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Abstract

The surface acoustic waves (SAW) propagate inside the microdroplets resulting in kinetic and thermal impacts. The
kinetic drives fluid particles inside the droplet while thermal impact increases the liquid’s temperature. This paper provides
a comprehensive review of the research investigations related to internal kinetics and heating inside the microdroplet
caused by the acoustic waves. The main factors that affect the kinetics and convection heat transfer are the piezoelectric
materials, shape of the interdigital transducer (IDT) and mode of acoustic waves. Internal streaming (kinetic) leads to par-
ticle mixing, particle manipulation, cell sorting, cell patterning, cell separation, measuring the concentration of immunoglo-
bulin and so forth. The effect of changing the mode of waves and the shape of IDT on the relevant applications are
presented. Internal convection heat transfer is important where heating of the liquid is essential for many applications
such as monitoring blood coagulation in the human plasma and an acoustic tweezer for particle trapping. Experimental
methods developed by researchers to realise uniform temperature with constant heating and cooling cycles are also dis-
cussed. Such methods are widely used in the polymerase chain reaction (PCR) to detect COVID-19 infection. The heating
of the droplet can be efficiently controlled by changing the input power and by varying the duty factor.
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Introduction

The acoustic waves have many applications in commu-
nication, sensing, actuation, quantum system, meso-
scopic and biological systems.! The acoustic waves are
mainly classified as surface generated acoustic waves
(SGAWs) and bulk acoustic waves (BAWs).> * SGAWs
include surface acoustic waves (SAW), Pseudo surface
acoustic waves (PSAW) and Leaky surface acoustic
waves (LSAW). Bulk acoustic waves include shear bulk
acoustic waves (S-BAW), longitudinal bulk acoustic
waves (L-BAW), film bulk acoustic waves (FBAR) and
Lamb waves. SAWs have further four modes, named
Rayleigh surface acoustic waves, Sezawa, Shear-hori-
zontal surface acoustic waves and Love waves.’

Common thin-film materials used for SAW genera-
tion mainly include quartz (SiO,), cadmium sulphide
(CdS), zinc oxide (ZnO), gallium arsenide (GaAs), alu-
minium nitride (AIN), lithium tantalate (LiTaOs3) (LT),
lithium tetraborate (Li,B40O-), lithium niobate
(LiNbO3) (LN), langasite (La;GasSiO;,) and lead zir-
conate titanate (Pb(Zr,Ti)O;) (PZT).*” Although,
quartz is often employed in precision sensing because
of its low temperature coefficient of frequency, which
leads to good thermal stability, piezoelectric materials
such as LN, LT and PZT have substantially greater
coefficients of electromechanical coupling, therefore
making them extremely viable for SAW-based applica-
tions.® However, LN and LT suffer from poor control
of film stoichiometry, orientation, texture and process
parameters’ ' whereas PZT films are quite difficult to
fabricate.'® Nonetheless, the use of thin-film piezoelec-
tric materials can be easily combined with lab-on-a-
chip (LOC) and microfluidic devices at a relatively low
cost while enabling the combination of multiple func-
tions on varied substrates. In addition, these piezoelec-
tric films can be selectively deposited in places where
an acoustic wave is needed, simplifying design of SAW
device by preventing contact between the active layer
and the liquid droplet.

The liquid droplets are manipulated through kinetic
processes such as micro-mixing, pumping, jetting, neb-
ulisation, and deformation under the influence of
SAW.'"*'? On the other hand, thermal impact of SAW
on the liquid droplets include heating and evaporation
of the droplets which is very important for LOC and
microfluidic applications.>** Keeping in view the
importance of these facets, many research investiga-
tions have been conducted during the past few decades
and it has recently gained greater attention of the
researchers to evaluate its various aspects. Therefore, it
makes imperative to review the previous literature
related to thermal and kinetic impacts of SAW on
micro droplets with special emphasis on their medical
applications.

The present study mainly focuses on the review of
recent developments of SAW generation with the use
of basic IDT structures that examine how changing
SAW modes and IDT designs can affect the kinetic and
thermal impacts of microlitre droplets. The knowledge
related to the generation of waves, material required,
and their applications has been summarised. The
review articles are available for streaming, mixing, jet-
ting, nebulisation, pumping etc. However, a compre-
hensive review is required for how the kinetics can be
linked with the convection heat transfer caused by the
waves inside the droplet, which is crucial for LOC and
other biomedical applications. Section 1 presents gen-
eral introduction and need for this review while section
2 describes kinetic inside the microlitre droplets fol-
lowed by section 3 which illustrates heating of the dro-
plet. Section 4 describes medical applications of the
waves and section 5 concludes the article with future
recommendations.

Kinetics inside the droplet

The movement of particles inside the droplet or move-
ment of the entire liquid droplet is known as kinetics.
Recent advances in acoustofluidics have enabled kinetic
processes such as mixing, pumping, jetting and nebuli-
sation, that has numerous applications in biochemical
analysis, disease diagnosis, and drug delivery.*>*’

Generation of surface acoustic waves

A wave of a few hundred MHz with nanometre-scale
amplitudes can be easily generated using an IDT.*®
Providing an alternating current (AC) or radio fre-
quency (RF) to the electrodes of the IDT fabricated on
the piezoelectric material generates acoustic waves due
to piezoelectric effect. These waves travel along the sur-
face of the material, that’s why called as surface acous-
tic waves.”®

IDT designs can vary in shape and configuration to
facilitate relevant applications. Different types of IDTs
and the most common applications related to each IDT
are shown in Figure 1. When IDTs are arranged such
that the generated waves are directed towards the cen-
tre of the IDT is called focussed IDT (FIDT).*
Alternatively, this configuration can be circular (circu-
lar IDT) to provide focussed acoustic pressure and
energy to generate the desired pumping and mixing in
microfluidics, which produces high droplet velocities
and concentration effects.’® On another side, slanted
IDT designs, also known as tapered IDT have electro-
des tapered from one side to the other, can be employed
to guide and control the direction and movement of
droplets by continuously altering its operating
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Such devices are typically used in different medical
applications including medicine delivery, wearable diag-
nostics and surgical treatments.*> 7

In this section, various types of IDTs and their rele-
vant applications are summarised. The next section
introduces how streaming generates inside the fluid
using surface acoustic waves.

Streaming inside microdroplet

Acoustic streaming is the phenomenon caused by
radiation forces inside liquid droplets absorbing high-
frequency acoustic oscillations as shown in Figure 2.4
At low radio frequency (RF) power values, streaming
and internal mixing has been observed. Conversely, at
higher power values, effect may induce droplet defor-
mation or subsequent displacement that moves it from
one place to another.*! Therefore, SAW is responsible
for generating acoustic radiation pressure (P) inside the
liquid droplet’ that can be determined by using the
relation given in equation (1)’:

where p, is density of the fluid, V; is the velocity of
sound in the solid while Ap represents change in their
densities. Figure 2 illustrates SAW-droplet interaction,
droplet is placed on the piezoelectric material where
waves generate internal streaming in the droplet.

Capillary waves are another type of acoustic waves
which are generated at the liquid-air interface when
leaky wave propagates inside the liquid droplet. If suffi-
ciently high SAW power is provided during this pro-
cess, the acoustic pressure dominates the surface
tension and capillary stress. As a result it begins to
destabilise the interface which subsequently cause
deformation, jetting, nebulisation.'”-!84%43

SAW modes are characterised by using the ratio of
substrate thickness, h, and acoustic wavelength, A. If
the ratio is greater than one (A >1), Rayleigh mode
waves are observed and if it is less than one (A <1),
Lamb mode waves are generated.®® In the case when
2 ~ 1, a surface reflected bulk wave (SRBW), or hybrid
Wave is generated®’ and is a combination of both
Rayleigh and Lamb waves. Devices which use these
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Figure 3. Streaming inside 25 pl water droplet with 6 um polystyrene particles (a) side view and (b) streaming velocity of particles

against various input power levels.®'

waves are called hybrid resonant acoustics (HYDRA)
devices which are primarily used for nebulisation of the
droplet and where both sensing and actuation is
required with the same device.?”**

Many SAW devices are based on Rayleigh oscilla-
tory modes and are most commonly used in microflui-
dics.* Rayleigh surface acoustic waves (RSAW), which
consist of both longitudinal and vertical shear compo-
nents, create waves which move along the substrate’s
surface. These are generated on bulk piezoelectric sub-
strates with specified orientations, such as ST-cut and
Y-cut quartz, X-112° Y-cut LT and 128° Y-X-cut LN*¢
substrates.*” R-SAW can also be generated using verti-
cally aligned thin films of zinc oxide, aluminium nitride,
PZT and lithium niobate on (0002) oriented plane.'**®
In both configurations, its acoustic energy rapidly
decays into the material leading to excessive damping.
Higher modes of R-SAW in layered substrates generate
Sezawa and Kanai modes and propagate on the surface
when the thin film’s acoustic wave velocities are much
smaller than those within the substrate or sub-layer
beneath.*” Notably, this makes the temperature sensi-
tivity and temperature co-efficient of frequency (TCF)
of Sezawa waves 1.6 to 1.8 times higher than R-SAW.*°
On the other hand, shear dominated waves such as SH-
SAW, made from quartz, 36° Y-X-cut LN and 64° Y-
X-cut LN," and Love mode waves that transpire in
SH-SAW, whose surface is covered with a thin wave-
guide layer (such as quartz or zinc oxide) to entrap the
generated waves, are suitable for applications where
sensitivity is required.

Using R-SAW with resonant frequency of
26.300 MHz (wave velocity of 2630 m/s) with ZnO thin
film placed on an aluminium plate IDT device, stream-
ing velocity inside a droplet has been estimated as low
as 2mmy/s using an input power of 96 mW for a 25 pl
water droplet. To visualise streaming inside the droplet,

particles of size 6 wm have been used and tracking takes
place using particle image velocimetry (PIV) as shown
in Figure 3. The side view of the droplet has been pre-
sented in Figure 3(a) with incident waves originating
from the left and the particles move from bottom to
top in a clockwise direction as indicated by the arrow.
Figure 3(b) delineates the corresponding near-linear
increase in droplet streaming velocities, showing the
rate of 5.0mm/s/W as observed from 1.0 to 2.0 W.>!

Lamb waves are either Bulk acoustic waves or sur-
face generated acoustic waves. These are generated
from the substrate having thickness less than or equal
to the wavelength of the waves.'? Passive Lamb waves
are generated from remote source of acoustic waves
without using piezoelectric material as substrate.
However, positive Lamb waves can be generated using
thin piezoelectric substrate layer.'®> The type of sub-
strate material and its thickness have direct effect on
the performance of the Lamb waves.’> The IDT mate-
rial required for generation of these waves may include
AlLO3/PZT that has enhanced performance and
reduced dispersiveness of the waves.> Common propa-
gation modes of these waves are zero-order symmetri-
cal mode (S;) and zero-order anti-symmetric mode
(4y)."*>* 4, mode is also known as flexural plate waves
(FPW), that has enhanced applications in mixing and
pumping.”® In comparison, S, wave mode’s energy is
relatively small and has applications in liquid sen-
sing.!*° In the case when a pair of IDTs is used, the
acoustic input applied from both sides produces stand-
ing surface acoustic waves (SSAW)>’ which are useful
in many applications such as jetting, focussing, pattern-
ing, particle manipulation, and separation.'*>®

The Love waves are generated by covering the sub-
strate’s surface with a thin film of materials such as
ZnO, TeO, or polymers. These waves have high sensi-
tivity and are not suitable for microfluidic
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Table |I. Types of waves, their potential applications and limitations.

Type of waves

Substrate material

Applications

Problems/limitations

References

SSAW

BAW-FBAR

Lamb waves

SH-SAW

Love waves

R-waves

R-waves

S-waves

Hybridised waves

128° X-
propagation
LiINbO3

ZnO with
Aluminium foil

36° YX-cut
LiNbO; and 64°
YX-cut LINbO;

36° YX-cut
LiNbO;3 and 64°
YX-cut LINbO3
ST cut and Y-cut
quartz, 128° Y-X-
cut LiNbO; and
X-112° Y-cut
LiTaO;

AIN film SAWs

ZnO with
Aluminium plate

Al foil with ZnO as

the top layer

Particle’s separation,
manipulation, and
patterning

Low power consumption,
small size and high
sensitivity

Ap mode has applications
in mixing and pumping
while Sy mode is ideal for
sensing

Better performance in
sensitivity detection, low
cost, low power
consumption

Very good accuracy in
biosensing in a liquid
environment

Streaming, Jetting,
deformation, and
nebulisation

It can be used both for
sensing and microfluidics.
Gas sensing is double that
of Rayleigh waves. These
waves can be used for
liquid pumping

The rate of nebulisation is
increased at higher
vibrational velocity

Can be only used in
microchannel or
microchamber

Not good for microfluidic
applications because of high
fabrication cost, large noise/
signal ratio

Ao mode is not efficient as
compared to Rayleigh mode
whereas Sy mode has low
potential for microfluidic
applications

Not good for microfluidic
applications, highest
sensitivity

Highest sensitivity, limited
applications in microfluidics

Not ideal for liquid sensing

A good actuator as well as a
good microfluidic heater
Appear in thin-films only
(when its velocity is lower
than substrate)

Vibration modes vary with
structures

Shi et a|.57, Yeo and
Friend>®

Fu etal.'?

Grate et a|.54,

Lamb®', Muralt et
al 62

Barié and Rapp®?,
Kovacs and
Venema“, Brodie
et al.65, McHale®¢
Brodie et a|.65,
McHale®®

Fu etal.'®, Hess*®

Sezawa and
Kanai49, Hadj-Larbi
and Serhane®’

Liu et al.3®

applications.” Optimal properties of the waves can be
achieved by using normalised thickness ratio of piezo-
electric film thickness (h) with the wavelength (A) as
hzmo/A = 0.304.%°

Table 1 summarises the classification of the waves,
material required to generate those waves, applications
of waves, and their problems/limitations.

Kinetic impacts have been elucidated in this section,
how the waves change internal energy or temperature
of the droplet has been explained in the following
section.

Thermal impact of SAW on microdroplet

The SAW gives rise to the heating of liquid droplets
and the underlying substrate®® ’° and is especially criti-
cal at high RF input power.”' There can be two reasons
for heating of the droplet: propagation of the waves
inside the substrate induces mechanical vibrations and
stresses which causes acoustic heating; the generated

heat is then conducted into the liquid droplet. Second
reason of heating is energy dissipation of longitudinal
waves inside the droplet due to viscous friction that
causes convection. The latter phenomenon dominates
the heating process and increases the temperature of
the droplet.”>"?

Heating mechanism of microdroplet

The temperature rise of the droplet (7)) is a joint result
of acousto-thermal effect and Joule heat effect.”
Whereas Joule heat effect can be defined as, production
of heat by passing electric current through the conduc-
tor. Droplet heating using joule-heat effect (without
acoustic waves) gives 26°C temperature rise. While
application of Gold (Au) layer as a shield on electrode
which bypasses an alternating current (AC), gives tem-
perature of 34.50°C, that is temperature because of
only acoustic waves. On the other hand, without a
shield, joule-heat effect added with the acoustothermal
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Figure 4. (a) Temperature of the droplet with ZnO/Si and AIN/Si devices and (b) temperature of the droplet at different input

power levels using an Aluminium plate as a substrate.”

effect to give temperature rise of 43.50°C.”* Other than
Joule-heat, convection (streaming) and viscous dissipa-
tion inside the droplet plays a significant role in the
temperature rise of the droplet. On the other hand, the
droplet’s temperature is 1.5 times more as compared to
the substrate’s temperature when using the same input
power and the substrate.*? Similarly, T, is double the
temperature of the substrate when using the same input
voltage (35 V,,.,) and same duty factor (50%).%8

When impact of the substrate on the temperature
change of the microdroplet was evaluated, LiNbO;
revealed a five-fold increase in temperature when com-
pared to the ST-X (cut direction) quartz substrate
mainly due to the low electromechanical coupling coef-
ficient of quartz.”* A comparison of acoustic heating of
the substrate (without droplet) using ZnO/Si and AIN/
Si showed that AIN/Si exhibit better acoustic heating
performance as shown in Figure 4(a). This can be due
to the lower electromechanical coupling coefficient of
AIN/Si which results in better power conversion to
heat.”> Furthermore, the temperature of the droplet is
directly related to the amount of energy it receives that
corresponds to larger vibrations, shown in Figure 4(b).
As temperature stability is difficult to achieve using
water droplets, a PDMS chamber is used so that the
temperature can be controlled digitally and thermal sta-
bility is achieved using SAW heating.”

The Peclet number (Pe = %), which relates the
thermal convection to conduction, gives a better under-
standing of the heat transfer process inside the droplet;
here p is density (kg/m’), ¢ is the heat capacity
(Jkg LK1, v is the streaming velocity (m.s™ '), L is
the characteristic length (m) and & is thermal conduc-
tivity (W.m~ ".K™") of the liquid.”® At lower input
power (100mW), steaming velocity will be less (Pe
<< 1), therefore there will be conduction heat transfer.

However, at the higher power (1.6 W), streaming velo-
city will be higher (Pe >>1), so convection will domi-
nate that increases the heat inside the droplet. On the
other hand, if the viscosity of the liquid droplet
increases, this will reduce the streaming velocity due to
frictional impacts, therefore making conduction more
dominant in heat transfer. As a result, longer time
scales are required to reach the thermal equili-
brium.”®”” High viscous fluids exhibit larger resistance
to heat dissipation, therefore, shows a substantial tem-
perature rise compared to those of lower viscosities.

When comparing the impact of the resonant fre-
quency on the temperature rise of the droplet for both
water and glycerol droplets, lower frequency displayed
a larger temperature change compared to higher fre-
quencies.”” This may be because higher frequencies
have more attenuation and most of the energy decays
in the substrate while transferring to the droplet.

It is important to understand the impact of SAW
radiation inside the droplet after waves immediately
enter inside the droplet. In a recently conducted study,®
the temperature rise (7,;) was measured from both sides
of the droplet, that is, SAW entering side as well as on
opposite side of the droplet which is away from the
IDT. T, near the side where the waves enter was found
5% higher than the other side after 80 s of SAW acting
time.

Temperature uniformity inside microdroplet

The change in resonant frequency, RF power of the
SAW and change in volume of the droplet have an
impact on temperature uniformity of the droplet.”’
IDTs can be fabricated by different methods that
define their fundamental harmonic resonant frequency.
Therefore, IDTs have different resonant frequencies to
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(c) change in temperature of the droplet at different input powers to the device, and (d) change in temperature by changing the duty

cycle at constant input power of 23 dBm.>*

achieve maximum acoustic efficiency. Moreover, tem-
perature of the substrate material also affects the reso-
nant frequency which in turn change the temperature
uniformity inside the microdroplet.?*’® In addition,
damping of the Rayleigh SAW in the piezoelectric sub-
strate called attenuation also plays an important role in
gaining temperature uniformity of the droplet.’
Attenuation is enhanced at higher resonant frequency of
the input wave due to which it takes more time to reach
thermal equilibrium. Moreover, attenuation of the waves
is directly related to the volume of the droplet and input
RF power.”” It is important to note that microfluidics
heating systems based on the SAW experience forced con-
vection whereas other heating systems involve conduction
only. Therefore, SAW based heating system have higher
temperature uniformity inside the droplet.

The temperature rise of the droplet can be controlled
by changing the duty factor or changing the input

voltage/power.®® The change in temperature of a 10 ul
droplet at different input peak to peak voltages (5 Vp.p,
10 V., 15 V., and 20 V,,_,) applied for 2min, is pre-
sented in Figure 5(a).®® The trend shows exponential
relation between an input voltage and temperature
change of the droplet as shown in Figure 5(b).
Furthermore, amplitude of the SAW has direct relation
to applied voltage,””®" therefore the temperature
change is directly proportional to the square of SAW
amplitude that directly corresponds to changes in the
streaming force.*’ Both heating and cooling can be
done by either changing the input power (dBm/Watt)
or changing the duty cycle (%) as illustrated in Figure
5(c) and (d).** The microdroplet reaches the steady-
state within 2.0s of the SAW input time.

Heating of the droplet is insignificant when the input
power is less than 0.50 W. However, this starts domi-
nating when the input power is more than 0.50 W. Rise
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in temperature of the droplet has been observed to be
20°C when the input power is 2.0 W. There is a direct
relation between streaming velocity and rise in tempera-
ture of the droplet. Convection helps in obtaining uni-
form temperature inside the droplet.

Applications of surface acoustic waves in
the medical industry

Applications of the acoustic waves are not limited to but
are widely in use for different medical diagnostics including
elasticity imaging,** ®° targeted imaging and therapy,®®®®
pulmonary drug delivery,® as an acoustic tweezer,”®"!
Polymerase Chain Reaction and Thermocycler.

Pulmonary drug delivery

Nebulisation has been widely used in the drug delivery
and transportation of droplets. It has been a challenge
to generate droplets of size sub-microns for targeted
lung area but with the help of SAW devices, microdro-
plets have been produced and are widely available in
the literature.>>> 4

Monitoring blood clotting

Controlled temperature is required to change in impe-
dance of the blood samples can be used to diagnose
clotting in the blood.”>® Ohashin and Kondoh® used
Lamb waves with a centre frequency of 50.6 MHz at an
input power of 1.0W for this purpose. An activated
partial thromboplastin time (APTT) plasma and cal-
cium chloride sample solution (5 ul) was used for test-
ing during the experiment. The electrical impedance of
the blood sample was measured at a constant tempera-
ture of 37°C. SAW was used to maintain this tempera-
ture using duty cycle. A linear relation between duty
ratio and temperature rise was found as shown in
Figure 6(a). A significant change in impedance with
time can be clearly seen in Figure 6(b) which illustrates
variation in impedance with time when temperature of
the sample was kept constant at 37°C. However, there
is not much change in the impedance in the absence of
SAW as depicted in Figure 6(c). A change in impe-
dance shows clotting in the blood sample, however, this
wasn’t possible without using SAW. Therefore, these
results show that SAW is helpful in monitoring the
blood clotting.
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Lamb waves employing FPWs generated by Si/SiO»/
Si3N,4/Cr/Au/ZnO based devices have successfully been
applied to observe concentration of immunoglobulin E
(IgE) in the human blood.”® Furthermore, the SSAW
can also be used to separate platelets from whole
blood.”

Acoustic tweezer

Another important application of SAW in the medical
industry is an acoustic tweezer that can be used for dro-
plet sorting or microparticle trapping.'®'°" With the
centre frequency of 70-95 MHz with LiNbOs as a sub-
strate and PDMS channel using variable input signal,
droplets can be sorted out using the temperature gradi-
ent. Because of acoustothermal heating, the droplet can
move from a higher temperature area to a lower tem-
perature area. 100

There are certain applications where controlled tem-
perature is required for constant heating or cooling
phases. SAW can also be efficiently used for certain
applications where the variable temperature is required.

Polymerase chain reaction and thermocycler

Polymerase Chain Reaction (PCR) is an important pro-
cess that is currently being used in many applications
including detecting SARS-CoV-2 from suspected
COVID-19 patients.'® PCR is also called a thermocy-
cler in which controlled temperature of the liquid is a
key requirement.'® As discussed earlier, the tempera-
ture of the fluids can be controlled by adjusting differ-
ent parameters including applied voltage, duty ratio,
and viscosity of the fluid.'® For reactions like PCR, we
need to achieve temperature of around 100°C. Water
can not be heated above 50°C during the test. However,
we can achieve a temperature of 50°C, 72°C, 98°C and
120°C with 80% water/glycerol mixture and duty factor
of 20%, 40%, 60% and 80% respectively.'®* PCR is a
tool to amplify DNA samples that is useful for virus
identification, DNA genotyping, and forensic applica-
tions.'*>1% The PCR is a low-cost test and have an
increased ramp rate with homogeneous temperature
equilibrium. Microfluidic heat exchangers have been
used to achieve accelerated heating (44°C/s) and cooling
(17°C/s) which helped to augment DNA/RNA of
H5NI1 influenza, a human immunodeficiency virus
(HIV).'"” Rapid heating and cooling (100°C/s and
90°C/s) can also be achieved using a Peltier junction
along with a thermocouple'®® but SAW based heating
and cooling cycles are more efficient for PCR applica-
tions.'” As PCR requires continuous heating and cool-
ing cycles that can be achieved by changing the duty
cycle using SAW.'%

High viscous fluids have conduction heat transfer
due to close proximity of molecules. In addition, there

o o
& o)}
1 1

Reaction yield
o

0 - T T T T ]
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Dynamic viscosity (mPa.s)

Figure 7. Variation in PCR reaction yield of a common
industrial thermocycler as a function of viscosity of liquid.'"®

is a challenge to interact species with each other
using high viscous liquids. Efficiency of the reaction
(PCR) decreases dramatically when the absolute visc-
osity attains the value of 3.5MPas, as illustrated
in Figure 7.''° However, Rayleigh surface acoustic
waves promotes convection. As discussed in section
3.1, streaming velocity inside the droplet is more due
to convection heat transfer which enhances internal
mixing, hence improves PCR efficiency even using
high viscous fluids.”®!''"® Moreover, it is important to
note that the PCR mixture is unaffected by the wave’s
power or duration of irradiation, indicating that R-
SAW is compatible with microdroplet PCR.'"”

Conclusions and recommendations

In this article, kinetic and thermal impacts of the sur-
face acoustic waves on the microlitre droplets are
reviewed. The classification of acoustic waves based on
different types of IDTs are analysed followed by dis-
cussion of their applications in relevant medical fields.
It is determined that the standard IDTs are good for
both sensing and microfluidic applications while bend-
able IDTs are beneficial for medical sensing, wearable
diagnostics, and surgical instruments. Circular IDTs
are suitable for mixing, pumping while F-IDTs are use-
ful for jetting, deformation, and heating of the droplet.
It is observed that BAW-FBAR, Love waves, and S-
waves are feasible for sensing applications while Lamb
waves can be used both for sensing and microfluidics
applications. R-SAW are good for microfluidics appli-
cations while SSAWs are ideal for particle separation,
manipulation, and patterning. Moreover, standard
IDTs, circular and focussed IDTs can be used for heat-
ing applications.

There are two reasons for heating of the droplet.
One is heat transfer from substrate to the droplet and
other is due to wave propagation inside the droplet.
LiNbO; exhibits better performance in terms of
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convection heat transfer inside droplet as compared to
ST X quartz. SAW can be used as an acoustic tweezer
and is an efficient tool to monitor blood clotting that is
important for cardiovascular, and liver-related discases.
These waves can be employed for pulmonary drug
delivery, monitoring concentration of immunoglobulin
(IgE) in the human blood. Moreover, SAW can be
effectively utilised to control the droplet’s temperature
by either using the duty cycle or by varying the input
power. Furthermore, the waves can be the means to get
the uniform temperature inside the droplet and can be
successfully employed for applications like PCR.

SH-SAW and Love waves have high sensitivity mak-
ing them unsuitable for microfluidic applications. Love
waves are especially good for biosensing in the liquid
environment. SSAWSs are good for particles separation,
cell sorting, cell patterning but are only limited to
channel-based microfluidics, not good for droplet-
based microfluidics. R-waves are good both for the
inside droplet kinetics and jetting, nebulisation of the
droplet. It is experimentally proved that R-waves can
be efficiently used as a microfluidic heater and can also
be used for PCR applications.

This article mainly focussed on experimental investi-
gations related to droplet-based acoustofluidics using
deionised water droplets. It can also serve as the basis
for PDMS channel-based fluids with different viscos-
ities where the thermal impact of the convection inside
the liquid can be analysed to benefit the community.
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Appendix

Notation

Description Symbol Unit

The temperature rise T4 (°C)

of the droplet

Wavelength A pm

Thickness of substrate h pm

Activated partial APTT

thromboplastin time

Flexural plate waves FPW

Interdigital transducer IDT

Lithium Niobate LiINbO3

Lab-on-a-Chip LOC

Particle image velocimetery PIV

Polydimethylsiloxane PDMS

Lead Zirconate Titanate PZT

Polymerase Chain Reaction PCR

Radio Frequency RF

Rayleigh wave R-wave

Sezawa wave S-wave

Surface Acoustic Waves SAW

Standing Surface Acoustic Waves SSAW

Surface Generated Acoustic Waves SGAW

Surface Reflected Bulk Waves SRBW

Temperature co-efficient of frequency TCF

Zinc Oxide ZnO




