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Abstract

The ultrasonic needle-liquid—substrate system, in which an ultrasonically vibrating steel needle is inserted into an aque-
ous suspension film of micro-/nanoscale materials on a nonvibration silicon substrate, has large potential applications in
micro-/nanoconcentration. However, research on its detailed concentration mechanism and the structural parameters’ effect
on concentration characteristics has been scarce. In this work, the acoustic streaming field and acoustic radiation force in an
ultrasonic needle-liquid—substrate system, which are generated by a vibrating needle parallel to the substrate, are numerically
investigated by the finite element method. The computational results show that the ultrasonic needle’s vibration can gener-
ate the acoustic streaming field capable of concentrating micro-/nanoscale materials, and the acoustic radiation force has
little contribution to the concentration. The computation results well explain the experimental phenomena that the micro-/
nanoscale materials can be concentrated at some conditions and cannot at others. The computational results clarify the effects
of the distance between the needle center and substrate surface, the needle’s radius, the water film’s height and radius and

the shape of the needle’s cross section on the acoustic streaming field and concentration capability.
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1 Introduction

Controlled concentration of micro-/nanoscale materials
has huge potential applications in the self-assembling of
micro-/nanomaterials (Wang and Lu 2012; Khoo et al. 2011;
Liu et al. 2006; Zhou et al. 2006), fabrication of micro-/
nanoelectronic components (Vincent and Destefanis 2013;
Kulkarni and Zhong 2013), high-sensitivity sensing of
biological substances (Buso et al. 1984), crystal growth
(Kubota et al. 2000; Kuznetsov et al. 2001) and culture of
artificial tissues (Minuth et al. 1998; Sittinger et al. 1997),
etc. Among the physical methods for concentrating micro-/
nanoscale materials, ultrasonic method for micro-/nanoscale
material concentration has the merits such as very small
temperature rise (<0.1 °C) and little heat damage to manipu-
lated samples when the acoustic streaming is used to gener-
ate the manipulating force (Hu 2014), and little selectivity
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to electromagnetic and optical properties of the samples
(Bruus et al. 2011). In our previous work, we proposed and
developed the ultrasonic needle-liquid—substrate system
(Yang and Hu 2014; Tang et al. 2017b), which has been
demonstrated to be capable of concentrating and repelling
micro-/nanoscale materials. In the system, a stainless steel
needle is inserted into the film of microscale suspension
on a stationary substrate, and micro-/nanoscale materials
near the ultrasonically vibrating needle and on the station-
ary substrate can be driven to the location under the needle
and be concentrated. However, there has been little in-depth
research on the details of concentration mechanism of the
ultrasonic needle—liquid—substrate system before this work
and on the structural parameters’ effect on the concentration
characteristics. The status quo is hindering the optimization
design and applications of the ultrasonic needle—liquid—sub-
strate system.

Owing to the limited performance of optical microscopes,
the acoustic streaming fields observed in the experiments
are usually incomplete (Tang and Hu 2015b; Liu and Hu
2017). Also, it is not easy to measure the acoustic radiation
force acting on the individual micro-/nanoscale objects in
the liquid film (Ding et al. 2012). Thus, it is quite inefficient
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and difficult to investigate the detailed mechanism of the
ultrasonic needle-liquid—substrate system and the structural
parameters’ influences on the concentration characteristics
by experimental methods. To obtain the in-depth and com-
plete understanding of the concentration mechanism and the
structural parameters’ influences, theoretical computation of
the acoustofluidic field is indispensable.

In this work, we analyze the acoustic streaming field and
acoustic radiation force in the ultrasonic needle-liquid—sub-
strate system by a finite element method (FEM) model.
Based on the computation results, it is clarified that the
micro-/nanoscale materials are concentrated by the micro-
vortices of acoustic streaming rather than the acoustic radia-
tion force. Our computational results also clarify the effects
of the structural parameters such as the distance between the
needle center and substrate surface, the needle’s radius, the
liquid film’s height and radius and the shape of the needle’s
cross section on the acoustic streaming field and concentra-
tion capability.

2 Computational model and method

A math-physical model for the ultrasonic needle-liquid—sub-
strate system is shown in Fig. 1, and its meshed FEM model
is shown in Fig. 2. The mesh size of the acoustofluidic field
near the ultrasonic needle is smaller than that in the rest
region of the acoustofluidic field, in order to decrease the
computational error of the acoustofluidic field near the nee-
dle, which is more important to the analyses and discussion
in this work. In Fig. 1a, S1 and S2 are two cross sections of
the water film, which are symmetric about and parallel to
the needle and have a separation of one-third of the water
film diameter. Unless otherwise specified, the detailed mesh
sizes of different regions are as follows. Within the region
of the liquid film between S1 and S2, the maximum element
size is 0.18 mm (about 0.81% of the wavelength of the sound
field in water at 67.8 kHz). In the rest region of the liquid
film, the maximum element size is 0.34 mm (about 1.54%
of the wavelength of the sound field in water at 67.8 kHz).
Also, the maximum element size of the needle is 0.075 mm
(about 21.4% of the needle’s diameter). It was proved that
the numerical results are mesh independent and convergent.
The detailed boundary conditions of the ultrasonic nee-
dle-liquid—substrate system for the sound field and acoustic
streaming calculation in the liquid film are shown in Fig. 1.
The computation of the acoustofluidic field is implemented
by the FEM software COMSOL Multiphysics (version 4.3).
In this work, only the steady-state acoustic streaming field is
computed. The computational process consists of the follow-
ing three steps (Tang and Hu 2015a, b; Tang et al. 2017a).
In the first step, the sound field is solved by the sound-
structure coupling module with the boundary conditions

@ Springer

z Sound Soft
¥ Boundary
L'x mm s ; ‘{_10
= N mm
20 = / = \ 0
Ultrasonic '\
—Needle $q mm
7 Acoustic-Structate Sound Hard
Excitation Boundary Boundary
Part
()
z
Y L' mm -10 . e
x = N
0 = = \ “_10 mm
10 G AN

mm

Slip goundary
(b)

Fig.1 (Color online) A 3D acoustofluidic field model for the ultra-
sonic needle-liquid—substrate system. a Boundary conditions for the
sound field. b Boundary conditions for the acoustic streaming field
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shown in Fig. 1a. Boundary conditions of the sound field
are as follows: The normal acceleration is continuous at
the interfaces between the ultrasonic needle and liquid film
(aﬁ = aL, where aﬁ represents the normal acceleration of the
ultrasonic needle at the interfaces, and aL represents the nor-
mal acceleration of the liquid film at the interfaces), which
can be defined as acoustic-structure boundary; The inter-
faces between the liquid film and air are sound soft (sound
pressure p=0) for the reason that ultrasound attenuates
quickly in the air. The interface between the liquid film and
substrate is sound hard (j—ﬁ = 0, where n denotes the unit
normal vector of the boundary). The following wave equa-
tion (Kinsler et al. 1999) is used to solve the sound field:

2
pf%f = Pt Vop + bVZ% (M
where p is the sound pressure, p; is the fluid density without
sound field, and c; is the sound speed, and the acoustic dis-
sipation factor b is computed by

4 ’
b= §n +7 2)
where 7 and ' are the shear and bulk viscosity coefficient of
the acoustic medium, respectively. The vibration velocity u;
(where subscript i represents x, y or z) of the sound field can
be calculated according to (Hahn et al. 2015)

U =1——— 3)

where i = \/—_1 is the imaginary unit, and o is the angular
frequency.

In the second step, computed vibration velocity and sound
pressure of the sound field are used to calculate the spatial
gradient of the Reynolds stress and mean pressure (the sec-
ond-order pressure in the sound field), by the postprocessing
functions of the FEM software. The spatial gradients of the
Reynolds stress and mean pressure are the force generating
the acoustic streaming. The spatial gradient of the Reynolds
stress F; is computed by Lighthill (1978)

Fy = =0 pguu;) / 0x; )

where u; and u; are the vibration velocities of the sound
field, repeated suffix i and j represent x, y and z in the three-
dimensional model, and < > represents the time average
over one time period. The mean pressure p, is computed by
Tang and Hu (2015a)

=2 p*)
2 2prt2A (5)

where 2 is the nonlinear parameter of the medium (Beyer
1965, 1997).

In the last step, the steady acoustic streaming is solved by
the fluidic dynamics module of the FEM software. Due to
the symmetric characteristic of the acoustic streaming field
produced by ultrasonically vibration in the y direction in our
simulation model, only half of the liquid film is used to save
the workstation’s memory for the calculation, as shown in
Fig. 1b. The steady acoustic streaming satisfies the following
equation (Lighthill 1978; Hu 2014):

pf(ﬁ,.aaj/ax,.) =F- aﬁz/axj + anﬁj 6)

where u; is acoustic streaming velocity. The acoustic stream-
ing also satisfies the continuity equation
ou;/ox; =0 (N
Slip boundary condition (%, # 0 and u,, = 0, which means
that the tangential flow exists, while the normal flow veloc-
ity is zero) is used in the FEM computation of the acoustic
streaming as shown in Fig. 1b. This is because our experi-
ment shows that tangential acoustic streaming velocity can
exist at the interfaces between the liquid film and substrate,
the liquid film and needle and the liquid film and air (Yang
and Hu 2014; Zhou et al. 2013). In the central plane (the zx
plane), the flow velocity in the y direction is zero due to the
symmetry, and thereby only the slip boundary condition is
used.

3 Experimental verification

In order to experimentally verify the FEM simulation results,
an ultrasonic needle-liquid—substrate system for the concen-
tration of microparticles in a water film on a silicon sub-
strate is constructed (Yang and Hu 2014). The experimental
microscale particles (yeast cells) have an average diameter
of 4-6 pm, and particle concentration in aqueous suspen-
sion is 0.048 mg/ml. Figure 3a shows a photograph of the
experimental setup. Figure 3b shows the detailed size and
structure of the ultrasonic needle-liquid—substrate system
with a piezoelectric transducer to excite the vibration of the
ultrasonic needle. The ultrasonic needle which is mechani-
cally excited by the piezoelectric transducer is inserted into
the aqueous suspension film on the substrate. In the piezo-
electric transducer, four piezoelectric rings are aligned and
pressed together by two cylindrical aluminum covers via a
bolting structure. Its vibration direction and electrode con-
figuration are also shown in Fig. 3b. The outer and inner
diameters and the thickness of each piezoelectric ring in the
transducer are 20, 6 and 1 mm, respectively. The electro-
mechanical quality factor Q,,, piezoelectric coefficient ds;
and relative dielectric constant &3°/¢, of the piezoelectric
ring are 2000, 325x 10712 m/V and 1450, respectively. Each
cylindrical aluminum cover at the two ends of transducer
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Fig.3 (Color online) Experimental setup and the device to verify
calculation results. a Photograph of the experimental setup. b Device
structure and size

has a diameter of 20 mm and thickness of 10 mm. The steel
needle is 43 mm long and 0.35 mm in diameter. The length
of the needle bonded onto the piezoelectric transducer is
6 mm. The length of the needle inserted in the water film is
about 22 mm. The distance between the ultrasonic needle
center and substrate surface is controlled by an XYZ stage
and is 1 mm in Fig. 3b. The maximum height and radius of
the water film are 2.5 and 15 mm, respectively. The driving
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voltage is sinusoidal, and the transducer works at resonance
frequency of the needle (67.8 kHz). In Fig. 3b, the needle is
excited by the transducer in the y direction. Thus, its vibra-
tion is parallel to the substrate. In the simulation, the center
of the interface between the water film and substrate is
defined as the origin o of the xyz coordinate system.

4 Results and discussion

To simplify the computation, the piezoelectric transducer
used to excite the needle’s vibration is not included in the
FEM model. Also, unless otherwise specified, property
parameters of the needle, liquid film (water) and micro-
particles (yeast cells) shown in Table 1 (Liebermann 1949;
Hawkes et al. 1997) are used.

To explain the experimental phenomena of microparti-
cle concentration, the acoustic streaming field around the
ultrasonic needle is computed, and flow patterns on the sub-
strate are shown in Fig. 4a. In Fig. 4a, the color denotes the
magnitude of the acoustic streaming velocity, and the arrow
denotes the direction and magnitude of the acoustic stream-
ing velocity. It is seen that there are some small regions near
the needle (regions A—F), in which the flow velocity is much
larger than that in the region farther away from needle. From
Fig. 4a, it is seen that flow near the needle can drive the
particles on the substrate to the location under the needle,
and the symmetry of the flow on the two sides of the needle
makes the particle concentration under the needle feasible.
Figure 4b is the measured concentration pattern which was
obtained by the yeast cells (Yang and Hu 2014). Comparing
Fig. 4a, b, it is known that regions A-F in Fig. 4a corre-
spond to lobed concentration spots A-F in Fig. 4b, respec-
tively, and the distance between the neighboring locations of
maximum inward flow velocity in Fig. 4a (=3 mm) is very
close to that between the neighboring locations of maximum
width of the lobed concentration in Fig. 4b (=2.9 mm). The
average length L of concentration spots in the experiment
is about 1.5 mm, while the average length of red regions
in Fig. 4a, in which there is inward flow, is about 1.8 mm.
The difference is because it is difficult to drive the particles
on the substrate at the locations where the flow velocity is
small.

Figure 4c shows the distribution of the y-directional
acoustic streaming velocity. It is seen that there are inward
and outward flows (for the needle) on the substrate. Dashed
circles b1-b8 and r1-r7 are shown in Fig. 4c to indicate the
regions of inward and outward flows, respectively. A ratio
of the average of maximum inward flow velocities (|V|irl;1ax,i
in the blue regions b1-b8) to the average of maximum out-
flow velocities (|"|?F1tax,j in the red regions r1-r7) is defined
to quantify the concentration capability. The concentration
ability y is
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Table 1 Parameters of the ultrasonic needle-liquid—substrate system

The water film’s height H, (mm)

The water film’s radius R, (mm)

The needle’s total length L, (mm)

2.5 15

The needle’s radius R, (mm)
surface D, (mm)

The distance between needle center and substrate

43

The excitation part length of needle L, (mm)

0.175 1 6
Density of water p; (kg/m®) Sound speed in water c¢; (m/s) Shear viscosity of water 1 (Pa-s)
998 1479 0.001
Volume-to-shear viscosity ratio in water 7/ Nonlinear parameter of water at room temperature ~ Density of needle p, (kg/m®)
B/A
2.1 5 7850
Young’s modulus of needle E, (Pa) Poisson’s ratio of needle y, Density of yeast cell p,, (kg/m?)
2.05x 10" 0.28 1114
Sound speed in yeast cell ¢, (m/s) Average radius of yeast cell R, (pm) Excitation amplitude of needle A, (nm)
1606 3 150

LM | in
M it Vimax,

TNV ow ®)
N 2 |V|max,j

where M and N represent the total numbers of inward flow
and outward flow regions, respectively.

For micromanipulation, there is always a question about
which force is dominant during the manipulation process, the
drag force induced by the acoustic streaming or acoustic radi-
ation force applied on individual manipulated micro-objects
(Muller et al. 2012; Barnkob et al. 2012). We calculated the
y-directional starting drag force on a 6-pm-diameter yeast
cell at the interface between the water and substrate, which is
caused by the y-directional acoustic streaming, and the result
is shown in Fig. 5a. For comparison, we also calculated the
y-directional acoustic radiation force on a 6-pm-diameter yeast
cell at the interface between the water and substrate, and the
result is shown in Fig. 5b.

The y-directional starting drag force Fgrag generated by the
acoustic streaming is calculated by Surhone et al. (2010) and
Hu (2014)

F* = 6xnR, (i, = v,,) ©)

where R, is the average radius of manipulated particles
(yeast cells), and v, is the particle velocity in the y direc-
tion and set to be zero for the calculation of the starting drag
force. The y-directional acoustic radiation force is calculated
by Gor’Kov (1962), Hasegawa et al. (1988), Hasegawa and
Yosioka (2005) and Hu (2014)

1-—
F‘;fw‘:—‘—‘ﬂié-2 1=/

P> -Lo > (10)
37 Poy 2pr% o Pt x y

where parameters f and D can be expressed as

PpCs
and
) )
2pp + pf

where p, and ¢, are the density and sound speed of the
microparticles (yeast cells), respectively. The detailed
parameter values of the yeast cells and acoustic medium
(water) are listed in Table 1. According to the calculation
results, it is known that the starting drag force generated
by the acoustic streaming is larger than the acoustic radia-
tion force by 10° times. That is the reason why the acoustic
streaming is dominant in our micro-/nanoscale material con-
centration by the ultrasonic needle-liquid—substrate system
(Yang and Hu 2014; Tang et al. 2017b).

The effects of the distance between the needle center
and substrate surface D, on the concentration capability
y for different needle radii are computed at 67.8 kHz, and
the result is shown in Fig. 6. In the calculation, the water
film’s radius and height are kept constant (15 and 2.5 mm,
respectively). The concentration capability increases first
and then decreases as the distance between the needle center
and substrate surface increases. Our previous experiments
(Yang and Hu 2014) show that there exists a range of the
distance between the needle center and substrate surface
(from 0.5 to 2 mm), beyond which no particle concentra-
tion can be observed. The results in Fig. 6 clearly indicate
that the concentration capability y is less than 1 when the
distance is beyond this range, which means that the averaged
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Fig.4 (Color online) Acoustic streaming field on the substrate sur-
face at 67.8 kHz and a photograph of the concentration pattern. a Cal-
culated acoustic streaming field on the substrate. b Observed concen-
tration pattern. ¢ Distribution of the y-directional acoustic streaming
velocity

inward flow velocity is smaller than the averaged outward
flow velocity.

The measured and calculated minimum distances for the
generation of the concentration effect at different needle
radii in the experiments and calculated results are shown in
Table 2. It is seen that there is a good agreement between
the computed and measured results, and the larger the needle
radius is, the larger the minimum distance is. For a given
distance between the needle center and substrate, the dis-
tance between the needle and substrate decreases as the
needle radius increases. This causes an increase in inward
flow resistance and a decrease in outward flow resistance,
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Fig.5 (Color online) a Distribution of the y-directional acoustic
streaming-induced starting drag force on the yeast cell on the sub-
strate. b Distribution of the y-directional acoustic radiation force on
the yeast cell on the substrate

which lowers the concentration capability. To maintain the
concentration capability, one needs to raise the needle.

The dependency of the concentration capability y on the
water film’s height and radius was computed at 68.7 kHz,
and the results are shown in Fig. 7. Figure 7a shows that the
concentration capability y keeps almost constant for differ-
ent water film height (from 1 to 4.5 mm). Figure 7b shows
that the concentration capability y keeps almost constant for
different water film radius (from 10 to 20 mm). Thus, the
water film’s height and radius have little effect on the con-
centration capability y, which are also in agreement with
the experimental phenomena (Yang and Hu 2014; Tang
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Table 2 Measured and calculated minimum distances for the concen-
tration at different needle radii

The needle’s radius R, (mm) 0.15 0.175 02 0.225
Measured minimum distance (mm) 0.3 0.5 07 0.8
Calculated minimum distance (mm) 0.4 0.5 06 038

et al. 2017b). The water film’s size only affects the acoustic
streaming field farther away from the needle and has little
effect on the acoustic field and acoustic streaming near the
needle. The nonsensibility of the concentration capability to
the water film’s size is beneficial for lowering the require-
ment on the dispenser’s performance in repeatability.

The effects of the needle’s cross-sectional shape and size
on the concentration capability were also calculated by the
FEM. Elliptical, rectangular and rhombic cross sections of
the needle were investigated. The calculation conditions are
as follows: The working frequency and excitation amplitude
of the needle are 67.8 kHz and 150 nm, respectively; the
water film’s radius and height are 15 and 2.5 mm, respec-
tively; the distance between the needle center and substrate
surface is 1 mm. The maximum element size of the needle
in the computation is kept to be about 20% of the needle’s
minimum structural dimension when the needle’s cross-
sectional shape and size change.

Figure 8 shows the calculated concentration capability
versus half of the length of the axis a, parallel to the sub-
strate when the cross section is elliptical. In the computation,
the ellipse area is kept constant (S, =1 x0.175> mm*~ 0.0
962 mm?) and a, changes from 0.075 to 0.275 mm. Fig-
ure 8a shows the FEM model viewed from the x direction.
Figure 8b shows that as a, increases, the concentration capa-
bility increases first and then changes little. Figure 8b also
includes the calculation result for the needle with a circular
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Fig.7 (Color online) a Concentration capability versus the water
film’s height. b Concentration capability versus the water film’s
radius

cross section. It is known that the concentration capability
may be improved if the commonly used needle with a cir-
cular cross section is vertically flattened along the z direc-
tion. For the elliptical cross section with a constant area,
as a, increases, the curvature of the needle’s surface facing
the substrate decreases, which lowers the needle resistance
to the inward flow. When qa,, is large enough, the needle’s
shape is close to a thin plate parallel to the substrate. In this
case, the thickness change of the needle little affects the
flow resistance.

Figure 9 shows the calculated concentration capability
versus the side length L, parallel to the substrate when the
cross section is rectangular. In the computation, the rectan-
gle area is kept constant (S, =0.35> mm?=0.1225 mm?)
and L, changes from 0.15 to 0.55 mm. Figure 9a shows the
FEM model viewed from the x direction. It is seen that as
L, increases, the concentration capability decreases first
and then changes little. Figure 9b also includes the calcula-
tion result for the needle with a square cross section. It is
known that the concentration capability may be improved if
the needle with a rectangular cross section is horizontally
flattened along the y direction. Figure 10 shows the calcu-
lated concentration capability versus the diagonal length
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Fig.8 (Color online) Calculated concentration capability versus half
of the length of the axis a, parallel to the substrate when the cross
section is elliptical. a The FEM model viewed from the x direction. b
Concentration capability at 67.8 kHz

L, 4 parallel to the substrate when the cross section is rhom-
bic. In the computation, the rhombus area is kept constant
(S,=0.1225 mm?) and L, changes from 0.21 to 0.77 mm.
Figure 10a shows the FEM model viewed from the x direc-
tion, and the rhombic angle facing the substrate is defined
as 0. Figure 10b shows that as L, increases, the concentra-
tion capability increases first and then decreases. It is known
that the maximum concentration capability may be achieved
when the angle € is about 36°. (The diagonal length of the
rhombus is 0.28 mm.) The phenomena shown in Figs. 9 and
10 are explained as follows.

The sharp edge on a vibrating needle can generate strong
local eddies due to very large spatial gradient of the Reyn-
olds stress nearby (Hu et al. 2011; Hu 2014). When the nee-
dle in our experiments vibrates in the direction parallel to the
substrate, the local eddies usually flow outward to the right
or left side of the needle and flow back along the substrate
surface, and generate the inward flow on the substrate, which
positively contributes to the concentration capability.
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Fig.9 (Color online) Calculated concentration capability versus the
side length L, parallel to the substrate when the cross section is rec-
tangular. a The FEM model viewed from the x direction. b Concen-
tration capability at 67.8 kHz

The rectangular cross section has right-angle edges,
which generate the local eddies and positively contribute
to the concentration capability. For the cross section with a
constant area, as L, increases, the distance between the nee-
dle’s lower surface (facing the substrate) and the substrate
increases, which decreases the edge caused inward flow on
the substrate and lowers the concentration capability. When
L, is large enough, the distance between the needle’s lower
surface (facing the substrate) and the substrate is so large
that the edge caused inward flow on the substrate affects
little on the concentration capability. In this case, the con-
centration capability changes little with L,. When the cross
section of the needle is rhombic, the two side vertices can
also generate the local eddies, which positively contribute
to the concentration capability. For the cross section with
a constant area, as L 4 increases, the distance between the
lower vertex and substrate surface increases. This lowers the
inward flow on the substrate and causes the decrease in the
concentration capability.
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Fig. 10 (Color online) Calculated concentration capability versus the
diagonal length L, parallel to the substrate when the cross section is
rhombic. a The FEM model viewed from the x direction. b Concen-
tration capability at 67.8 kHz

By the comparison of Figs. 8, 9 and 10, it is known that
the concentration capability of the needle with a rhombic
cross section is the highest and that of the needle with an
elliptical one is the weakest when the lateral dimensions
(2a,, L, and L ,) are smaller. This phenomenon can also be
well explained by the local eddies which are generated by
the edges of the needle in vibration. The needle with a thom-
bic cross section has two sharp edges on its two sides. Also,
compared with the rectangular cross section, it has smaller
flow resistance to the inward flow due to its declining lower
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Fig. 11 (Color online) The dependence of the optimum vertex angle 6
on the cross-sectional area of the needle and the distance between the
needle center and substrate

surface. Thus, it has the strongest concentration capability at
the smaller lateral dimension. The needle with an elliptical
cross section has no sharp edge on its surface. Thus, it has
the weakest concentration capability at the smaller lateral
dimension.

Also by the comparison of Figs. 8, 9 and 10, it is also
known that the concentration capability of the needle with
a rectangular cross section is much smaller than those of the
needle with the elliptical and rhombic ones when the lat-
eral dimensions (2a,, L, and L, ) are sufficiently large. This
phenomenon is explained as follows. For the needle with a
rectangular cross section, the thickness of the ultrasonic field
between the needle and substrate is uniform, which makes its
ultrasonic field on the substrate relatively uniform compared
to the ones generated by the needles with the elliptical and
rhombic cross sections. A uniform ultrasonic field on the
substrate makes the spatial gradient of the Reynolds stress
along the substrate very weak, which results in a very weak
acoustic streaming along the substrate and very weak con-
centration stability. For the needle with an elliptical or rhom-
bic cross section, the ultrasonic field between the needle and
substrate has a larger thickness at the field’s edge than at the
center, which causes the acoustic streaming on the substrate
to flow inward and relatively strong concentration stability.

Further FEM calculation indicates that the optimum ver-
tex angle @ is affected by the distance between the needle
center and substrate surface D, and the cross-sectional
area of the needle S,, as shown in Fig. 11. It shows that for

Table 3 Effects of the dimensions on the concentration capability at 67.8 kHz

The distance between

The needle’s radius R, The water film’s

The water film’s radius ~ The shape of the

the needle center and height H,, R, needle’s cross
substrate surface D, section
Concentration Sensitive Sensitive Insensitive Insensitive Sensitive
capability y
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a needle with the rhombic cross section of given size and
shape, one may change the distance between the needle and
substrate to achieve the optimal concentration effect.

From Figs. 8,9, 10 and 11, it is seen that the concentra-
tion capability is affected by the shape and size of the cross
section of the needle. The effects of the distance between the
needle center and substrate surface, the needle’s radius, the
water film’s height and radius and the shape of the needle’s
cross section on the concentration capability are summarized
in Table 3.

In addition, a comparison of the streaming fields in the
yz plane of an anti-nodal position along the needles with
the elliptical (a,=0.075 mm, S,=0.0962 mmz), rectangular
(L,=0.15 mm, S,=0.1225 mm?) and thombic (L,;=0.28 mm,
S, =0.1225 mm?) cross sections is listed in Fig. 12. It is con-
firmed that the sharp edges on the needles with the rectangu-
lar and rhombic cross sections can generate remarkable local
eddies, while the needle with the elliptical cross section gener-
ates no local eddy as the needle surface is smooth.

5 Summary

We have numerically calculated and analyzed the acousto-
fluidic field in the ultrasonic needle-liquid—substrate system.
The FEM calculation results of the acoustic streaming field
on the substrate can well explain the concentration pattern
and size of microparticles in the experiment. By comparing
the magnitudes of the acoustic streaming-induced drag force
and the acoustic radiation force on the microparticles, it is
clarified that the acoustic streaming has a dominant effect on
the micro-/nanoscale material concentration. The calculation
results also clarify the effects of the distance between the
needle center and substrate surface, the needle’s radius, the
water film’s height and radius and the shape of the needle’s
cross section on the concentration capability. The calculation
results show that the concentration capability is insensitive
to the water film’s size, which lowers the requirement on the
dispenser’s performance in repeatability. Also, the distance
between the needle and substrate, and the needle’s shape and
size have remarkable influence on the concentration capabil-
ity of the acoustic streaming field on the substrate, which
provides promising micro-/nanomanipulation methods to
design the system. The ultrasonic needle-liquid—substrate
system has the merits such as very small temperature rise
(<0.1 °C), no heat damage to manipulated samples and little
selectivity to electromagnetic and optical properties of the
samples. It can be applied in the fabrication of nanosensors
and other nanodevices, crystal growth, culture of artificial
tissues, nanoassembling, etc.
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