation within 

the liquid and kinetic energy can be modified.  

By comparing the simulation results from the above three scenarios on the inclined angled 

plate, it is concluded that by changing the direction of the applied SAW, the amount of 



 

 

117 

 

 

 

kinetic energy and energy dissipation during the impingement can be altered to control 

impact parameters such as contact time, and droplet movement on the surface during the 

impact. After understanding the physics behind the effect of SAW on the droplet impact on 

the inclined surface, the effects of SAWs on the impact dynamics are experimentally 

investigated in the next section.  

6.2.2 Experimental investigation of droplet impact on inclined surfaces 

Figure 6-16 shows snapshot examples of the impact of a droplet with a volume of 3.5 µl and 

a Weber number of ~30.3 on a surface with an inclination angle of 15o, for the designed 

three scenarios.  For the DFI case (see Figure 6-16(a)), the droplet first spreads to its 

maximum diameter forming a crater shape, and then the rim starts to retract toward the 

centre. In this case, the droplet kinetic energy at the end of the retraction phase is not large 

enough to detach the whole droplet from the surface, leading to deposition of the droplet 

after a series of vibration on the surface.  

On the other hand, numerical results revealed that by applying the USAWs or DSAW onto 

the inclined devices, the droplet energy budget is changed (depending on the SAW power), 

and the correspondingly the droplet dynamics and impact regime are changed. As shown in 

Figure 6-16(b), the applied USAW deforms the leading-edge of the droplet during the 

spreading phase, and after ~6 ms, a liquid beam starts to form at the end of retracting phase.  

As discussed in the numerical results, the USAW can slightly increase the kinetic energy of 

the droplet during the impingement process. As a result, the droplet is detached from the 

surface after ~18 ms in a rotating sphere shape (see Figure 6-16(b)). More interestingly, by 

applying DSAW, the tailing-edge is deformed during the spreading phase, and the kinetic 

energy of the liquid is intensively increased, leading to a liquid beam formation after ~10 

ms. The enhanced jet is separated from the surface along a rebouncing angle of 41̊ after ~17 

ms.  The time evolution plot of the droplet contact line width is illustrated in Figure 6-17. 

The comparisons between these three cases show that by applying the SAWs, critical 

parameters of droplet impact such as the contact time, impact regime, and rebouncing angle 

can practically be modified. 
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Figure 6-16: Sequential snapshots of a water droplet impacting on the solid surface with 

an inclination angle of 15° and a Weber number of 30.3 for (a) FI scenario, (b) USAW 

scenario with the power of 15 W applied to the IDTs, (c) DSAW with the power of 15 W 

applied to the IDTs. In all the scenarios, DI water droplet with a volume of 3.5 µl is im-

pacting on the hydrophobic surface of the SAW device. See the supplementary videos 

V4-V6 for the experimental movies. 
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Figure 6-17: (a) Droplet normalized contact width versus time for the experimental cases 

presented in Figure 6-16. Lines are provided as a guide for the eyes. 

 

6.2.2.1 Effects of Inclination Angle on Impact Dynamics 

A set of experiments are conducted using the DI water droplets with a volume of 3.5 µl and 

an impact velocity of 1.4 m/s to understand the effects of inclination angle on the impact 

dynamics in the presence of SAW. The obtained distribution maps of droplet impact regimes 

for the cases of USAW and DSAW are shown in Figures 6-18(a-b), respectively. The impact 

regimes are categorized into droplet deposition, partial and complete rebound, jetting 

rebound, and break up (see Figure 6-19).  

In the absence of SAW and at a low inclination angle (e.g., 15º and less in this study), the 

droplet cannot be detached from the surface after the impact. However, by increasing the 

inclination angle above 15o, the droplet can be fully detached from the DFI scenarios' 

surface. As the inclination angle increases, the tangential component of the gravitational 

force is increased. Accordingly, the droplet has more kinetic energy during the retracting 

phase, which results in full detachment of the droplet from the surface.  
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Figure 6-18: (a) Droplet impact regime map as a factor of applied SAW power and sur-

face inclination angle for (a) USAW, and (b) DSAW scenarios. Contact time versus in-

clination angle for different applied SAW powers for (c) USAW, and (d) DSAW scenar-

ios. Note that the contact time is not shown for the deposition and partial rebound cases.  

In all the cases, the droplet with a volume of 3.5μl and Weber number of 50 impacts on 

the ZnO/Si SAW device. 

 

By applying SAWs during the droplet impacting inclined surfaces, the impact regime can be 

changed among rebound, jetting, or droplet break-up with the gradual increase of applied 

powers. For the DSAW cases, by applying SAWs with high powers (i.e., with powers higher 

than 25 W applied to the IDTs), the liquid droplet is bounced off the solid surface as a thin 

beam. However, droplet break-up into several sub-units is sometimes observed in the USAW 

cases at very high applied powers. In these cases, the droplet starts to break-up after reaching 

the maximum diameter since the surface tension force cannot overcome the applied SAW 

momentum, which has been transferred into the liquid medium.  
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Figure 6-19: obtaining diverse impact regimes on the inclined surfaces by applying 

SAW 

 

The corresponding contact times for the designed experiments are presented in Figure 6-

18(c-d). As discussed, for inclination angles of 0o and 15o, the droplet stays stationary on the 

inclined surface at the end of the retract phase, and thus the contact time is defined as 

indefinite for these cases. Nevertheless, SAWs can change the droplet impact regime from 

deposition to complete rebound or jetting from the surface.  Moreover, by increasing the 

applied SAW power at each fixed inclination angle, the droplet contact time is reduced. The 

detailed analysis shows that the contact time can be effectively reduced by applying SAW. 

For instance, as shown in Figure 6-18(d), for the surface inclination angle of 45o by applying 

DSAW with the power of 35 W, the contact time can be reduced as much as 30% compared 

to the DFI scenario. From the simulation results, it is known that by applying SAWs (both 

the USAW and DSAW), the energy budget of the droplet is changed, and the droplet gains 

more kinetic energy during the retract phase to bounce off the inclined surface.  

Figure 6-20 presents the effect of inclination angle on maximum spreading diameter 𝛽𝑚𝑎𝑥, 

rebounding angle, and movement along the surface. As shown in Figures 6-20(a) and (d), by 

increasing the inclination angle for the DFI scenarios, the value of 𝛽𝑚𝑎𝑥 increases. For all 

the scenarios, by increasing the inclination angle, the tangential component of the 

gravitational force, 𝑚𝑔𝑠𝑖𝑛𝜃𝑠, enhances the spreading of the droplet front but suppresses the 

spreading of the back of the droplet. However, when the SAWs are applied, the tangential 

component of the SAW force, 𝑓𝑆𝐴𝑊𝑠𝑖𝑛𝜃𝑅, limits the spreading of the droplet (e.g., the 

leading edge for USAW and the tailing edge for DSAW). At a lower inclination angle, the 

SAW force is dominated in limiting the spreading of the droplet.  However, by increasing 

the inclination angle, the gravitational force becomes dominant, which leads to larger values 

of the maximum spreading diameters. The maximum spreading is reduced more so by 

applying USAW compared to DSAW for all the angles.  
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Figure 6-20: Effect of surface inclination angle on (a) maximum spreading, (b) Rebounding an-

gle, and (c) Droplet movement along X direction for USAW scenario. Effect of surface inclina-

tion angle on (d) maximum spreading, (e) Rebounding angle, and (f) Droplet movement along X 

direction for DSAW scenario. In all the cases, the droplet with a volume of 3.5μl and a Weber 

number of 50 is impacted on a ZnO/Si SAW device. 

 

Results of the droplet rebounding angles (see Figure 6-11 for definition) are illustrated in 

Figures 6-20(b) and 7(e). In general, the interaction between the applied SAW force and the 

gravitational force determines the droplet rebouncing angle. For the DFI scenarios, since the 
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only force redirecting the droplet during the rebouncing is gravity, the rebouncing angle of 

the droplet has a nearly linear trend as a function of inclined angle (see the dashed red line 

in Figure 6-20(b) and 6-20(e)).  However, by applying lower SAW powers to the IDTs (i.e., 

5-15 W), the interactions among these forces and the corresponding rebouncing angles are 

modified compared to those of DFI cases. At higher powers, the droplet is fully detached 

from the surface along the Rayleigh angle. The results show that at higher powers, the SAW 

force is large enough compared to the gravitational force and will drive the droplet as a jet 

along the Rayleigh angle of the SAW device along the inclined solid surface regardless of 

the inclination angle. These results show that, by changing the SAW power and direction on 

any inclination angle, the droplet rebouncing angle can be changed. To examine the 

repeatability of the jet redirecting by SAW, droplet impact with We number of 50 on a 

surface with an inclination angle of 15o was repeated 16 times, while a power of 25 W was 

applied to the IDTs. The histogram results of the tests are presented in Figure 6-21, which 

showed good repeatability.  

Figures 6-20(c) and 6-20(f) show the results of distances for droplet movements along the 

X-direction, between the impact and detachment. As explained by the simulation results, for 

the DSAW cases, the tangential components of SAW and gravitational force tend to move 

forward the droplet in the X-direction by increasing the SAW power or inclination angle, 

the value of δ increases. However, in the USAW cases, the tangential components of 

gravitational and SAW forces work against each other, and the value of δ is decreased by 

increasing the SAW power. 
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Figure 6-21: Frequency of droplet rebouncing angle for 16 experiments on a surface with 

an inclination angle of 15o and droplet impact velocity of 1.4 m/s. The experiments war 

repeated four times a day in 5 consecutive days to test the repeatability of the droplet re-

bouncing angle. During the impact, USAW with the power of 35 W was propagating on 

the surface. 

6.2.2.2 Effect of Droplet Impact Velocity 

Figures 6-22(a-b) present the impact regime map results as a function of We number and 

SAW applied power, with the droplet volume and inclination angle of the surface fixed at 

3.5 L and 15°. For the DI cases and at lower We numbers (i.e., 10 and 30), the droplet stays 

stationary on the surface after the impact, and the contact time is indefinite. By increasing 

the We number to 50, since the droplet initial kinetic energy is increased, part of the droplet 

gains enough energy at the end of the retract phase to be detached from the surface. However, 

the droplet root still stays in contact with the surface. At higher We numbers, the liquid 

kinetic energy at the end of the retract phase is high enough to detach the whole droplet from 

the solid surface, so a complete rebound is observed.    

For both the USAW and DSAW scenarios, jetting rebounce is observed when the applied 

SAW power is larger than 20 W. At these larger SAW powers, the kinetic energy induced 

by the SAWs is much higher than the dissipation energy due to the liquid viscosity. 

Correspondingly, the droplet has enough energy to be separated from the solid surface at the 

end of the retract phase. Conversely, for the USAW scenario and the applied SAW power of 

15 W, a complete rebound of the droplet from the surface is observed for all the We numbers 

except the We number of 70. This inconsistency is due to the relatively more viscous 
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dissipation in this case, where the opposite directions of the momentums generated by 

gravitational and SAW forces during the spreading phase cause significant vortices within 

the droplet. These vortices, in turn, dissipated the kinetic energy of the droplet. Therefore, 

the droplet kinetic energy might not be high enough at the retract phase to detach the liquid 

phase from the solid surface. 

The droplet contact times as a function of We numbers were obtained To investigate the 

effect of SAWs on droplet dynamics, and the results are presented in Figure 6-22(c-d). 

Comparisons of these two graphs with Figure 6-22(a-b) reveal that the droplet is deposited 

on the surface for the impacts with We number lower than 70 and DFI scenarios. However, 

by applying SAWs with powers higher than 25 W, regardless of the SAW direction, a 

complete detachment of the droplet from the surface is observed.  Interestingly, results show 

that the droplet contact time can be reduced by the factor of a maximum of 48.5% by 

increasing the SAW power to 35 W. 
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Figure 6-22: Droplet impact regime map as functions of applied SAW power and We 

number for (a) USAW, and (b) DSAW cases. Contact time versus We number for differ-

ent applied SAW powers for (c) USAW, and (d) DSAW scenarios. In all the experi-

ments, a droplet with a volume of 3.5μl is impacting on a ZnO/Si SAW device with an 

inclination angle of 15o. 

 

Figures 6-23(a) and 6-23(d) show the effects of We number on maximum spreading widths 

of the droplet during the impact for the scenarios. Due to increased initial kinetic energy, the 

value of 𝛽𝑀𝑎𝑥 for DFI scenarios is increased as We number is increased. However, by 

applying the SAWs, the droplet spreading width is limited, and thus the value of 𝛽𝑀𝑎𝑥is 

decreased. For both USAW and DSAW scenarios and regardless of the We number, the 

maximum spreading distance is decreased by increasing the applied SAW power. This is 

due to the contact line motion restriction by the applied SAW spreading area. 
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The effect of We number on rebounding angle is illustrated in 6-23(b) and 6-23(e). From 

these figures, it is apparent that by changing the SAW direction, the detached droplet 

direction is changed. As expected, for the DSAW case, by increasing the applied SAW 

power, the rebounding angle is increased. On the contrary, for the USAW cases, the 

rebounding angle is decreased significantly by changing the applied power. It is interesting 

to observe that a wide-range of the rebouncing angle up to 110º (e.g., from -60º to 50º) can 

be achieved by changing the applied SAW power and direction.  

Figures 6-23(c) and 6-23(f) show the effect of We number on the values of displacement δ. 

For the DFI scenario, with the successive increases in the We number, as a result of the 

increase in the tangential component of the gravitational force, the value of δ,  increases 

linearly. After applying the DSAW, the tangential component of the SAW force enhances 

the droplet movement in the X-direction, and the value of distance δ,  increases significantly. 

For the USAW scenarios, the tangential components of the gravitational and SAW forces 

are in opposite directions, and the interaction between these forces determines the 

displacement of δ,  values. Here, using a standard equation of 𝛿 = 𝐴𝑊𝑒𝐵 the regression 

fitting for the movement of the droplet on the surface in DFI scenarios are obtained with 

𝐴 = 0.1  and  𝐵 = 0.61, as shown by the dashed lines in Figure 6-23(c) and 6-23(f).   
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Figure 6-23: Effect of impact velocity on (a) maximum spreading, (b) Rebounding an-

gle, and (c) Droplet movement along X direction for USAW scenario. Effect of impact 

velocity on (d) maximum spreading, (e) Rebounding angle, and (f) Droplet movement 

along X direction for DSAW scenario. In all the cases, the droplet with a volume of 

3.5μl impacts a ZnO/Si SAW device with a surface inclination angle of 15o. 
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6.3 Summary 

In this chapter, a new method to control and modify the droplet impact dynamics was 

introduced and explored. SAW-based microfluidic devices showed that they could be used 

to change the characteristic parameters of impact, such as impact regime and contact time 

on flat and inclined surfaces. Droplet impact time was reduced up to 30% using TSAW on 

flat surfaces. The numerical results show that the reduction in contact time is due to breaking 

the symmetry in internal flow. Furthermore, by changing the SAW power and direction on 

inclined surfaces, the droplet impact can be controlled. This new application of SAWs could 

provide a new approach in the design of smart water-repellent surfaces. Moreover, it also 

offers new methods to control the droplet impact dynamics actively. 
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Chapter 7. Conclusions and future work 

7.1 Conclusion  

SAW technology has become a significant platform in droplet-based microfluidics. In the 

last two decades, research has focused on investigating the potential of this technology for 

various applications. However, due to the complexity of the liquid and acoustic wave 

interaction, the underlying physics remains elusive.  

The main goal of the present study was to use numerical and experimental methods to 

investigate the droplet actuation by surface acoustic waves. A 3D computational model 

based on the coupled level set volume of the fluid method was developed to simulate the 

large deformations of liquid interface subjected to SAWs. Additionally, a boundary 

condition was implemented to simulate the solid-liquid interaction during the SAW 

excitation. The developed model and boundary condition have been validated using the 

experimental results. In this study, the physics behind the different droplet actuation 

phenomena such as pumping and jetting was simulated and explained using the developed 

numerical model. 

The key factors affecting droplet translation were numerically investigated to understand the 

physics of droplet pumping. Simulation results showed that although droplet pumping 

velocity decreased (at the same SAW power) for droplets with higher volumes, the droplet 

moved on the solid surface with larger interface deformations. Additionally, the simulation 

results of droplet pumping showed that following the increase in SAW device frequency, the 

attenuation length of the SAW decreases, and thus, less energy was transferred to the liquid 

medium. As a result, at higher frequencies, more SAW power was needed to push the droplet 

forward (the same physics was observed in the experiments). Another outcome of the CFD 

simulation of droplet pumping by SAW was calculating the minimum power required (for 

various SAW devices) to achieve droplet pumping and jetting. Accordingly, an equation was 

proposed based on the computational results to calculate the wave amplitude from the SAW 

device RF power to predict the minimum power to start droplet transportation and jetting.  

Moreover, the numerical simulations were used to explore droplet jetting by one or a pair of 

IDTs. After analysing the physics of the droplet jetting by SAWs, the droplet energy budget 
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was analysed. The results showed that during the droplet jetting by SAWs, both kinetic and 

surface energies play the primary role in the jetting dynamics, whereas viscous dissipation 

effects can be neglected. To be more precise, ~50% of the applied SAW energy is converted 

to kinetic energy and ~45% of the SAW energy is spent on the droplet deformation. The 

obtained results are not easily measured using the experimental methods, and this shows the 

importance of the CFD simulations. 

On the contrary, for the droplet internal streaming, viscous dissipation plays the central role, 

and surface energy variations during the application are negligible. Due to creating an 

internal streaming field inside the droplet, the droplet kinetic energy is raised.  

Besides, for the first time, the numerical results in this study showed that by changing the 

SAW device configuration and design, the device efficiency for different applications could 

be improved. The energy budget analysis was used to optimise the position of the IDTs for 

diverse microfluidic applications. For micromixing applications of the SAW device, aligned 

IDT configuration is optimal. The rate of viscous dissipation for this configuration is 500% 

higher than SAW devices with offset IDTs. Also, a pair of aligned IDTs enhance the 

maximum jetting velocity and minimum jetting time, which is essential for a wide range of 

applications such as 3D printing and tissue engineering.  

In contrast, for microdroplet separation applications, a pair of IDTs with an offset value of 

one can generate the maximum internal circulation velocity. The numerical results showed 

that the droplet kinetic energy is increased by 100% if the IDT configuration is changed from 

aligned to offset. These results, which are identified by numerical simulations, will be 

helpful for the fabrication of more efficient LOC devices. 

Another significant finding to emerge from this study was the application of SAWs to 

manipulate and actively control the droplet impact on smooth surfaces. The experimental 

evidences of this study showed that droplet behaviour during the short impact time on the 

solid surfaces could be effectively altered. The experimental results of droplet impact on flat 

surfaces showed that the droplet contact time could be reduced up to 35%. Moreover, by 

applying SAWs to the droplet, the impact regime can be modified, and droplet deposition 

on the surface can be effectively avoided by applying SAWs to an impacting droplet to 

achieve a complete rebound from the surface. This is the first study reporting the efficiency 

of SAWs in droplet impact control.  
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Additionally, analysis of droplet impact in the presence of SAW by numerical methods has 

extended the knowledge of physics of the phenomena. Using CFD results, the details of the 

flow during the impact in the presence of SAWs is revealed. Although experimental methods 

do not capture the flow details, simulation results show that the internal streaming flow for 

both the droplet free impact and standing SAW cases is almost symmetrical. On the other 

hand, it shows that applying the travelling SAW creates an irregular flow field, which breaks 

the symmetry of internal streaming and reduces contact time. 

Numerical simulations were also carried out on various droplet impact scenarios on inclined 

surfaces. These results verified that SAWs could alter the impacting droplet energy budget 

and modify the impact dynamics on inclined surfaces. It is well known that more than 60% 

of the droplet initial kinetic energy is dissipated during the droplet spreading on the solid 

surface. However, Applying the DSAW to the surface during the impingement process 

increases the droplet kinetic energy, leading to a faster detachment from the surface. On the 

other hand, by applying the USAW, the energy dissipation of the liquid medium is increased 

compared to those for the DSAW and FI scenarios. The slightly increased kinetic energy 

causes a faster detachment from the surface. 

A set of experimental investigations were also carried out to analyse the effect of various 

parameters on droplet impact control. Accordingly, the effect of impact velocity, SAW 

direction and power, and surface inclination angle, and surface structure on the droplet 

impact were studied. Various impact parameters such as droplet impact regime, contact time, 

maximum spreading radius, rebouncing angle, and droplet movement on the surface during 

the impact were chosen to analyse the droplet impact control by SAWs in details. In general, 

the results showed that applying the SAWs, regardless of their direction, can avoid the 

droplet deposition on the inclined surface after the impact. This result showed that SAW-

based droplet impact control has several potential practical applications in the fabrication of 

anti-icing, anti-erosion and self-cleaning surfaces. In addition, through the application of 

high power SAW to the surface during the droplet impact, the liquid can be pushed as a 

beam toward a particular target. Droplet impact time and motion on the surface can also be 

manipulated by SAWs, showing their great potential in smart cooling surfaces. The time and 

area of liquid-solid interaction can be controlled by applying SAWs, which is the critical 

parameter in spray cooling applications. 
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SAWs can be generated remotely from a drop impact location and can be switched on and 

off. Moreover, research has shown that SAW can propagate on flexible and curved surfaces. 

Thus, the concept of using SAWs to control the droplet impact can be applied to a wide 

range of real-world applications, especially the development of smart surfaces. This research 

could provide a base for future studies of droplet impact control on smart surfaces. 

 

7.2 Future work 

The presented research in this study can be explored further. Following are some 

recommendations for future work: 

• One of the major issues with multiphase flow methods such as CLSVOF is the high 

computational cost and time due to the need for a small grid size. To reduce the 

computational costs, the adaptive and dynamic mesh should be used during the sim-

ulations. Using dynamic mesh, only the cells around the interfaces are refined, and 

thus, the number of cells in the simulation domain is significantly reduced. There-

fore, computational costs and time could be significantly reduced. 

• Further work can be carried out on the direct solution of the sound wave propagation 

under the droplet (although the computational costs would be much more). To do so, 

instead of using the body force (which adds the effect of SAW energy on liquid me-

dium), the sound wave equations can be directly solved on the solid surface and then 

be used as the velocity (and pressure) boundary conditions for the liquid medium 

which can lead to more accurate solution results for this complex multi-physics prob-

lem.  

• Another direction for future works is to use the critical point theory to analyse the 

numerical results to examine viscous flow patterns around the rigid boundaries. 

• In addition to numerical methods to investigate the droplet actuation with SAW, the-

oretical/mathematical works could be carried out to understand the energy transfer 

from the surface of the SAW device to the liquid medium 
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• Although the actuation of Newtonian liquids (and mainly water) by SAWs has been 

studied in the present work, this method could be applied to non-Newtonian fluids, 

particularly pseudoplastic fluids, to investigate their behaviours subjected to SAWs. 

Since most LOC devices are used to do analysis using the blood products (which is 

a shear-thinning non-Newtonian liquid), it is imperative to develop mathematical 

models that can simulate such liquids' behaviours. Since performing experiments 

with human blood cannot be easily performed (compared to water), CFD simulations 

can produce information about such liquids' behaviour. To develop such models, em-

pirical equations that calculate the liquid viscosity as a function of shear rate in the 

flow would be used in simulations. Using such equations can significantly increase 

the computational time; thus, using dynamic mesh and cost-effective methods would 

be beneficial. 

• Another possible area of future research would be experimental investigations of new 

applications of SAWs. It may be possible to use the SAWs as an effective and active 

anti-icing method on solid surfaces. This study shows that SAWs could efficiently 

modify the droplet impact dynamics on solid surfaces. The ability to reduce the drop-

let contact time can also be used to control heat transfer between a solid and liquid 

or for de-icing and anti-icing applications in aeroplane wings or wind-turbine sur-

faces. Also, the capability of SAWs to control the droplet impact dynamics on vari-

ous types of surface treatments could be investigated to increase the efficiency and 

reliability of this method.  

• Further research regarding the heating effect of SAW would be worthwhile. Alt-

hough a few studies have been carried out to investigate droplet heating by SAWs 

experimentally, numerical simulations are needed to understand SAW-based heating 

better62. The energy equation could be added to the numerical model to simulate the 

heating effects of the SAWs. The effect of heat transfer on the liquid generated by 

SAWs can be important for some anti-icing applications. 
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Appendix A DCA model validation 

To develop an accurate DCA model, a set of droplet jetting and pumping experiments were 

performed by a SAW device with a resonant frequency of 66.2 MHz. Various volumes of 

the droplet were used in the experiments. The experimental results of the droplet contact 

angle as a TPCL velocity function are compared with the numerical results obtained from 

Equation 3-32 and 3-33 in Figure A1. 

 

Figure A1: The DCA variation as a function TPCL velocity for different values of fitting 

coefficient, C. The blue circles are the experimental results obtained from the water 

droplet translation experiments on the ZnO/Si SAW device surface treated with CYTOP. 

 

As shown in Figure A1, by choosing the value of the fitting factor, C, equal to 8.45, the 

numerical results curve almost fits the experimental results. Thus, in all the simulations, the 

value of the C is set to be 8.45. 
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