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ABSTRACT 

An analysis model for investigation of the coupling of kinetic and thermal impacts of 

surface acoustic wave (SAW) on a microscale droplet is proposed. The model is based on 

mass, momentum, and energy conservation principles with assistance from experimental 

observations. The investigation is carried out on a 25 µl water droplet placed on the SAW 

device fabricated on an aluminium (Al) plate substrate with deposition of 5 µm thick zinc 

oxide (ZnO) as a top layer. The devices have a thickness of 200 µm and 600 µm with the 

wavelength (λ) of 100 µm and 200 µm using Rayleigh, Sezawa, and a Lamb and Rayleigh 

hybridized mode. The SAW input power values are from 0.30 W to 4.0 W with a 

temperature range of 5-30 °C in this study.  

A charged-coupled device (CCD) camera has been employed to monitor streaming inside 

the droplet. To visualise the streaming, 10 µm red polystyrene particles have been used 

whereas the velocity of particles estimated using particle image velocimetry (PIV). An 

infrared (IR) thermal camera has been used to detect the droplet surface temperature. 

However, temperature distributions of fluid layers of the droplet are estimated by 

developing a MATLAB code. The data has been used in the implementation of the 

analysis model to interpret the coupling mechanism inside the droplet. The thermal 

impact includes energy absorbed by the droplet, heat transfer from the substrate to the 

droplet, from the droplet to the air and the waves penetrated to the droplet (radiation). 

Whereas kinetic impact involves energy transferred by the streaming and friction inside 

the droplet. 

Since this study is based on temperatures much lower than the boiling temperature, no 

phase change or evaporation observed, therefore, no significant mass transfer has been 

observed either with Rayleigh or Sezawa. However, at input power (Pin) of 4.0 W using 

Rayleigh wave (R-wave) where the droplet slightly moves away on the surface in the 

direction of the waves. Since Sezawa waves (S-waves) travel in the interlayers, they have 

less SAW force because of which droplet sticks to the surface and does not move away 

even at higher input power. 

It has been observed that the thermal impacts of the SAW are more dominant than the 

kinetic when considering both Rayleigh and Sezawa wave modes. However, the 

streaming plays a key role in enhancing the heat transfer inside the droplet by internal 
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convection. The major source of thermal impact is the radiation of SAW power (~ 0.05 W 

to 0.20 W) penetrated to the droplet at input power (Pin) ranging from 0.96 W to 3.2 W, 

while, at the power of 0.38 W or lower, is from both the SAW radiation (~0.025 W) and 

hot substrate (~0.01 W) using Rayleigh waves. 

Inverse heat flux from droplet to the substrate is observed after ‘reverse time’ at Pin > 

0.50 W and Pin > 1.0 W for Rayleigh and Sezawa, respectively. Heat always transfers 

from droplet to the air since this is the heat leaving the system.  

The thermal impacts of both Rayleigh and Sezawa modes on the droplet showed an 

exactly similar trend when compared to each other based on the results from the analysis 

model and experimental data. However, the thermal impacts of SAW on the droplet with 

a Sezawa wave is slightly less as compared to the Rayleigh. The thermal energy absorbed 

by the droplet using Rayleigh waves is 4% more as compared to the Sezawa at an input 

power of 0.96 W. However, this dropped to 1.5% at a higher input power of 3.2 W after 

the same time frame.  

It has been found that using the same wave mode, temperature rise inside the droplet is 

directly proportional to the resonant frequency of the device. Furthermore, Lamb and 

Rayleigh hybridized waves generate intense thermal impacts, showed 3.5 times and 2.5 

times higher temperature as compared to the pure Rayleigh mode at Pin of 2.2 W and 3.2 

W, respectively. The same trend and difference have been observed when the hybridized 

mode is compared with pure Sezawa mode. 
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Chapter 1: INTRODUCTION 

1.1 Research background 

The propagation of surface acoustic waves (SAWs) on the substrate was first demonstrated 

by Lord Rayleigh in 1885 [1]. White and Voltmer in 1965 [2] introduced fabrication of 

an interdigital transducer (IDT) on the substrate for the generation of SAWs. The 

generation of SAW from tens to hundreds of MHz was not possible without using the IDT. 

Recently, the increasing research efforts have been devoted to understanding the physical, 

chemical, and biological impact mechanisms of SAWs on fluids, especially in 

microfluidics [3]–[5]. When an alternating current (AC) is applied to an IDT fabricated 

on the piezoelectric substrate, the electrical energy converts to mechanical waves because 

of the piezoelectric effect. These waves travel on the surface, that is why they are called 

SAW [6]. When a microdroplet of water is placed on the path where the SAW propagates, 

as the sound velocities for solid and liquid are different, SAW penetrates inside the droplet 

along the Rayleigh angle (𝜃). This solid-liquid interaction is defined by Snell’s law [7]; 

𝜃 =  𝑠𝑖𝑛 ( ), where Vs is the sound velocity in solid and Vf is the sound velocity in the 

fluid [8]. The liquid will be driven to flow inside the droplet along this Rayleigh angle. 

When the liquid inside the droplet flows to the droplet boundary, the interaction at the 

solid-liquid bottom boundary generates reverse flow. When this flow approaches the 

substrate, SAW driven flow causes this flow to move to the top of the droplet which 

generates vortex pattern and leads to internal streaming inside the droplet [9]–[11].  

In microfluidics, this streaming or convection inside the droplet enhances fluid mixing 

and the chemical/biological reactions [12]. On the other hand, the SAW energy transferred 

to both the droplet and solid is partially converted to thermal energy to heat the droplet 

and the solid which is referred to as thermal impact [13]–[16]. The rise in temperature 

leads to either positive aspects, such as being used as a heater [17] in processes such as 

Polymerase Chain Reaction (PCR) [18], or negative aspects, such as cell damage in 

biological devices [19], [20]. Streaming and heating effect caused by the Rayleigh waves 

has been well investigated and discussed in the literature. It has been realised from the 

literature review that little research has been conducted to address the coupling 

mechanism of kinetic and thermal impacts but it is not yet fully explored to understand 
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its mass, momentum, and energy conservation principles. To control the temperature of 

the droplet efficiently and to select a device suitable for a temperature-sensitive process, 

a model needs to be designed to interpret the thermal and kinetic impacts of the SAW on 

the droplet.  

Since resonant frequency changes with the rise in temperature [21], [22] therefore, this 

work is limited to low power/low temperature before any deformation, breakup, pumping 

or evaporation.  

Since SAW nebulizers work at low power (≈ 2-3 W), degradation of bioactive agents such 

as proteins and DNA does not occur [23]–[25]. Compared to the standard ultrasonic 

nebulizer, large molecules such as plasmid DNA (pDNA) work as cavitation bubble [26] 

which destroys molecules whereas damage caused by SAW nebulizer is minimum [23]. 

Therefore, an input power of 2-3 W does not damage biological samples [20]. 

1.2 Research aim and objectives 

The main aim of this research is to develop an analytical model to investigate mass, 

momentum and energy conservation principle of SAW energy transferred into the water 

droplet. The key objectives include, (1) coupling mechanism of streaming and thermal 

energy of the input power caused by the SAW on the microdroplet; (2) validation of the 

proposed model using both Rayleigh and Sezawa waves; (3) the effect of change in 

wavelength of the waves and impact of a mixture of waves on the temperature rise of the 

droplet.  

1.3 Thesis outline 

This thesis has been divided into the following chapters. 

Chapter 1: Introduction: This chapter gives a background of the present work including 

motivation, research objectives of the work. 

Chapter 2: Literature Review: This chapter starts with the introduction of the devices 

based on their structures and materials to generate SAWs followed by the type of waves, 

properties and their applications. The literature further includes physics of SAW 

generation, propagation, solid-liquid interaction with some engineering background and 

applications. The literature also explains the streaming mechanism, deformation of the 
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droplet, jetting, atomization, nebulization etc. caused by the waves. Experimental and 

theoretical work done so far related to the kinetic and thermal impact of SAW is 

summarized, with more focus on thermal impact issue. Furthermore, physical principles 

related to the temperature rise of the droplet caused by the SAW are also discussed. 

Finally, current challenges and research/knowledge gap that need to be addressed are 

summarized. 

Chapter 3: An Analysis Model of Kinetic and Thermal Coupling Impacts of SAW on The 

Droplet: This chapter provides an analysing model with assumptions to present 

conservation of mass, momentum and energy. This has been done with relevant equations 

and figures to provide evidence on how the proposed model works in this study. 

Chapter 4: Methodology and Experimental setup: This chapter gives details about the 

experimental setup that includes a selection of piezoelectric material, fabrication of 

device and equipment required to generate SAW. This chapter also comprises details of 

different devices used in this study about how to make them efficient (hydrophobic). 

Furthermore, the methodology and calculations to find the coupling mechanism between 

streaming and thermal impact are also included in this chapter. 

Chapter 5: Analysis of The Impact Mechanisms of Rayleigh SAW on Microdroplet: This 

chapter presents the implementation of the proposed model by using Rayleigh surface 

acoustic waves (R-SAW). Mass, momentum and energy conservation principles have been 

implemented to find the coupling mechanism and to evaluate different heat transfers and 

kinetic mechanisms inside the droplet.  

Chapter 6: Analysis of The Impact Mechanisms of Sezawa SAW on Microdroplet: The 

mass, momentum and energy conservation principles have been implemented and 

validated to find the coupling mechanism using Sezawa waves. Different heat transfers 

and kinetic energies have been discussed in detail. 

Chapter 7: Comparison of The Impacts of SAW Modes and Other Parameters on the 

Droplet: This chapter discusses the comparison of Rayleigh and Sezawa waves in terms 

of their kinetic and thermal impacts. Moreover, the impact of a mixture of Rayleigh and 

Lamb wave (hybridized wave) and a comparison of the hybridized wave with other waves 

have also been discussed in this chapter. Furthermore, for the same wave mode, the 
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influence of the frequency of the device on the temperature rise of the droplet is also 

considered.  

Chapter 8: Conclusions and future work: Overall concluding remarks and proposed 

future work is discussed in this chapter. 
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Chapter 2: Literature Review 

This chapter gives a detailed overview of previous work including physics of SAW 

generation, propagation, and interaction with the droplet. This focuses on droplet-based 

microfluidics which includes streaming, pumping, jetting, atomization/nebulization and 

heating. This chapter is divided into experimental studies, theoretical analysis and 

modelling work that also reports different engineering applications in industry. Finally, 

the current challenges are discussed that needs to be addressed. 

2.1 Introduction 

Research into life sciences in parallel with microfluidic technology had been broadly 

carried out since 1973 to develop microdevices, which are at the scale of micrometres for 

using in different chemical analysis systems [27]. One of the new fields of research in 

micro total analysis system (µ-TAS), in which the whole laboratory functions can be 

integrated on a single chip named as Lab-on-a-chip (LOC) [28], [29]. These devices can 

be used for different biological, biochemical and bio-fluidics applications. For example, 

in the diagnosis of the human immunodeficiency virus (HIV), rapid purification system 

(to purify the protein from sample blood) [30] and handheld medical diagnostic devices 

are needed for detection of single molecules associated with heart diseases [31]. 

2.2 Devices to generate SAW and applications 

Before the invention of IDT, people used bulk substrates to generate acoustic waves but 

with the help of IDT, a few hundred MHz can be easily generated [2]. There can be 

different structures of IDTs depending upon the required application. Following are a few 

of them discussed here.  

2.2.1 Straight IDT 

IDT varies in shape and design, but the basic working principle of these devices remains 

the same. When the IDT is fabricated on a piezoelectric substrate, it is also called as a 

SAW device as shown in Figure 2.1, where a comb-like structure is called IDT fingers [2]. 

The length of each finger is called an aperture. IDT fingers are connected with a bus bar 

and electrode pads at the end where the electrical signal is given to these fingers. 

Furthermore, the width of one finger is λ/4, so one wavelength (λ) of the wave is equal to 
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four times the width of one finger [2]. The wave travels perpendicularly to these fingers 

as shown in Figure 2.1-a. 

 

 

Figure 2.1: Working principle of a SAW device (a) Comb-like interdigital transducer showing 

wave propagation direction [2] (b) A pair of IDTs fabricated on a piezoelectric substrate, one acts 

as an input transducer and other as an output [32]. 

A pair of IDTs with an input and output transducers are shown in Figure 2.1-b [32]. When 

an electrical signal is applied to the input transducer, these signals are converted to the 

mechanical waves due to the inverse piezoelectric effect [33], where 90% of the signal is 

transmitted in the mechanical form and 10% is transmitted in the electrical form to the 

output transducer [12]. The resulting travelling waves can be observed using laser doppler 

vibrometer (LDV). The periodicity of the finger pairs defines the wavelength of the 

resulting SAW [12]. With the help of LDV, acoustic waves can be visualised to travel on 

their path. The amplitude of the wave can be visualised against frequency on LDV, the 

frequency at which the signal has maximum amplitude is the resonant frequency of the 

(a) 

(b) 
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device. Furthermore, Love, BAW, SAW waves have different shapes which can also be 

visualised on the screen of LDV, therefore, type of the wave can be identified.[12].  

2.2.2 Focussed IDT 

The device in which IDTs from both sides are focussed at one point is called focussed 

IDT (FIDT) and SAW generated by these IDTs are called focussed SAW (F-SAW). These 

devices are used when specifically required jetting or deformation of the droplet is 

required [34]. A FIDT with a droplet is presented in Figure 2.2. 

 

Figure 2.2: A focused IDT with a droplet [34]. 

2.2.3 Slanted or tapered IDT 

Slanted IDTs are also called as tapered IDTs in which the electrodes are tapered from one 

side to other as given in Figure 2.3 [35]. In this type of design, the direction of movement 

of particles or droplets can be changed by changing the operating frequency continuously. 

One can change the position of pairs of IDT, patterns of electrodes, and the alignment 

direction of microchannels [36].  

 

Figure 2.3: Basic structure of slanted IDT [35]. 
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2.2.4 Circular IDT 

This is also a type of FIDTs in which the IDT is in a circle shape and droplet can be placed 

in the centre as given in Figure 2.4. As the design predicts, more acoustic pressure and 

energy generated by circular IDTs cause improved pumping and mixing inside the droplet 

and other sensing applications. Highest droplet velocity and concentration effects are 

observed using the circular IDTs [37]. 

  

Figure 2.4: Basic structure of circular IDT design [38]. 

2.2.5 Bending IDT 

Straight IDT with the thin piezoelectric film on a flexible substrate material can be used 

as deformable or bendable IDTs. These devices can be used in several medical sensing 

applications, wearable diagnostics, drug delivery and surgical treatments [39]–[44]. 

Flexible/bendable devices can be fabricated with ZnO film as a top layer and flexible 

substrate as presented in Figure 2.5. ZnO of 2 µm is deposited on Polyethylene 

Terephthalate (PET) foil with thickness 120 µm as shown in Figure 2.5-a whereas ZnO 

of 5 µm is deposited on Al foil (50 µm) for bendable IDT as shown in Figure 2.5-b [39], 

[45]. 
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Figure 2.5: Flexible/bendable devices (a) ZnO/PET SAW device in bending (2 µm thick ZnO film 

deposited onto 120 micron PET foil) [39] (b) ZnO of 5 µm thickness on Al foil of thickness 50 

µm in a bendable position [45]. 

Table 2.1: Summary of common device structure and their applications [2], [12], [42]–

[45], [32], [34]–[37], [39]–[41][46][47]. 

Device structure Applications 

Circular IDT Pumping of the droplet, mixing inside, 

sensing applications. 

Slanted IDT Detection of the position of particles. 

Focused IDT Jetting, deformation of the droplet 

Bendable IDT s Medical sensing, wearable diagnostics, 

surgical instruments 

Straight IDT General usage,  different sensings like 

chemical sensing, biosensing, humidity 

sensing, MEMS, Nondestructive testing 

(NDT) and other microfluidics 

applications. 

2.2.6 Other applications of SAW 

Since 1950, SAWs with frequencies range from 10 MHz to several GHz have been widely 

used in the telecommunication industry for signal processing and filtering [48]. Different 

SAW filters have also been used in mobile phones [2]. Different types of SAW devices 

have also been used in a variety of sensing applications such as gas sensors, biochemical 

(a) (b) 
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sensors, liquid and density sensors [49]. SAW can also be used for sorting of cells or 

particles in microchannels [50]. It has been widely used for particle/cell manipulation 

with very small liquid volumes [51], [52]. Moreover, SAW has tremendous applications 

in wearable diagnostics in sensing and actuating applications with less cost of the material 

and improved functionality [36]. Each application depends on the type of wave mode 

used and fabrication of the device which is discussed in the following sections. 

2.2.7 Types of piezoelectric material, parameters 

The most common piezoelectric materials that can generate SAW include quartz, lithium 

niobate (LN, LiNbO3), lithium tantalate (LT, LiTaO3) [12]. Others include gallium 

arsenide (GaAs), cadmium sulfide (CdS), lithium tetraborate (Li2B4O7) and langasite 

(La3Ga5SiO12) [53]. Moreover, thin-film materials include zinc oxide (ZnO), Aluminium 

Nitride (AlN) and Lead Zirconate Titanate (PZT) [36].  

LN and LT have a substantially greater electromechanical coupling coefficient than quartz 

[54]. Because of the remarkably high coupling coefficient as compared to other crystalline 

materials, LN has become famous for SAW-based applications. As LN is anisotropic, 

therefore, its properties can be improved by changing the cut direction of their crystal 

[12]. Y-cut, Z-propagating orientation of LN (YZ LN) has been used widely in the past 

as SAW filters with Rayleigh waves but the problem was observed later on in the 

propagation alignment with their principal axis [55]. In 1970,  this problem was resolved 

using 131° Y-rotated cut of LN that has a high electromechanical coupling coefficient and 

becomes widespread [56], [57]. This cut-direction has some spurious parasitic waves, 

therefore 127.86° Y-rotated cut introduced in 1976 that overcome parasitic waves 

problem and have the highest coupling co-efficient and less insertion loss [58]. Some 

other cuts have more electromechanical coupling coefficient but they have some 

challenges which impede them to produce “true” SAW that is why 128° Y-cut X 

propagating LN becomes more popular and widely recognized for the Rayleigh based 

applications [12]. 

2.2.8 Parameters to find out the behaviour of the devices 

Piezoelectric substrates vary in their characteristics which depend on a few parameters. It 

is quite important to select a suitable substrate desired for a study with the specific 
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requirements. The key parameters that help to select suitable substrate/device are 

discussed as follows. 

2.2.8.1 Temperature coefficient of frequency (TCF) 

The thermal stability of the resonator is defined by TCF. It can also be defined as a 

graduate change of resonant frequency by the change in temperature.  𝑇𝐶𝐹 = ×   

where f0 is the resonant frequency,   is the change in frequency with the temperature 

[36]. 

High TCF means that part of the acoustic energy is wasted out in thermal energy. High 

TCF is desired for the development of high-temperature sensors but not suitable for 

microfluidic applications. TCF less means the resonant frequency does not change much 

by the rise in temperature [36]. 

2.2.8.2 Electro-mechanical coupling coefficient 

It is a numerical measure of conversion efficiency between electrical and acoustic energy 

in piezoelectric materials and is given by equation (2.1) [36]; 

 𝑘 =
𝑒

𝐶 𝜀
 (2.1) 

where 𝑒  is the electric field, 𝜀  is the permittivity at a constant strain and 𝐶  is the 

elastic constant of the material [36]. 

2.3 Type of waves, properties and applications 

Different types of bulk acoustic waves (BAW)s and SAWs are shown in Figure 2.6 [59]–

[61]. The classification of the surface generated acoustic wave (SGAW) includes Lamb 

waves and SAWs. SAWs have further four modes depending upon the type of substrate 

used and resonant frequency named as Rayleigh-SAW (R-SAW), Sezawa, Shear-

horizontal SAW (SH-SAW) and Love wave [62]. Other types of SGAW are pseudo-SAW 

(PSAW) and leaky SAWs (LSAW) [62]. 

Rayleigh SAWs can be generated on specifically oriented bulk piezoelectric substrates 

such as ST cut and Y-cut quartz, 128o Y-X-cut LiNbO3 and X-112o Y-cut LiTaO3 
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substrates, as well as vertically aligned or (0002) oriented films (often called c-plane or 

z-plane orientated) of ZnO, AlN, PZT or LiNbO3. SH-SAWs can be generated with a few 

to hundreds of MHz, have low power consumption, low cost and wireless control. These 

waves show better performance in sensitivity/detection especially in liquids and humid 

conditions as compared to the Rayleigh [63], [64]. The devices and materials that can be 

used to generate these waves include Quartz, 36° YX-cut LiNbO3 and 64° YX-cut LiNbO3 

[36]. 

Love mode SAW can be generated with the same device as for SH-SAW whose surface is 

covered with a thin-wave guide layer (such as SiO2, ZnO and polymers). The acoustic 

waves are mostly enclosed in this wave-guide layer which leads to a high sensitivity [65]. 

Therefore, these waves are suitable for accurate biosensing in the liquid environment 

[66]–[68]. Because of their high sensitivity, both SH-SAW and Love waves are inefficient 

for microfluidic applications [69], [70]. Love mode wave has the highest sensitivity 

among SAW-based sensors and can be generated with a few to hundreds of MHz. The 

material and devices used for these waves include 36° YX-cut LiTaO3, Quartz, 64° YX-

cut LiNbO3 [36].  

BAW SGAW

S-BAW L-BAW FBAR Lamb Waves
PSAW
LSAW

SAW

R-SAW Sezawa SH-SAW
Love 
Wave

APW FPW

Acoustic Wave Mode

 

Figure 2.6:  Classification of acoustic wave modes: bulk acoustic wave (BAW) and surface 

generated acoustic wave (SGAW) [36]. 

BAWs include shear BAW (S-BAW), longitudinal BAW (L-BAW), film bulk acoustic wave 

resonator (FBAR) and Lamb waves. Lamb waves have further two modes: acoustic plate 

wave (APW) and flexural plate wave (FPW) [62]. Every mode of the wave has its 
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advantages and disadvantages. A few of these important waves with their relevant 

applications are discussed in the following paragraph. 

The most widely used material for the BAW is quartz crystal microbalance (QCM). Other 

types of BAW resonator include FBAR whose operating frequency ranges from a few GHz 

to tens of GHz. FBAR has high sensitivity, small size and low power consumption [71]. 

However, they have high fabrication cost, large noise/signal ratio, and not good for 

microfluidic applications [36]. SBAWs are also called ‘surface skimming bulk waves’ 

(SSBWs) and shear horizontal BAWs travels beneath the surface [36]. 

2.3.1 Rayleigh waves (R-waves) 

Rayleigh waves travel along the surface of a piezoelectric substrate where its acoustic 

energy decays exponentially with depth into the material until it becomes negligible after 

penetration by more than a few wavelengths [72]. The Rayleigh wave has both 

longitudinal and vertical shear (transverse) components that travel on the surface of the 

substrate. The pattern that these waves travel on the surface is shown in Figure 2.7 [73]. 

 

Figure 2.7: Propagation of Rayleigh surface acoustic waves [73]. 

The key materials that can generate Rayleigh include lithium niobate (LiNbO3), ST-cut 

quartz, ZnO, aluminium nitride (AlN) and lead zirconate titanate (PZT) thin-film devices 

[36]. 

2.3.2 Sezawa waves (S-waves) 

Sezawa waves are the waves propagating along with the film/substrate interface when the 

acoustic wave velocities of the thin film are much smaller than those of the substrate [74].  

This mode can be generated along with the Rayleigh waves by depositing a film onto the 
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same substrate. Rayleigh and Sezawa can be obtained at different resonant frequencies 

by the change in the piezoelectric film thickness [75]. No wave mode is observed when 

the thickness of the piezoelectric layer is less than 1 µm (due to the wavelength is 64 

microns), and the Rayleigh wave is observed at the film thickness of 1.5 µm as given in 

Figure 2.8. However, the Sezawa wave appeared at the layer thickness of 4 µm [36]. 

Depending on the film thickness, the Sezawa wave has a stronger transmission peak as 

compared to that of the Rayleigh wave, which is why it has much higher acoustic velocity 

and larger signal amplitude than Rayleigh wave [75].  

 

Figure 2.8: Effect of film thickness (in the range 1.5 µm to 6.6 µm) on the resonant frequency of 

Rayleigh and Sezawa waves. Reflection signal of the device is shown versus resonant frequency 

[75]. 

2.3.3 Lamb waves 

Lamb waves can be generated by aluminium nitride (AlN), ZnO or lead zirconate (PZT) 

that are available in thin-film forms [36]. They can be sputtered on other substrates to 

make a different type of devices. If the substrate is flexible, these devices are called as 

flexible devices. The reason why these are called flexible is that a very thin substrate (50 

µm in case of Al foil) can be easily bent. Normally, the Lamb waves are generated when 

the substrate thickness is smaller than the wavelength of the wave [36]. There are two 

types of Lamb waves; firstly, passive Lamb waves, which can be generated by a remote 

source, and secondly, positive Lamb waves, which are generated by the piezoelectric 

material. Resonant frequency varies from kHz to MHz and in case of thin-film based 



15 

 

higher Lamb waves, it can go up to 1 GHz [76]. Based on thin plates or membranes, it 

has two propagation modes i.e. zero-order anti-symmetric mode (A0) and zero-order 

symmetrical Lamb wave mode (S0) [36], [77]. A0 mode of the Lamb wave is also called 

flexural plate waves (FPW) [78], [79]. The FPW has been extensively used in mixing and 

pumping applications [80]. However, the wave energy caused by S0 mode into the liquid 

is generally small, therefore, this mode is often used for sensing applications in the liquid 

[36], [81]. Moreover, a better microfluidic performance was observed when these devices 

are made on Al foils as compared to the polymers [36]. 

The performance of the Lamb wave depends on the type of material and its thickness 

[82]. Lamb wave using FPWs generated by Si/SiO2/Si3N4/Cr/Au/ZnO device has been 

used to detect the concentration of immunoglobulin E (IgE) in the human blood [83]. 

2.3.4 Effect of substrate thickness and wavelength on the wave mode 

For piezoelectric thin film devices, acoustic velocity, electromechanical coupling 

coefficient, and other quality factors change significantly with the change in substrate 

thickness and wavelength of acoustic waves [45], [75], [84]. The generation of waves 

depends on the ratio of acoustic wavelength (λ) and substrate thickness (h). 

If the thickness of Al foil and ZnO are fixed, an increase or decrease in wavelength (λ) of 

the wave will change the mode of the wave [45]. Figure 2.9 shows frequency responses 

for Al foil with two different wavelengths with the same thickness of the device. As we 

change λ, the resonant frequencies of A0 and S0 mode of the Lamb wave are shifted 

accordingly [45]. 
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Figure 2.9: Frequency response (S11) spectra of the ZnO/Al foil SAW devices with different 

wavelengths (200 & 400 µm) [45]. 

2.3.5  Standing surface acoustic waves (SSAW) 

Standing surface acoustic waves are generated when a pair of IDTs are used with the same 

electrical signal is provided from both sides. Excited waves from both sides generate 

standing surface acoustic waves which help in cell sorting and focusing on different 

applications [85]. SSAW is good for focusing, jetting, particle manipulation, patterning 

and separation of particles [36], [86].  

 

Figure 2.10: Schematic of SSAW device, showing a working mechanism [85]. 
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Figure 2.11: Schematic of the separation mechanism showing particles beginning to translate 

from the sidewall to the centre of the channel due to axial acoustic forces applied to the particles 

when they enter the working region of the SSAW [87]. 

When waves travel from both sides and meet each other, they form pressure nodes and 

anti-nodes as shown in Figure 2.10. When these waves enter inside the channel, leaky 

waves are generated which creates pressure instabilities inside the medium [88]. These 

variations in pressure generate an acoustic radiation force that acts in x-direction on the 

particles [89]–[91] as shown in Figure 2.10 [85].  

 

Figure 2.12: Platelet separation from the whole blood using the acoustic device (a) 

Polydimethylsiloxane (PDMS) channel with IDT pairs using LN as substrate (b) the whole blood 

sample is injected and focused hydrodynamically by two layers of sheath flow (c) Blood particles 

in the working region of SSAWs are separated in a size-gradient manner (d) platelets are mainly 

sorted and collected in the centre outlet (e) Platelets in the middle of the channel  [92]. 
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The particles inside the channel will be forced towards a pressure node or an anti-node 

depending upon concentration and compressibility of the particles and the medium. 

Acoustic force is proportional to the volume (r3) of the particles. If the particles have a 

different size/volume, larger particles experience a much larger force, therefore move 

towards the pressure node quicker than the smaller ones as shown in Figure 2.11 [87]. 

Figure 2.12 shows an example of the size-based separation of platelets from whole blood 

using the SSAW [92]. 

2.4 Different mechanisms and applications related to R-SAW and Sezawa 

Both R-SAW and Sezawa have been used in sensing and microfluidic applications. Since 

this study is based on microfluidics, thus the focus of the review will mainly include but 

not limited to the streaming, deformation, jetting, atomization, nebulization, and heating 

of the droplet. 

2.4.1 Microfluidics by R-SAWs  

2.4.1.1 Deformation and pumping  

Streaming and mixing can be observed at low radio frequency (RF) powers, however, at 

higher powers, the droplet may be deformed or moved from one place to another [93]. 

 

Figure 2.13: Pumping of a 2 µl droplet at an input power of 4.0W (a) 0.0s; (b) 0.08 s; and (c) 0.16 

s after applying SAW [93]. 

The pumping of 2 µl droplet with R-SAW at Pin of 4.0 W by using ZnO on a diamond 

substrate at 65.4 MHz is shown in Figure 2.13. Diamond has higher mechanical strength 

and the highest sound speed of all the materials [93]. The streaming pattern was visualized 

at SAW powers of 50 to 100 mW without deformation. However, the droplet moves within 

0.20 s of an input SAW power of 4.0 W as shown in Figure 2.13 [93]. 
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Figure 2.14: Liquid droplet on ZnO/diamond surface driven by SAW. Waves propagate from right 

to left) (a) Original 10 µl droplet (b) Droplet deformation on SAW power of 21.0 W [93]. 

A 10 µl droplet is placed on the ZnO/diamond surface with applied SAW power of 21.0 

W as shown in Figure 2.14. The large SAW pressure agitates the droplet and causes 

internal streaming inside the droplet that can be observed from the figure. After a certain 

time, internal steaming is high enough that pushes the droplet on the opposite side of SAW 

propagation. Because of the hydrophilic surface, the droplet cannot be pumped away [93]. 

 

Figure 2.15: Summary of different phenomena (streaming, pumping and jetting) inside the liquid 

droplet at different power levels and variable droplet sizes [93]. 

Furthermore, it is interesting to understand several other phenomena that occur at 

different input power and droplet sizes. Figure 2.15 shows that at low power and the small 

droplet, no microfluidic phenomenon observed. If the droplet size is fixed, then at SAW 

power values from 2.0 to 6.0 W, excellent streaming is visualised but with the increase in 

Pin, a pumping phenomenon can be observed between 10-12 W. With a smaller droplet 

size of 0.5 µl, it is difficult to achieve jetting because of smaller size, less area to generate 

sufficient energy to the droplet. Similarly, with the droplet size higher than 10 µl, even at 
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very high power, it’s difficult to eject droplet probably because of higher mass and less 

acoustic energy per width [93].  

2.4.1.2. Atomization of droplet using R-SAW 

As the leaky wave propagates inside the liquid, capillary waves are generated at the 

liquid-air interface. If SAW power is high enough, the acoustic pressure dominates the 

capillary stress and destabilizes the interface which induces atomization [94]. 

Inkjet technology using ultrasonic waves has been used in the past to spread small 

quantities over a smaller region [95] and SAW can be a good tool for this application. 

Based on SAW streaming effects, liquid actuators and manipulators were developed. SAW 

streaming was also used for droplet positioning and localization system in the past. The 

angle and height of mist can be controlled by SAW input voltage and the direction of 

atomization can be controlled by the DC electrostatic field [96]. Moreover, change in the 

state of liquid (from the jet stream to atomization) depends on the amount of liquid present 

on the SAW device [96]. Furthermore, when the SAW power increases to 1.0 W, the 

acceleration of particles increases to 108 m/s2 which causes it to destabilize and break up 

to form 1 µm small droplets [96].  

SAW atomization has revolutionized the pulmonary drug delivery system intending to 

deliver drugs with droplet diameters 1-5 µm range to deep lung region. Compared to 

ordinary inhalers that require training to make coordination between breadth and hand, 

the SAW-based drug delivery system is user-friendly [97]. Moreover, ordinary inhalers 

have a poor agreement between infants and children but the dose in SAW-based devices 

can be adjusted with age, gender, size, and severity of diseases. SAW-based pulmonary 

delivery of asthmatic steroids has 10-30 % higher efficiency than commercially available 

inhalers and nebulizers [97].  

The sequenced images of the nebulization of a droplet at different time after applying 

Rayleigh SAW are shown in Figure 2.16. The resonant frequency of 11.8 MHz was used 

with an RF power of 7.2W using a droplet of size 0.5 µl. When the leaky SAW propagates 

into the droplet, acoustic wave pressure drives the liquid droplet and results in significant 

capillary waves on the droplet surface as presented in Figure 2.16-b. However, the 

capillary wave quickly becomes unstable (in less than 0.002s) and few satellite droplets 

are ejected from the surface, followed by significant mist generation in the vicinity of the 
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top of the droplet. Along with the formation and rising of the mist, many satellite droplets 

with estimated diameters of 25-35 microns are also generated from the peripheral droplet 

as shown in Figure 2.16. ZnO thin film SAW devices showed better thermal dissipation 

and less cracking susceptibility during fabrication and operation. Fine nebulization mist 

was observed at high frequency and high power. Moreover, efficient pumping and jetting 

of the droplet can be observed at higher power and frequency with ZnO thin film as shown 

in Figure 2.17 [98]. It is clear from in Figure 2.17 that an input SAW power has negligible 

impact on the nebulization speed for the low frequency of 11.8 MHz. However, at higher 

frequencies (23.10 MHz and 37.20 MHz), it increases with the increase in input power 

[98]. It is also clear from Figure 2.17 that lower SAW frequency has higher nebulization 

speed as compared to the higher frequency SAW. This is because lower SAW frequency 

has increased wavelength, higher vibration amplitude causes capillary waves to generate 

quickly and eject the droplet faster than higher frequency SAWs [99]. 

 

Figure 2.16: Side (left) and top (right) views of the nebulization behaviour of a 0.5 µl water droplet 

with a SAW frequency of 11.8 MHz at a power of 7.2W. (a) Original droplet (b) mist generation 

and satellite droplets at 0.003s; (c) significant nebulization at 0.0006 s [98]. 

Nebulization time can be decreased by increasing RF input power and decreasing droplet 

volume [100]. If the resonant frequency is fixed, then by changing the droplet size, 

nebulization time can be changed. It is understandable from Figure 2.18 that at low input 
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power, the smaller droplets have less nebulization time. Furthermore, at higher power 

values (65-70 W), all droplets have almost the same nebulization time [98].  

 

Figure 2.17: Nebulization speed (µL/s) as a function of frequency (11.8 MHz, 23.1 MHz, and 

37.20 MHz) and SAW power [98]. 

 

Figure 2.18: Effect of input power and droplet size on nebulization time with a fixed resonant 

frequency of 23.3 MHz [100]. 

Nebulizers play an important role in drug delivery as compared to the ordinary inhalers 

that can waste expensive medicines and the drug cannot reach the targeted point. Mist 

diameter of 1.1 µm was generated with the device having a frequency of 29.78 MHz and 

an input power of 2-3 W which should not damage biomolecules [25]. This method is 

very efficient for delivering antibodies with both local delivery and systematic delivery 

system especially diseases related to lung cancer. Furthermore, it can be used for the 

diagnosis of different respiratory-related diseases with a low cost and a portable setup 

[20]. 
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As compared to conventional nebulizers, SAW-based nebulizers are low-cost, the small 

system can be powered by ordinary batteries [101], [102]. Moreover, degradation does 

not occur using SAW for nebulization of bioactive agents such as proteins and DNA [23]–

[25]. SAW nebulizer can run at lower power of ≈2-3 W as compared to a conventional 

nebulizer which requires the power of 10 W [103]. 

2.4.1.3. Jetting using F-SAW device 

Figure 2.2 shows FIDT for droplet jetting fabricated on 128° rotated YX-cut piezoelectric 

LiNbO3. At high RF input power values, acoustic heating also occurs that increases the 

temperature of the droplet (Td) [13], [34], [104].  

Droplet jetting is also possible through single IDT. The principle of droplet jetting a single 

SAW device is shown in Figure 2.19. Rayleigh angle (the angle at which SAW enters inside 

the droplet) is seen from Figure 2.19-a while Figure 2.19-b shows how the jetting 

generates after a few milliseconds of input SAW. Acoustic radiation enters inside the 

droplet at the Rayleigh angle and is converted into a body force. When this body force 

overcomes the surface tension of the droplet, then the jetting will occur [105]. 

 

Figure 2.19: The principle of interfacial droplet jetting using F-SAW device (b) photographs of 

interfacial droplet jetting angle under a single IDT experimental case after 0 ms, 2.5 ms, 4.5 ms, 

and 9.5 ms [105]. 

2.4.2 Sezawa waves for microfluidics and sensitivity 

As discussed above, Sezawa waves (S-waves) is the higher-order mode that can be 

generated and propagate along with the film/substrate interface when the piezoelectric 

film thickness is larger than 4.0 µm. The resonant frequency of Sezawa decreases with 

the increase in film thickness [75]. S-waves has potential applications both in 

microfluidics and sensing. A few of them are presented below. 
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2.4.2.1 Sezawa waves for sensing 

The SAW devices with AlN/SiO2/Si structure using Sezawa waves have been used for the 

sensing of volatile organic compounds (VOC). It was observed that the sensitivity of the 

Sezawa for these gases was double than Rayleigh wave mode [106]. Moreover, Sezawa 

wave with SAW device ZnO/Si3N4/Si have also been used to detect human 

immunoglobulin-E (lg-E) in the last decade [107]. Sezawa has higher electromechanical 

coupling co-efficient and higher phase velocity [108]. The temperature sensitivity and 

TCF of Sezawa are 1.6 and 1.8 times more than Rayleigh waves respectively [109]. 

2.4.2.2 Sezawa wave for microfluidics 

A device with a ZnO thin film of 6.6 µm thickness deposited on a silicon substrate has 

been used to generate Sezawa waves. The investigation of pumping of a droplet at a 

resonant frequency of 178.7 MHz is shown in Figure 2.20 [93]. The droplet moved 4 mm 

after two seconds of applying SAW. It was also observed that smaller droplets have a 

higher velocity because of reduced adhesion [110]. The acoustic force of 100 µN was 

produced that pumped a liquid droplet of 10 µl with a pumping speed of 1 cm/s with a 

surface contact angle greater than 100°. This structure is very useful for different LOC 

applications [110]. 

 

Figure 2.20: 1 µl droplet on ZnO SAW device before (a) and after (b) driven by RF signal with 

frequency 178.7 MHz [110]. 

2.4.3 Hybrid modes: a mixture of Rayleigh and Lamb waves 

If h/λ >1, R-SAW will be generated, and if h/λ <1 then Lamb waves will be generated. In 

other words, when λ is significantly smaller than h, then the Rayleigh wave will produce 

and when λ is much larger than h then lamb wave will generate [45]. However when 
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h/λ≈1, then surface reflected bulk wave (SRBW) will generate also called hybrid resonant 

acoustics (HYDRA) device, where h is the substrate thickness and λ is the wavelength of 

the wave [111]. Hybrid wave is the mixture of both Rayleigh and Lamb waves. It has 

been reported that the vibrational velocity for these hybrid waves is one time more than 

pure Rayleigh waves and two to three times more than pure Lamb wave which means 

these waves have more acoustic efficiency than pure waves [111].  

Results of nebulization with pure SAW waves and with HYDRA device were 

experimentally compared by using a 128° YX double-sided polished LN substrate [111]. 

It is possible to achieve fast nebulization of up to 8 mL/min with the HYDRA device 

which is not possible with either pure Rayleigh or Lamb waves. This can help for new 

pulmonary drug delivery devices [111]. 

2.4.3.1 Nebulization using hybrid surface acoustic devices 

Sensing and actuation both have opposite operating requirements. Devices that we need 

for sensing have a lower electromechanical coupling coefficient that is not ideal for 

actuation. It is important to know how we can perform both operations on the same 

device. Generally, Lamb waves are good for sensing than R-SAWs, however, SAWs are 

good for actuation [112].  

 

Figure 2.21: (a) HYDRA device with bulk mode sensing area, hatched in red and SAW mode 

runway hatched in blue, (b) Schematic depiction of the experimental setup used for concurrent 
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nebulization of insulin and detection of its residual mass on the device (c) Schematic illustration 

of the underlying mechanism governing the HYDRA device. [112]. 

HYDRA device is shown in Figure 2.21 in which the substrate thickness ‘h’ matches the 

acoustic wavelength of the waves. These waves are transmitted through the thickness of 

the substrate and reveal on the opposite facet of the device as surface-reflected bulk wave 

(SRBW). This device can be used as feedback to inform the doctor and the data can be 

transmitted wirelessly for several applications [112]. 

Table 2.2: Different waves and their applications [36], [66], [86], [92]–[95], [107], [108], [110]–

[112], [67]–[71], [80], [81], [85] 

Type of waves Applications Problems/Limitations 

SSAW Particles separation, 

manipulation and 

patterning. 

Only limited in 

microchamber or 

microchannel. 

BAW-FBAR High sensitivity, small size, 

low power consumption. 

High fabrication cost, large 

noise/signal ratio, not good 

for microfluidic 

applications. 

Lamb waves S0 mode good for sensing, 

A0 mode good for mixing 

and pumping applications.  

S0 mode not good for 

microfluidic applications 

whereas A0 mode is also 

not efficient as Rayleigh 

mode in microfluidics. 

Love waves Accurate biosensing in a 

liquid environment. 

Not good for microfluidic 

applications. 

Rayleigh Streaming, deformation, 

Jetting, and nebulization. 

Not useful for liquid 

sensing. 
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Sezawa Gas sensing double than 

Rayleigh. Liquid pumping. 

Only occur in thin-film 

(with its velocity lower 

than substrate). 

Hybridized waves High vibrational velocity 

leads to higher nebulization 

rate. 

Vibration modes are varied 

with structures. 

2.5 Kinetic and thermal impacts caused by the SAW  

Streaming inside the droplet can be visualised by adding particles inside the droplet. 

Furthermore, since waves carry the energy that transfers inside the droplet that increases 

the temperature and in some cases, the droplet may evaporate. The following sections 

discuss the streaming and heating of the droplet because of the surface acoustic waves. 

2.5.1 Internal streaming inside the droplet 

SAW is responsible for the build-up of acoustic radiation pressure inside liquids along 

with the propagation of sound in the fluid [12]. Radiation pressure can be calculated by 

using equation (2.2) given below [12]; 

 𝑃 = 𝜌 𝑉  (
∆𝜌

𝜌  
)  (2.2) 

where P is the radiation pressure, 𝜌 is the density of the fluid, 𝑉  is the speed of sound in 

solid and ∆𝜌 is the change in densities. Figure 2.22 shows the interaction of SAW with a 

droplet on the LiNbO3 piezoelectric substrate where the Rayleigh angle and the streaming 

can be visualised [113].  
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Figure 2.22: SAW propagation from IDT to the droplet on LiNbO3 piezoelectric substrate showing 

Rayleigh angle with internal streaming inside the droplet [113]. 

When moving from fundamental harmonic signal to higher signals, propagation losses 

increase, however, streaming and hence mixing efficiency reduces [114]. When the RF 

signal voltage is increased, this increases streaming velocity and mixing efficiency inside 

the droplet. Pumping speed of 1.4 cm/s can be obtained with 5 µl droplets at an input 

signal voltage of 40 V [114]. Different types of micropumps based on SAWs help to 

actuate the droplet without moving parts on the surface which is also the potential 

application of LOC devices [115], [116]. 

Figure 2.23 shows side and top views of acoustic streaming inside the droplet whereas 

the effect of the applied input voltage on the streaming velocity with different SAW 

signals is shown in Figure 2.24 [114]. However, the effect of applied voltage on streaming 

velocity with the droplet size as a parameter is given in Figure 2.25 [114]. 

 

Figure 2.23: Schematic drawings of acoustic streaming within droplet using top (left) and side 

(right) view [114]. 
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Figure 2.24: Flow velocity induced by the acoustic wave as a function of RF signal voltage. All 

SAW devices have 60 finger pairs [114]. 

 

Figure 2.25: Dependence of streaming velocity on the signal voltage with droplet size as a 

parameter, all devices have λ 32 µm [114]. 

2.5.2 Thermal impact of the SAW on the droplet 

It was also widely reported that other than internal streaming, SAWs cause heating of 

liquid droplets and substrate [13],[14] [15] especially at high RF input power [16].  

2.5.2.1 Effect of electric field on heating of the droplet  

The heating of the droplet is a combination of acoustic-thermal effect and Joule heat 

(Joule heat is heating caused by electric resistance) [117]. When an electric current passes 

through the conductor, it produces heat which is called a Joule-heat effect. Gold (Au) 

layer was used to provide a shield to alternating current (AC) which helps to analyse the 

heating effect. It was investigated that the droplet without the shield has a higher 
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temperature (43.50 °C) as compared to the droplet with the shield (34.50 °C). 

Furthermore, the droplet with only having Joule-heat effect has a temperature of 26 °C. 

 

Figure 2.26: Thermal measurement results for the F-SAW device in air and water (a) Temperature 

increases and resonance frequency shift of F-SAW device with input power (b) temperature 

variation of F-SAW device with time in air and water [105]. 

When the temperature of IDT device changes, it can change the performance of the 

device. The maximum temperature of the device was measured as 28 °C and 129 °C in 

water and air, respectively at 13.0 W of input power after 250 s of input SAW [105]. 

Figure 2.26 shows the temperature measurement of the F-SAW device in air and water. 

It is clear from Figure 2.26-a that the resonant frequency is shifted for the device in water 

is 0.04% which is 1/20 lesser than that in the air (0.8%). A higher convective heat transfer 

coefficient in water prevents it to decrease its performance and increase its temperature 

[105]. Moreover, it takes more time to reach the room temperature with the device in the 

air as compared to the water because of the difference in heat transfer co-efficient as 

shown in Figure 2.26-b [105]. 



31 

 

2.5.2.2 Heating related to the streaming inside the droplet 

Peclet number (𝑃𝑒 =
. . .

) was used to determine the heat transfer mechanism inside 

the droplet, where 𝜌 is the liquid density (kg.m-3), c is the heat capacity (J.Kg-1.K-1), v is 

the streaming velocity (m. s-1), L is the characteristic length (m) and k is the thermal heat 

conductivity (W.m-1.K-1) [118].  

 

Figure 2.27: Experimental setup for monitoring of streaming and temperature change [118]. 

It was observed that when the streaming velocity inside the droplet is increased, the 

temperature is increased, and vice versa [118]. At a lower power (100 mW), streaming 

velocity inside the droplet is low (Pe <<1), so thermal conduction takes place, whereas, 

at higher power (1.6 W), streaming is more significant (Pe >>1), so convection takes 

place. When we increase the viscosity, because of friction, streaming is not as dominant 

as conduction, thus and it will take more time to reach a thermal equilibrium [118], [119]. 

The experimental setup used to monitor streaming and thermal impacts inside the droplet 

is shown in Figure 2.27 [118]. 

2.5.2.3 R-SAW as an efficient heating system (uniformity of the droplet) 

It was found that with the help of Rayleigh SAW, we can develop an efficient heating 

system for biological reactions [118], [119]. There are three parameters on which 

temperature uniformity depends, namely the volume of droplet, frequency of SAW and 

RF power applied to the SAW IDT. Attenuation (reduction in the strength of signal or loss 

of signal of waves) has a major role to gain the uniformity of temperature Td [119].  
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Figure 2.28: Peclet number for heat transfer mechanism as a function of PIDT for water-glycerin 

mixture [119]. 

Figure 2.28 shows the relation between power input to the IDT (PIDT) and Pe with a 

comparison of different viscosities of the droplet [119]. Figure 2.29 shows the effect of 

input power on streaming velocity for different viscous fluids. Water with a low viscosity 

has shown significant streaming inside the droplet, so convection will be dominant. On 

the other hand, glycerine is a viscous fluid in which streaming is less effective, which 

results in more time to reach a uniform stage [119]. 

 

Figure 2.29: Effect of power input on the streaming velocity of particles for various viscosities 

(Pure water-glycerin mixture) [119].  

The length along the surface of the piezoelectric substrate over which a Rayleigh wave 

decays by the leakage of SAW is called attenuation [12]. Attenuation of longitudinal 

waves is given by equation (2.3) [119]; 



33 

 

 𝛼 =
𝑅

2
𝜔 /𝐶  (2.3) 

 𝑅 =
1

𝜌𝐿
(
4

3
𝜇 +  𝜇 +

𝐾

𝐶
(𝛾 − 1)  (2.4) 

where R is the dissipation coefficient defined in equation (2.4), 𝜔 is the pulsation, 𝐶  is 

the velocity of the wave in a liquid, 𝜌 is the density of the liquid, 𝜇 is the dynamic 

viscosity, 𝜇  is the volume viscosity, K is the thermal conductivity of the liquid, Cp is the 

heat capacity at constant pressure and 𝛾 is the ratio of Cp/Cv with Cv heat capacity at 

constant volume [119].  

With the increase in the frequency of SAW, attenuation increases which make it longer to 

achieve thermal equilibrium. Similarly, the volume of droplet and RF power has a direct 

relation with the attenuation of waves and hence uniformity of temperature [119]. Heating 

systems in microfluidics involve conduction only whereas the SAW-based heating system 

involves forced convection [119]. This is the reason latter one called as an efficient 

heating system [119].  

It was reported that resonant frequency increases linearly with the increase in temperature 

of the device that can change the performance of the device [120], [121]. 

2.5.2.4 Mechanisms of heating-up of the droplet 

Heating-up of the droplet can occur in two ways, one is the waves travel on a substrate 

that generates temperature and transfers to the droplet, the other is Rayleigh waves that 

transfer the energy directly to the droplet. The latter phenomenon dominates the heating 

process [122]. For instance, at an input power of 2.0 W, temperature rise by the substrate 

is only 20 °C whereas the temperature rise by the droplet is 30 °C that is much higher as 

compared to the substrate. Therefore, droplet heating is only because of longitudinal 

waves entered inside the droplet [122]. Furthermore, more viscous liquid has more energy 

dissipation by the longitudinal waves inside the droplet which increases the Td [122]. 
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Figure 2.30: Evolution of droplet temperature in function of acoustic power for four different 

viscosities (0.89, 13.1, 509 and 934 mPa.s) at 25 C̊ [122]. 

The maximum temperature of 55 °C achieved with droplet having higher viscosity (934 

mPa.s) whereas the droplet with low viscosity (13.1 mPa.s) reached only to 45 °C, at Pin 

of 2.0 W as shown in Figure 2.30 [122]. Therefore, high viscous fluids have more 

temperature rise than low viscous fluids.  

Different substrates such as LN and ST X quartz were used to compare the temperature 

rise by the substrate [17]. LN showed less temperature rise without a droplet and greater 

temperature rise with a droplet as compared to ST X (cut direction) quartz substrate [17]. 

The heating of the droplet is majorly caused by viscous dissipation by streaming not by 

anelastic effect (conversion of acoustic waves to heat). It was found that LN is better in 

terms of heating of the droplet as compared to ST X quartz [17]. Therefore, the electric 

field has a significant role in the temperature rise of the droplet. Combination of both 

Joule heat and waves energy results in higher temperature as compared to the individual 

one. 

2.6 Applications of SAW-based heating system 

There are several ways to heat the droplet and they have countless applications. Since this 

study is limited mainly to the SAW-based heating system, in this section, only applications 

related to the SAW-based heating system are discussed.  



35 

 

2.6.1 Acoustothermal heating of the channel-based microfluidic system 

The performance of PCR can be increased if there is a continuous flow of fluid to different 

temperature zones for denaturation, annealing, and extension. This is called a continuous 

flow polymerase chain reaction (CFPCR) [123]. Rapid heating of Polydimethylsiloxane 

(PDMS) channel-based microfluidic system using LN was achieved by gaining 

temperature of 68 °C in 1.0 s that is suitable for different temperature zones of CFPCR 

[121]. 

2.6.2 Polymerase chain reaction (PCR) 

PCR is one of the most important tools for the amplification of DNA [124]. PCR 

amplification and analysis can be used for DNA genotyping, virus identification, and 

forensic applications [124], [125]. The PCR employs low-cost tests with an increased 

ramp rate and uniform thermal equilibrium. By using microfluidic thermal heat 

exchangers and Peltier junctions, an experiment was performed to get rapid heating (44 

℃/s) and cooling (17 ℃/s) [126]. This equipment was successfully tested to amplify 

DNA/RNA of H5N1 influenza, human immunodeficiency virus (HIV) [126]. However, by 

combining a thermocouple device with a Peltier junction [127],  reported a PCR cycling 

system with rapid heating (100 ℃/s) and cooling (90 ℃/s).  

Most widely Peltier elements are in use for rapid heating and cooling, however, recently 

SAW is also found as an efficient tool for PCR applications. 

2.6.3 R-SAW compatibility with PCR 

PCR requires continuous heating and cooling cycles [128]. Normally in high viscous 

liquids, species of PCR cannot be interacted with each other [18]. When the dynamic 

viscosity reaches 3.5 mPa.s, the efficiency of reaction reduces significantly as shown in 

Figure 2.31. However, with the help of R-SAW, efficiency can be increased [18]. The 

temperature of 95 °C was achieved with 10 µl droplet and viscosity of 10.8 mPa.s at an 

electrical power of 3.2 W. One reference sample was also used to validate R-SAW 

compatibility with the PCR. It was found that the wave’s power and duration of irradiation 

do not affect the PCR mixture, so R-SAW has compatibility with microdroplet PCR [18]. 
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Figure 2.31: PCR reaction yield of a common industrial thermocycler as a function of dynamic 

viscosity of liquid [18]. 

 

Figure 2.32: Comparison of temperature with and without droplet [13]. 

The temperature rise with and without a droplet against time is shown in  Figure 2.32. It 

is clear from this figure that the temperature of the substrate is almost half of the Td at the 

input voltage of 35 Vp-p and a duty factor of 50% [13]. 

2.6.4 Controlling temperature of the droplet 

There are different ways to control the temperature of the droplet. A few methods have 

been discussed in the following sections. 

2.6.5 With an applied input voltage/power and duty factor 

The temperature rise of the droplet is dependent on the applied input voltage as shown in 

Figure 2.33. The temperature rise of 10 µl droplet at applied voltages from 5 Vp-p to 20 
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Vp-p for two minutes is shown in Figure 2.33-a [13], where Vp-p is peak to peak voltage. It 

is evident from the figure that by the increase in applied voltage, the Td increases. SAW 

input was stopped after the 60 s [13]. The maximum temperature of around 50 °C was 

achieved with an applied input voltage of 20 Vp-p after one minute of input SAW. Figure 

2.33-b shows the relationship between the applied input voltage with temperature. It is 

clear from Figure 2.33-b that the temperature has a quadratic relation with the applied 

voltage. On the other hand, the SAW amplitude is proportional to applied voltage [129], 

[130], so the temperature is proportional to the square of the SAW amplitude. The 

amplitude is also proportional to the streaming force [131], therefore the temperature is 

proportional to the streaming force [13]. 

 

Figure 2.33: Experimental results for 10 µl water droplet (a) Temperature rise Vs time with an 

applied input voltage as a parameter (b) Temperature obtained one minute after the voltage is 

applied [13]. 

The temperature of the droplet can be controlled by two methods, one with applied SAW 

power and the other with a duty cycle as shown in Figure 2.34 [132]. Figure 2.34-a shows 

droplet heating is controlled by changing input power (dBm), whereas Figure 2.34-b 

shows that heating is controlled by varying duty cycle (percentage). These results can be 

used for different chemical and biological reactions [132].  

(a) (b) 
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Figure 2.34: Droplet heating can be controlled by varying the a) input power to the device or the 

b) duty cycle at constant input power (23 dBm here). In each case, the steady-state reached after 

3.0 s [132]. 

2.6.5.1 Development of SAW thermo-cycler 

The controlled temperature of the droplet is required in a thermo-cycler. Thermo-cycler 

is also known as a PCR machine or DNA amplifier [133]. The temperature of the liquid 

can be changed by changing the applied voltage, duty factor and viscosity by using the 

SAW [134]. An experimental setup used to control the temperature of the liquid is shown 

in Figure 2.35. Thermocouple thermometer and a non-contact infrared thermometer were 

used to measure the temperature [134]. Water cannot be heated more than 50 °C but with 

80% water/glycerol mixture it can be heated to 120 °C with a duty factor of 80%. With 

duty factor of 20%,40% and 60%, temperature can go up to 50°C, 72 °C and 98°C [134]. 

This means Td is directly proportional to the duty factor.  
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Figure 2.35: Experimental setup to control the temperature of the liquid on the path of SAW [134]. 

An industrial thermocycler can only work at a low viscosity. After a certain viscosity, the 

efficiency of reaction falls as shown in Figure 2.31 since conduction starts with high 

viscous fluids. The SAW-based system involves convection caused by internal mixing 

which enhances the efficiency of PCR [18]. 

2.6.6 Applications other than PCR 

There are some biological processes and applications other than PCR where the controlled 

temperature of the droplet is also a requirement. Following are a few of them.   

2.6.6.1 SAW-based device to monitor blood coagulation 

Td can be controlled by using a duty cycle that can help to monitor blood coagulation 

[135]. A fixed input power level of 1.0 W was used with the centre frequency of 50.6 

MHz by using Lamb waves [135]. It is evident from Figure 2.36 that the Td increases with 

the increase in the duty ratio. A constant temperature of 37 °C was used along with the 

electromechanical sensor to measure the impedance of the blood sample [135]. A solution 

of activated partial thromboplastin time (APTT), plasma and calcium chloride (CaCl2) of 

5 µl were used to test this. APTT helps to measure the coagulation time of the blood [135]. 

From the change in impedance, blood coagulation can be identified [136], [137]. The 

advantage of SAW is because of streaming, it has good mixing efficiency which causes a 

uniform mixture of solution. Figure 2.37 shows time responses for the sample with and 

without SAW. It is evident from Figure 2.37-a that when there is SAW, there is a sharp 

increase and decrease in the impedance with time (temperature kept 37 °C). However, 

results in Figure 2.37-b are at room temperature without SAW where there is no significant 
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change in the impedance [135]. The coagulation will not occur if there is no proper mixing 

inside the droplet [136]. 

 

Figure 2.36: Temperature obtained after one minute of power applied. The power applied was 

fixed at 1.0 W [135]. 

 

Figure 2.37: Time responses during coagulation reaction (a) and (b) with and without temperature 

control by SAW [135].  
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2.6.7 Acoustic tweezers 

SAW can also be used as an acoustic tweezer or droplet sorting system. Slanted finger 

interdigital transducer (SFIT) has been used with LiNbO3 as a substrate and PDMS 

microchannel [138]. Water-in-oil droplets have been used, aligned in the centre of the 

channel. The centre frequency for this device was 70-95 MHz. The input electrical power 

density varies with an applied frequency. Droplet sorted out with the help of temperature 

gradient and droplet moves from higher temperature area to the lower temperature area 

as shown in Figure 2.38 [138]. 

 

Figure 2.38: (a) Water-in-oil droplet are focused at the centre of microchannel by two oil sheath 

flows travelling downstream. (b) On applying acoustothermal heating from the left, the droplet 

pushed to the right (c) On applying power from the right, the droplet pushed to the left [138]. 

2.6.8 Temperature distribution inside the droplet 

Relationship between attenuation of a longitudinal wave, temperature, and viscosity of 

the liquid was investigated using a thermocouple with 80% glycerol/water droplet [14]. 

The Td was measured from two points of the droplet, one point where SAW enters the 

droplet and other on the opposite side. Figure 2.39 shows droplets with points 1 and 2 to 

measure the Td [14].  
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Figure 2.39: Liquid streaming in 80 wt% glycerol/water droplet which is placed at the centre of 

the SAW propagation path [14]. 

 

Figure 2.40: Td at point 1 and point 2, SAW is generated from left side  [14]. 

It was observed that the temperature at point 2 was smaller than the temperature at point 

1 as shown in Figure 2.40. Probably attenuation of a radiated longitudinal wave in high 

viscosity droplet [14]. 

2.7 Numerical work related to this study 

Although empirical work has already been discussed in the previous sections of this 

chapter, it is necessary to include numerical work done so far that motivated the author 

to find the knowledge gap. 

2.7.1 Streaming inside the droplet  

Both experimental and numerical investigations were carried out to visualize streaming 

velocity inside the droplet at different RF power levels [139]. 
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Figure 2.41: Streaming velocity at the top of a 30 µl droplet positioned symmetrically within the 

SAW propagation direction. Solid lines represent numerical results whereas markers denote 

experimentally measured data at different RF powers [139]. 

All experiments were performed at lower RF powers, so there was no deformation in the 

droplets. A good agreement was found between experimental and numerical data. It is 

clear from Figure 2.41 that streaming velocity becomes constant within one second of the 

input SAW. The temperature effect was not considered in this study [139]. 

2.7.2 Numerical study of acoustothermal heating of the fluid 

A theoretical model was developed using SSAW in a PDMS microchannel with LiNbO3 

as a substrate. IDT is used from both sides to generate SSAW. A device with the PDMS 

chamber, IDT and the substrate are shown in Figure 2.42 [140]. It was observed that with 

the increase in the length of the microchannel by keeping the same aspect ratio (δ=W/H), 

where ‘W’ is the width and ‘H’ is the height of the microchannel, the temperature of the 

liquid increases. Input power has a direct relation with the temperature rise of the droplet 

as shown in Figure 2.43. Moreover, with the increase in the frequency of the waves, the 

temperature of the fluid increases [140]. 
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Figure 2.42: Schematic diagram of the device with the PDMS channel [140]. 

 

Figure 2.43: Temperature of the fluid at different aspect ratios (δ) at different power inputs [122]. 

2.8 Summary and research gap 

The SAW devices have found tremendous applications both in microfluidics and sensing 

which are ranged from telecommunications to biological sciences. The physics of 

different type of structure of IDT, different form of waves and their related applications 

have been discussed in this chapter.  

The conclusion of the above discussion is summarized below. 

 The impact of input SAW on the droplet in terms of streaming and thermal have 

been discussed in the literature but a model needs to be designed that can interpret 

different heat transfer mechanisms inside the droplet in detail. 
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 It can be concluded that the temperatures on the substrate and the droplet are 

different, but the literature lacks the information if this behaviour remains the 

same.  

 The literature shows that the portion of the droplet closed to the SAW has shown 

higher temperature readings as compared to those of the other side of the droplet. 

However, how much is the temperature in other portions of the droplet is still 

unknown.  

 For some biological reactions such as PCR, regular heating and cooling cycles are 

required, however, some biological cells damage inside the droplet during 

heating. Therefore, this study only focused on droplet temperature of less than 55 

°C with an input power of 2-3W that doesn’t damage the cells. 

 LiNbO3 has been used extensively as a piezoelectric substrate to generate SAW. 

Information regarding streaming and thermal impact using thin-film piezoelectric 

material is also available but not in detail. 

 Using the hybridized waves, only droplet nebulization has been discussed but no 

study has been done to see the thermal impact of these waves on the droplet. 

Keeping in view the above research gaps, this research is focussed on developing a model 

to analyse how much SAW input given to the droplet coverts to the streaming and thermal 

energy inside the droplet. This leads to investigating the coupling mechanism between 

streaming and thermal impact. Furthermore, investigation of the effect of wave mode and 

frequency of the waves on the temperature rise of the droplet is also part of this study. 

This leads to the methodology and experimental setup required for this work which is part 

of the next chapter.  
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Chapter 3: An Analysis Model of Kinetic and Thermal Coupling 

Impacts of SAW on The Droplet. 

Based on the discussions on the current research on SAW-droplet interactions, it has been 

concluded that thermal and kinetic impacts play an important role in digital microfluidics. 

In this chapter, an analysing model is proposed to demonstrate the mass, momentum and 

energy conversion principles. These principles are based on kinetic and thermal impacts 

of SAW on the droplet. The details of the model, with assumptions, are introduced in the 

following sections. 

3.1 The analysing model 

Taking an individual droplet on the surface of the SAW device as the analysing system, a 

model is constructed by the conservations of mass, momentum, and energy of the system. 

The SAW travels on the piezoelectric substrate, converts to leaky wave when entering 

inside the droplet and causes internal streaming [9], [10], [141], meanwhile radiating the 

thermal energy to the droplet [13],[14] [15]. 

3.1.1 The conservation of mass  

The analysis system of the droplet for mass conservation is shown in Figure 3.1 where 

SAW propagates inside the droplet and changes to leaky wave to heat the droplet. If the 

temperature of droplet reaches the saturation temperature, bubbles (phase changes) can 

generate inside the droplet [142], as indicated by Mph in Figure 3.1. Moreover, the mass 

transfer of liquid droplet occurs at the interface between droplet and surrounding air by 

either the molecular diffusion or convections, as indicated by Mev in Figure 3.1. Then, by 

the mass conservation, the mass changes of the droplet can be expressed as equation (3.1) 

[143],  

  = −�̇�  (3.1) 

where ‘md’ is the mass of the droplet (kg), ‘t’ the time (sec), ‘�̇� ’ is the source term of the 

droplet. The mass and phase changes of the droplet can be predicted by equation (3.2); 

 �̇� = −𝑘 𝐴 𝜌 𝐵 − 𝑚  �̇� (3.2) 
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where, the first term on the right-hand side is the rate of droplet evaporation with ‘km’ the 

effective mass transfer coefficient (m/s), ‘At’ the total area of the droplet, ‘𝜌 ’ the density 

of droplet liquid (kg/m3), and ‘Bm’ the Spalding mass transfer number, Bm = ,  

defined by droplet surface mass fraction, ‘xs’, and that far away, ‘xo’, respectively. The 

effective mass transfer coefficient can be estimated by correlations of Sherwood number, 

Sh = km D/Df, with flow parameter of Reynold’s number, 𝑅𝑒 =  , and physical 

properties of kinetic viscosity, 𝜈 (m2/s) and diffusivity of air (m2/s) by Schmidt number, 

Sc= , as [144], 

 Sh = 1+ 0.276Re0.5 Sc0.5                                                                   (3.3) 

where D is the diameter of the droplet (m). The second term on the right-hand side of 

equation (3.2) is the mass transfer rate due to the phase changes, which occurs when the 

temperature of droplet reaches the saturation temperature. The quality of vapour (mass 

fraction), 𝜒, has to be determined by coupling with the energy equation.  

Mev

Mph

 

Figure 3.1: A SAW-based solid-liquid interaction analysis model of mass conservation. The heated 

droplet by SAW can change the phase of the liquid and droplet can transfer mass to the surrounding 

air.  

The model is general, while in case if the temperature of the droplet is lower than the 

saturated temperature, there will be no phase change and only the mass transfer to the air 

should be considered.  
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The mass transfer because of evaporation can be detected by detecting the size (volume) 

of the droplet monitored from experimental observations. The phase change can be 

identified either by the direct observation (CCD camera) or by the temperature of droplet 

measured by an infrared camera.      

3.1.2 The conservation of momentum 

Consider the entire droplet placed on the SAW device surface, as shown in Figure 3.2, the 

following equation can be derived by Newton’s second law;  

 = ∑ 𝐹                                                                   (3.4) 

where, the acceleration of the entire drop is driven by the forces acting to the droplet, 

which are inertial force, SAW force, the drag force (Fd), the friction force (Fr) between 

the drop and the device surface, and buoyancy force (Fb) [145] as shown in Figure 3.2. 

Ud is the droplet velocity that can be calculated by measuring the distance moved by the 

droplet with time.  

Fb

Fd

Fr

Ud

 

Figure 3.2: The momentum conservation showing buoyancy, drag, friction forces with the droplet 

velocity. 

At higher power, the SAW force can develop to drive the droplet moving horizontally and 

vertically to form jets or atomize at the Rayleigh angle. Based on the study [145], the 

SAW force can be predicted as;  
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 𝐹 = − (1 + 𝛼 ) ⁄ 𝐴 𝜔 𝑘 ∫ ∫ 𝑒𝑥𝑝2(𝑘 𝑥 + 𝛼 𝑘 𝑦) 𝑑𝑥𝑑𝑦              (3.5) 

where ‘𝐴’ is equivalent to the SAW wave amplitude at the edge of the liquid, 𝜔 = 2𝜋𝑓  

is the angular frequency, ki the leaky SAW number (m-1),  ‘𝛼 ’ is attenuation co-efficient 

[145]. The drag force if droplet moves on the device surface can be calculated by equation 

(3.6) [144],  

 𝐹 = −0.5 𝐶 𝐴 𝜌 𝑈                                                                                (3.6) 

where Ac is the cross-section area of the droplet (m2), 𝜌  is the density of the droplet, Ud 

is the droplet velocity in the direction of waves, and Cd is the drag coefficient can be 

calculated by equation (3.7) [144];  

 𝐶 = 𝑓(𝑅𝑒 , , )                                                                                               (3.7) 

where 𝑅𝑒  is Reynold’s number for the droplet, 𝜀 is wall roughness height, which is 

important for turbulent flow, L/d is the cylinder’s length to diameter ratio. Furthermore, 

the friction force between the droplet and the substrate (device) can be calculated by (3.8) 

[144];  

 𝐹 = −0.5 𝐶 𝐴 𝜌 𝑈 +  𝐹 + 𝐹                                       (3.8) 

where Af is the interfacial area of the drop and device (m2), Ux is the streaming velocity 

inside the droplet near the substrate, 𝐹  is the static friction force, and Cf, the friction 

coefficient to be calculated by equation (3.9) [144];  

 𝐶 = ≈ = 0.73𝑅𝑒 .                                   (3.9) 

where Cf is a dimensionless quantity, analogous to the friction factor. Rex is Reynold’s 

number related to the streaming velocity. The term on most right side of the equation 

(3.8), 𝐹 , is the interfacial tension force that can be calculated using equation (3.10);  

 𝐹 = 𝜋𝜎𝑑                                                                                                       (3.11) 
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Where 𝜎 is surface tension co-efficient with value 27.8 (mN/m) of water and ZnO for 

hydrophobic surface, ‘d’ is the droplet diameter (m) [146]. Finally, the buoyancy force, 

if the droplet jump or breakup is given by equation (3.12) [144];  

 𝐹 = (𝜌 − 𝜌 )𝑔𝑉                                                                  (3.12) 

where ‘Vd’ is the displaced volume of the fluid (m3), (𝜌 − 𝜌 ) is the density difference 

of the droplet and the air, ‘g’ is the gravitational acceleration (m/s2).  

By detecting the droplet velocity, Ud, from experiments coupling with the data of mass 

of droplet, the interaction force terms on the right-hand side of equation (3.4) can be 

identified.  

3.1.3 The conservation of energy  

It is straightforward to apply the first law of thermodynamics to this system as in equation 

(3.13),  

 = ∑ �̇� + �̇�                                                                 (3.13) 

where E the total energy of the droplet (J), �̇�  is the rate of the ith heat interaction with 

the system, and �̇� is the rate of mechanical interaction of the droplet with surroundings. 

The heat interactions including the partial of SAW power transferred into a droplet that 

converts to thermal energy by radiation, given in equation (3.14) [147], [148];  

�̇� = α �̇� = 2π α 𝐷ρ 𝑉 (a λ) =⁄ 2π α Dρ V V (a λ⁄ )  (3.14) 

where 0 < 𝛼 < 1 is the part of the total SAW power penetrated to the droplet, �̇�  (W), 

the VR and Vf are the velocities of SAW transportation in the solid device and the droplet, 

respectively. The amplitude of the wave using the normal component of particle 

displacement is represented by a, whereas 𝜆  is the wavelength of longitudinal waves in 

the fluid and 𝜆 the wavelength of the SAW [148].  

Other heat interactions are the heat transfer from the device surface to the droplet, �̇� , 

heat transfer from droplet to the air, �̇� , and heat enter from the corner of the droplet, 

radiated heat, �̇� . Furthermore, input SAW energy also causes the changes in kinetic 

energies inside the droplet either due to streaming, �̇� , or friction energy, �̇� . An 
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analysing thermodynamic model describing energy conservation with all heat transfers 

and changes in kinetic energies inside the droplet is schematically shown in Figure 3.3. 

Qair

Qs

Qr

Kst

Kf

 

Figure 3.3: A thermodynamic energy conservation model of SAW-droplet interaction showing 

heat transfers and kinetic change inside the droplet. 

The work done on the system by the surroundings must be considered when it occurs that 

the volume of droplet significantly changes, which can be predicted by equation (3.15), 

 �̇� = −𝑝(𝑉 )                                                                  (3.15) 

where, �̇� is the mechanical power due to droplet volume changes against the pressure. 

p(Vd) is the pressure inside the droplet as a function of droplet volume, Vd, and t is time 

(s), more detail in section 5.4.1. The model can be applied to analyse the coupling 

mechanism of kinetic and thermal impacts of SAW on the droplet when the temperature 

distribution of the droplet can be detected. Meanwhile, the velocity and velocity 

distribution inside the droplet can be measured with assistance from mass and momentum 

models presented in the sections 3.1.1 and 3.1.2.  

3.2 Summary 

In this chapter, an analysing model is proposed for thermal and kinetic impacts of SAW 

on the droplet. This is a general model based on mass, momentum and energy 

conservation principles. The conservation of mass includes mass change either by change 

in phase or evaporation. The conservation of momentum is based on Newton’s second 

law of motion whereas conservation of energy is based on the first law of 
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thermodynamics. To implement these models, an experimental setup and a methodology 

are required to detect these changes in the droplet which is part of the next chapter.  
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Chapter 4: Methodology and Experimental Setup 

Based on the discussion on the analysing model, experimental setup on the thermal and 

kinetic impacts of SAW on a droplet are designed and introduced in this chapter. Before 

the details of the experimental setup, the selection of piezoelectric material, fabrication 

of IDT, equipment required to generate and propagate SAW has been discussed. Then, the 

methods and the data treatments of visualisation of acoustic streaming and capture of 

temperature change of the droplet are followed for finding the coupling mechanism.  

4.1 Experimental Details  

This section starts with the selection of the piezoelectric material followed by the 

deposition of a thin film on the substrate and fabrication of the IDT. The necessary 

equipment and the procedure to generate and propagate SAW, identifying the resonant 

frequency of the device and detail of the necessary surface (device) treatment are also 

conferred here.  

4.1.1 ZnO as a thin-film piezoelectric material 

The bulk piezoelectric materials such as quartz and LiNbO3 have good electromechanical 

coupling coefficient but are difficult to integrate with Si-based integrated circuits (IC) [3]. 

On the other hand, the thin films such as ZnO, AlN, and PZT have lower power 

consumption, lower cost, higher electromechanical coupling coefficient, and higher 

sensitivity and reliability [3], [75]. Higher electromechanical coupling coefficient means 

electrical signals will be converted to mechanical waves more efficiently than the device 

with a lower coupling coefficient. Thin-film acoustic wave devices have been used in the 

medical industry for the detection of viruses, bacteria and cells [149]. ZnO and AlN have 

higher acoustic velocity as compared to LiNbO3 that helps in different sensing 

applications [150] hence why they are widely used as a thin-film material.  

PZT has the largest electromechanical coupling co-efficient but has a low-quality factor, 

high energy loss and hard to fabricate [36]. Moreover, PZT is toxic because of excessive 

lead oxide that appears along the grain edges [151] and requires policies that reduce its 

use [152]. 
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The mechanical properties of AlN are good and it can retain decent piezoelectric 

properties even at high temperatures between 700-1000 °C [153], [154]. The acoustic 

velocity for AlN is highest as compared to all other thin-film devices. Moreover, the 

dielectric properties of AlN are good and have higher thermal conductivity [155], [156]. 

However, the texture control and deposition of AlN films are more challenging than ZnO 

film [157]. The deposition conditions have a substantial effect on AlN film growth and 

structure. AlN films are good when high frequency (hundreds of MHz or GHz) SAW 

devices are required [158], [159]. Moreover, ZnO is suitable for devices running at a 

lower frequency range and for thick film SAW devices [160]. 

Few important parameters like electromechanical coupling co-efficient, TCF and the 

acoustic velocity of important piezoelectric materials are presented in Table 4.1. 

Table 4.1: Electromechanical coupling co-efficient, TCF and acoustic velocity of LiNbO3, PZT, 

AlN and ZnO [75], [161], [162] 

SAW 

Device 

Electromechanical 

coupling 

coefficient, k2 (%) 

TCF 

(ppm/°C) 

The acoustic 

velocity of 

longitudinal 

waves (m/s) 

Comparison 

128° 

Cut 

LiNbO3 

5-11.3 75 3680-3980 Expensive 

PZT 20-35  4500 Toxic because of 

excessive lead. 

AlN 3.1-8 -19 to -

25 

10150-11050 Deposition challenging 

ZnO 1.5-1.7 -40 to -

60 

6336 Biosafe, easy to integrate, 

low-frequency 

applications, v. high 

acoustic velocity 
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Based on the assessment parameters on the materials presented in section 2.2.7, and the 

comparison in Table 4.1, the following device has been selected for this study with 

possible reasons. 

ZnO thin films can be possibly integrated with different substrates including silicon-based 

circuits for different SAW-based microfluidics applications that are promising for 

different LOC devices [75]. One of the advantages of ZnO based SAW devices is that the 

velocity and mode of acoustic waves can be changed by changing the ratio of substrate 

thickness and wavelength [36], [75]. Moreover, ZnO is believed to be bio-safe and 

appropriate for biomedical purposes [36]. Since this study is based on low frequency (< 

60 MHz) and one of the aims is to find out the comparison of different wave modes on 

the kinetic and thermal mechanism, that is another reason why ZnO is the right choice.  

4.1.2 Thin-film deposition for IDT 

There are many methods available to prepare ZnO [163] such as physical vapour 

deposition (PVD), sputtering [164]–[167], evaporation, pulsed laser deposition (PLD) 

[168]–[170], molecular beam epitaxy (MBE) [171], [172], chemical vapour deposition 

(CVD) [173]–[175] and sol-gel processing [176], [177]. 

The choice of deposition technique depends on the quality of the film, the control of 

temperature, the cost and availability of the resources [36]. PLD requires high-power laser 

pulses with deposition from room temperature to 600 °C. As compared with other 

techniques, good crystalline structure and quality are observed with high-quality film 

growth with PLD but this process is expensive and not suitable for industrial applications 

[170]. CVD is good for bulk production, deposition temperature from 300-800 °C, quality 

of films produced are good, but the deposition rate is less. High temperature is a potential 

issue to carry out this technique [173]. On the other hand, the sol-gel technique is simple, 

low cost and can be completed at low temperatures but the quality of the film is poor and 

fewer applications for acoustic waves based device fabrication [176].  

Direct current (DC) and RF magnetron sputtering are mostly used because of low 

deposition temperature (ZnO film with temperature 300 °C). Moreover, it is compatible 

with microelectromechanical systems (MEMS), high deposition rate and this technique 

can be used on a large scale [176]. Therefore, in this study, DC magnetron sputtering has 

been used because of its simplicity, low cost, less deposition temperature. 
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ZnO thin film with a thickness ≈5 µm has been deposited on aluminium (Al) plate 

substrate with thickness 600 µm and 200 µm using a DC magnetron sputtering from zinc 

(Zn) target at power of 430 W and Ar/O2 (10 SCCM/15 SCCM) mixture gas. Aluminium 

IDT electrodes are fabricated using thermal evaporation and lift-off processes on the top 

of the ZnO film. The devices used in this study consists of 50 finger pairs of electrodes 

with an aperture of approximately 10 mm.  

The schematic diagram of the SAW IDT device is shown in Figure 4.1 where ZnO thin 

film of 5 µm, is deposited on an Al plate substrate with the IDT patterned on the ZnO thin 

film to generate SAWs. The substrate with different thicknesses has been used in this study 

those are discussed in section 4.3.4.  

 

Figure 4.1: Device specifications with Al electrodes as IDTs, ZnO thin film of thickness 5 µm and 

Al plate substrate. 

4.2 The design of the system to detecting the data for model analysis 

As discussed in the previous chapter, the experimental data is required to implement the 

mass, momentum and energy conservation models to understand thermal and kinetic 

coupling impacts of SAW on the droplet. Therefore, in this section, the strategy has been 

discussed to collect the data for these models. 

4.2.1 The data for mass and momentum models 

From the model equations (3.1 to 3.12), mass and velocity of the droplet can be measured 

directly or indirectly. In terms of mass, it can be measured by detecting the droplet volume 

and the density of the fluid which may change with the change in temperature of the 

droplet. Therefore, the temperature measured for thermal impact can also be helpful to 

measure the volume. The CCD camera with a resolution suitable for the microfluidics is 
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a good option for volume detection. Meanwhile, this camera can also be used to detect 

the velocity of the droplet [178], [179]. 

4.2.2 The data for the energy model 

The temperature distribution inside the droplet is necessary for the energy model to 

predict the heat fluxes and kinetic energies. The temperature of the droplet can be 

measured by both thermal sensors (thermocouples) [180] and infrared (IR) cameras 

[181]–[183]. Thermal data measured by the latter technique is called infrared 

thermography (IRT) [184].  

No suitable conventional thermal sensor (thermocouple), so far, can be applied to measure 

the temperature distribution inside the droplet with a droplet size (diameter) of 5.0 mm. 

However, IRT is a non-contact sensing technique, non-invasive and one can get two-

dimensional thermal images with temperature distribution inside the droplet which can 

not be obtained by thermal sensors. Therefore, in this study, IR thermal camera has been 

used, detail of which is in section 4.5.2. It has been noticed, however, that the temperature 

measured by the infrared camera is the surface temperature of the droplet. The high-

resolution, infrared camera is quite expensive but can provide the temperature distribution 

on the droplet surface. Therefore, assumptions are made to get precise temperature 

distribution using the data from the analysis models, the details are available in section 

4.4 and Figure 3.3. 

For the kinetic energy inside the droplet, particle image velocimetry (PIV) is employed, 

which has been widely used in the studies of microfluidics [185]. The CCD camera 

required for mass and momentum analysis can be used to record the images of particles. 

4.3  The experimental setup   

The schematic diagram of the complete experimental setup is shown in Figure 4.2 with a 

CCD camera, an IR thermal camera, a light source and a water droplet placed on the IDT. 

Both cameras are used to get the side view of the droplet separately. The light source is 

used to illuminate the droplet to help in visualisation. 
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Figure 4.2: Schematic diagram of the experimental setup with the IR thermal camera, CCD 

camera, a lighting source, water droplet placed on the IDT. 

4.3.1 Equipment required to generate SAW 

Basic equipment to generate, and amplify the signal is shown in Figure 4.3 whereas, a 

block diagram explaining the working of the experimental setup is shown in Figure 4.4. 

The signal was generated using an RF signal generator (Marconi Instruments 2024) which 

was then amplified using a power amplifier (Amplifier Research 75A250) as shown in 

Figure 4.3-a and b respectively. Values from the power amplifier (dBm) were calibrated 

by using an RF power meter Racal 9104 (Figure 4.3-c) in Watts. It was used to measure 

the RF power applied to the IDT. 25 µl of deionized (DI) water droplet was placed with 

the help of a micropipette on the surface of the substrate at the distance of ≈2.5 mm in 

front of the IDT. SAW powers were given to the IDT in the range of 0.30 to 4.0 W.  
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Figure 4.3: Equipment to generate and amplify signals (a) Signal generator to generate electrical 

signals (b) Power amplifier to amplify the signals (c) Power meter to measure input in watts. 

Signal 
Generator

Power 
Amplifier

SAW Device

CCD Camera

Power Meter
Thermal 
Camera

 

Figure 4.4: Flow chart for working of the experimental setup. Signal generator, power amplifier, 

power meter, a SAW device. A side view image is captured by CCD and IR thermal camera. 

4.3.2 Identification of resonant frequency of the device 

The resonant frequency of the SAW device was measured by the vector network analyser 

(Agilent 8712ET). Figure 4.5 shows the network analyser which has a bandwidth from 

300 kHz to 1200 MHz. The network analyser can measure both the transmission and 

reflection coefficient, S12/S21 and S11/S22, respectively. Transmission coefficients are 

measured for a pair of IDTs to determine the insertion loss of the component, while 

reflection coefficients are used for a single IDT to determine its resonant frequency and 

bandwidth. The signal is given to the device then the analyser measures both the signal 

reflected from the input side and that passed from the output side. It then compares both 

(a) (b) 

(c) 
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signals, evaluates the resulting signal and compares it with the injected input signal. 

Finally, the results are processed by PC and the final signal is displayed on the screen. 

The signal with minimum insertion loss is the desired signal with a maximum amplitude 

[186]. Since in S21, waves generated and travel to the droplet from both sides, the droplet 

is pushed up from both sides by the opposing waves, causing the droplet to break up and 

form smaller droplets called as jetting [38]. Since this work is limited to streaming without 

aiming jetting/nebulization, therefore, the author used S11 to determine the working 

frequency of the device.  

After connecting the device to the network analyser, the sharp peak shows the resonant 

and harmonic frequencies of the device. At the resonant frequency, signal and insertion 

loss is minimum with maximum acoustic velocity travelled on the device. The first peak 

from left on the spectrum indicates the fundamental frequency (f0) of the device.  

 

Figure 4.5 The network analyser to identify the resonant frequencies of the device. 

4.3.3 Surface treatment of the device 

The device with ZnO normally has a hydrophilic surface with a contact angle of water 

droplet between 40°-80° [36]. The surface condition of the device decides the contact 

angle [187]. The contact angle can be increased by increasing the ZnO film thickness that 
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increases the surface roughness. With the increase in contact angle, droplet streaming, 

pumping and deformation can be easily visualised [45]. The difference between 

hydrophilic and hydrophobic surface is shown in Figure 4.6. It is clear from Figure 4.6-a 

and b that the contact angle for the hydrophilic surface is less than 70º whereas the contact 

angle for the hydrophobic surface is more than 90º. 

There are different methods to make the surface hydrophobic like TEFLON solutions, 

cyclic transport optical polymer (CYTOP) layer, Octadecyltrichlorosilane (OTS), a layer 

of octadecyl thiol (ODT) or octadecyl silane (ODS), hydrophobic nanostructures or 

microwave plasma-enhanced chemical vapour deposition (MPECVD) [36], [188], [189]. 

Amongst all these, CYTOP is easily available and require less proficiency. Therefore, in 

this study, the ZnO surface is coated with 200 nm CYTOP (Asahi Glass Co., Ltd., Tokyo, 

Japan) to make the surface hydrophobic.  

 

Figure 4.6: Droplet on the solid surface with (a) hydrophilic when the contact angle less than 70° 

and (b) hydrophobic surface after the treatment when the contact angle more than 90°. 

4.3.4 Detail of SAW devices for this study 

The description of the devices used in this study is shown in Table 4.2. For the first two 

devices, it is clear from Table 4.2, with the change in thickness of the device/substrate 

and by keeping the wavelength the same, resonant, second-order harmonic frequencies 

and wave mode remain similar. However, resonant frequency changes by changing the 

wavelength of the waves. 

Devices mentioned in Table 4.2 are shown in Figure 4.7. Two and three IDT pairs are 

shown in Figure 4.7-a & b respectively but only one pair of IDT has been used. The 
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selection of the pair depends on getting a sharp peak when connected to the network 

analyser. 

Table 4.2: Summaries of devices with the detail of wavelength of the waves, thickness of the 

substrate, resonant frequencies and wave mode of the waves. 

      

 

Figure 4.7: Aluminum plate with different thicknesses (a) h=600 µm, λ= 100 µm, (b) h= 200 µm, 

λ= 200 µm (c) h= 200 µm, λ= 100 µm.   

ZnO 

thickness 

(µm) 

Waveleng

th λ (µm) 

Al plate 

thickness 

h (µm) 

Resonant 

frequency 

f0 (MHz) 

Wave 

mode 

Second 

harmonic 

frequency 

(MHz) 

Wave 

mode 

5  100  200 27.063 Rayleigh 54.00 Sezawa 

5  100 600 26.305 Rayleigh 52.220 Sezawa 

5  200 200 13.500 Hybrid 15.680 No peak 

(a) (b) 

(c) 
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4.4 Method to measure the mass transfer of the droplet  

Experimental equipment and devices used in this study are already discussed in the above 

sections. However, it is important to discuss a method to measure the mass transfer of the 

droplet. As discussed in Chapter 3, a mass transfer can take place either by evaporation 

or with phase change. However, the temperature of the droplet is much lower than the 

saturation temperature, more detail in section 5.4.1. Therefore, no phase change occurs 

inside the droplet. However, mass transfer due to evaporation can be detected by a change 

in the size and the density of the droplet. If there is a significant change in the size of the 

droplet, then there is a mass transfer [190]. The images shown in Figure 4.8 illustrates 

how the volume is calculated by two parameters of the length (a) and height (b) detected 

using both IR and CCD camera. 

 

Figure 4.8: Measurement of length and height of the droplet (a) using IR camera (b) using the 

CCD camera. 

Changes in the mass of the droplet can be calculated using equations (4.1) and (4.2), given 

below; 

 
𝑑𝑚

𝑑𝑡
=

𝑑

𝑑𝑡
(𝜌𝑉 ) =  𝜌

𝑑𝑉

𝑑𝑡
+ 𝑉

𝑑𝜌

𝑑𝑡
 (4.1) 

 𝑑𝜌

𝑑𝑡
=

𝑑𝜌

𝑑𝑇

𝑑𝑇

𝑑𝑡
 

(4.2) 

The volume of the droplet, Vd, can be found by considering the droplet as half-spherical 

whereas length (a) and height (b) of the droplet can be measured using “imageJ”. ImageJ 

is a Java-written program, used for many imaging applications, easy to use and has a huge 
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and knowledgeable user community [191]. The detail of mass transfer using Rayleigh and 

Sezawa waves can be found in Chapter 5 and Chapter 6 respectively. 

4.5 Method to measure the velocity and temperature distribution 

To implement the energy conservation principle, it is important to get temperature 

distribution and velocity of the particles. The methods and tools required to find these 

parameters have been presented here in this section. 

4.5.1 Measurement of velocity of particles using PIV 

A CCD camera (imaging source DFK 22BUC03) with a resolution 720*480 pixels is used 

to capture the kinetic impacts of the SAW. To visualise the streaming, 10 µm red 

polystyrene particles were added into the water droplet. The camera is shown in Figure 

4.9-a and the configuration of the device, droplet and the light source is shown in Figure 

4.9-b. 

   

 

Figure 4.9 (a) CCD video camera (b) Configuration to capture videos with the camera. 

(a) 

(b) 

Droplet 

IDT 

Light 
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A tool called ‘tracker’ has been used to implement PIV to measure the velocity of particles 

inside the droplet. By tracking the movement of the particles from one frame to another, 

the velocity of particles can be calculated. A frame is a unit of a video camera in which it 

saves and collects the data. Frame per second (fps) is the speed of the camera in which it 

collects data (30 fps in this case). The velocity of particles can be different in different 

locations of the droplet.  

To understand the coupling mechanism of kinetic and thermal impact, the velocities of 

the particles at three positions are considered, as shown in Figure 4.10. The velocity data 

of those three positions are used for calculations of kinetic energies inside the droplet. 

Meanwhile, the positions are designed to estimate bottom fraction energy, position 1 (U1, 

mm/s), helps to find the heat flux between device/substrate and droplet. However, 

position 2 (U2, mm/s) helps to predict the heat flux to the air, and the vortex velocities, 

position 3 (U3, mm/s) helps to find overall kinetic energy inside the droplet. All positions 

are shown in Figure 4.10. Vortex velocity is the velocity where vortices are visible, and 

it is either in the middle of the droplet or in the right corner. Furthermore, values of 

streaming velocities used to associate the data with the temperature values to find the heat 

transfers from the substrate to the droplet, from droplet to the air, and to find kinetic 

energy inside the droplet. The small numbers shown at three different locations of the 

droplet in Figure 4.10 represents frame numbers. For instance, position 1 tracks particles 

from 263 to 265 frames, 276 to 278 for position 2 and 274 to 278 for tracking at position 

3. The tool “tracker” measures the distance travelled by each particle from one frame to 

another in both x and y-direction. This data can be used to calculate the velocity of 

particles by equation (4.3),  

 

𝑈 =
∆𝑥

∆𝑡
+  

∆𝑦

∆𝑡
 

(4.3) 

The results form this equation give the value in pixel/s, that can be converted to millimetre 

(mm) using “imageJ”, where one pixel equals to 0.009264 mm. The velocities of particles 

can be different at the start of applying input power, in the middle and the end, that is why 

ten different time frames have been selected from the start of the SAW power to the end. 

The times are (0.65, 2.5, 5.0, 6.84, 9.50, 11.50, 16.84, 19.0, 23.0, 30, 36 and 43) seconds. 
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The calculations required to find the coupling mechanism between the streaming and 

thermal part is discussed in the following sections. 

 

Figure 4.10: Image from the tracker showing three different positions inside the droplet: Position 

1 close to the substrate, position 2 on the top of the droplet and position 3 is where vortices 

generate. 

4.5.2 Analysis of the thermal impacts 

The surface temperature of the droplet and the device is measured and recorded using an 

infrared thermal camera (FLIR T-620) with a resolution of 480×640 pixels and speed of 

30 fps. The configuration of the thermal camera capturing the side view of the device 

without droplet is shown in Figure 4.11, where the device is fixed on the printed circuit 

board (PCB) and connected to the signal generator through wires. Figure 4.11 is showing 

the temperature of the device without applying SAW input power.  

Position 1 

Position 3 

Position 2 
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Figure 4.11: FLIR thermal camera (T-620) with a side view of the device fixed on a printed circuit 

board (PCB).  

The side-view thermal image of the droplet without applying SAW is shown in Figure 

4.12. It is clear from Figure 4.12-a that the frame has the dimension of 480*640 that 

contains a lot of background information other than the droplet. To get only the droplet 

image, the whole frame needs to cut into the section where the droplet is zoomed and only 

visible as shown in Figure 4.12-b. The zoomed image of the droplet has a matrix size of 

28 rows and 40 columns. Therefore a frame of 480*640 is converted to 28*40 using 

MATLAB code developed by the author.  

 

Figure 4.12: Side View image from the thermal camera (a) Whole frame 480*640 matrix (b) 

Zoomed and cut image of the droplet with dimension 28*40 with the help of MATLAB. 

(a) (b) 
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4.5.3 Temperature data treatments 

Video images from FLIR T-620 converted to comma-separated values (CSV) file using 

FLIR tools package. This file is readable in Microsoft excel that contains data for each 

frame in the form of rows and columns. Since already discussed, each frame has 480 rows 

and 640 columns and the camera capture 30 fps, so, for instance, 30.0 s video contains 

432000 rows and 640 columns. The data can be read by MATLAB and the code is made 

to divide the droplet (28*40 matrix) further into 16 elements and read each element’s 

temperature data frame by frame. The temperature distribution treated by MATLAB code 

is presented in Figure 4.13 (refer to the appendix A for MATLAB code detail), where the 

results have been taken from Rayleigh at 26.300 MHz at 2.0 W. Figure 4.13-a presents a 

spectrum of the whole droplet being divided into four layers with four elements in each 

row. This treatment is made for the recorded videos to finally obtain the temperature data 

for each element and the temperature distribution. The data then analysed and 

demonstrated against time at selected Pin.  

The assumption that considers the droplet surface temperature as the temperature of the 

fluid of the segment, is one of the ‘big’ assumptions that have to be made in this study for 

analysing the data by the infrared camera.  

This means that the temperature is uniform at the direction perpendicular to the IR 

camera’s surface and equal to the surface temperature. The row of the elements, as shown 

in Figure 4.13-a, is called a ‘layer’, for instance, the bottom layer includes the elements 

of number 13 to 16, and the top layer includes the elements of number 1 to 4, respectively. 

Figure 4.13-a represents results before SAW input power whereas Figure 4.13-b, c and d 

after 5.0, 10.0 and 15.0 s of SAW acting time respectively. 

The colour in each element shown in Figure 4.13 is associated with the temperature of 

each element. It is clear from Figure 4.13 that as soon as SAW penetrates inside the 

droplet, it increases the temperature at the corner of the droplet from the left side (Figure 

4.13-b), where the SAW transfers. Therefore, the first column on the left has a higher 

temperature as compared to other portions of the droplet. It is evident from Figure 4.13-

c that the heating from the bottom to droplet becomes stable after 10.0 s of the input SAW. 

The heating from the bottom and the convection of the heat from the SAW radiation source 

at the left corner make the temperature on the bottom layer higher than those of other 
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layers (Figure 4.13-c). The top right portion of the droplet is still not heated well, as shown 

in Figure 4.13-c clearly from the colour of the element compared with the temperature 

bar. However, in Figure 4.13-d all the elements have a certain temperature rise with 

maximum temperature on the bottom layer and minimum on the top layer after 15.0 s of 

input SAW. The details of heat transportations inside the droplet and further data treatment 

are discussed in the following results chapters. 

 

 

Figure 4.13: Four layers of droplet showing 16 elements, MATLAB treated with temperature 

distribution at 2.0 W Rayleigh waves (a) 0.0 s (b) 5.0 s (c) 10.0 s (d) 15.0 s. The number of 

elements is showing in (a) from 1 to 16. 

The temperature rise (final minus initial temperature) of each element against time is 

illustrated in Figure 4.14 where it also demonstrates how the methods of the data 

treatment work. These results are with SAW input power of 2.0 W, Rayleigh waves at the 

resonant frequency of 26.300 MHz. 

(a) 

(d) (c) 

(b) 

1 2 3 4 
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Figure 4.14: Rise in temperature of each element of the droplet using Rayleigh waves at 26.300 

MHz for Rayleigh with power of 2.0 W (a) Elements 1-4 (b) Elements 5-8 (c) Elements 9-12 (d) 

Elements 13-16. 

4.5.4 Coupling of thermal and kinetic impacts 

Association of kinetics with the thermal change inside the droplet is made by following 

the same position for both. For example, U1, the velocity of particles close to the substrate, 

is associated with the average temperature of 13-16 elements of the droplet. U2, velocity 

on the top of the droplet, is associated with all the elements, that have direct interaction 

with the air (number 1,2,3,4,5,8,9,12,13 and 16). Figure 4.15 illustrates the coupling of 

the streaming and thermal part. The red oval shape shows the temperature of these 

elements, added up to associate with U2 (see Figure 4.15-a). However, black oval shows 

the temperature associated with U1. By using different co-relations discussed in section 

4.5.6, different heat transfer mechanisms inside the droplet and kinetics involving friction 

and momentum are found. Finally, radiation heat transfer (�̇� ), because of SAW entering 

from edge of the droplet is calculated. 

(d) 
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Figure 4.15: Coupling of streaming and thermal part (a) thermal part showing 16 elements with 

ovals to represent the element’s temperature for �̇�  and �̇�  (b) streaming image from the tracker, 

tracking of particles at three different positions.  

4.5.5 Calculation of the average temperature of the whole droplet 

There are methods to estimate the thermal/internal energy of the droplet using the data 

taken from the infrared camera. It is unacceptable to calculate average Td by simply taking 

the mean average, the sum of the values of temperature divided by the total number of 

elements. The volume of each layer of the droplet is different. As the droplet is 

hydrophobic, therefore, the bottom layer is flat having more fluid and the top layer less. 

Therefore, the volume average is considered for calculating average Td using equation 

(4.4) since variation in the density of the fluid is relatively small,  

 T =
𝑉

𝑉
  𝑇  (4.4) 

where the volume ratio of Vi/Vd of each element can be calculated by considering the 

droplet as a half-spherical. Because of the same size of the element on each layer, equation 

(4.4) becomes, 

 T =
𝑉

𝑉
  𝑇  (4.5) 

where, TL is a simple mean temperature of the layer, TL = (∑ 𝑇 ,  )/4 and VL is the 

volume of the layer ‘L’ (L=1,2,3,4 from top to bottom) and can be calculated when the 

droplet is considered as a half-sphere. VL and the volume ratio of the segment can be 

calculated by equations (4.6) and (4.7),  

Position 1 

Position 2 
+ + Position 3 

(a) (b) 
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 VL = ℎ (3 − 2) (4.6) 

 
𝑉

𝑉
=

ℎ

ℎ
 
3

𝑟
ℎ

− 2

3
𝑟
ℎ

− 2
  

(4.7) 

Where ‘h’ is the total height and ‘r’ is the maximum radius of the droplet, ‘hL’ and ‘rL’ are 

the height and the radius of each layer, assuming the top layer of the droplet as segment 

one and the bottom layer as segment four, where height is maximum. The volume ratio 

of each of the droplet layer is calculated as; 

𝑉

𝑉
 = 0.1086905 

𝑉

𝑉
= 0.2644842  

𝑉

𝑉
 = 0.3278968  

𝑉

𝑉
 = 0.2989284  

The average temperatures for each layer can be calculated using equations (4.8) to (4.11);  

 
𝑇 =

𝑇 +  𝑇 + 𝑇 + 𝑇

4
× 0.1086905 

(4.8) 

 
𝑇 =

𝑇 +  𝑇 + 𝑇 + 𝑇

4
× 0.2644842 

(4.9) 

 
𝑇 =

𝑇 +  𝑇 + 𝑇 + 𝑇

4
× 0.3278968 

(4.10) 

 𝑇 =
𝑇 + 𝑇 + 𝑇 + 𝑇

4
∗ 0.2989284 (4.11) 

Then the average temperature of the whole droplet calculated using equation (4.12); 
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 𝑇 = 𝑇 +  𝑇 + 𝑇 + 𝑇  (4.12) 

4.5.6 Implementing energy conservation to our model 

Based on the model presented in Figure 3.3, implementing the energy (power) 

conservation principle, thermal interactions to be balanced by the changes in enthalpies 

and the kinetic energies of the droplet by neglecting the potential energy. This can be 

expressed as in equation (4.13);  

 �̇� + �̇� +�̇� + �̇� = �̇� + �̇� . + �̇�  (4.13) 

where, �̇� (W) is the power sources or sinks due to heat interactions, �̇� is the mechanical 

power due to the changes in the droplet volume against the pressure. 𝐸̇  (W) the power 

to heat the fluid in the increase of enthalpy, and �̇� (W) mechanical (kinetic) powers. In 

equation (4.13), subscripts r, s, a, d, st. and f, refer to the radiation, substrate, air, droplet, 

streaming, and friction, respectively. The power heating the droplet can be calculated by 

the changes in enthalpy as shown in equation (4.14) below; 

 �̇� = 𝜌 𝑉 𝐶
𝑑𝑇

𝑑𝑡
 (4.14) 

where 𝜌 , the density (kg/m3), Vd, the volume (m3), Cp the heat capacity (J/kg.K) and Td 

(K), the temperature of the water droplet. The rate of heat transfer from substrate to the 

droplet and from droplet to the air can be calculated by equation (4.15);  

 �̇� = 𝐴  𝛼  𝑇 − 𝑇 ,  (4.15) 

𝑇 ,  is the droplet temperature at the layer close to the substrate,  𝜑 = 𝑠, or air, 𝜑 = 𝑎,  

with the interfacial area, 𝐴  (m2). Some dimensionless numbers can help to find the 

coupling between kinetics (streaming) and heat transfer (thermal impacts) inside the 

droplet [192]. Nusselt number, Nu, depicts the heat transfer of a fluid which can be related 

to Reynold’s number (Re) for streaming. A general formula to find co-relation between 

Nu and Re for the droplet is shown in equation (4.16) below [193]; 
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 𝑁𝑢 =
𝛼 ∗ 𝐿

𝑘
= 2 + 𝛽 ∗ 𝑅𝑒 ∗ 𝑃𝑟  (4.16) 

where 𝛼 is an effective convection heat transfer coefficient,  L is the characteristic length, 

k is the thermal conductivity, 𝛽  is a constant, which from experimental observation is 

found to be 0.6 [194]. Pr is Prandtl number whose value for water at room temperature is 

7.56 [195]. 𝛼  can be calculated from equation (4.16) which then plugged in equation 

(4.15) to find heat transfers (�̇� ). 

4.5.6.1 Convection heat transfer mechanism between droplet and air 

Since the Td is more than the surrounding air which is stationary, so natural convection 

will take place near the droplet. Grashof number (𝐺𝑟 ) is analogous to Re which represents 

flow regime in natural convection and is calculated by using equation (4.17) [195];  

 𝐺 =
𝑔𝛽(𝑇 − 𝑇 )𝐿

𝜈
 (4.17) 

where g is the acceleration due to gravity, 𝛽 is the coefficient of thermal expansion which 

is 1/𝑇  for an ideal gas as the air. 𝑇  is the droplet temperature, 𝑇  is the air temperature, 

L is the diameter of the droplet, and 𝜈 is the kinematic viscosity of the air. Correlations 

between 𝐺  and 𝑁𝑢 can be found using equation (4.18) given below [196];  

 𝑁𝑢 =
𝛼 ∗ 𝐿

𝑘
= 2.65 ∗ (𝐺 ∗ 𝑃 ) /  (4.18) 

Effective heat transfer coefficient (𝛼 ) can be predicted using equations (4.18) and (4.17) 

which helps to find (�̇� ) from equation (4.15). The calculated values of 𝛼  and 𝛼  are 

given in section 5.4.4 and 6.4.4 for both Rayleigh and Sezawa waves respectively.  

By plugging in all the values of heat transfer and kinetic powers in equation (4.13), the 

power radiated to the droplet by SAW, �̇� , can be calculated. Therefore, the coupling 

mechanisms of thermal and kinetic (fluid streaming) can be identified.  

4.5.6.2 The kinetics inside the droplet 

The kinetic power because of streaming can be predicted using equation (4.20) whereas 

kinetic power because of friction near the bottom of the droplet can be calculated either 

using equation  (4.21) or (4.19);  
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 𝐾̇ = 𝜌 𝑉 𝑢
𝑑𝑢

𝑑𝑡
 (4.20) 

 �̇� = 𝐴 µ
𝑑𝑢

𝑑𝑦
𝑢  (4.21) 

Or 

 �̇� =  𝐹 𝑈 = 0.5𝐶 𝐴 𝜌 𝑈 𝑈  (4.22) 

𝐾̇  and �̇�  represents the rate of kinetic and frictional energy (W) caused by streaming 

and frictional shear force respectively as shown in Figure 3.3. The average streaming 

velocity of droplet fluids 𝑢  (mm/s) is used for the kinetic energy estimations. However, 

horizontal velocities uf (mm/s) of the fluid close to the IDT surface are taken for 

calculation of velocity gradients near the substrate. 𝐴  represents the surface area and µ  

dynamic viscosity (N.s/m2) of the droplet. The effects of temperature on dynamic 

viscosity are considered, which leads to an increase in dynamic viscosity from 25 °C to 

50 °C within the range of this study [195]. 𝐶  is the friction coefficient, 𝐴  is the effective 

area of the droplet, 𝜌  is the density of the droplet and 𝑈  is the streaming velocity near 

the bottom of the droplet. The detail description of these equations can be found in section 

5.3 and 6.3. 

The acceleration of the fluid for kinetic power can be calculated by taking the average 

velocities as shown in equation (4.23); 

 
𝑑𝑢

𝑑𝑡
=

1

3

𝑢 (𝑡 ) − 𝑢 (𝑡 )

∆𝑡
 (4.23) 

where 𝑢  is the velocity of particles at positions i=1, 2 and 3, are measured from the 

experimental data. The velocity gradient in equation (4.21), , can be calculated by 

,

∆
, where ux is the velocity component at x-direction close to the bottom, Δy is 

the thickness of the bottom boundary layer. 
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4.5.7 Challenges during data treatment 

The initial temperature of each element is different which appeared as a result of analysis 

performed using MATLAB at different power values. For each power level, the droplet 

is replaced to ensure that there is no heat inside the droplet before the input is provided. 

However, it is observed that there is residual heat on the substrate that is transferred to 

the droplet before turning on the SAW. Therefore, to obtain accurate results for each 

power level, the different initial temperature has been used. Since the room temperature 

has not been measured before data collection, therefore, atmospheric temperature for �̇� is 

used as the initial Td. The thermal camera used in this study has less resolution with the 

only zoom of ‘4x’ which hinders to have a precise temperature of the droplet. 

4.6 Summary 

The details of the experimental setup, devices used in this study, design for the system to 

detect mass, momentum and energy conservation models with necessary methods and 

calculations are presented in this chapter. The details of piezoelectric material with 

fabrication techniques along with the flow chart for the experimental setup has been 

presented. Moreover, a methodology is introduced for measuring streaming velocities by 

PIV and thermal energy analysed by temperature distribution with the help of MATLAB. 

This leads to finding the coupling mechanism and way to implement conservation 

principles. Furthermore, how this methodology can be implemented by Rayleigh and 

Sezawa waves is a discussion in the following chapters. 
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Chapter 5: Analysis of The Impact Mechanisms of Rayleigh SAW on 

Microdroplet 

The analysing model proposed in Chapter 3 can be applied to diagnose the impact 

mechanisms of SAW on droplet with the data obtained from the experimental work and 

the methodology discussed in Chapter 4. In this chapter, the model is applied to the 

droplet with Rayleigh waves (R-waves). The mass impacts are due to the transfer of mass 

by phase change and/or evaporation, both associate with the thermal impact. The 

momentum impact of the SAW on the droplet leads to the pumping of the droplet, where 

pumping is defined as moving or sliding of the droplet in the direction of the waves, 

opposite to the source IDT. Furthermore, the energic (or power) impact of the SAW on 

droplet can be diagnosed by energy conservation including the dynamics of heat transfer 

of droplet with surroundings and kinetic energy conversions inside the droplet. Heat 

transfer (HT) comprises of HT from the substrate to the droplet, droplet to the air, and 

heat radiated by SAW into the droplet. The kinetic energy converted from SAW to droplet 

fluid creates the fluid streaming and the friction close to the substrate. 

5.1 Introduction 

The results discussed in this chapter are based on the device having an Al plate substrate 

with a thickness of 600 µm and ZnO with thickness 5 µm. The simulation results of 

vibration modes for this device with a variable wavelength of the waves are shown in 

Figure 5.1-a whereas measured results are shown in Figure 5.1-b [197]. The device used 

in this study has a wavelength (λ) of 100 µm which is shown with a black line in Figure 

5.1-b, where the resonant frequency and insertion loss for both R-waves and S-waves are 

shown. It is understandable from Figure 5.1-b that Sezawa does not have a sharp peak 

which leads to more insertion loss and less acoustic velocity as compared to the R-waves 

[197]. 

Different wave modes can be observed with a change in wavelength (λ) of the waves. The 

device with λ 100 µm has both Rayleigh at 27.90 MHz and Sezawa wave at 52.530 MHz 

as shown in the second column of Figure 5.1-a [197]. This chapter only discusses the 

results using R-waves, whereas results related to the S-waves are part of Chapter 6. 
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Figure 5.1: (a) Numerical simulation of vibration modes for ZnO (5 µm)/Al (600 µm) based SAW 

devices. The wavelength of SAW devices is varied from 100 µm to 400 µm. (b) The simulated 

and measured resonant frequencies of different types of wave modes depend on the wavelength 

of the SAW devices [197]. 

The empirical value of the resonant frequency may vary from the literature due to several 

reasons [197]. Therefore, the resonant frequency with a reflection signal measured by the 

network analyser is 26.300 MHz whereas the literature is showing 27.90 MHz. Since the 

wavelength of the waves is 100 µm, therefore, the calculated velocity of the wave is 2630 

m/s (v = f*λ). The model presented in Figure 3.1, Figure 3.2 and Figure 3.3 are 

implemented here to validate mass, momentum and energy conservation principles. 

5.2 Analysing of the mass impact of SAW on droplet using mass conservation 

principle. 

The method used to measure mass transfer is presented in section 4.4. The volume of the 

droplet at two different input power values of 2.0 W and 3.2 W using Rayleigh waves is 

shown in Figure 5.2. It is clearly shown from the data that the change in volume of the 

droplet with time is not significant if the measurement errors are considered. However, at 

the higher input power of 3.2 W, the expansion in volume can be identified, which is due 

to the relative decreases in density because of the increase in temperature. 
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Figure 5.2: Volume of the droplet versus time at an input power of 2.0 W and 3.2 W using 

Rayleigh waves. 

The rate of the change of volume of the droplet,  , can be calculated either by curve 

fitting or simple differentiation. Similarly, temperature gradient,  and density change 

with temperature, , can be calculated using data of temperature and density with 

necessary differentiation. Finally, the mass change can be calculated using equation (4.1) 

and is presented in Table 5.1 for an input power of 2.0 W. From the results, it can be 

identified that the changes in volume and mass of the droplet versus time are both within 

the errors of measurements. For example, if the initial mass is 0.000349 kg, then the 

maximum relative mass change regarding the initial mass is less than 2%. 

Table 5.1: Mass change of droplet versus time at Pin 2.0 W using Rayleigh waves. 

Time 

(s) 

The volume of the 

droplet (m3) 

dm/dt (kg/s) Initial Mass 

(kg) 

Relative mass 

change (kg) 

0 3.5E-07 0 0.000349 0 

6 3.28E-07 -3.8E-06  -0.0053 
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9 3.01E-07 -8.9E-06  -0.01248 

11 2.93E-07 -4.3E-06  -0.00605 

16 3.41E-07 9.51E-06  0.013331 

23 2.75E-07 -9.5E-06  -0.01327 

36 3.33E-07 4.45E-06  0.00624 

43 3.47E-07 1.81E-06  0.00254 

Similarly, the mass transfer using R-waves at an input power of 3.2 W is calculated using 

the same method, found a relative error of less than 5%, as presented in Table 5.2. 

Therefore, in this study, the mass of the droplet can be considered as a constant. This 

conclusion will be applied in the following sections and chapters for the analysis of 

momentum and thermal impacts.  

Table 5.2: Mass change of the droplet versus time at Pin 3.2 W using Rayleigh waves. 

Time (s) The volume of 

the droplet (m3) 

dm/dt (kg/s) Initial Mass 

(kg) 

Relative mass 

change (kg) 

0 3.3E-07 0 0.000329 0 

6 4.13E-07 1.37E-05  0.041523 

9 4.5E-07 1.22E-05  0.037082 

11 4.26E-07 -1.2E-05  -0.0372 
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16 4.57E-07 6.03E-06  0.01834 

23 4.43E-07 -2E-06  -0.00618 

36 4.78E-07 2.52E-06  0.007653 

43 4.57E-07 -3E-06  -0.00913 

5.3 Analysis of the mechanical impact mechanism of SAW on droplet by 

momentum conservation. 

Applying the momentum conservation principle from section 3.1.2, the entire droplet 

velocity can be measured using the data recorded from the CCD camera. However, the 

streaming velocity inside the droplet can be measured by the method described in section 

4.5.1, the PIV method.  

It is identified from the experiments that up to the SAW power of 3.2 W, the droplet keeps 

its original position without moving or the significant deformation. This means that the 

SAW-induced force acting on the droplet is balanced by the internal friction force 

generated by internal streaming, as given in equations (3.4) and (3.8). 

At the SAW power of 3.2 W, as shown in Figure 5.3, where the purple line on the left of 

each figure shows the original position of the droplet. The droplet starts to deform 

somehow and move on the substrate surface, from 1.0 s of SAW elapsed time, then it 

stopped and keeps the same position after 2.0 s of SAW acting time. In this case, the SAW 

force is balanced by surface tension and the internal friction force. 
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Figure 5.3: Droplet movement/pumping (a) Before providing SAW (b) After 1.0 s of input power 

(c) After 2.0 s of input power at 3.2 W using R-waves.  

The droplet movement has been observed when the input power reaches 4.0 W as shown 

in Figure 5.4. The droplet moves from the original position (the purple line on the left of 

each figure) with more displacement as compared to the lower power. Figure 5.4-a shows 

stationary droplet without applying SAW power. It starts moving horizontally on the 

substrate surface immediately after applying input power as shown in Figure 5.4-b, more 

displacement can be observed after 1.0 s of input SAW as shown in Figure 5.4-c. It then 

keeps the same position with somehow deformation after 3.0 s of an input SAW as shown 

in Figure 5.4-d. When the surface tension between the droplet and the substrate becomes 

larger than the SAW force, then the droplet sticks to the surface and does not move further. 

At this time, the input power is only used to generate streaming and heating inside the 

droplet. 

(a) (b) 

(c) 
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Figure 5.4: Droplet movement/pumping (a) Before providing SAW (b) After 0.66 s of input power 

(c) After 1.0 s of input power (d) After 3.0 s of input power at 4.0 W using R-waves. 

The data of the droplet moving velocities and the momentum at two different input power 

levels are presented in the graphical form in Figure 5.5 and Figure 5.6 respectively. On 

one hand, it is found from Figure 5.5 that the droplet velocity increases with the increase 

in input power, while, the droplet stops moving after almost 4.0 s. On the other hand, the 

acceleration and the inertial force are more significant. The acceleration varies from 0.20 

mm/s2 to 0.55 mm/s2 and the inertial force varies from 6.58 E-8 (N) to 1.8E-7 (N) at Pin 

3.2 W to 4.0 W. The drag force of the entire droplet can be calculated using equations 

(3.6) and (3.7), the friction force and interfacial tension force can be estimated by 

equations (3.8) and (3.9) by neglecting the static friction force. Then the SAW force 

driving the droplet can then be predicted by equation (3.4) with no buoyancy force on 

horizontal.    

The bottom streaming (position 1, Figure 4.10) velocities are measured from the CCD 

camera by the method described in section 4.5.1. At Pin 3.2 W, the bottom streaming 

velocities are from 0.0 to 0.033 m/s, Rex of 166.5 after 1.0 s of input SAW, then reach to 

0.034 m/s with Rex of 169.5 after 2.5 s. By this set of data and the data of density of water 

(a) (b) 

(c) (d) 
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(996.6 kg/m3), the bottom area of  1.64E-5 (m2), the bottom friction force can be estimated 

by equations (3.8) and (3.9) as Ff = 8.37E-5 N. By the data of droplet velocity shown in 

Figure 5.5, using equation (3.7), Cd = 0.3-0.4 [144], where an area of the half-spherical 

droplet is 3.28E-5 m2, the drag force can be calculated using equation (3.6) as Fd = 3.06E-

11 N. 
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Figure 5.5: Pumping velocity of the droplet versus time at different input power levels 3.2 W and 

4.0 W with Rayleigh waves.  
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Figure 5.6: Momentum of the droplet versus time at an input power of 3.2 W and 4.0 W with 

Rayleigh waves. 

The force from interfacial tension of the water droplet with ZnO surface calculated using 

equation (3.11) is 4.3E–4 N with the value of ‘𝜎’ to be 27.8 (mN/m) [146] and the droplet 

size of 5.0 mm. As those sets of data, the drag force is 10-3 smaller than the inertial force 

and the inertial force is 10-3 smaller than the friction force, Ff. Therefore, the interfacial 
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tension force is one order of magnitude larger than friction force. Furthermore, it can be 

concluded that the SAW force (the force driving the entire droplet movement) is generally 

balanced by both the interfacial tension force and the bottom friction force because the 

drag and inertial forces are much smaller. 

The above analysis is also suitable for the deceleration period from 1.0 sec to 4.0 sec of 

SAW acting, the period of steady-state. The same is for the case of the input power of 4.0 

W, where the friction force may make more contribution as the increases in streaming. It 

can be predicted, although not in the range of this study, increasing the SAW force (input 

power) further, the droplets may jump from the surface [198]. 

5.4 The diagnostics of the thermal and kinetic coupling mechanism of SAW on 

droplet using the energy conservation principle. 

Energy conservation includes heat transfers and kinetic energies inside the droplet caused 

by the SAW. For the thermal impacts of SAW on the entire droplet, the discussion begins 

from the thermal images from IR camera that leads to finding the temperature rise of the 

droplet (Td). The temperature of the substrate (Ts) can be found directly from the IR 

camera. Once Td is found, then the temperature difference between droplet and substrate, 

the temperature of the outer layer of the droplet and heat transfer coefficients can be 

predicted to calculate heat transfers inside the droplet.  

5.4.1 The mechanical power due to the changes in the volume of the droplet 

Applying the energy balance to the droplet, equation (3.13), the mechanical work done 

can be calculated using equation (5.1) as following. 

 �̇� = −𝑝                                                           (5.1) 

where 𝑝  is the atmospheric pressure with a value of 101.325 kPa. The rate of volume 

change of the droplet can be calculated by the data obtained from mass analysis in section 

5.2 (Table 5.1and Table 5.2). It is found that the average rate of volume changes with 

time is -1.25E-9 m3/s and 2.26E-9 m3/s at input powers of 2.0 W and 3.2 W, respectively. 

The work done per unit time for these cases is 1.27E-4 W and -2.29E-4 W, respectively. 

The positive work means the droplet delivering the energy to the atmosphere (expansion), 

while, the negative works mean the droplet being compressed by the atmosphere pressure, 
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which is unreasonable. As such, it is suggested that the measured data on the change in 

volume is within measurement error, therefore, the assumption of a constant volume of 

the droplet in this study, is acceptable. This leads to the conclusion that the effect of this 

mechanical power is also negligible. However, the effect of this mechanical power on 

diagnostics of the SAW radiation power will be discussed in section 5.4.6. 

5.4.2 The thermal impacts of SAW on the droplet 

The side view thermal images of the droplet taken from experiments with input power 

values of 0.38 W, 0.96 W, 2.0 W, and 3.2 W are presented in Figure 5.7. SAW is acting 

from the left with varied time frames up to 43.0 s. The colour images show not only the 

temperature increase with time but also the temperature distributions on the droplet 

surface. 

At lower power (0.38 W), there is an impact delay of 5.0 s as there is no significant change 

in the colour of the image, shown in Figure 5.7-a. The visible change in colour can be 

identified from Figure 5.7-a at 11.50 s, where the change started from the bottom. The 

clear colour distribution is identified after 43.0 s of input SAW, which means that the 

droplet does not reach to the thermal steady state for Pin 0.38 W. 

At 0.96 W, the change in colour (the temperature) appears at 5.0 s but the clear 

temperature distribution identified at 11.50 s of SAW elapsed time and high temperature 

at the bottom layer of the droplet can be identified at 23.0 s as given in Figure 5.7-b. It is 

also evident that after 43.0 s of input power, almost uniform temperature distribution 

achieved.  

When the input power increases to 2.0 W, significant colour changes even at 5.0 s of input 

SAW, however, a clear temperature distribution is identified at 11.50 s with the bottom 

layer having higher temperature and top having less as shown in Figure 5.7-c. At this 

input power, the uniform temperature distribution is achieved after 23.0 s, quicker than 

input power of 0.96 W and it continues even up to 43.0 s as given in Figure 5.7-c. 

At the high input power of 3.2 W, a non-uniform temperature distribution starts after 5.0 

s, which is quickest as compared to other input power values as shown in Figure 5.7-d. 

Similarly, almost uniform temperature distribution achieved after 11.50 s which is fastest 

as compared to lower power levels. After 11.50 s, input power continues to increase the 
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overall temperature of the droplet which causes complex heat transfer mechanisms inside 

the droplet, that will be discussed in section 5.4.4. The maximum temperature achieved 

by the input power of 3.2 W is 30.80 °C (55.70-24.90) °C after 43.0 s of an input SAW as 

shown in Figure 5.7-d. 

 

Figure 5.7: Thermal images of droplet by Rayleigh at (a) 0.38 W, (b) 0.96 W, (c) 2.0 W, (d) 3.2 

W (Time 0.0, 5.0, 11.50, 23.53 and 43.0 s from left  to right) observed by FLIR (T-620).  

5.4.2.1 The rise in the average temperature by R-SAW 

The average temperature rise (the temperature of droplet related to its initial temperature) 

of the droplet (Td) can be calculated using equations (4.4) and (4.12), given in Figure 5.8 

at different power levels against time. Td for Pin ≤ 0.96 W shows no significant increase 

as identified in Figure 5.7-a and b. The impact delay for these power levels shown in 

Figure 5.7 has also a reflection in Figure 5.8 as the temperature of the droplet starts 

increasing after a few seconds of input power. For Pin > 0.96 W, the temperature of the 

droplet abruptly increases with time and has more gradient as compared to the lower input 
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power levels. It is found that the maximum average temperature of the droplet increases 

linearly with the input power with the rate of about 9.92 °C/W as presented in Figure 5.9. 

The maximum precise Td at input power levels of 0.38 W, 0.96 W, 2.0 W, and 3.2 W is 

4.5 °C, 10.05 °C, 21.92 °C, and 31.33 °C, respectively as given in Figure 5.8. 
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Figure 5.8: Td using Rayleigh waves from 0.0 to 43.0 s at different power levels (0.38 W, 0.96 W, 

2.0 W & 3.2 W). Td is the rise in temperature of the droplet and time is measured in seconds.  
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Figure 5.9: Maximum average temperature of the droplet after 43.0 s of SAW acting time for input 

power values from 0.38 W to 3.2 W.  

The temperature gradient of the droplet at different Pin versus time are calculated using 

the curve fitting of the temperature data and presented in Figure 5.10. For all input power 

levels, a ‘jump’ at the temperature gradient occurs once the SAW acts. This ‘jump’, 
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however, is relatively small at lower input power, say about 0.05 °C/s, which is almost 

invisible from the images presented in Figure 5.7 and is defined as an ‘impact delay’. 

However, this can be ‘seen’ from the data treated by the method discussed in Chapter 4. 

A significant jump can be observed when the input power increases to 0.96 W when the 

temperature gradient is 0.18 °C/s at the start of SAW elapsed time. 

In addition to the initial jump, the temperature gradients make a ‘wave’ like evolution, 

especially at an input power of 0.38 W and 0.96 W. This ‘wave’ is the reflection from the 

plays between the SAW radiation (the thermal source), heat transfers, and the kinetic 

energy convections. The frequencies of the ‘waves’ are smaller at lower input power. This 

frequency can be measured by the time at the first peak of the ‘waves’ as the half- 

frequency. At lower input power levels, the half-frequencies are 1/14 (1/s) for Pin 0.38 W 

and about 1/7.5 (1/s) for Pin 0.96 W, while at Pin 2.0 W, it increases to 1/3 (1/s), then 

becomes almost infinite at Pin 3.2 W. This means that the significant thermal impact 

occurs immediately due to the SAW radiations at the larger input power. The maximum 

temperature gradient increases with input power quadratically, as shown in Figure 5.11. 

The detailed discussion about the thermal impacts of SAW, the analysis of energy 

distributions is in section 5.4.4. 
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Figure 5.10: Droplet temperature gradient vs time at variable power levels (0.38 W, 0.96 W, 2.0 

W and 3.2 W) by Rayleigh SAW.  
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Figure 5.11: Max. dT/dt vs input power values of 0.38 W, 0.96 W, 2.0 W and 3.2 W using 

Rayleigh waves. 

5.4.2.2 The temperature difference between substrate and the droplet 

The temperature difference, (Ts-d), between the substrate surface and the temperature of 

the droplet at the bottom layer (Tdb) is used to predict the heat transfer from droplet to the 

substrate. The temperature of the substrate surface (Ts) is measured by the infrared camera 

at the position close to the droplet. This difference (Ts-d =Ts–Tdb) versus time at different 

input power is shown in Figure 5.12. At Pin 0.38 W, the temperature of the substrate is 

higher than the droplet temperature, which leads to a positive temperature difference. At 

Pin of 0.96 W, T(s-d) becomes negative after 10.0 s of input SAW, which means that the 

droplet temperature becomes higher than the substrate after this time. 

At higher input power values, 2.0 W and 3.2 W, the temperature difference is positive for 

the initial five seconds, then it becomes negative. This means that the droplet is heated 

from SAW radiation quicker than the lower input power, Pin < 1.0 W as shown in Figure 

5.12. This temperature difference remains negative for the rest of the time up to 43.0 s for 

higher Pin. The detailed discussion about heat transfers between the substrate and the 

droplet is presented in section 5.4.4.   
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Figure 5.12: Temperature difference of droplet and substrate at different Pin values (0.38 W, 0.96 

W, 2.0 W and 3.2 W) by Rayleigh. T(s-d) is in °C and time is measured in seconds. 

5.4.3 The kinetic impacts of SAW on the droplet: streaming inside the droplet  

Velocities of particles at three different positions have been estimated using PIV, detail 

of which has already been discussed in section 4.5.1. The velocities of particles at the 

input power of 0.38 W to 3.2 W are shown in Figure 5.13. It is found from Figure 5.13 

that U1 is highest as compared to U2 and U3 for all input power levels, except the lowest 

input power of 0.38 W. This indicates that the friction or the friction coefficient of water 

fluid with the substrate at this lower input power (the lower velocity) is larger than fluid 

viscosity. At Pin > 0.38 W, the velocity at the bottom layer increases, as shown in Figure 

5.13-b,c and d, driven by more SAW power, which leads to a decrease in the friction 

coefficient of water fluid with the substrate [144] (refer to equation (3.9)). The streaming 

velocities are associated with the thermal data as explained in Figure 4.15 and section 

4.5.4. 

It has been noticed, from Figure 5.7, that the temperature of the droplet layer next to the 

substrate is higher as compared to other portions of the droplet. For instance, in the case 

of Pin 0.38 W, the bottom heating from the substrate plays the role. However, at the higher 

input power cases (Pin > 0.90 W), the streaming of the fluid at the bottom layer increases 

which causes force convection and enhances the heat transfer. The more heat is 

transferred from SAW, acting from edge to the entire droplet, including the bottom layer. 
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This leads to the coupling of the streaming with the thermal impact of SAW. The 

temperature distributions of the droplet can be referred to as section 5.4.1. 
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Figure 5.13: Velocity of particles at three different positions with Rayleigh waves for an input 

power of (a) 0.38 W (b) 0.96 W, (c) 2.0 W and (d) 3.2 W. U1 is the velocity at a position close to 

the substrate inside the droplet, U2 is on the top and U3 is the vortex velocity.  

5.4.4 Diagnosis of heat transfers inside the droplet  

As presented in section 3.1.3 and Figure 3.3, input SAW contributes to the energy 

absorbed by droplet (𝐸̇ ,W), heat transfers from the substrate to the droplet (�̇� ), from 

droplet to the air (�̇� ), and heat radiated from SAW (�̇� ).  

The first kind of the thermal impact of SAW on the droplet is the increase in the enthalpy 

(or internal energy) of the droplet, 𝐸̇ , can be calculated using equation (4.14) and 

presented in  Figure 5.14 (a). 

(a) (b) 

(c) (d) 
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Figure 5.14: Rates of energy absorbed, heat transfers inside and outside of the droplet at power 

levels of 0.38 W, 0.96 W, 2.0 W and 3.2 W (a) �̇�  (rate of energy absorbed by the droplet), (b) 
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�̇�  rate of heat transfer from substrate to the droplet, (c) �̇�  rate of heat transfer from air to the 

droplet. Rates of heat transfers are measured in watts and time is measured in seconds. 

The data required to calculate the total energy absorbed by the is listed in Table 5.3. From 

the results, it is found that the total energy change in enthalpy of the droplet is directly 

proportional to the input power as presented in Figure 5.14-a. At Pin ≤ 0.96 W, �̇�  

becomes almost steady after 15.0 s of input power, however, at Pin > 0.96 W, absorbed 

energy continuously decreases with time. �̇� , as given in equation (4.14), is proportional 

to the temperature gradient (dT/dt) since other values do not vary significantly. For 

instance, the specific heat capacity of water, 𝐶 = 4.184 kJ/kg.K at Td= 20 °C and 4.181 

kJ/kg.K at Td =50 °C [199] and density of water for this temperature range changes from 

998.20 kg/m3 to 987.83 kg/m3 [200]. Therefore, �̇�  has similar trend as for the 

temperature gradient as presented in Figure 5.14-a.  

Table 5.3: Specific heat capacity and the density of the water within temperature range 0 to 50.0 

°C  [199], [200]. 

Temperature (°C) Specific heat 

capacity 

(KJ/kg.K) 

Density 

(kg/m3) 

0 4.219 999.80 

20 4.184 998.20 

25 4.181 997.02 

30 4.180 995.54 

40 4.179 992.10 

50 4.181 987.83 

The next is the rate of heat transfer from the substrate to the droplet, �̇� , calculated by 

equation (4.15). As previously discussed, the heat transfer from the substrate to the 

droplet is dominated by both the convection of fluid flows, 𝛼 , the effective heat transfer 
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coefficient, and the temperature difference, T(s-d). The 𝛼  calculated by equation (4.16), 

and Tdb, required to find �̇�  is given in Figure 5.15 and Figure 5.16, respectively.   

�̇�  for different input power levels for R-waves is shown in Figure 5.14-b. For lower input 

power, 0.38 W, heat is transferred from the substrate to the droplet all over the time from 

start to the end of SAW input. As discussed in section 5.4.2.2, the results from interplays 

of heating both from SAW radiation and the heating from the substrate. When analysing 

the data of each term, it can be realized that the power of the droplet absorbed and the 

received from the substrate are all at the same orders of magnitude, say ~ 0.01 W to 0.02 

W. However, the power lost by the droplet to the surrounding air is one order of 

magnitude lower, ~0.002 W. This means, the heating to the droplet is mostly due to the 

heat transfer from the substrate where the droplet placed on. The smaller losses in heat to 

air lead to the temperature of droplet increase to 4.6 °C. However, the droplet cannot be 

heated at a temperature higher than the temperature of the substrate, as indicated by the 

data of Ts-d in Figure 5.12. 
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Figure 5.15: Effective heat transfer coefficient (𝛼 ) for power values 0.38 W, 0.96 W, 2.0 W and 

3.2 W against time 0.0 to 43.0 for R-waves, where α is in W/m2K and time is in seconds.  
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Figure 5.16: Temperature of the bottom layer of the droplet (Tdb) directly contacts with the 

substrate at Pin values of 0.38 W to 3.2 W using R-waves. 

However, it is interesting to find out a so-called ‘inverse heat transfer’ at an input power 

of 0.96 W, that causes the heat transfer from droplet to the substrate just after 10.0 s of 

input power as shown in Figure 5.14-b. The increased SAW power transfers much more 

power to the droplet. The input power is partially absorbed by the fluid, converted to the 

thermal power to increase the fluid temperature. On the other hand, part of the SAW power 

penetrated inside the droplet is converted to the kinetic energy to enhance fluid streaming. 

It is this streaming which transfers the thermal power of the fluid at the edge of the droplet, 

where the SAW penetrated to, to rest part of the droplet, including the bottom layer where 

it is heated by the substrate as well. This dynamic process takes about 10.0 s in this case, 

then the fluid on the bottom layer is heated up to a temperature higher than the temperature 

of the substrate. Therefore, the reverse heat transfer takes place to transfer heat from 

droplet to the substrate. This ‘reverse time’, the time of the reverse heat transfer occurs, 

decreases as the input power increases. 

For power values 2.0 W and 3.2 W, the droplet is heated more effectively to increase the 

temperature higher than the substrate temperature just after five seconds of input SAW. 

This means that inverse heat transfer takes place from droplet to the substrate quicker 

than 0.96 W, say from 10.0 s at an input power of 0.96 W to 5.5 s and 6.0 s at input power 

values of 2.0 W and 3.2 W, respectively, as shown in Figure 5.14-b. Although the 

substrate is already heated, however, when the droplet temperature becomes higher than 

the substrate, according to the general heat transfer rule, heat will flow from higher to the 
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lower temperature. However, such a small ‘reverse’ heat flux makes an insignificant 

impact on the large volume of the substrate.  
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Figure 5.17: Effective heat transfer coefficient (𝛼 ) for power values 0.38 W, 0.96 W, 2.0 W and 

3.2 W against time 0.0 to 43.0 for R-waves, where α is in W/m2K and time is in seconds. 

The only sink of the heat is the heat transfer from the droplet to the air, �̇� , that can be 

diagnosed by equation (4.15), presented in Figure 5.14-c. The heat transfer from the 

droplet to the air, �̇� , is dependent on the effective heat transfer coefficient, 𝛼 , and the 

temperature difference, (Ta-Tds). Ta is the temperature of the surrounding air (room 

temperature) and Tds is the temperature of the outer layer of the droplet directly in contact 

with the air as explained in Figure 4.15. Natural convection heat transfer takes place near 

the droplet which is already discussed in section 4.5.6.1. 𝛼  estimated by equations (4.17) 

and (4.18), shown in Figure 5.17. It is clear from Figure 5.15 and Figure 5.17 that 𝛼  due 

to natural convection of air is much smaller than the 𝛼 , which is because of forced 

convection of streaming at the bottom layer. The temperature of the surrounding air as 

recorded during experiments is 24.0 °C and the temperature of the droplet outer layer, Tds, 

of each power is presented in Figure 5.18. Note that these values are the actual 

temperature of the droplet, not the temperature rise. 
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Figure 5.18: Temperature of the outer layer of the droplet (Tds) directly contact with air at Pin 

values of 0.38 W to 3.2 W using R-waves.  

The heat lost to the air has a direct relation with the input power; the higher the power 

input, the more heat transferred to the air. In general, the heat transfer rate to the air is 

always smaller in comparison with those of heat transfers to the substrate (Figure 5.14-

b). In principle, it is the reflection of the heat transfer mechanism of natural convection 

and forced convection. The forced heat convection due to high streaming velocity at the 

bottom layer of the droplet causes the heat transfer to increase when the input power is 

larger than 0.90 W.  Therefore, �̇�  is smaller than �̇�  since natural convection involves 

�̇�  and forced convection causes �̇�  to be more significant. In comparison to the increase 

in enthalpy of the droplet, the heat transfer rate to the air is at least one order of magnitude 

smaller (Figure 5.14-a).  

5.4.5 Diagnostics of kinetics inside the droplet 

The model presented in Figure 3.3 describes kinetic energy inside the droplet mainly 

because of viscous streaming and friction near the substrate. How these mechanisms 

contribute to energy conservation is diagnosed and discussed here.  

The rates of kinetic energies of streaming �̇�  and friction �̇�  inside the droplet are 

calculated by equations (4.20) and (4.21) and presented in Figure 5.19 and Figure 5.20, 

respectively. The dynamic viscosity of the droplet, µ , (N.s/m2), against temperatures 

from 20 °C to 50 °C is listed in Table 5.4 [195]. It can be seen that both of these two 

kinetic powers are in the order of 10-6 and 10-8 W that is not significant as compared to 
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the heat transfers inside the droplet, shown in Figure 5.14. The positive value of these 

kinetic means the fluid absorbs the power from SAW or other thermal sources, while, the 

negative value means the conversion of kinetic power to thermal energy. The results show 

that friction powers are much larger than the power of the droplet streaming (rotational 

acceleration of the fluids) as given in Figure 5.19 and Figure 5.20. 

Table 5.4: Dynamics viscosity of the droplet (water) at temperature values 20 °C to 50 °C. 

Temperature (°C) Dynamic Viscosity 

(N.s/m2) 

20 1.002E-3 

30 0.7978E-3 

40 0.6531E-3 

50 0.5471E-3 
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Figure 5.19: Rate of kinetic energy, �̇� (W), Kinetic streaming power inside the droplet for Pin 

(0.38 W, 0.96 W, 2.0 W and 3.2 W), kinetic power is measured in watts and time is measured in 

seconds. 
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Figure 5.20: Rate of kinetic energy, �̇� (W), Kinetic power due to friction near the bottom of the 

droplet for Pin (0.38 W, 0.96 W, 2.0 W and 3.2 W), kinetic power is measured in watts and time 

is measured in seconds. 

5.4.6 Estimation of heat radiated inside the droplet 

It has been noted that it is difficult by both the theories and the direct experimental 

observations to identify how much the power radiated into the droplet. As proposed in 

section 3.1.3, the rate of radiated power (�̇� ) can be estimated by the proposed energy 

model and equation (4.13), whereas all other terms in equation (4.13) are diagnosed and 

discussed in section 5.4.4. Note, it is the radiated heat as the source to heat the droplet in 

terms of heat absorption by water and then transfers to the surroundings (air and 

substrate). 

In addition to the general trend, �̇� , increases with an increase in input power as shown 

in Figure 5.21. It is identified that the SAW power penetrates inside the droplet that varies 

with time. At the lowest input power of 0.38 W, the SAW power is penetrating to the 

droplet eventually without a notable ‘jump’. It reaches a peak at about 19.0 s of the SAW 

elapsed time, then shows some fluctuations, which also shows the development of the 

droplet absorption power given in Figure 5.14-a. From this result, it seems that at lower 

input SAW power, the droplet is possible to reach to a ‘wave-like’ steady-state with the 

interaction balance of all the thermal and mechanical (kinetic powers) impacts. 

When the input power increases to 0.96 W, a ‘jump’ occurs as soon as the R-waves 

penetrates inside the droplet, then it shows the trend as is for 0.38 W, a steady-state 

approaching with the interaction balance of all the impacts.  
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However, in addition to a big jump start, when the input power increases to 2.0 W and 

3.2 W, more power is transferred to the droplet which causes to achieve the peak quicker 

than the lower input power. It can be confirmed for these larger input power cases, that 

the droplet does not reach a steady-state also evident in Figure 5.8. The summary of all 

heat transfers and kinetic energies inside the droplet using Rayleigh waves is shown in 

Figure 5.22. 
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Figure 5.21: �̇�  rate of heat radiated from left edge of the droplet. �̇�  is measured in watts whereas 

SAW is applied for 43.0 seconds. 
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Figure 5.22: Summary of kinetic energies (Kst & Kf) and heat transfers (Qr, Qs & Qa) inside the 

droplet using Rayleigh waves. Heat transfer from substrate to the droplet (Qs) takes place when 

Pin < 0.50 W and inverse will be the case when Pin > 0.50 W. 
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5.4.6.1 The effect of mechanical work on the �̇�𝒓  

It is important to discuss the impact of work done, �̇�, as estimated in section 5.4.1, on 

the diagnostics of  �̇� . Since this work is based on the data of the volume of the droplet. 

Therefore, how much accuracy of predicted �̇� depends on the accuracy of the 

measurements of the volume of droplet. It has been discussed in section 5.2 that the 

changes in volume (mass) of the droplet is in the range of measurement errors, say less 

than 5%. Therefore, it is reasonable to keep the assumption of the constant mass of the 

droplet, meanwhile, the constant volume of the droplet as well. The errors lead by this 

assumption on diagnostics is checked and the results are shown in Figure 5.2, from where 

it can be identified that the volume effect is negligible. 

5.5 Repeatability of experiments 

Experiments showed good repeatability when repeated with the same device, same 

parameters, same wave mode, frequency and with the same input power values. Some of 

the important results are presented in Figure 5.23 where the rate of energy absorbed, heat 

transfer from substrate to the droplet and heat radiated inside the droplet are shown. It is 

understandable that when experiments are repeated, even by keeping all the parameters 

similar, results may differ. In this study, when results were repeated, get a similar trend 

but values are slightly different.  

When compare energy absorbed by the droplet, Figure 5.23-a, the overall trend is similar 

but results do not show a wave-like structure as in Figure 5.14-a. Similarly, when 

comparing heat transfer from the substrate to the droplet and heat radiated inside the 

droplet, Figure 5.23-b and c, a similar trend has been observed with some different values. 
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Figure 5.23: (a) Rate of energy absorbed (�̇� ), (b) Heat transfer from substrate to the droplet (�̇� ) 

(c) Heat radiated from the edge of the droplet (�̇� ) at input power of 0.38 W, 0.96 W, 2.0 W, 3.2 

W using Rayleigh waves. 

(a) 

(b) 

(c) 
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5.6 Summary  

In this chapter, mass, momentum, and energy conservation principles have been 

implemented using R-waves. It is concluded from the above discussion that no significant 

mass transfer takes place in the power range 0.38 W to 3.2 W. Results from higher power 

levels, 2.0 W and 3.2 W, are presented here for illustration which shows that the relative 

mass change regarding original mass is less than 5% for both cases. 

From 0.38 W to 2.0 W, there is no significant deformation or movement of the droplet, 

only the streaming inside the droplet has been observed. However, at the input power of 

3.2 W, the droplet moves with a velocity of 0.15 mm/s within 1.0 s of SAW elapsed time 

which stops after 4.0 s of input power. Since inertial and drag forces are much smaller, 

therefore, the SAW force is balanced by the friction force and interfacial tension force at 

an input power of 3.2 W. However, at the input power of 4.0 W, SAW force is much 

larger than friction and drag force which pushes the droplet to move with a velocity of 

0.6 mm/s. Then deceleration occurs from 1.0 s to 4.0 s and droplet stops when the surface 

tension and the drag force overcomes the SAW force. 

For the energy conservation principle, thermal and kinetic impacts of the SAW have been 

identified. Energy absorbed by the droplet is mainly dependent on the temperature 

gradient which decreases with time as the temperature approaches to steady-state. Impact 

delay has been observed for an input power of 0.38 W where the droplet temperature 

starts increasing after a few seconds of input SAW. However, a clear temperature 

distribution is observed for power values greater than 0.38 W. 

The reverse time is defined as the time it takes for the droplet to get heat more than the 

substrate which leads to reverse heat transfer from substrate to the droplet. Heat transfer 

from the substrate to the droplet takes place when Pin < 0.50 W. However, inverse heat 

transfer takes place from the droplet back to the substrate after a few seconds of SAW 

when Pin > 0.50 W. 

Heat transfer always takes place from droplet to the air since this is heat leaving the 

system and the droplet temperature is always higher than the surrounding temperature. 

Heat transfer from the edge of the droplet, rate of radiated heat transfer, (�̇� ) has an 

important role in the heating of the droplet. At lower power, �̇�  is not playing a vital role, 
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however, most of the energy being transferred to the droplet is from the substrate at this 

power. But, at higher Pin, the value of �̇�  is highest amongst all other heat transfer 

mechanisms inside the droplet. Besides, kinetic powers (streaming and friction) are not 

as significant as compared to heat transfers. 

The results obtained from the Rayleigh waves are satisfactory. Considering the need to 

compare and validate these results, it is necessary to apply another wave mode for 

empirical comparison. Therefore, the next chapter discusses the implementation of the 

proposed model to find the coupling mechanism using Sezawa waves. 
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Chapter 6:  Analysis of The Impact Mechanisms of Sezawa SAW on 

Microdroplet 

This chapter is focussed on thermal and kinetic impacts of Sezawa waves (S-waves) on 

the water droplet. The mechanism of S-waves has been discussed in section 2.3.2 and 

2.4.2. The resonant frequency of Sezawa mode is normally double of R-waves [201]. The 

phase velocity and amplitude of Sezawa are higher than Rayleigh. However, R-waves 

travel on the top surface whereas Sezawa waves travel in interlayers between the substrate 

and piezoelectric material [74], [108]. Therefore, it is important to investigate the impact 

mechanisms of S-waves on microdroplet and apply conservation principles. 

6.1 Introduction 

Sezawa waves are the second-order harmonic wave obtained using the same device (Al 

plate with thickness 600 µm and λ 100 µm) as presented in Figure 5.1-a. Through a 

network analyser, the resonant frequency for this wave is found to be 52.220 MHz that is 

almost double than Rayleigh (26.300 MHz). The same experimental setup and the 

methodology has been used for these waves to find the mass, momentum and energy 

transfers as presented in Chapter 3 and Chapter 4. 

The model presented in Chapter 3 is applied here to investigate the transfer mechanisms 

of mass, momentum and energy of the droplet acted by Sezawa SAW. The input power 

values range from 0.30 W to 3.34 W, trying to match those with the Rayleigh for 

comparison. 

6.2 Analysing of the mass impact of SAW on droplet by mass conservation 

principle 

To calculate the volume and mass change of the droplet, the same method and calculations 

have been used as discussed in section 4.4. The volume of the droplet at input power 

values of 2.07 W and 3.34 W are presented in Figure 6.1. The results showed that there 

are no significant changes in the volume of the droplet.  
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Figure 6.1: Volume of the droplet versus time at an input power of 2.07 W and 3.34 W using 

Sezawa waves. 

The mass change of the droplet at an input power of 2.07 W is listed in Table 6.1. It is 

evident that if the original mass of the droplet is 0.000269 kg, then mass change with 

regards to the original mass is 3.5% which is less than 5% thus within the error range. 

Table 6.1: Mass change of the droplet versus time at Pin 2.07 W using Sezawa waves. 

Time 

(s) 

The volume of the 

droplet (m3) 

dm/dt (kg/s) Initial Mass 

(kg) 

Relative mass 

change (kg)  

0 2.6973E-07 0 0.000269 
 

0 

6 2.4191E-07 -4.66E-06  -0.01734 

9 2.3162E-07 -3.46E-06  -0.01284 

11 2.5096E-07 9.57E-06  0.035563 

16 2.2731E-07 -4.74E-06  -0.01761 
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23 2.5696E-07 4.17E-06  0.015502 

36 2.2731E-07 -2.28E-06  -0.00847 

43 2.618E-07 4.86E-06  0.01808 

Mass transfer using Sezawa waves at an input power of 3.34 W is listed in Table 6.2. The 

volume of the droplet and ultimately mass versus time does not change significantly. If 

the initial mass is 0.0003021 kg, then relative mass change versus the initial mass is 4.4% 

which is again less than 5% means and hence within the error range. 

Table 6.2: Mass change of the droplet versus time at Pin 3.34 W using Sezawa waves. 

Time 

(s) 

The volume of 

the droplet (m3) 

dm/dt (kg/s) Initial Mass 

(kg) 

Relative mass 

change (kg) 

0 3.0307E-07  0.000302139 
 

0 

6 3.1892E-07 2.535E-06  0.008395 

9 3.3718E-07 5.943E-06  0.019677 

11 3.1005E-07 -1.36E-05  -0.04494 

16 3.048E-07 -1.13E-06  -0.00373 

23 2.9449E-07 -1.53E-06  -0.00506 

36 2.9279E-07 -1.69E-07  -0.00056 
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43 2.8942E-07 -5.09E-07  -0.00169 

6.3 Analysis of the mechanical impact mechanism of SAW on droplet using 

momentum conservation 

Principally, when the SAW force overcomes the drag force then the droplet moves in the 

direction of the waves opposite to the IDT. Equation (3.4) and Figure 3.2 shows several 

forces acting on the droplet. According to the conservation principle, all forces should 

balance each other. Figure 6.2 and Figure 6.3 show a possible movement of the droplet at 

a different time frame with an input power of 3.34 W and 4.18 W, respectively. The purple 

line on the left of the droplet shows the original position of the droplet before applying 

SAW. It is evident from Figure 6.2 and Figure 6.3 that the droplet remains stationary and 

does not move or slide away. Since Sezawa travels in the interlayers, that is why they 

have less SAW force which does not overcome other forces to move the droplet. 

     

     

Figure 6.2: Droplet movement/pumping (a) Before providing SAW (b) After 1.0 s (c) After 2.50 

s (d) After 9.0 s of the SAW acting time at 3.34 W with Sezawa waves.  

(a) (b) 

(c) (d) 
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Figure 6.3: Droplet movement/pumping (a) Before providing SAW (b) After 1.0 s (c) After 2.50 

s (d) After 9.0 s of the SAW acting time at 4.18 W with Sezawa waves.  

The velocities of the particles at the bottom of the droplet are calculated as described in 

section 4.5.1. At an input power of 3.34 W, the bottom streaming velocities are from 0.0 

to 0.014 m/s and Rex of 70.99 at SAW acting time to 1.0 sec and then reach to 0.019 m/s 

with Rex of 95.87 at 2.50 sec. From this set of data and the data of density of water (996.6 

kg/m3), the bottom area of the droplet is 1.64E-5 (m2), the bottom friction force calculated 

by equations (3.8) and (3.9) is Ff = 9.85E-6 N. Buoyancy force can be neglected, the drag 

and inertial force are dependent on the droplet acceleration moving along the substrate 

surface. Since the droplet velocity is zero, no momentum has been observed, therefore, 

there will be no drag and inertial forces. Hence, the SAW force will be equal to the friction 

force in the opposite direction. The same is the case for an input power of 4.18 W. 

6.4 The diagnostics of the thermal and kinetic coupling mechanism of SAW on 

the droplet using the energy conservation principle. 

Energy conservation includes heat transfers and kinetic energies inside the droplet caused 

by the waves as discussed in section 3.1.3. Firstly, it is important to diagnose the thermal 

(a) (b) 

(c) (d) 
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impact (internal energy) of the droplet caused by these waves. The internal energy can be 

estimated from the thermal images which lead to finding the temperature rise of the 

droplet (Td). The thermal images obtained using the same method as for the R-waves 

discussed in section 4.4. Once Td is known, then the temperature of the bottom layer, the 

outer layer of the droplet can be predicted. However, the data from streaming and friction 

can be associated with the thermal energy to find the coupling mechanism and finally to 

find the heat transfers inside the droplet.  

6.4.1 The mechanical power due to the changes in the volume of the droplet 

Applying the first law of thermodynamics, equation (3.13) to our analysing model, work 

done can be calculated using equation (5.1). The volume change of the droplet with time, 

 can be calculated using the data listed in Table 6.1 and Table 6.2. The average rate of 

change of volume for input power values of 2.07 W and 3.34 W is -2.16E-09 m3/s and 

8.85E-10 m3/s, respectively. Therefore, the work done is found to be -2.19E-04 W and 

8.97E-05 W for input power values of 2.07 W and 3.34 W, respectively. This reveals that 

changes in the volume of the droplet are not significant, hence, our assumption the volume 

of the droplet remains constant in this study is reasonable. Furthermore, the work done 

using Sezawa waves is not significant, therefore, mechanical power is very small and can 

be neglected in further discussion. 

6.4.2 The thermal impacts of SAW on the droplet 

The thermal images for the droplet using Sezawa waves with input power values of 0.30 

W, 0.99 W, 2.07 W, and 3.34 W are presented in Figure 6.4. Times are shown at the 

bottom of each droplet and the colours shown in each droplet represents temperature 

distribution inside the droplet with temperature bar on the right side for each case. 

Impact delay has been observed for the first 11.50 s for an input power of 0.30 W, as 

presented in Figure 6.4-a. Since, at low power, most of the energy dissipates inside the 

substrate and does not add to increase the temperature of the droplet. However, the colour 

starts to change after 23.53 s and more heat is observed at the bottom layer of the droplet 

after 43.0 s of input SAW as shown in Figure 6.4-a. At this low power, a non-uniform 

temperature distribution is observed even after 43.0 s of SAW elapsed time. 
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The impact delay time reduced when input power given to the droplet increased from 0.30 

W to 0.99 W as shown in Figure 6.4-b. Therefore, the colour of the droplet starts changing 

after 5.0 s of SAW acting time but there is no clear temperature distribution. However, the 

temperature distribution starts after 11.50 s with more temperature at the bottom side of 

the droplet. A clear temperature distribution observed after 23.53 s of the SAW elapsed 

time and temperature becomes almost uniform after  43.0 s of input power as presented 

in Figure 6.4-b. 

 

Figure 6.4: Thermal images of droplet by Sezawa waves at (a) 0.30 W, (b) 0.99 W, (c) 2.07 W, 

(d) 3.34 W (Time 0.0, 5.0, 11.50, 23.53 and 43.0 s from left  to right) observed by FLIR (T-620). 

Temperature is measured in °C and time in seconds. 

By increasing the input power, the temperature uniformity is achieved quicker than the 

lower input power. For Pin 2.07 W, a very clear temperature distribution has been 

observed after 11.50 s of SAW acting time and the temperature of the droplet becomes 

uniform after 23.53 s as identified in Figure 6.4-c. 
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Similar behaviour is observed for an input power of 3.34 W with temperature distribution 

to start after 5.0 s of SAW acting time and uniformity of the droplet achieved after 23.53 

s of input power as shown in Figure 6.4-d. It is evident from all these cases that the Td 

increases linearly with the increase in input power and Td becomes uniform quicker with 

the higher Pin as compared to the lower. At higher input power, once Td becomes uniform, 

then input power continues to increase the average temperature of the droplet which 

causes heat transfer mechanisms to increase both inside and outside of the droplet. 

Therefore, the maximum temperature achieved by Sezawa waves is 30.10 °C (55.60-

25.50) °C at an input power of 3.34 W after 43.0 s of input SAW as predicted from Figure 

6.4-d. 

6.4.2.1 The rise in the average temperature of the droplet using Sezawa waves 

The graphical form of average temperature increase inside the droplet at four different 

input power levels is presented in Figure 6.5. The average temperature of the droplet is 

not significant for low input power values as it is also depicted in Figure 6.4. For a low 

input power of 0.30 W, between time 2.0 to 3.0 s, the temperature gradient is 0.121 °C/s 

and for an input power of 3.34 W, it is 1.19 °C/s. Therefore, the gradient increases with 

the increase in input power, as shown in Figure 6.5.  

Since high power has high streaming and vibration inside the droplet, that is why there 

are some fluctuations in the average Td at an input power of 3.34 W, as presented in Figure 

6.5. Moreover, it has been found that the temperature of the droplet increases linearly 

with the input power. For instance, the maximum rise in temperature at the input power 

of 0.30 W, 0.99 W, 2.07 W and 3.34 W is 3.82 °C, 9.91 °C, 18.61 °C and 29.65 °C 

respectively after 43.0 s of SAW elapsed time as shown in Figure 6.5. This means that the 

droplet temperature increases approximately by the rate of 9.91 °C/W. The relation 

between input power and the average temperature of the droplet has been presented 

graphically in Figure 6.6. 
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Figure 6.5: Average temperature increase inside the droplet using Sezawa waves at a power input 

of 0.30 W, 0.99 W, 2.07 W and 3.34 W. Temperature is measured in °C and time in seconds. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

5

10

15

20

25

30

M
a

x 
A

ve
ra

g
e

 T
e

m
p 

(°
C

)

Pin (W)  

Figure 6.6: Maximum average temperature of the droplet after 43.0 s of SAW acting time for the 

input power values from 0.30 W to 3.34 W using Sezawa waves. 

Temperature increase inside the droplet can be well explained from the gradient curves 

(dT/dt) against input power, as presented in Figure 6.7. The gradient can be obtained using 

curve fitting method or simple differentiation of average temperature values against time. 

An initial ‘jump’ has been observed for all power values at the start of input power. This 

‘jump’ is not significant for an input power of 0.30 W. The impact delay identified in 

Figure 6.4-a has the reflection in Figure 6.7 for lower power value (0.30 W). However, a 

big jump has been observed for 0.99 W which is also clear from Figure 6.4-b. It is 
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important to note that all the gradient lines make a ‘wave’ like visualization with 

frequencies vary from lower to higher power. This frequency can be measured by 

measuring the peak value which will be half of the frequency. For example, 0.30 W has 

1/10 (1/s), for 0.99 W it increases to 1/14 (1/s) and infinity for higher power values of 

2.07 W and 3.34 W. 

The gradient for Pin, 0.30 W and 0.99 W, approaches to zero after 43.0 s of SAW elapsed 

time that means the droplet temperature reaches to the steady-state after 43.0 s of input 

SAW as shown in Figure 6.7. The highest gradient is accomplished with an input power 

of 3.34 W at the start of applying SAW. The maximum gradient attained by each input 

power value is presented in Figure 6.8. The abrupt increase in the temperature gradient 

of the droplet at the start of the input power of 0.99 W, as shown in Figure 6.8 is also 

clear from Figure 6.4. 
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Figure 6.7: Temperature gradient dT/dt using Sezawa waves at 52.220 MHz with a power input 

values of 0.30 W, 0.99 W, 2.07 W and 3.34 W using S-waves. 



117 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
ax

 d
T

/d
t 

(°
C

/s
)

Pin (W)  

Figure 6.8: Max dT/dt at input power values of 0.30 W, 0.99 W, 2.07 W and 3.34 W using S-

waves. 

6.4.2.2 The temperature difference of substrate and the droplet  

It has been observed that other than the SAW heating the droplet, the temperature of the 

substrate also changes which has an impact on the Td. The temperature of the substrate is 

measured directly from the FLIR camera videos. The temperature of the bottom layer of 

the droplet, Tdb, elements (13-16) close to the substrate, as shown in Figure 4.13, help to 

find T(s-d). The difference (T(s-d)= Ts – Tdb) versus time at four input power values is shown 

in Figure 6.9. It is evident from Figure 6.9 that T(s-d) is positive for power values < 1.0 W 

even after 43.0 s of SAW elapsed time which means that the substrate temperature remains 

higher than the droplet temperature in this power range. However, in the case of power 

values > 1.0 W, the difference T(s-d) remains positive for an initial 10.0 s, then it becomes 

negative, which means droplet temperature becomes higher than substrate temperature at 

2.07 W and 3.34 W as shown in Figure 6.9. The detailed discussion about the heat transfer 

from the substrate to the droplet is presented in section 6.4.4. 

Tdb for different input power values is presented in Figure 6.10. The trend is almost similar 

as for the average temperature of the whole droplet but it is clear that Tdb is higher than 

Td as shown in Figure 6.10 and Figure 6.5. This is also evident from the thermal images 

of the droplet shown in Figure 6.4. 
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Figure 6.9: Temperature difference T(s-d) at different power levels using Sezawa waves at 0.30 W, 

0.99 W, 2.07 W and 3.34 W from zero to 43.0 s. The negative difference means the temperature 

of the droplet is more as compared to the substrate. 
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Figure 6.10: Temperature of the bottom boundary layer of the droplet Tdb at power input values 

of 0.30 W, 0.99 W, 2.07 W and 3.34 W required to calculate �̇� . Tdb is measured in °C and time 

is measured in seconds. 

6.4.3 The kinetic impacts of SAW on the droplet 

The velocity of the particles estimated using the PIV method, detail of which is available 

in section 4.5.1. Average velocities of particles at three different positions inside the 

droplet at input power values of 0.30 W, 0.99 W, 2.07 W and 3.34 W are shown in Figure 

6.11. It is evident from Figure 6.11 that similar to the Td, average velocities of the droplet 

also increases with the time and with input power. 
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Figure 6.11: Average velocities of particles at three different positions inside the droplet at an 

input power of (a) 0.30 W (b) 0.99 W (c)  2.07 W (d) 3.34 W from zero to 43.0 s. U1 belongs to 

the velocity close to the substrate, U2 on the top of the droplet and U3 is the vortex velocity. 

Like R-waves, the average velocity of the particles for S-waves, near to the substrate (U1) 

is the highest for all the cases except for the input power of 0.30 W. This means that, at 

lower power, near the substrate, friction is high enough which hinders the particles to 

move and increase their velocities, the inverse is the case for a higher power. Equations 

(3.8) and (3.9) show the relation for friction or friction coefficient. Velocity can be 

associated with the temperature of the droplet since where the velocity is higher, the 

temperature is also higher as compared to other portions inside the droplet. The detail for 

the influence of these streaming velocities on the kinetic energies has been presented in 

section 6.4.5.  

(a) (b) 

(c) (d) 
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6.4.4 Diagnostics of heat transfers inside the droplet 

The proposed model shown in Figure 3.3 depicts that input power given to the droplet is 

utilized to absorb the energy by the droplet (𝐸̇ ), transfer heat from the edge of the droplet 

(�̇� ), from the substrate to the droplet (�̇� ), and from droplet to the surroundings (�̇� ). 

The energy absorbed by the droplet (𝐸̇ ) is the rate of change in enthalpy which can be 

calculated using equation (4.14) as shown in Figure 6.12-a. It is clear from equation (4.14) 

that 𝐸̇  is dependent on the temperature gradient of the droplet since other values do not 

change significantly. However, the change in heat capacity and density of the water within 

the temperature range of this study has been considered in the calculation and values listed 

in Table 5.3. Since other values in calculating 𝐸̇  do not influence too much, that is why 

the trend of 𝐸̇  is almost similar as for the temperature gradient of the droplet (Figure 6.7 

for dT/dt).  

More data points showing in the start of input SAW power in Figure 6.12-a is to focus on 

how energy entering inside the droplet changes the enthalpy of the droplet. The gradient 

decreases with time since Td approaches the steady state. Moreover, 𝐸̇  at 3.34 W is 1.5 

times more as compared to 𝐸̇  at 0.99 W. This means by increasing the input power three 

times increases the energy absorbed half of it.  
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Figure 6.12: Rates of energy absorbed, heat transfers inside and outside of the droplet (a) �̇�  (rate 

of energy absorbed by the droplet), (b) �̇�  rate of heat transfer from substrate to the droplet, (c) 

�̇�  rate of heat transfer from air to the droplet using Sezawa waves at power input values of 0.30 

W, 0.99 W, 2.07 W and 3.34 W. 

The rate of heat transfer from the substrate to the droplet (�̇� ) is calculated by equation 

(4.15) and presented in Figure 6.12-b. �̇�  is dependent on the effective heat transfer 

coefficient (𝛼 ), the temperature difference between substrate and the droplet, T(s-d). The 

value of 𝛼  has been calculated using co-relations mentioned in equation (4.16) and 

presented in Figure 6.13. The effective heat transfer coefficient does not influence too 

much since the droplet area is in the order of 10-5, therefore, the trend for �̇�  is quite 

similar to Figure 6.9 where the temperature difference, T(s-d), is presented against input 

power values.  

(b) 

(c) 
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Heat transfer takes place from substrate to the droplet when Pin < 1.0 W, however, the 

inverse is the case when Pin > 1.0 W after a few seconds of the input power as presented 

in Figure 6.12-b. The ‘reverse time’ has been introduced which means the time it takes 

for the heat transfer to go in the opposite direction, for instance, from droplet back to the 

substrate. For the case of power values, 2.07 W and 3.34 W, reverse time is 10.0 s after 

that heat starts flowing from droplet to the substrate as clearly shown in Figure 6.12-b.  
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Figure 6.13: Effective heat transfer coefficient (𝛼 ) for power values 0.30 W, 0.99 W, 20.7 W and 

3.34 W against time 0.0 to 43.0 s for Sezawa. 𝛼  is in W/m2K and time is in seconds. 

Rate of heat transfer from droplet to the air (�̇� ) is shown in Figure 6.12-c, calculated by 

equation (4.15). Effective heat transfer coefficient (𝛼 ) has been used to find �̇�  since 

natural convection heat transfer occurs in the surrounding near the droplet surface, 

calculated by equations (4.17) and (4.18) and presented in Figure 6.14 for illustration. 

Note that because of streaming inside the droplet, forced convection heat transfer takes 

place when considering �̇�  which causes 𝛼  to increase. The temperature difference 

between the air and the droplet outer layer is estimated by Ta-Tds, where Tds is calculated 

using the temperature of the elements of the outer layer and plotted in Figure 6.15. Note 

that these are the actual temperature values, not temperature rise. 
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Figure 6.14: Effective heat transfer coefficient (𝛼 ) for power values 0.30 W, 0.99 W, 20.7 W 

and 3.34 W against time 0.0 to 43.0 s for Sezawa. 𝛼  is in W/m2K and time is in seconds. 
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Figure 6.15: Temperature of the outer layer of the droplet (Tds) directly in contact with air at power 

input values of 0.30 W, 0.99 W, 2.07 W and 3.34 W using Sezawa waves. 

6.4.5 Diagnostics of kinetics inside the droplet using Sezawa 

The model presented in Figure 3.3 also describes kinetic energies inside the droplet 

mainly because of streaming and friction near the substrate. How these mechanisms 

contribute to energy conservation is discussed in the following section. 

The rates of kinetic energies of streaming �̇�  and friction �̇�  inside the droplet are 

calculated by equations (4.20) and (4.21) and presented in Figure 6.16 and Figure 6.17, 
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respectively. The change in dynamic viscosity of the droplet, µ , (N.s/m2), against 

temperatures from 20 °C to 50 °C is considered and listed in Table 5.4 [195]. Both kinetic 

energies are in the range of 10-7 to 10-9 (W) which are insignificant as compared to other 

heat transfers discussed in the above section. The positive value of kinetic energies means 

fluid absorbs power from the SAW, however, the negative value means the power being 

utilized in the increase in thermal energy of the droplet. 
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Figure 6.16: Rate of kinetic energies �̇�  (W), frictional power near the at power input values of 

0.30 W, 0.99 W, 2.07 W and 3.34 W using S-waves. The rate of kinetic energies is measured in 

watts and time is measured in seconds. 
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Figure 6.17: Rate of kinetic energies, �̇�  (W), Kinetic streaming power inside the droplet at power 

input values of 0.30 W, 0.99 W, 2.07 W and 3.34 W using S-waves. The rate of kinetic energies 

is measured in watts and time is measured in seconds. 
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6.4.6 Estimation of heat radiated inside the droplet 

Radiated heat transfer (�̇� ) for four input power levels is calculated by equation (4.13) 

and are presented in Figure 6.18. �̇�  is the heat transfer caused by SAW which enters from 

the edge of the droplet. 
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Figure 6.18: �̇�  rate of heat radiated using Sezawa waves at power input values of 0.30 W, 0.99 

W, 2.07 W, 3.34 W. 

It is clear from Figure 6.18 that �̇�  increases with the increase in input power and it varies 

with time. It has almost the same trend as depicted in Figure 5.21 for the Rayleigh waves. 

�̇�  plays a significant role in the start of input power as an abrupt increase is shown just 

after the SAW penetrates inside the droplet. At a lower input power of 0.30 W, �̇�  is not 

significant throughout the SAW acting time.  

At 0.99 W, it shows an abrupt increase in the start with 0.07 W, then it shows some 

fluctuations and approaches to zero after 43.0 of SAW acting time as shown in Figure 

6.18. 

However, other than the abrupt increase in the start for the input power values of 2.07 W 

and 3.34 W, more power transferred into droplet and �̇�  reaches to the peak quicker than 

the lower input power. It can be confirmed for these larger input power cases, that the 

droplet does not reach a steady-state as shown in Figure 6.18. Therefore, �̇�  plays an 

important role in the increase in the thermal impact of the SAW especially in the start of 

input power. The maximum value of 0.15 W is obtained when Pin is 3.34 W. The summary 



126 

 

of all the heat transfers and kinetic energies inside the droplet using Sezawa waves is 

presented in the form of droplet model in Figure 6.19. 

Qair
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Figure 6.19: Summary of kinetic energies (Kst & Kf) and heat transfers (Qr, Qs & Qa) inside the 

droplet using Sezawa waves. 

6.5 Repeatability of experiments 
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Figure 6.20: Rate of energy absorbed (�̇� ), heat transfer from substrate to the droplet (�̇� ), heat 

radiated inside the droplet (�̇� ) at input power values of 0.30 W, 0.99 W, 2.07 W and 3.34 W 

using Sezawa waves. 

It was observed during the lab experiment that device showed excellent repeatability 

when the experiments were repeated keeping the same parameters. Since kinetic energies 

are not significant, therefore, only terminologies related to the heat transfer are presented 

in Figure 6.20. 

Figure 6.20-a, b can be compared with Figure 6.12-a and b where energy absorbed and 

heat transfer from the substrate to the droplet can be compared. Similarly, Figure 6.20-c 

can be compared with Figure 6.18. It is important to note from these figures that a similar 

trend has been observed when the tests were repeated, only there is a small difference in 

their values.  

(b) 

(c) 
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6.6 Summary 

Mass, momentum, and energy conservation principles have been implemented using 

Sezawa waves in this chapter. Above discussion concludes that there is no significant 

mass transfer in the power range 0.30 W to 3.34 W. Relative mass change regarding 

original mass is less than 5%, within the error range. Results from only higher power 

levels i.e. 2.07 W and 3.34 W are presented here for illustration. 

Momentum conservation has been analysed using the same model with input power levels 

of 3.34 W and 4.18 W. Since Sezawa waves travel inside the layers, that is why these 

waves have less acoustic velocity due to which droplet remains stationary and no 

significant deformation observed in these cases. Since inertial and the drag force become 

zero with no buoyancy force, then SAW force become equal to the friction force (9.85E-

6 N for Pin 3.34 W). 

The thermal impacts dominate when the energy conservation principle has been 

implemented. The mechanical power is not significant as the volume change inside the 

droplet with time is in the order of (10-9 to 10-10) m3/s. 

The impact delay is significant at lower input power, however, there is no impact delay 

at the higher input power. Clear and quicker temperature distribution is achieved at higher 

input power values which leads to faster uniformity of the droplet within SAW elapsed 

time. The reflection of this is also identified in the average temperature of the droplet. 

Moreover, the temperature of the droplet increases linearly with the input power. The 

temperature gradient of the droplet is significant in the start of input power which then 

reduces with time as Td approaches to the steady state, especially at the lower input power. 

Energy absorbed by the droplet (𝐸̇ ) is maximum as compared to all other heat transfers 

and kinetic energies inside the droplet. The impact of the change of heat capacity of the 

water and the density with the temperature has been considered which is not significant 

within the temperature range of this study. 𝐸̇  showed a similar trend as for the 

temperature gradient as other values remain almost constant.   

Heat transfer from substrate to the droplet for (�̇� ) takes place when Pin < 1.0 W, however, 

inverse heat flux will take place from the droplet to the substrate after the ‘reverse time’ 

when Pin > 1.0 W. The ‘reverse time’ has been introduced as the time when the droplet 
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temperature becomes higher than the substrate. Since other values in calculating �̇�  do 

not change significantly, that is why, �̇�  showed a similar trend as the temperature 

difference between substrate and the droplet T(s-d). 

The natural convection heat transfer takes place between the droplet and the surroundings 

which causes the heat to flow from droplet to the air (�̇� ). Due to natural convection heat 

transfer, effective heat transfer coefficient, 𝛼 , is much smaller than 𝛼 , where forced 

convection has been observed because of streaming inside the droplet. 

Kinetic energies due to friction and streaming inside the droplet are in the order of 10-7 

and 10-9 W which is not significant as compared to other heat transfers inside the droplet. 

�̇�  does not play a vital role for the lower power but the higher power, it has a significant 

part in the start of input power which means that more power penetrates inside the droplet 

at the higher power.  

A similar trend has been observed for the mass and energy conservation principles using 

Sezawa waves. However, no momentum has been observed in the case of Sezawa because 

of the difference in wave transportation. This proves our assumptions and model works 

for other wave modes as well. It will be quite interesting to know how these waves behave 

differently in terms of energy and kinetic inside the droplet which is part of the next 

chapter. 
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Chapter 7: Comparison of The Impacts of SAW Modes and Other 

Parameters on The Droplet 

The mass, momentum and energy impacts of SAW with Rayleigh and Sezawa mode are 

analyzed or diagnosed in Chapter 5 and Chapter 6, respectively. In this chapter, the 

discussions are made to the specifics of the impacts of those two SAW modes in terms of 

comparison of the results obtained from the last two chapters, a summarization. The 

second section of this chapter is for the comparisons of the impacts of Rayleigh and Lamb 

hybridized wave with those from the pure Rayleigh, followed with investigations of the 

impacts of SAW with different frequencies on the droplet.   

7.1 The comparison of impacts of Rayleigh and Sezawa waves on droplet 

The difference between the transportation mechanisms of Rayleigh and Sezawa on the 

SAW devices has already been discussed in section 2.3.1 and 2.3.2 of Chapter 2. The 

comparisons are made to examine the impacts on droplet mass, momentum and energy 

using the data diagnosed in Chapter 5 and Chapter 6. The comparisons are made for two 

wave modes at the powers most closely with each other.  

7.1.1 The mass impacts of R-wave Vs S-wave 

The conclusions from both the SAW mode in the droplet mass impacts are that the impacts 

on droplet mass and even the volume are the neglectable small. The measurement errors 

on droplet volume from two SAW modes are within the same order of the magnitude, 

which leads to a maximum change in mass smaller than 5%. However, it is found that 

changes in mass from measurements of Rayleigh mode are relatively smaller than those 

from Sezawa mode, as shown in Figure 7.1 and Figure 7.2. At input power values of 2.0 

W and 3.2 W of Rayleigh mode with droplet initial mass of 3.49E-4 kg and 3.29E-4 kg, 

the maximum relative mass changes are 1.3% and 4.2% respectively. While, for Sezawa 

mode, the maximum relative mass changes are 3.5% and 4.4% from the initial mass of 

the droplet of 2.69E-4 kg and 3.02E-4 kg at 2.07 W and 3.34 W, respectively. This is also 

clear from in Figure 7.1 and Figure 7.2. As the changes in mass discussed here actually 

are the errors from measurements which may be from the camera resolution, the smaller 

size of the droplet or the surrounding light and temperature.    
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Figure 7.1: Comparison of relative change in mass of the droplet versus time for Rayleigh and 

Sezawa at 2.0 W. 
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Figure 7.2: Comparison of relative change in mass of the droplet versus time for Rayleigh and 

Sezawa at 3.2 W. 

7.1.2 The momentum impacts of R-wave Vs S-wave  

The SAW forces acting to the droplet by Rayleigh mode drives the droplet to a certain 

distance from the original position. In the Sezawa mode, no droplet movement is observed 

from experimental data, due to the relatively smaller SAW force. As the interfacial tension 

force is the force governed by the physical property of interfacial tension, which is same 

for both modes. This can be identified by the difference between the friction forces of two 

modes. The friction force using Rayleigh is 8.37E-5 N at an input power of 3.2 W whereas 
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9.85E-6 N using Sezawa mode at input power of 3.34 W which is about 10 times smaller. 

This means that Sezawa waves result in weaker streaming inside the droplet. 

7.1.3 The thermal impacts of R-wave Vs S-wave on droplet 

From the diagnosed results, it can be concluded that both modes show the same trend for 

heat transfers and the kinetic energies inside the droplet. The significant difference is in 

the radiation power penetrated inside the droplet. Therefore, only this source term is 

discussed for the thermal impacts of these two modes.  

The first difference is that the radiation powers from Sezawa mode (Figure 6.18) are all 

smaller than those of the Rayleigh mode (Figure 5.21), which associates with the 

difference in the leakage power from those two modes. More power can be leaked into 

droplet by Rayleigh mode SAW. 

Another significant difference is the evaluations of the radiation power with time. From 

the results presented in Figure 5.21 of the Rayleigh waves, a significant change has been 

observed when the SAW input power becomes greater than 0.90 W. This phenomenon or 

dynamic mechanism may be understood by the theory of the SAW transportation from the 

films to the water droplet, the mechanism of SAW power leakage into the droplet.  

However, the results from Sezawa mode plotted in Figure 6.18, especially the high input 

powers (2.07 W and 3.34 W), are kept approximately stable with some fluctuations.  

The difference between these two modes lies in the transportation of the waves on the 

SAW device. The Sezawa SAW transfers through the interface between the substrate and 

the ZnO film, which makes a relative lower leaked power to the droplet. However, the 

Rayleigh waves transfer on the thin ZnO film and leak more power into the droplet, 

causing more energy and more thermal impact inside the droplet.   

7.2 The thermal impacts of hybridized waves on the droplet 

The coupling impacts mechanisms discussed in previous chapters are from the SAW 

device with a fixed thickness of the substrate and film, which generates Rayleigh and 

Sezawa. In this section, the thermal impacts of a hybrid mode SAW on droplet are 

investigated. The hybridized (hybrid) wave is defined as a mixture of pure Lamb and the 

Rayleigh at one fixed frequency.  
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For the hybrid SAW, a device with a thickness of 200 μm and a ZnO thin film of thickness 

5 µm has been used. The structure of the device, fabrication of IDT and the sputtering 

process is similar as shown in Figure 4.1 and section 4.1.2, respectively. However, the 

specific characteristics and the vibration modes of the SAW with variable wavelengths 

(λ) can be found from Figure 7.3 [197]. On the middle column in Figure 7.3, the first 

resonant frequency can be obtained by this device at 13.80 MHz with Rayleigh, but at the 

same frequency, there is a zero-order anti-symmetric mode of Lamb wave (A0). This 

means at 13.80 MHz, the wave is not purely Rayleigh but a mixture of two waves of 

Lamb and Rayleigh. This SAW wave mode is called as a hybrid mode. The devices with 

λ 300 µm and 400 µm have not been used in this study. 

 

Figure 7.3: Numerical simulation of vibration modes for ZnO (5 μm)/Al(200 μm) based SAW 

devices. The wavelength of the SAW device varies from 100 μm to 400 μm. (b) The measured S11 

of the devices with different wavelengths (c) the simulated and measured resonant frequencies of 

different types of wave modes depend on the wavelength of the SAW devices fabricated on Al 

plates with thickness of 200 μm [197]. 

The thermal impacts of such a hybrid mode SAW on the droplet is investigated and the 

results are discussed in terms of the rise in droplet temperatures as compared to those 

from pure Rayleigh or Sezawa modes to see how this hybrid SAW works.    
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7.2.1 Comparison of thermal impact of hybridized wave versus pure Rayleigh 

The vibrational velocity for hybrid waves is higher than pure Rayleigh waves which 

means these waves have more acoustic efficiency than Rayleigh waves [111]. Hybrid 

waves generated from the device having a thickness, 200 µm, and wavelength, 200 µm, 

whereas Rayleigh waves generated from the device with thickness, 200 µm, and 

wavelength, 100 µm. Both Rayleigh and hybrid waves are observed at their fundamental 

resonant frequencies of 27.063 MHz and 13.500 MHz, respectively. Hybrid waves 

produce a strong thermal impact as compared to those from purely Rayleigh waves for 

both power inputs as shown in Figure 7.4 and Figure 7.5. For a low input power of 2.2 

W, the temperature Td from hybrid wave mode is 3.5 times higher than the Td from 

Rayleigh mode at a time after 32.0 s of an input SAW. However, this drop to 2.5 times at 

higher input of 3.2 W.  

It is also clear from Figure 7.4 and Figure 7.5 that with the hybrid waves, the gradient of 

the Td becomes zero (steady-state) after 25.0 s of input SAW for both input power values, 

whereas there is still some gradient shown by Rayleigh waves. This is very useful for 

processes where quicker thermal steady-state required. 
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Figure 7.4: Comparison of temperature rise of the droplet by Rayleigh and hybridized mode using 

the same thickness of the substrate at the power input of 2.2 W. The average temperature is 

measured in °C whereas time is measured in seconds. 
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Figure 7.5: Comparison of Rayleigh and hybridized mode using the same thickness of the 

substrate at Pin of 3.2 W. The average temperature is measured in °C whereas time is measured 

in seconds. 

7.2.2 Comparison of thermal impact of hybridized wave versus pure Sezawa 

The same device having hybrid wave mode at the first resonant peak shows pure Sezawa 

with higher-order harmonics at 27.92 MHz as presented in Figure 7.3-a 

It is identified from Figure 7.6 and Figure 7.7 that the same trend has been observed with 

pure Sezawa as it was for pure Rayleigh. For Sezawa wave, the gradient is still increasing 

with the time but with the hybrid wave mode, it gets stable after 20.0 s of the input SAW, 

quicker than Rayleigh. It is identified in Chapter 5 and Chapter 6 that the difference in 

temperature rise from Rayleigh and Sezawa modes are not significant. However, it is 

significant between those of the hybrid wave and those from both the Rayleigh and 

Sezawa as shown in Figure 7.6 and Figure 7.7. 

At lower input power, Td is 2.5 times more as compared to the Sezawa after just 5.0 s of 

input SAW because of a hybridized wave. However, it increases to 4.0 times after 10.0 s 

and the same trend is observed after 30.0 s of an input SAW as shown in Figure 7.6.  
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Figure 7.6: Comparison of temperature rise of the droplet by hybridized mode and Sezawa using 

the same device at the input power of 2.2 W. The average temperature is measured in °C whereas 

time is measured in seconds. 
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Figure 7.7: Comparison of temperature rise of the droplet by hybridized mode and Sezawa using 

the same device at the input power of 3.2 W. The average temperature is measured in °C whereas 

time is measured in seconds. 

At power input of 3.2 W, just after 5.0 s of SAW input, hybridized wave showed almost 

5.5 times more Td as compared to pure Sezawa. However, the difference decreases with 

time as the gradient for both cases increases from 5.0 to 15.0 seconds. Sezawa showed 

3.5 times less temperature as compared to the hybridized wave after 15.0 s of input power 
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as shown in Figure 7.7. This difference further decreases to 2.5 times after 30.0 s of the 

input power. 

7.3 Thermal impacts of Sezawa at two different frequencies  

The temperature increases inside the droplet, is dependent on the frequency of the wave 

and wave mode. The devices in this study have at least two wave modes, one is the 

Rayleigh at the fundamental resonant frequency (f0) and the other is Sezawa. By changing 

the wavelength of the waves with different devices, resonant frequencies and the wave 

mode changes [197]. In this way, one can use the same wave (either Rayleigh or Sezawa) 

at a different resonant frequency to check how much a frequency of the waves influence 

the thermal impacts by Td.  

The resonant frequency for Sezawa wave for the device h=200 μm, λ=200 μm is 27.92 

MHz shown in Figure 7.3-a whereas for the device h=600 μm, λ =100 μm is 52.53 MHz 

as shown in Figure 5.1-a. Therefore, a good comparison can be made using these two 

different devices generating Sezawa mode at different resonant frequencies to discuss the 

thermal impact of frequency on droplet by Td. The resonant frequency showing in the 

literature [197] may differ from the real-time values when checked from the network 

analyser due to the number of reasons. Therefore, for the first device, a frequency of 

26.450 MHz was obtained whereas, for the second one, a frequency of 52.220 MHz was 

measured. A comparison of the temperature rise of the droplet at these two different 

frequencies using the Sezawa wave is shown in Figure 7.8 and Figure 7.9 at different 

power levels. 

It is evident from Figure 7.8 and Figure 7.9 that device with higher frequency has higher 

thermal impact using Sezawa waves for both input power of 2.0 W and 3.20 W. It is also 

clearly shown from Figure 7.8, an input power of 2.0 W, with lower frequency, that 

temperature rises at a larger gradient until to 15.0 s and then at a relative lower gradient 

till to 32.0 s of input SAW. The largest temperature rise is 6.73 °C. However, with higher 

frequency, the temperature increases at a larger gradient and it increases with time until 

the end with a temperature rise of 15.5 °C. This is because, at low frequency, waves are 

damped more quickly as compared to the high frequency that results in less thermal 

impacts.  
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Figure 7.8: Temperature rise of the droplet using Sezawa waves at two different frequencies 

(26.450 MHz and 52.220 MHz) at an input power of 2.0 W. The average temperature is measured 

in °C whereas time is measured in seconds. 
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Figure 7.9: Temperature rise of the droplet using Sezawa waves at two different frequencies at 

Pin 3.20 W. The average temperature is measured in °C whereas time is measured in seconds. 

The similar behaviour is observed with a high input power of 3.20 W, as given in Figure 

7.9. Increasing the input power increases the temperature rise linearly. For instance, 

temperature rise after 30.0 s of an input SAW by the higher frequency at 3.2 W is 1.5 times 

more than at 2.0 W. Therefore, with the power increase of 1.6 times, the temperature 

increases with the almost similar factor. The temperature difference between lower and 

higher frequency is almost similar as was at 2.0 W as shown in Figure 7.9. 
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It can be concluded that with the same wave mode, the waves at higher frequency has 

more mechanical vibration and stress inside the substrate, which leads to more power 

leakage into the droplet, the stronger thermal impact [36], [202].  

7.4 Summary 

Comparison of Rayleigh and Sezawa in terms of mass, momentum and energy 

conservation has been presented in this chapter. There is no mass transfer from both 

waves as the size of the droplet remains unchanged and the droplet temperature is much 

lower than the saturation temperature.  

Since Sezawa travels in the interlayers, therefore, less SAW force and less temperature 

have been observed using Sezawa as compared to the Rayleigh. Rayleigh showed 

momentum at input power of 3.2 W and 4.0 W, however, no momentum has been 

observed using Sezawa. 

In terms of thermal impact, Sezawa showed less temperature rise, therefore, energy 

absorbed, and heat radiated with Sezawa wave is less than the Rayleigh waves. The 

mixture of Rayleigh and Lamb hybridized wave has more acoustic energy consequently 

having higher temperatures as compared to the pure Rayleigh and Sezawa waves. 

Moreover, temperature increase inside the droplet increases linearly with the increase in 

input power. Furthermore, because of more attenuation, higher frequency causes higher 

temperature as compared to the lower frequency at the same power level with the same 

wave mode.  
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Chapter 8: Conclusions and Future Recommendations 

In this study, a model has been proposed based on mass, momentum, and energy 

conservation principles to investigate thermal and kinetic impacts of SAW on the droplet. 

Since this study is focussed on less input power (0.30 W to 4.0 W) and less temperature 

rise (5 to 30 °C), therefore, mass and momentum of the droplet are not significant. 

However, a significant change in the thermal impact has been observed. Energy transfer 

leads to finding the coupling mechanism between streaming and thermal impact using 

Rayleigh and Sezawa waves. Furthermore, the impact of change in wave mode and 

frequency by changing the device on Td has also been explored. Derived key conclusions 

along with the limitations of this research and future suggestions are outlined in the 

following sections.  

8.1 Conclusions 

Since this study is based on temperature much lower than the saturation temperature, 

therefore, no phase change has been observed. However, evaporation has been detected 

by detecting the change in the mass of the droplet. For R-waves, it has been observed that 

the mass change to the initial mass is less than 5%, 1.3% and 4.2% for the input power of 

2.0 W and 3.2 W, respectively.  

At the input power of 3.2 W, just after applying the input power, the SAW force dominates 

other forces which push the droplet to move in the direction of the waves at the velocity 

of 0.1 mm/s within 1.0 s of SAW elapsed time. Then interfacial tension force becomes 

dominant, so deceleration starts from 1.0 s to 4.0 s and the droplet completely stops after 

4.0 s of the SAW elapsed time. 

 At the input power of 4.0 W, just after applying the input power, the same mechanism 

occurs but the SAW force is higher as compared to lower input power. Therefore, the 

droplet moves with a higher velocity of 0.60 mm/s after 1.0 s of SAW elapsed time. 

However, as time passes, deceleration occurs, surface tension forces become dominant 

which stops the droplet after 4.0 s of SAW elapsed time. 

The mass transfer for the S-waves has been calculated using the same method which 

showed an exactly similar trend as shown by R-waves. The mass change to the original 
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mass is also less than 5%, which is within the range of measurement error. For the input 

power of 2.07 W and 3.34 W, the change is 3.5% and 4.4%, respectively. Since S-waves 

travel between layers, that is why no momentum has been observed within the power 

range of this study. Therefore, the drag force and the inertial force is zero which means 

the SAW force is balanced by the friction force.  

The temperature of the droplet has a linear relation with the input power as illustrated in 

for both Rayleigh and Sezawa waves. There are two main reasons to increase Td. Firstly, 

because of waves penetrating inside the droplet, secondly, heat transfer from the substrate 

to the droplet. Maximum temperature rise by the R-waves at the Pin 3.2 W is 30.86 °C, 

however, the temperature of 29.76 °C has been observed using Sezawa waves at 3.34 W. 

Therefore, Sezawa has 3.7% lesser temperature rise as compared to the Rayleigh. 

It has been observed that the input energy (power) given to the droplet is converted 

majorly into two portions: kinetic and thermal energy. It can be concluded that the thermal 

energy dominates than kinetic energies inside the droplet. To find the heat transfer from 

the substrate to the droplet �̇�  and from droplet to the air �̇� , streaming (kinetic, ‘Re’) has 

been associated with the temperature values. Dimensionless numbers, ‘Nu’ and ‘Gr’ 

helped to find co-relations to find the coupling mechanism. Forced convection takes place 

when heat transfers from the substrate to the droplet takes place. This can be identified 

by calculating an effective heat transfer coefficient (𝛼 ) between the substrate and the 

droplet.  

The heat transfer from the substrate to the droplet (�̇� ) changes its direction when moving 

from lower input power to the higher input power. In the case of Rayleigh waves, it has 

been observed that the temperature of the bottom layer of the droplet (Tdb) is lower than 

that of the substrate at Pin < 0.50 W. The data showed that the substrate (solid) has 1.9% 

more temperature as compared to the Tdb after 30.0 s of the SAW acting time at Pin of 0.38 

W. However, at Pin > 0.50 W, Tdb has 2.7% more temperature as compared to the substrate 

after the same time of input SAW. Therefore, heat transfer takes place from the substrate 

to the droplet (�̇�  is positive) when Pin < 0.50 W and the inverse is the case when Pin > 

0.50 W after ‘reverse time’. 

In the case of Sezawa, the same trend has been observed as with the Rayleigh. The 

substrate has 2.2% more temperature as compared to Tdb after 23.0 s of input SAW at Pin 
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< 1.0 W. However, at Pin > 1.0 W, Tdb has 3.01% more temperature as compared to the 

substrate after the same time of input SAW. Therefore, heat transfer takes place from 

substrate to the droplet when Pin < 1.0 W and the inverse is the case when Pin > 1.0 W 

after ‘reverse time’.   

The heat transfer from the droplet to the air (�̇� ) is negative for both Rayleigh and Sezawa 

since heat is always leaving the system. The temperature of the droplet is higher than the 

surrounding temperature which causes the natural convection heat transfer. This 

phenomenon can be identified by calculating effective heat transfer coefficient (𝛼 ) 

between the droplet and the air. Due to forced convection inside the droplet, 𝛼  is much 

larger than 𝛼  where natural convection takes place. 

�̇�  increases linearly with the input power for both Rayleigh and Sezawa waves. �̇�  is 

mainly dependent on the temperature gradient. Since Td approaches the steady-state, that 

is why the gradient decreases over time and approaches zero for lower input power values.  

The heat penetrated from the edge of the droplet (�̇� ) has an important role. In the case 

of Rayleigh waves, it increases with the increase in input power. For lower input power, 

it reaches to the steady state after 25.0 s of the SAW elapsed time. However, for higher 

input power, it reaches to the peak quicker than lower input power but it does not reach 

the steady-state.    

Almost the same trend has been observed with Sezawa waves. Since Sezawa has less 

temperature gradient than Rayleigh, that is why the value of �̇�  is also less as compared 

to the Rayleigh. At lower input power value of 0.99 W, �̇�  shows a big jump in the start 

of input power but it approaches zero after 43.0 s of SAW acting time.  However, for larger 

input power values, it touches the peak quicker but does not reach the steady state. 

It has been found that the frequency of SAW is directly proportional to the temperature 

rise of the droplet. For example, when considering the Sezawa mode with resonant 

frequencies of 26.450 MHz and 52.220 MHz. The droplet on a device with higher 

frequency showed a double temperature as compared to the device with lower frequency 

observed at Pin of 2.0 W and 4.70 W. This is because high frequency has more attenuation 

and dissipation of the waves which causes more power radiated into the droplet as 

compared to the lower one using the same wave. 
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Since Lamb and Rayleigh hybridized waves have more vibrational velocity and acoustic 

energy that gives higher temperature gradient than pure Rayleigh and Sezawa. Therefore, 

hybridized waves give 3.5 times and 2.5 times more Td as compared to pure R-waves and 

S-waves with the input power levels of 2.0 W and 3.2 W, respectively. Moreover, droplet 

reaches to steady state quicker (~ 20.0 s of an input SAW) with hybridized mode as 

compared to pure Rayleigh mode. 

8.2 Answer to the questions from literature 

The literature only gives information about the temperature rise of the droplet. However, 

this study demonstrates different heat transfer mechanisms inside the droplet with the 

help of coupling kinetic and thermal data. The results have been validated with both 

Rayleigh and Sezawa waves. 

The information that the substrate and the droplet have a different temperature but how 

long does it take place is not clear. However, in this study, this has been extensively 

investigated and discussed with the calculation of heat transfer. Moreover, a ‘reverse 

time’ has been introduced which gives the information of when the droplet temperature 

becomes higher than the substrate. 

The portion of the droplet near the SAW has more temperature as compared to the other 

portion of the droplet but there is no evidence of temperature in other portions of the 

droplet. However, in this study, with the help of FLIR camera and MATLAB image 

processing technique, very precise temperature distribution has been observed which 

gives clear information about temperature in different portions of the droplet.  

Bulk piezoelectric material (LiNbO3) has been used before this study for both thermal and 

kinetic impacts. However, in this study, thin-film piezoelectric material has been used to 

find out both thermal and kinetic impacts.  

Till now, hybridized waves only used for the nebulization of the droplet but in this study, 

the thermal impact of these waves have also been investigated and results compared with 

pure Rayleigh waves. 
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8.3 Limitations of this work 

Both CCD and FLIR thermal cameras can capture 2D images only which results in kinetic 

and thermal impacts only from two dimensions and do not give any information for the 

third dimension. Moreover, the thermal camera has only a zoom of 4x which hinders to 

get a high-quality picture. Furthermore, the study has been conducted with only one size 

of the droplet (25 µl) which do not give an idea of how the coupling mechanism will 

change by changing the droplet size. Therefore, how this study can be the basis of further 

research work has been discussed in the following section. 

8.4 Future work 

Although mass, momentum and energy conservations have been implemented using 

Rayleigh and Sezawa waves and results have been completely presented and discussed. 

However, this is limited to low power values before significant deformation or pumping. 

At higher power, the droplet may breakup to have atomization or jetting phenomenon. It 

can also evaporate or phase change due to the rise in temperature. Therefore, to 

investigate further, future work should be aimed at the following points. 

Conservation principles have been implemented using ZnO as thin-film material and Al 

plate as a substrate. In future, these models can be applied to other thin-film materials 

such as AlN, PZT and other substrates to explain the mechanism further.  

This study has been performed using 25 µl water droplet. It will be interesting to 

implement these models for different sizes of water droplets and perform the comparison. 

This research is limited to low power and less temperature; however, future work can aim 

at a higher temperature range and high-power values to investigate and implement all 

conservation principles. 

Future study is suggested with the high-quality cameras with more resolution, with more 

frames per second values and those which can capture the data in three dimensions. 

Finally, this study has been conducted using Rayleigh, Sezawa and hybridized waves. 

This provided the foundation to apply other wave modes such as pure Lamb wave, Shear 

horizontal waves, transverse waves and SSAW.  
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Appendices 

Appendix A: MATLAB code to get temperature distribution inside the droplet 

Following is the example code to get temperature distribution inside the droplet for Al 

plate substrate with thickness h= 200 µm and wavelength λ=200 µm with 25 µl droplet 

at power level +3.0 dBm (5.60W). The text after the % sign is the comments for 

MATLAB.  

%Al plate with wavelength 200 µm and thickness 200 µm 

%First peak 26.450 MHz (25 µl) droplet SIDE VIEW   

%This code reads a matrix for 1853 frames of 5.60 W (+3.0 dBm).  

First of all, I find out the exact location of the droplet from the whole frame, getting its 

dimensions. Then dividing the whole droplet into 16 elements of equal matrix size. After 

this, using for loop, it will continue for all of the frames available in the original file to 

get temperature rise of each droplet elements. Then we are taking the mean of all the 

pixels for each frame.  

%Each frame has 480 rows and 640 columns (this is a resolution of a camera)  

%This code only displays temperature graph data against frames, not difference or rise in 

temperature 

  

clear all; 

close all; 

clear TotalIm; 

clear TotalIm1; 

clear I 

%clear I1 

clc 

  

TotalIm =csvread('+3.0dbm.csv',10,1);    

 

%Reading and saving original data file CSV format. 10,1 means it will start reading from 

11th row and 2nd column since the first 10 rows have raw data for MATLAB which it can’t 

read.  
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TotalIm1 =csvread('+3.0dbm.csv',10,1,[10,1,490,640]);  

 

%This will read the first frame only, this will start reading from under 11th row and second 

column and it will read the next 480 rows and 640 columns since one frame equals 

480*640. 

%Clearing data from previously saved data if any 

  

clear I_area; 

clear I_area2; 

clear I_area3; 

clear I_area4; 

clear I_area5; 

clear I_area6; 

clear I_area7; 

clear I_area8; 

clear I_area9; 

clear I_area10; 

clear I_area11; 

clear I_area12; 

clear I_area13; 

clear I_area14; 

clear I_area15; 

clear I_area16; 

%main program here  

 num_frames = 1853; 

 for i=1:num_frames 

    I   = TotalIm((i-1)*480+1:480*i ,:);  %it will increase number of frames from 1 to 

2,3,4,5, . . . .(when i=1, 1:480, when i=2,481:960  

    

%Following section is to find out the exact location of the droplet in picture 

 

This limits colour bar from 20 to 30 rather any other value, c-axis [20 30], 20 is min value 

of bar and 30 is the maximum value 
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% subplot(1,2,1);imagesc(TotalIm1)  %this is to know which matrix size is the best area 

of our interest. 

%      caxis([22 30]) 

%      subplot(1,2,2),imagesc(TotalIm1(359:402,339:398)) %this makes 60*60 matrix 

%      caxis([22 30])  

 

%Following code will divide the whole droplet into 16 portions to get 

   %for 1st element of the droplet 

   x = 359:369;  

   y = 339:353; 

   I_area(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); %it will reshape 16*16 matrix to 

256*1, there was problem in saved value of I_area that is why number of elements were 

not matching. 

  

   %for 2nd element of the droplet 

   x = 359:369;  

   y = 354:368; 

   I_area2(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 3rd element of the droplet 

   x = 359:369;  

   y = 369:383; 

   I_area3(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 4th element of the droplet 

   x = 359:369;  

   y = 384:398; 

   I_area4(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 5th element of the droplet 

   x = 370:380;  

   y = 339:353; 

   I_area5(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 
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   %for 6th element of the droplet 

   x = 370:380;  

   y = 354:368; 

   I_area6(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 7th element of the droplet 

   x = 370:380;  

   y = 369:383; 

   I_area7(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 8th element of the droplet 

   x = 370:380;  

   y = 384:398; 

   I_area8(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 9th element of the droplet 

   x = 381:391;  

   y = 339:353; 

   I_area9(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

     

   %for 10th element of the droplet 

   x = 381:391;  

   y = 354:368; 

   I_area10(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 11th element of the droplet 

   x = 381:391;  

   y = 369:383; 

   I_area11(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 12th element of the droplet 

   x = 381:391;  
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   y = 384:398; 

   I_area12(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 13th element of the droplet 

   x = 392:402;  

   y = 339:353; 

   I_area13(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 14th element of the droplet 

   x = 392:402;  

   y = 354:368; 

   I_area14(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 15th element of the droplet 

   x = 392:402;  

   y = 369:383; 

   I_area15(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

    

   %for 16th element of the droplet 

   x = 392:402;  

   y = 384:398; 

   I_area16(:,i)  = reshape(I(x,y),[length(x)*length(y), 1]); 

end 

  

%Following code will take a mean of 256 pixels for each frame because our matrix is 

256*159 that is why we used the command ‘mean’ (I_area,1). If we want to take the mean 

of 159 frames 

 

% mean of all pixels in the first element of the droplet 

I_final = mean(I_area,1);    %1 means all columns in that matrix 

  

% mean of all pixels in the second element of the droplet 
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I_final2 = mean(I_area2,1);     

  

% mean of all pixels in the third element of the droplet 

  

I_final3 = mean(I_area3,1);     

  

% mean of all pixels in the fourth element of the droplet 

  

I_final4 = mean(I_area4,1);     

  

% mean of all pixels in the fifth element of the droplet 

  

I_final5 = mean(I_area5,1);  

  

% mean of all pixels in the sixth element of the droplet 

 

I_final6 = mean(I_area6,1);  

  

% mean of all pixels in the seventh element of the droplet 

  

I_final7 = mean(I_area7,1);  

  

% mean of all pixels in the eighth element of the droplet 

  

I_final8 = mean(I_area8,1);  

  

% mean of all pixels in the ninth element of the droplet 

I_final9 = mean(I_area9,1);  

  

% mean of all pixels in the tenth element of the droplet 

I_final10 = mean(I_area10,1);  

 

% mean of all pixels in the eleventh element of the droplet 
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I_final11 = mean(I_area11,1);  

  

% mean of all pixels in the twelfth element of the droplet 

I_final12 = mean(I_area12,1);  

  

% mean of all pixels in the thirteenth element of the droplet 

I_final13 = mean(I_area13,1);  

 

% mean of all pixels in the fourteenth element of the droplet 

I_final14 = mean(I_area14,1);  

  

% mean of all pixels in the fifteenth element of the droplet 

I_final15 = mean(I_area15,1);  

  

% mean of all pixels in the sixteenth element of the droplet 

I_final16 = mean(I_area16,1);  

  

%Now plotting a graph for each element against the number of frames 

  

figure;plot(I_final,'.')         %plot first element, ‘.’ Is specifying graph line with dots 

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part1 Al Pl3 (26.450 MHz) 5.60W') 

  

%plot 2nd element  

figure;plot(I_final2,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part2') 

  

%plot 3rd element 

figure;plot(I_final3,'.')         

xlabel('Time(sec)') 
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ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part3') 

  

%plot 4th element 

figure;plot(I_final4,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part4') 

  

%plot 5th element 

figure;plot(I_final5,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part5') 

  

%plot 6th element 

figure;plot(I_final6,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part6') 

  

%plot 7th element  

figure;plot(I_final7,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part7') 

  

%plot 8th element 

figure;plot(I_final8,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part8') 
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%plot 9th element 

figure;plot(I_final9,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part9') 

  

%plot 10th element 

figure;plot(I_final10,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part10') 

  

%plot 11th element 

figure;plot(I_final11,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part11') 

  

%plot 12th element 

figure;plot(I_final12,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part12') 

  

%plot 13th element 

figure;plot(I_final13,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part13') 

 

%plot 14th element 

figure;plot(I_final14,'.')         

xlabel('Time(sec)') 
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ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part14') 

  

%plot 15th element 

figure;plot(I_final15,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part15') 

  

%plot 16th element 

figure;plot(I_final16,'.')         

xlabel('Time(sec)') 

ylabel('Rise in temp (C)') 

title('Temp of 25 ul droplet Part16 Al Pl3 (26.450 MHz) 5.60W') 
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Appendix B: Code for the rise in Td and generating multiple lines on graphs 

%This code will take diff. and then plotting multiple lines (4 elements) on one graph for 

whole data 

%Using one initial temp (21.90 C) which is the temperature before giving SAW power 

to the droplet) 

%for +3.0 dBm_5.60 W (26.450 MHz) Top Side_Side View_25 ul 

%Taking rise in temp by substrating initial temp.  

  

close all; 

%Code for diff. and plotting 1-4 elements 

I_diff1=minus(I_final,21.90); %digit values are initial values of each part/element which 

will be subtracted. 

b = 0:1/30:70;                  %for converting frames into seconds, since 1 second has 30 

frames, so 1/30, 70 is presenting a maximum number of seconds 

I_diff2=minus(I_final2,21.90); 

  

I_diff3=minus(I_final3,21.90); 

  

I_diff4=minus(I_final4,21.90); 

  

%For multiple lines on the same graph 

%1853 is the number of frames 

 

figure; 

p1=plot(b(1:1853),(I_diff1),'.');grid on; hold on;                %plot first portion 

p2=plot(b(1:1853),(I_diff2),'-');grid on; hold on;                %plot second portion 

p3=plot(b(1:1853),(I_diff3),'^');grid on; hold on;                %plot third portion 

p4=plot(b(1:1853),(I_diff4),'*');grid on; hold on;                %plot fourth portion 

  

h_legend = legend ([p1 p2 p3 p4],{'Part1','Part2', 'Part3', 'Part4'});  %change names as 

relevant 

%set(h_legend,'FontSize',14);  %change size of legend as relevant 

xlabel('Time (s)') 
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ylabel('Temp Diff (C)') 

title('Temp diff. of 25 ul 5.60W Al Pl3 (26.450 MHz) Part1-4') 

  

%Code for diff. and plotting  5-8 portions 

  

I_diff5=minus(I_final5,21.90); 

b = 0:1/30:70;                  %for converting frames into seconds, since 1 second have 30 

frames, so 1/30, 50 is presenting maximum number of seconds 

  

I_diff6=minus(I_final6,21.90); 

  

I_diff7=minus(I_final7,21.90); 

  

I_diff8=minus(I_final8,21.90); 

  

%plotting multiple lines on same figure 5-8 

figure; 

p5=plot(b(1:1853),(I_diff5),'.');grid on; hold on;               %plot fifth portion 

p6=plot(b(1:1853),(I_diff6),'-');grid on; hold on;               %plot sixth portion 

p7=plot(b(1:1853),(I_diff7),'^');grid on; hold on;                %plot seventh portion 

p8=plot(b(1:1853),(I_diff8),'*');grid on; hold on;                %plot eighth portion 

  

h_legend = legend ([p5 p6 p7 p8],{'Part5','Part6', 'Part7', 'Part8'});  %change names as 

relevant 

%set(h_legend,'FontSize',14);  %change size of legend as relevant 

xlabel('Time (s)') 

ylabel('Temp Diff (C)') 

title('Temp diff. of 25 ul 5.60W Al Pl3 (26.450 MHz) Part5-8') 

  

%Code for diff. and plotting  9-12 elements 

I_diff9=minus(I_final9,21.90); 

  

I_diff10=minus(I_final10,21.90); 
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I_diff11=minus(I_final11,21.90); 

  

I_diff12=minus(I_final12,21.90); 

  

%plotting multiple lines on same figure 9-12 

  

figure; 

p9=plot(b(1:1853),(I_diff9),'.');grid on; hold on;               %plot ninth element and hold 

p10=plot(b(1:1853),(I_diff10),'-');grid on; hold on;               %plot tenth element and hold 

p11=plot(b(1:1853),(I_diff11),'^');grid on; hold on;                %plot eleventh element and 

hold 

p12=plot(b(1:1853),(I_diff12),'*');grid on; hold on;                %plot twelvth element and 

display 

  

h_legend = legend ([p9 p10 p11 p12],{'Part9','Part10', 'Part11', 'Part12'});  %change 

names as relevant 

%set(h_legend,'FontSize',14);  %change size of legend as relevant 

xlabel('Time(s)') 

ylabel('Temp Diff (C)') 

title('Temp diff. of 25 ul 5.60W Al Pl3 (26.450 MHz) Part9-12') 

  

%Code for diff. and plotting  13-16 elements 

I_diff13=minus(I_final13,21.90); 

  

I_diff14=minus(I_final14,21.90); 

  

I_diff15=minus(I_final15,21.90); 

  

I_diff16=minus(I_final16,21.90); 

  

%now plotting 13-16 portions of droplet 

figure; 
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p13=plot(b(1:1853),(I_diff13),'.');grid on; hold on;               %plot thirteenth element and 

hold 

p14=plot(b(1:1853),(I_diff14),'-');grid on; hold on;               %plot fourteenth element and 

hold 

p15=plot(b(1:1853),(I_diff15),'^');grid on; hold on;                %plot fifteenth element and 

hold 

p16=plot(b(1:1853),(I_diff16),'*');grid on; hold on;                %plot sixteenth element and 

hold 

  

h_legend = legend ([p13 p14 p15 p16],{'Part13','Part14', 'Part15', 'Part16'});  %change 

names as relevant 

%set(h_legend,'FontSize',14);  %change size of legend as relevant 

xlabel('Time(s)') 

ylabel('Temp Diff (C)') 

title('Temp diff. of 25 ul 5.60W Al Pl3 (26.450 MHz) Part13-16') 

%end 

   

%code for writing all this data in excel file 

  

filename='data1.xlsx'; 

  

data1 = [b(1:1853)' I_diff1' I_diff2' I_diff3' I_diff4' I_diff5' I_diff6' I_diff7' I_diff8' 

I_diff9' I_diff10' I_diff11' I_diff12' I_diff13' I_diff14' I_diff15' I_diff16']; 

xlswrite(filename,data1) 

 


