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Theoretical Study on Horizontal-Type SAW Device
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In this paper, a horizontal-type surface acoustic wave device based on electrode width control inter-
digital transducer/polymethylmethacrylate/54° Y-X LiNbOg is proposed to achieve the removal of
non-specific binding particles by Rayleigh waves and the detection of meningococcus by Love waves. It
is proved that the surface acoustic wave force plays a leading role in the removal of non-specific binding,
and the frequency of the acoustic wave also affects the removal effect. The advantage of electrode width
control interdigital transducer lies not only in overcoming the shortcomings of bidirectional and focused
interdigital transducers, but also in improving the utilization of acoustic waves and the sensitivity of
the sensor. When non-specific binding particles are removed by Rayleigh waves, the Love wave sensor
shows a sensitivity of 330 Hz/(ng/IL) and a detection limit of 50 pg/uL for meningococcus.
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1. Introduction

Technological advances in biosensor development
in recent years have made it possible to produce
extremely fast and highly responsive biosensors [1].
The biosensors are generally classified into four ma-
jor categories according to the detection princi-
ples: electrochemical, thermal, optical, and acous-
tic. They have been extensively studied and put
into practical applications [2]. M. Tak et al. [3]
and R. Gupta et al. [4] use the electrochemical
method to detect bacterial viruses. K. Gracie [5]
and M.T. Yaraki et al. [6] use surface-enhanced
Raman spectroscopy (SERS) technology to detect
and quantify biological samples. G. Kaur et al. [7]
and A. Ramola et al. [8] respectively report the
detections of cancer cells and meningococci us-
ing the surface plasmon resonance (SPR) method.
In addition, there are some studies reporting the
use of polymerase chain reaction to detect biologi-
cal samples [9-14]. However, these techniques have
limitations that make them unsuitable for wire-
less sensing applications, which could pave the way
for implantable devices to be used in a variety
of diagnostic and health monitoring applications.
Acoustic-based devices are well suited for biosens-
ing applications due to their stable fundamental fre-
quency, ease of analyzing the output, and wireless
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integration. Furthermore, acoustic biosensors have
significant advantages in surface modifications as
they are more customizable to the detection re-
gion, thus allowing the detection of different sam-
ples, such as proteins, enzymes, DNA, etc. [15].
H. Oh et al. [16] use a wireless Love wave biosensor
for simultaneous detection of multiple biomolecules.
D.W. Branch et al. [17] achieved low-level detec-
tion of Bacillus anthracis simulants using Love-
wave biosensors. S.M. Li et al. [18] completed the
precise measurement of carcinoembryonic antigen
based on the Love wave biosensor. J. Ji et al. [19]
achieved specific detection of Staphylococcus aureus
gene sequences using single-layered graphene/Au-
nanoparticles-based Love wave biosensors. H. Wu
et al. [20] use a Love wave biosensor to monitor the
adhesion process of tendon stem cells. W. Wei et
al. [21] study a polyethylene polymer-based SAW
Lamb device for the detection of serum pepsinogen.
M. Bharati et al. [22] use a Lamb wave resonator to
efficiently detect Neisseria meningitidis and study
the effects of symmetric and anti-symmetric modes
of Lamb waves on detection. J. Nam et al. [23]
reported a Lamb wave-based device for detect-
ing gene amplification through the rolling circle
amplification process. Although the Lamb wave sen-
sor has high mass sensitivity, it is not suitable for
liquid sensing, which restricts its development in the
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field of biosensing. By comparison, Love mode sur-
face acoustic wave (SAW) with only one component
of mechanical displacement parallel to the substrate
surface and perpendicular to the propagation di-
rection provides low damping in a liquid, which is
why Love mode SAW sensor is widely used in vari-
ous biosensing applications due to its suitability for
liquid sensing and high sensitivity. In this paper,
a Love wave-based biosensor for the detection of
DNA is proposed. Meningococcus has been chosen
for theoretical study because its early detection is
critical to controlling its spread and saving lives in
time.

SAW biosensors suffer from the problem of non-
specific binding (NSB) protein on the surface of the
device [24, 25]. Due to the presence of NSB parti-
cles, the detection results are inaccurate. It is shown
that the Rayleigh wave mode with a surface normal
component couples strongly to the fluid and radi-
ates longitudinal waves into the fluid. Because of
the viscous dissipation of fluid, the pressure gradient
exists in the propagation direction of the longitudi-
nal wave [26], which causes the acoustic streaming
phenomenon. The acoustic streaming exerts steady
viscous stresses on the boundary layer. Although
the value of viscous stresses is small, it is enough
to remove the NSB on the biosensor surface [27].
S.K.R.S. Sankaranarayanan and R. Singh [28] ana-
lyzed the main mechanism of the removal of NSB
by acoustic streaming in detail and verified the
removal effect of the designed SAW devices by
experiments and finite element calculation. Later,
S.K.R.S. Sankaranarayanan [25| replaced the tra-
ditional bidirectional interdigital transducer (IDT)
with a focused IDT which focuses the acoustic waves
in the removal region, greatly increases the intensity
of the acoustic waves, and improves the removal
efficiency of NSB. However, the fabrication of fo-
cused IDT is more difficult, and SAW must be fo-
cused on the removal region. In this paper, electrode
width control (EWC) IDT is proposed to solve the
problems.

S.M. Li and V.R. Bhethanabotla [29] place two
pairs of orthogonal IDTs on ST quartz substrates,
which excite Rayleigh waves and horizontal shear
waves, respectively. Although this device can both
detect biomarkers and remove NSB particles, the
propagation directions of Rayleigh waves and hor-
izontal shear waves in the device are orthogonal
(hence the term orthogonal-type SAW device). The
orthogonal placement of IDTs increases not only
the number of IDTs but also the size of the sensor.
In addition, the Rayleigh wave and the horizontal
shear wave work at the same time; when the NSB
is removed by the SAW force and the acoustic ra-
diation force induced by Rayleigh waves, the mass
loading effect of the biological sample is also weak-
ened because the samples also experience the SAW
force and the acoustic radiation force. As a result,
the developed sensor based on the horizontal shear
wave does not accurately detect the biological sam-
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ple. But for the 54° Y-X LiNbOgj substrate, when a
pair of IDTs are placed horizontally on the substrate
surface, it can, respectively, excite Rayleigh waves
and horizontal shear waves at specific frequencies,
and the propagation directions of the two acoustic
waves are parallel. Furthermore, LiNbOj3 piezoelec-
tric material has high electromechanical coupling
coefficient (up to 9%) and piezoelectric constants
(d15 = 68 pC/Na dzz3 = 6 pC/Na dag = 22 pC/Na
ds; = —1 pC/N) [30, 31]. The piezoelectric ma-
terial with a higher electromechanical coupling co-
efficient provides a more effective conversion be-
tween electrical energy and mechanical energy, en-
abling larger power density and wider bandwidth.
Piezoelectric constants reflect the material sensitiv-
ity of the piezoelectric effect. In sensor applications,
higher piezoelectric constants enable the generated
signal to be detected more easily. Therefore, a SAW
device with both sensing and removal functions pre-
pared on the 54° Y-X LiNbOj substrate (referred
to as a horizontal-type SAW device) is proposed in
the paper. In order to achieve the Love wave, the
waveguide layer with lower shear velocity compared
to the substrate must be placed on the piezoelectric
substrate. Polymethyl methacrylate (PMMA) is se-
lected because of its good physical/chemical resis-
tance in aqueous or harsh environments and strong
bonding to 54° Y-X LiNbOgs substrate.

In this paper, we propose a horizontal-type
SAW device based on EWC IDT/PMMA /54° Y-X
LiNbOg to achieve the removal of NSB particles and
the detection of meningococcus. Compared with the
existing studies, the innovative works of this paper
are as follows. Firstly, the role of acoustic radiation
force in the process of removing NSB particles is
analyzed, and the effects of acoustic frequency and
mechanical properties of NSB particles on acoustic
radiation force are studied. Secondly, EWC IDT is
applied to the removal of NSB particles and the de-
tection of meningococcus; this not only overcomes
the shortcomings of bidirectional and focused IDTs,
but also improves the utilization of acoustic waves
and the sensitivity of the sensor. Finally, the influ-
ences of waveguide layer thicknesses on the Love
wave propagation and insertion loss of devices are
studied, and the optimal thickness is determined.
Also, the mass sensitivity and detection limit of the
horizontal-type SAW device for meningococcus are
calculated.

2. Traveling SAW systems and control
equations

2.1. Traveling SAW device for the detection of
meningococcus and the removal of NSB particles

The proposed SAW removal and biological de-
tection device is shown in Fig. la. It consists of
a piezoelectric substrate, EWC IDTs, a waveguide
layer, and detection channels. The piezoelectric sub-
strate is 54° Y—-X LiNbOg3, 5 mm long, 2.4 mm wide,
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Fig. 1. Horizontal-type SAW device with dual
function of sensing and removal of non-specific bind-
ing. (b) Plane view of horizontal-type SAW device
in y—z direction.

and 200 pm thick. The waveguide layer overlaying
the upper surface of the substrate is PMMA ma-
terial, 5 mm long, 2.4 mm wide, and 3 pm thick.
A pair of EWC IDTs with a period of 37 pum are
placed on the interface between the waveguide and
the substrate and used to generate high-frequency
SAW. The acoustic absorption layers are placed
at both ends of the substrate to reduce the re-
flection of acoustic waves from the boundary. The
detection channel is made of polydimethylsiloxane
(PDMS) material and is 110 gm long, 200 pum wide,
and 50 pm high, and contains two inlets and one
outlet. The phosphate-buffered saline (PBS) and
meningococcal oligonucleotide solution are injected
into the two inlets, respectively (the two inlets do
not work at the same time). The inner bottom of
the PDMS channel contains a biologically sensitive
layer, which is modified with complementary DNA
probes. Meningitidis oligonucleotides bind specifi-
cally to complementary DNA probes.

The detection of meningococcal oligonucleotides
is mainly divided into three processes:

(i) PBS buffer solution is pumped into the chan-

nel from inlet 1. After it fills the channel,
the outlet and inlet 1 are closed, and the fre-
quency f; of the SAW device is measured.
Then, open the waste outlet and drain the
PBS buffer solution from it.
meningococcal oligonucleotide solutions are
pumped into the channel through inlet 2
and bind specifically to complementary DNA
probes. Then, the Rayleigh wave is excited to
remove NSB particles. The removed NSB par-
ticles are discharged from the outlet.
PBS solution is pumped into the channel from
inlet 1. After it fills the channel, the outlet and
inlet 1 are closed, and the frequency fo of the
device is measured. The difference between
the f1 and f5 is the result of specific binding of
meningococcal oligonucleotides. The purpose
of detecting meningococcus is achieved.

(iii)
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The feasibility of the proposed experimental
scheme can be confirmed based on similar previous
studies. Experimental studies by S.K.R.S. Sankara-
narayanan et al. [25] have shown the applicability of
Rayleigh wave modes to remove non-specific bind-
ing proteins from the surfaces of SAW devices. The
fluorescently labeled sample of bovine serum albu-
min (BSA) is placed on a fluorescent microscope for
intensity measurements. The reduction of intensity
indicates a significant reduction of the non-specific
binding BSA.

In the process of removing NSB by Rayleigh
waves, SAW will be strongly coupled with the
fluid. It is necessary to calculate the interaction be-
tween the fluid and the acoustic wave. If the three-
dimensional model shown in Fig. 1a is used for cal-
culation, a huge amount of calculation is required.
It is also used when calculating the Love wave sens-
ing. Note that the Love wave has a displacement
component in the z direction, which must be con-
sidered.

2.2. Control equations for the fluid domain

The laws of conservation of mass and momentum
govern the motion of viscous compressible fluids and
can be described as [32, 33]

dp

ot

v
Pt

—1—(;“,—1— %)V(Vﬂ)), (2)

where p is the density of the fluid, v is the fluid
velocity, p is the fluid pressure, and p and p; are
the shear viscosity and bulk viscosity, respectively.
Here, p, p, and v are understood to be in Euler
form [34] and are functions of time ¢ and spatial
position r in a fixed volume. Fluid pressure, acous-
tic velocity, and fluid density satisfy

p= C(Q)pv (3)
which can be used to describe the motion of fluid
more conveniently. In (3), ¢p is the acoustic velocity
of the fluid at rest. By combining (1)—(3) with ap-
propriate boundary conditions, the state of acoustic
waves in fluids can be completely determined. Due
to the time difference between acoustic oscillations
and particle motion [35], the fluid motion induced
by harmonics can be divided into two parts: a pe-
riodic component with the same period of acoustic
driving and a second-order component with a non-
zero time average. Using the Nyborg perturbation
method, the fluid velocity, pressure, and density can
be written as the following expressions [36]

p = po+ p1+ p2,

v =vg + V1 + V2,

+V-(pv) =0, (1)

+p(v-V)v = —Vp + uV3v

4
5
6

(
(
(

)
)

p = po+p1+p2 )
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where subscripts “0”, “1”, and ‘“2” represent zero-
order, first-order, and second-order components, re-
spectively.

Ignoring the high-order terms of (4)—(6), the first-
order equations can be derived. Their form is the
following

0

001 (V1) =0, 7
ov

Poaft1 = —Vp1 + pV3v; + (Mb + g)V(V - v1),

(8)
where p, and p are the bulk and shear viscosities
of the fluid, respectively. In the same way, time-
averaged second-order equations can be written as

<8p2> ¥ poV - (wa) = —V - (prv1) 9)

()

ot
8’01
+1V? (v2) + (Mb + £

p18t> + po(v1 - Vi) — V(p2)

v
5)V (V- (v2)).

ot
where (A) denotes the time average of the quantity
A over one oscillation period.

As J.T. Stuart [37] points out, the inertia term
in (10) is important and must be retained in the
equation. Furthermore, the attenuations of acous-
tic waves inside the viscous boundary layer (the
thickness of the viscous boundary layer is d =
v2u/(pow), and w is the angular frequency of the
incident acoustic wave) as well as in other regions
are considered, so the last term in (5) related to
the bulk viscosity must also be retained. It can be
seen from the control equations of the first- and
second-order fields that the second-order field is
generated by the first-order field as the source term.
The strength of the first-order field determines the
strength of the second-order field.

(10)

2.3. Numerical realization

The detections of meningococci and the removal
of NSB shown in Fig. 1la are not performed simul-
taneously. Therefore, the simulation is divided into
two parts: one is to calculate the removal of NSB
by the Rayleigh wave, and the other is to calcu-
late the detections of meningococcus by the Love
wave. The Rayleigh wave is strongly coupled with
the fluid, which will cause the acoustic streaming
phenomenon, but the Love wave will not.

The model (Fig. 1) is divided into two parts:
one is the SAW generation region, and the other
is the fluid region. The first part consists of a 54°
Y—X LiNbOg substrate with a high electromechan-
ical coupling coefficient and EWC IDTs made of Al
material. The 54° Y-X LiNbOjs substrate bottom
boundary is fixed, the top boundary is free (except
for the boundary in contact with the IDT), and per-
fect matching layers are added to the left and right
boundaries. The voltages of V = Vpe'“t and V = 0
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are alternately applied to the odd and even num-
bers of fingers of EWC IDTs, and the edge effects
of the EWC IDTs are ignored during the simula-
tion. The displacement and stress distributions of
the substrate are calculated in the frequency do-
main.

The second part is the microfluidic channel made
of PDMS. Since the time difference between the
acoustic field and the acoustic streaming field to
reach the equilibrium state is several orders of
magnitude, based on perturbation theory [38], the
acoustic field and the acoustic streaming are de-
fined as first-order and second-order fields, respec-
tively, and they are computed in the frequency do-
main as well as under steady state studies. The
first-order fields are assumed to have a harmonic
time dependency with the factor of e!*! where
w 27 f is the angular frequency and i is the
imaginary unit. When the SAW propagating in the
solid meets the fluid, it will be strongly coupled
and radiate longitudinal waves into the fluid. There-
fore, the velocity, displacement, and normal stress
continuity conditions are applied between the fluid
and the piezoelectric substrate boundaries. In the
second-order field, due to the existence of the pres-
sure gradient, the acoustic streaming phenomenon
is induced. Therefore, when simulating the acous-
tic streaming phenomenon, the volume force term
(=V - (p1v1) + po({v1 - Vvy)) and mass source term
(p10v1/0t) need to be added to the fluid, and the
average value of P, needs to be 0. For the second-
order field, the no-slip boundary condition is im-
posed on the Lagrangian velocity of the fluid at the
fluid—solid interface; the Lagrangian velocity is de-
fined as the summation of the Eulerian streaming
velocity (vs) and the Stokes drift [39-41]

weo={ ([ %) ). o

The boundary of the channel in contact with the
fluid satisfies

(12)

The above derivation is meaningful only as long as
the perturbation theory is valid and as long as the
streaming remains laminar.

V2 = —Vsp.

2.4. Verification of grid convergence

In order to verify the correctness of the solutions,
the grid-convergence analysis is performed. The
solutions are compared for decreasing grid size
Sz/Wz (Sz represents the maximum grid size in
the solution domain, and Wz is a parameter to
control the grid size) to determine the point at
which the solution becomes independent of any fur-
ther decrease in Sz/Wz. In the process of removing
NSB, the acoustic streaming effect is studied, and
since the boundary layer does require a very fine
grid, the maximum grid size Sz for the boundary
layer region and fluid solution domains is A/100,
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respectively. The grid convergence parameter
C(F) is a relative convergence parameter of the
solution F' relative to the reference solution Fi..y.
The reference solution F.; is obtained with the
maximum value of Wgz. The grid convergence
parameter is defined as [42]

_ [ dazdy (F — Fye5)?
[dedy F7,

C(F) (13)

Note that equations (12) and (13) represent the
response of the fluid to the harmonic components
of the applied acoustic wave.

In this paper, F..r is the physical field generated
by the fine grid of Wz = 6. The effects of the nu-
merical parameter Wz on the first-order field and
the second-order field are studied. The grid conver-
gence analysis results are shown in Fig. 2. It can
be seen that when Wz = 3, all the results remain
at C' < 0.005, which gives satisfactory convergence
behavior.

3. Forces on non-specific binding particles

The pollutants are adsorbed on the sensor surface
by the van der Waals force and electric double-layer
force, resulting in NSB. When the removal forces
generated by the acoustic wave are greater than the
van der Waals force and the electric double-layer
force, NSB can be effectively removed. The removal
forces can be divided into linear force and nonlinear
force. The SAW force (Fsaw) is a nonlinear force,
and the lift force (Fp) and drag force (Fp) are lin-
ear forces. The directions of these forces are shown
in Fig. 3.

3.1. Van der Waals force and electric double-layer
force

The main adhesion forces acting on NSB particles
immersed in liquids are the van der Waals and elec-
tric double-layer forces [43], and the magnitude of
these two forces is related to the volume of the par-
ticles. Assuming the particle is a sphere of radius R,
and at the free surface, the van der Waals force on
the particle can be expressed as Fy ~ BR/(6y?),
where B is the Hamaker constant and y is the dis-
tance of the particle from the sensor surface [44].
When calculating the van der Waals force of a par-
ticle immersed in a fluid, the value of the Hammark
constant is generally taken to be 1072%i. As y in-
creases, the van der Waals force on the NSB parti-
cles tends to decrease, so y takes a value of about
0.2-0.4 nm [43]. The surface contact potential gen-
erated between two different materials induces sur-
face charge accumulation because of the different
local energy state of each material. This leads to the
formation of a double-layer charged region around
the particle to maintain charge neutrality, thereby
generating electrostatic attraction, which can be ig-
nored when the effective diameter of the particle is
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greater than 5 pum. For sub-micrometer-sized par-
ticles, it is found that the electrical double-layer
force and van der Waals force are of the same order
of magnitude [44]. In the process of removing NSB
particles, it is usually sufficient to consider only the
van der Waals force (Fy ) [45].

3.2. Lift and drag forces

The lift force (F1) and drag force (Fp) have dif-
ferent effects on the removal of NSB particles. In
fact, F;, can prevent the removed NSB particles
from falling back to the sensor surface again, and
Fp can move the NSB particles away from the sen-
sor surface. The directions of Fy, and Fp are shown
in Fig. 3. Based on Bernoulli’s equation, F, can be
estimated from the pressure difference between the
bottom and top of the particle as p(v2R)?, where
vy is the normal velocity of the acoustic stream-
ing. In fact, Fp is caused by the interaction be-
tween the acoustic streaming and the particles, and
it is expressed as pRus, where us is the tangential
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velocity of the acoustic streaming. It can be seen
from the expressions of F, and Fp that their val-
ues are proportional to the velocity of the acoustic
streaming.

3.3. Acoustic radiation force

When particles are suspended in a fluid and ex-
posed to a traveling wave acoustic field, they ex-
perience a time-averaged acoustic radiation force
(Frarr), which can be expressed as [46]

Pragr = ma®Yr(E), (14)
where Y7 is the acoustic radiation force coefficient,

(E) is the average energy density of the incident
wave, and a is the radius of the spherical particle.
Therefore, for the same size of particles in an acous-
tic field of the same energy intensity, the acoustic
radiation force is proportional to Y. This coeffi-
cient is defined as

J

21, (K1) _

= 4(n+l1
YT: Z — <n ) (an+an+1+2anan+1 + 25n+lﬁn>7
n=0 (15)

and «, and [, are given, respectively, as

(Fuju(r) — 54 ()"

O T Fradn () — ()% + (Fug (%) — 1/, (1)
(16)

and

b, = (Puils) 67, () () ~ ()

+ (Fuyn (k) = Ky, (£))

(17)
Here, j,(k) and y,(k) are the n-order spherical
Bessel functions of the first and second kind, re-

spectively. The scattering coefficient F' is given by
the following equation [46]

(Fujin(k) = K (K))

2n(n+ 1)jn(k2)

b 0 Tujnlm) — julm)

(n+2)(n — 1)jn(k2) + 235y, (K2)

rr
20 Tt ()

20(n + 1) (jn (K2) — 2], (2))

boagl (k1) — gn(ke)

where p*, p, and o are the particle density, fluid
density, and Poisson’s ratio of the particle material,
respectively. The parameters k1 and ko are defined
as

2
R1 = k‘1a = 7Tfa’ (19)
a
2
Ro = kga = Trfa, (20)
Cs
2
by = ka = 2709, (21)
co

where k1 and ko are the wave vectors of the com-
pression and shear acoustic waves in the particle
material, respectively; k is the wave vector of the
compression waves in the fluid; ¢, ¢, ¢, and f are
the velocities of the compression and shear acous-
tic waves in the particle material, the velocity of the
acoustic waves in the fluid, and the frequency of the
acoustic waves, respectively.

When the Rayleigh wave meets the fluid, it con-
verts into the leaky wave, which radiates into the
channel in the form of the longitudinal wave at the
Rayleigh angle, so the acoustic radiation force act-
ing on the particle can be decomposed into the nor-
mal F,, and horizontal F; components. The expres-
sions are as follows

F,, = Fragr cos(6), (22)

Fs = Frarrsin(9), (23)

sin(f) = 2. (24)
UR

(n+2)(n — 1)jn(r2) + 235y, (r2)

(

Similarly, when particles are suspended in a fluid
and exposed to a standing wave acoustic field, they
also experience the time-averaged acoustic radiation
force (Fsarr), which can be expressed as

Fsapr = nYs(E)a?sin(2kz). (25)

In (25), Y5 is the acoustic radiation force coefficient
in the standing wave acoustic field, (E) is the aver-
age energy density of the standing wave field, a is
the radius of the spherical particle, k = 27/ is the
wave number (A — acoustic wavelength), and z is
the distance from the pressure node. The coefficient
Ys is expressed as

1 o n
Yg = ﬁz(nﬂ)(—n g2
1o

x (Bn(l +2a0) — B (1+ Qan)). (26)

The expressions of the normal and tangential acous-
tic radiation forces in the standing wave field can be
written as

Fy, = Fsarr cos(0), (27)

FS = FSART sin(@). (28)

3.4. Acoustic surface wave force (Fsaw)

Under the action of the leakage wave, the fluid
particle produces displacement components u, and
u, in the normal and tangential directions, respec-
tively. The expressions for u, and u. are shown as
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uy = Aexp(iwt) exp(—ikry) exp(—akrx),
(29)

uy = —i1Aaexp(iwt) exp(—ikry) exp(—akpz),
(30)

where A represents the amplitude of the SAW,
w represents the angular frequency of the acoustic
wave, kr, is the wave number of the leakage wave,
and « represents the attenuation coefficient.

The velocity of a fluid particle is the partial
derivative of displacement with respect to time. It
consists of two terms; the first term varies with
the direction of propagation z as exp(—az), and
the other term varies with z as exp(—abz), where
b = +/2u/(pow), and p is the shear viscosity of
the fluid. The second term is neglected when solv-
ing for the acoustic streaming force. The viscous
boundary layer of water has a thickness of approx-
imately 0.02 pym when the frequency of approx-
imately 100 MHz of the removal device is used.
Therefore, bz is much greater than 1, and it is rea-
sonable to ignore the second term [47]. The sum
of the mass source term ({p10v1/0t) in (9) and
the volume force term (—V - (p1v1) + po{v1 - V1))
in (31) can be further simplified as (po(vy - Vo) +
po{vy - V - v1)). Now, Fsaw can be written as
(po{v1 - Vi) + po{vy - V - v1)) R?, with R being the
radius of the pollutant particle. The direction of
Fgaw shown in Fig. 3 can be decomposed into the
tangential F, and the normal F}, components. When
the Fgaw force acting on an NSB particle is greater
than the van der Waals force, the NSB particle is
peeled off from the sensor surface. The tangential
and normal components of Fg4y are shown as

Fy = —po(1 + i) A%’k; 2(kiytarkia) R*

(31)

—po(1 + a?)A%w?ar k; e2<kiy+a1ki‘”)R2,
(32)

Fy

where Fsaw = 1/(F§+F§)ki is the imaginary part
of kr and o = iavy, and R is the radius of the NSB
particle. The wave number of the leakage wave kp, is
a complex number. Its imaginary part k; represents
the extent to which the acoustic wave is dissipated
in the fluid. The dispersion equation of the acoustic
wave is shown as

-5) 4=

(33)

which can be solved to obtain the wave number of
the leakage wave kr, [48]. In (33), ¢ = w/kr, and
w is the angular frequency of the leakage wave;
a = /(A+2us)/ps and b = /(us/ps) are the
velocities of the longitudinal and transverse waves
in the piezoelectric material; A\ and wpug are the
Lame coefficients; p and ps are the densities of
the fluid and piezoelectric substrate, respectively.
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Piezoelectric materials are anisotropic, so different
cut piezoelectric materials have different acoustic
velocities.

4. Results and discussion

4.1. Effect of surface acoustic wave frequency on
removal of NSB

From (29)—(32), it can be seen that the magnitude
of the SAW force is related to the intensity and
frequency of the acoustic wave. Based on the law of
conservation of energy, when the excitation power
of the SAW is constant, the higher the frequency
of the acoustic wave, the lower the amplitude of
it. The direction of the acoustic radiation force on
the NSB particle is the same as that of the SAW
force, but the role of the acoustic radiation force
in the removal process is unknown. In this section,
the SAW force and the acoustic radiation force are
calculated by applying the same power of the SAW.
Then, the role of the acoustic radiation force in the
removal process is determined.

From (14)—(18), it can be seen that the acoustic
radiation force coefficient Y7 and Yy are functions
of particle mechanical properties and acoustic fre-
quency. Therefore, Y7 and Ys of particles of differ-
ent materials will be calculated, so that the optimal
frequency for removing different types of NSB parti-
cles can be determined. Spherical polystyrene (PS)
and PMMA particles are used to simulate different
NSB particles, and the relationships between Y7,
Ys, and k; are shown in Fig. 4. In a traveling wave
system, when k; < 1, Yp is monotonically increas-
ing, but is very small and approximately negligi-
ble; it indicates that there is no significant response
to acoustic waves for the particles. When k1 > 1,
Y1 becomes non-negligible, and it does not show a
monotonous increasing trend, but exhibits succes-
sive peaks (maxima) and dips (minima) resulting
from the free vibration resonance of the NSB spher-
ical particles. Therefore, the response of NSB parti-
cles with k& > 1 to acoustic waves is more significant.
In the standing wave system, when k; < 1, Yg is
much larger than Y7 in the traveling wave system,;
it indicates that the acoustic radiation force act-
ing on the NSB particles is also very significant in
the low-frequency range. When k; > 1, Y7 and Yy
are not monotonous, but Y7 is always greater than
zero, while Yg is not, which means that the direc-
tion of the acoustic radiative force changes with k.
The particles in the standing wave field are moved
to the pressure node or pressure anti-node under
the action of the acoustic radiation force. When the
NSB particles are removed from the sensor surface,
the movements of the NSB particles are dominated
by the acoustic radiation force, under which the
NSB particles are refocused to a pressure node or
pressure anti-node near the bottom of the channel.
Therefore, the removal system based on traveling
SAW has more advantages than the standing SAW.
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Fig. 4. The relationships between Y7, Ys, and k1 of NSB particles. (a) Yr in the traveling wave field, (b)
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range from 0 to 1 in panel (c).

In the traveling SAW system, the acoustic radia-
tion force of NSB particles is proportional to Yrp.
When k; > 1, even if the size of NSB particles
is the same, different types of them have different
magnitudes of acoustic radiation force, as shown
in Fig. 4a, but the trend of the curves is approx-
imately the same. Therefore, to simplify the dis-
cussion, NSB particles in the following refer to PS
particles. When k; = 1.45, Y7 reaches the first peak
for PS, so if the radius of NSB particles discussed
is 1 pum, the frequency of 345 MHz of Rayleigh waves
can be calculated and used to remove NSB.

NSB can be removed if the resultant force of the
acoustic radiation force and SAW force is larger
than the van der Waals force. To simplify the dis-
cussion, the SAW force is ignored first. When the
acoustic radiation force is equal to the van der
Waals force, the minimum acoustic field intensity
required to remove NSB can be obtained. Based

n (14) the van der Waals force (F, = BR/(6y?))
to which NSB particles of various radii are sub-
jected and the minimum acoustic field intensities
required to remove them are determined, as shown
in Table I. It can be seen that micron-scale NSB
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TABLE I

The van der Waals force experienced by NSB particles
with different radii and the minimum acoustic field
intensity of the SAW traveling wave with a frequency
of 345 MHz required to remove them.

R [pm] F, [N] Py, [Pa]
0.01 1.85 x 10719 1.63 x 108
1 1.85 x 1078 1.19 x 10°
5 9.25 x 1078 2.30 x 10°
7 1.30 x 1077 1.60 x 10°
10 1.85 x 1077 1.36 x 10°

particle with a radius of 5 pm is difficult to remove,
so it is necessary to ensure that the minimum acous-
tic field intensity in the bottom region of the channel
should be greater than 2.30 x 10¢ Pa. The removal
of submicron-scale (0.01 pm) NSB particles is also
more difficult because the required acoustic field in-
tensity is much greater than that required to remove
micron-scale NSB.
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Fig. 5. (a) Acoustic field distribution in the chan-

nel. (b) Acoustic field distribution at the bottom of
the channel.

TABLE II

Leaky SAW velocity and wavenumber of 345 MHz
Rayleigh wave on 54° Y-X LiNbOs substrate.

Parameter Value
crystal orientation 54° Y-X LiNbOs
Rayleigh velocity [m/s] 3680
leaky velocity [m/s] 3616 + 621
leaky SAW wave number [1/m] | 6 x 10° + 95501
attenuation coefficient 2.19

When an electrical signal with a frequency of
345 MHz and a power of 2 W is applied to the
bidirectional IDTs to excite Rayleigh waves, the in-
tensity of the acoustic field formed in the channel,
as shown in Fig. 5. As can be seen in Fig. 5a, in
the horizontal direction, the periodic acoustic pres-
sure field is not formed by wave reflection. This can
be explained in terms of Huygens’ principle. The
acoustic pressure field at any point in a fluid is equal
to the sum of infinitesimal spherical wavelets com-
ing from every other point in the fluid domain. Since
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Fig. 6. (a) Displacement distribution of the sub-
strate. (b) Displacement distribution of the sub-
strate surface.

the acoustic waves produced by the spatially limited
transducer travel along different propagation paths
and experience different phases, they will interfere
constructively or destructively at different points of
the fluid domain. Consequently, an inhomogeneous
acoustic pressure field is formed in the fluid, and the
acoustic pressure field distribution is determined by
the transducer area defined by the channel size. To
sum up, the diffraction of acoustic waves forms the
periodicity of the pressure field in the horizontal di-
rection. It can be seen in Fig. 5b that the minimum
acoustic field intensity is 2.41 x 10® Pa, so the NSB
particles with a radius of 1, 5, 7, and 10 pm are sub-
jected to acoustic radiation forces greater than the
van der Waals forces (approximately of the same
order of magnitude) and can be peeled off from the
surface. However, the NSB particle with a radius of
0.01 pum cannot be removed, and the only way to
remove it is to increase the excitation power of the
acoustic wave.

The displacement distribution of the substrate
is shown in Fig. 6. The minimum displacement of
the substrate surface is 5.28 x 107 pm. The ve-
locity of the leaky wave is calculated based on (33)
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TABLE III

Van der Waals force and SAW force on 1, 5, 7, and
10 pm NSB particles in 345 MHz acoustic field.

R [pm] Fy [N] Fsaw [N]
0.01 1.85 x 10710 1.51 x 107°
1 1.85 x 1078 1.51 x 107°

5 9.25 x 1078 3.79 x 107*

7 1.30 x 1077 7.39 x 1074
10 1.85 x 1077 1.51 x 1073

and used to calculate the SAW force, as shown in
Table II. The minimum SAW forces on NSB par-
ticles with radii of 0.01, 1, 5, 7, and 10 pm are
obtained by (31) and (32), as shown in Table III.
The SAW force is several orders of magnitude larger
than the van der Waals force, while the acoustic ra-
diation force is approximately of the same order of
magnitude as the van der Waals force. This means
the SAW force is much greater than the acoustic ra-
diation force. So, the acoustic radiation force does
not play a dominant role in the removal process. It
indicates that the requirement of k; > 1 does not
have to be met, and the frequency of the acoustic

wave can be decreased so that the fabrication cost of
the EWC IDT is reduced. However, the amplitude
of the SAW force is related to the frequency of the
acoustic wave. To ensure the removal of NSB, the
frequency should not be too low. So, in this paper,
the frequency of 95 MHz of Rayleigh wave is used.
For the 54° Y-X LiNbOj substrate, when the pe-
riod of the transducer is 37 pm, the frequencies of
the excited Rayleigh and Love waves shown in Fig. 7
are 95 MHz and 103 MHz, respectively.

4.2. Research on removal of NSB particles
by Rayleigh wave excited by EWC IDTs

Under a specific excitation voltage, improving the
utilization of acoustic waves can enhance the acous-
tic field intensity in the channel. A unidirectional
transducer can generate two oppositely propagat-
ing acoustic waves with different intensities, and if
it is properly designed, complete unidirectionality
can be achieved. Figure 8a shows traditional bidi-
rectional IDTs. Each period consists of two fingers,
and the width of the fingers is a quarter of a wave-
length. The excitation center of the bidirectional
IDTs coincides with the reflection center, which
leads to non-directionality. The EWC single-phase
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Fig. 8. (a) Bidirectional IDTs. (b) EWC unidirec-
tional IDTs.

transducer shown in Fig. 8b consists of two narrow
electrodes with a width of one-eighth wavelength
and one wide electrode with a width of one-quarter
wavelength per period. The function of the wide
electrode is mainly to reflect acoustic waves. The
excitation center and reflection center of the EWC
unidirectional transducer are not identical, and the
unidirectionality is achieved by the reflection of the
electrode.

When the EWC transducer shown in Fig. 9a is
used to excite the SAW, a voltage is applied to
the narrow electrode E2, the center (position B)
of which is regarded as the transduction center
of the transducer, and electrodes E1, E3, and E4
are grounded. The acoustic wave generated by the
transduction center B and that reflected by the nar-
row electrode E1 cancel each other out, so the nar-
row electrode E1 has no contribution to the uni-
directionality of the transducer. Unlike the narrow
electrode E1, the wide electrodes E3 and E4 pro-
duce more obvious reflections, so the centers of the
wide electrodes E3 and E4 are regarded as the re-
flection centers (positions A and C, respectively).
If the transducer is completely unidirectional, the
distance between the transduction center B and the
reflection centers A and C must satisfy

n 1
d=x(—-4+=] A
(G +5)

S (34)
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where \ is the wavelength, and d is the distance
between the transduction center and the reflection
center. If (34) is not satisfied, the unidirectionality
of the transducer is not optimal.

Therefore, in the EWC transducer, the distances
between the transduction center B and the reflec-
tion centers A and C are 3)\/8 and 5\/8, respec-
tively, as shown in Fig. 9a. The SAWs generated by
the transduction center B propagate in two direc-
tions (acoustic waves L1 and L2) and are reflected
by the reflection centers A and C when encounter-
ing the wide electrodes E3 and E4 on both sides.
There is a phase difference between the reflected
waves R1 and R2 and excited waves L1 and L2. The
phase difference mainly consists of two parts. One is
caused by the propagation distance, and the other is
caused by the electrode reflections. The reflections
consist of mechanical reflection and electrical re-
flection. The impedance discontinuity mainly causes
the mechanical reflection, and the electrical reflec-
tion is caused by the formation of a constant poten-
tial at the interface between the electrode and the
LiNDbOg film, as shown in Fig. 9b. Reflected wave R2
and excited wave L1 interfere destructively because
their phase difference is 37. Similarly, reflected wave
R1 and excited wave L2 interfere constructively be-
cause their phase difference is 27. Therefore, the in-
tensity of acoustic waves output by the left acoustic
port is greater than the output by the right acoustic
port.
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Fig. 10.

(a) Displacement of the piezoelectric substrate induced by the bidirectional IDTs. (b) Displacement

of the piezoelectric substrate induced by the EWC IDTs. (c) Absolute acoustic field excited by bidirectional
IDTs. (d) Absolute acoustic field excited by EWC IDTs. (e) Acoustic streaming induced by bidirectional IDTs.

(f) Acoustic streaming induced by EWC IDTs.

In Sect. 4.1, in order to make the acoustic radia-
tion force greater than the van der Waals force, an
electrical signal of 2 W is used to excite the SAW.
Since the acoustic radiation force plays an auxiliary
role in the removal of NSB, in this section, only an
electrical signal with a power of 1.2 W is used to
explore the advantages of the EWC IDT over the
bidirectional IDT. When the period of EWC and
bidirectional IDTs is 37 pm, the displacement of
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the piezoelectric substrate, the acoustic field, and
the acoustic streaming field are shown in Fig. 10.
It can be seen in Fig. 10b that the displacement
caused by the EWC IDT shows an asymmetry, and
the displacement in the left side of the substrate is
stronger than that in the right side. This indicates
that the SAW propagating to the left is stronger
than that propagating to the right. It can be seen
in Fig. 10c and d that the intensity of the acoustic
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Fig. 11.

(a) Distribution of SAW force factor (SAW force/radius?) in the direction of the channel height.

(b) Distribution of SAW force factor at the bottom of the channel. (¢) Minimum SAW force at the bottom
of the channel for 5, 7, and 10 um radius NSB at different powers. (d) Partial enlarged view of panel (c).
(e) Minimum SAW force at the bottom of the channel for 0.01 and 1 pm radius NSB at different powers. (f)

Partial enlarged view of (e).

field formed by the bidirectional IDT is lower than
that of EWC IDT, but the acoustic field distribu-
tion is nearly the same in the channel. Figure 10e
and f shows that the acoustic streaming induced by
EWC is stronger, but the steaming field distribution
is also nearly the same. To sum up, EWC IDT can
reduce the bidirectional loss and improve the uti-
lization of acoustic waves, so EWC IDT is applied
to horizontal-type SAW devices in the paper.
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In the process of removing NSB, the SAW force
plays a dominant role. When the input power of
EWC IDTs is 1.2 W, the distribution of the SAW
force in the channel is shown in Fig. 11. Figure 11a
shows the SAW force factor in the channel height
direction. It takes the maximum value in the viscous
boundary layer at the bottom and top of the channel
and decays rapidly when away from the boundary
layer. Figure 11b shows the SAW force factor on
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the top boundary of the viscous boundary layer at
the bottom of the channel. The periodicity of the
acoustic field in the horizontal direction results in
the near periodicity of the SAW force factor.

It can be seen in Fig. 11c and e that when the in-
put power is 1.2 W, the minimum SAW forces expe-
rience by NSB particles with radius of 0.01, 1, 5, 7,
and 10 pm are respectively 1.85x 10710, 1.85x 1076,
4.6 x 107°, 9.02 x 10~® and 1.85 x 10~* N. Micron-
scale NSB (1, 5, 7, 10 pum) particles can be eas-
ily removed, however, submicron-scale NSB par-
ticle (0.01 pm) is more difficult. When the in-
put power is 0.01 W, the van der Waals force is
1.85 x 1078 N, while the SAW force on 1 um parti-
cles is 1.51 x 108 N, which is slightly smaller than
the van der Waals force. When the input power is
increased to 0.02 W, the SAW forces on the micron-
scale NSB particles are greater than the van der
Waals force, so the optimal power of 0.02 W is
chosen to be applied to the EWC IDTs to remove
the micron-scale NSB particles. For submicron-scale
NSB particle (0.01 pm), when the input power is
1.2 W, the van der Waals force (1.85 x 10710 N)
is greater than the SAW force (1.51 x 1079 N). So,
the input power should be greater than 1.2 W to
remove it, and the power of 1.3 W can be chosen.

5. Mass sensitivity and detection limits
of Love wave sensors

Love wave device has a low-speed waveguide layer
on the substrate. Most of the wave energy is con-
fined within the waveguide layer, so power consump-
tion is reduced, and the device sensitivity is in-
creased. The thickness of the waveguide layer has
a great impact on the performance of the device.
The relationship between the So; parameter and the
thickness (A/A, with A being a dimensionless pa-
rameter controlling the thickness of the waveguide
layer) of the waveguide layer is shown in Fig. 12a
and b. The larger the S5; value at the resonant fre-
quency, the lower the insertion loss of the device and
the more concentrated on the surface are the acous-
tic waves. As A/A gradually decreases, the Sa; value
at the center frequency first increases and then de-
creases. When the thickness of the waveguide layer
is A/12, So; reaches the maximum value at the reso-
nant frequency. Therefore, the optimal thickness of
the waveguide layer is A/12.

The Love wave sensor consists of 54° Y-X
LiNbOg3 substrate, PMMA waveguide layer, PDMS
channel, and bio-sensitive layer. After reacting
with solutions containing different concentrations
of meningococcal oligonucleotides (0-150 ng/uL),
the obtained S7; is shown in Fig. 13a, in which
each data point is averaged over three independent
simulations, and the corresponding fitting curve is
shown in red. It can be seen that the resonance fre-
quency of the Love wave sensor decreases as the
concentration of the solution increases. The change
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Fig. 12. Effect of waveguide layer thickness on de-

vice So21 parameters. (a) The thickness of the waveg-
uide layer is A/13 — A/10. (b) The thickness of the
waveguide layer is \/17 — \/14.

in the resonance frequency with the concentration of
meningococcal oligonucleotides is shown in Fig. 13b.
The resonance frequency is linear in the range of
0-150 ng/uL, and the magnitude of the frequency
shift increases with increasing concentration. At the
concentration of 150 ng/uL, the frequency shift
is 50.4 kHz. Therefore, the mass sensitivity of the
Love sensor is 336 Hz/(ng/uL).

The detection limit of the biosensor is given
by [49]

Limit of detection = 3 standar.d.d.ewatlon_

sensitivity (35)

Based on (35), the calculated detection limit of
the Love wave sensor for meningococcal oligonu-
cleotides is 50 pg/pL. For the detection of DNA,
the detection limit of the Love wave biosensor is
lower than SERS, electrochemical impedance spec-
troscopy, and SPR technologies, but higher than
that of ELISA technology, as shown in Table IV (see
also [4, 6, 8, 22, 49]). The lower detection limit of
the ELISA technology is attributed to the use of
high-affinity antigens, as well as antibodies raised
against allergies and infections [50].
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Comparisons between various biosensors designed for meningococcal detection. TABLE IV
Sensing technique Analyte Sensitivity Limit of detection Reference
ELISA antibodies - 25 pg/mL [49]
SERS DNA - 317 ng/uL [6]
Electrochemical impedance spectroscopy DNA 168.64 pA ng~'L/cm? 5 ng pL~! [4]
SPR DNA 0.03° (ng pL— )1 5 ng/uL 8]
Lamb wave device DNA 310 Hz/(ng/uL) 82 pg/uL [22]
Love wave device DNA 330 Hz/(ng/pL) 50 pg/uL present work
contained in the channel (water adsorbed on the
A=0 [ng] A=60[ng] = A=110ng] wall, as well as on the surface of the sensitive layer
=10 fng]. —— A=10[ug] A=120 [ng] and the detection sample) will have a great impact
As2lingl, —— i=sllngl A=130 [ng] on the detection results. But in our proposed SAW
~ A=30[ng] ——— A=90[ng] ——— A=140[ng] device, according to Sect. 2.1, when the PBS so-
230 g === 0=100 |ng] F=——SA=150TA{] lution is pumped into the channel in step (i) and
Allinel step (iii), the respective frequency shifts caused are
-10 the same, so the difference between f; and fs is the
-10.5 result of specific binding of meningococcal oligonu-
-11 cleotides. Secondly, the activity of meningococcal
_ -115 oligonucleotides can be guaranteed. Although the
g detection limit of the Lamb wave sensor [22] is close
fg 145 to that of the Love wave sensor, the Lamb wave
§ Hl: will be strongly coupled with the fluid, and the
B meningococcal oligonucleotides cannot be detected
B _q45 under the condition of liquid loading, so the ap-
.15 plication of Lamb sensor is limited. But the Love
-15.5 wave will not strongly couple with the fluid. So, the
-16 : proposed Love wave biosensor can detect meningo-
-16.5 1 L 1 o coccal oligonucleotides under the condition of liquid
108.35 108.4 freq IMHZJIOMS 108.5 loading and is much closer to practical application.
p— H.L. Cai et al. [50] proposed a SAW biosensor
() Equation y:('3-l30%7§§;3)"+~ with a gold delay area on LiNbQOj3 substrate detect-
108.45 - - ing DNA sequences. An effective biological treat-
_ Rsquared  0.99871 ment method for DNA immobilization and abun-
i L0RAE dant experimental verification of the sensing effect
§|11w41 have made it a reliable device in DNA detection.
g Their results indicate that the detection of DNA on
; oo the device is repeatable, and the SAW sensor can
g be recycled. A similar previous study [50] serves as
* oaar guidelines for our subsequent experimental investi-
gations.
108.40
=20 (Il Zlﬂ 4‘0 (;0 ﬁlﬂ I(IN] 1;0 I-’m I(I70 6. Conclusions
Concentration [ng/mL]
Fig. 13. (a) Changes in the Si1 curve at different In this paper, a portable horizontal-type SAW

concentrations of meningococcal oligonucleotides
solutions. (b) The curve of the resonance frequency
of the Love sensor as a function of concentration.

The meningococcal oligonucleotides and the com-
plementary DNA on the bio-sensitive layer are
specifically bound in fluid, so the sensing detec-
tion should be completed under the condition of
fluid loading. The reason is as follows. Firstly,
when the meningococcal oligonucleotides solution
is completely adsorbed on the bio-sensitive layer,
if the fluid is discharged from the channel to de-
tect the meningococcal oligonucleotides, the water
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device based on PMMA /54° Y-X LiNbOj is de-
veloped to detect meningococcal oligonucleotides
and remove NSB particles in real-time. The fre-
quencies of the excited Rayleigh waves and Love
waves are 95 MHz and 108 MHz, respectively. The
interaction between Rayleigh wave and fluid can
remove the NSB from the sensor surface. It is
proved that the SAW force plays a leading role
in the removal. Love waves do not interact with
fluids, and the device based on Love waves is
used to detect meningococcal oligonucleotides in
response to mass loading. The sensitivity of the
Love wave sensor is 336 Hz/(ng/uL), and the de-
tection limit is 50 pg/pL. If the sensor is used
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many times, the adsorption force between the bio-
sensitive layer and meningococcal oligonucleotides
decreases, which will affect the detection accuracy
of the sensor. In this paper, the PDMS channel is de-
signed to bond with the substrate; it is flexible and
can be easily replaced by a new one, so the device
can be reused. Further research will explore exactly
how many times the experiments can be repeated.

The data underlying this article will be shared
upon reasonable request to the corresponding au-
thor.
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