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Abstract The probe-liquid-substrate system, in which
a micro-manipulation probe (MMP) is inserted into a lig-
uid film of nanosuspension on a substrate, is very useful
in nanomanipulations. With the MMP’s vibration, a three-
dimensional (3D) acoustic streaming field around the MMP
is generated, which has been used to trap, transfer and
rotate nanoentities in the liquid film. However, research on
the details of the 3D acoustic streaming field in the probe-
liquid-substrate system has been scarce. In this work, the
3D acoustic streaming field in a probe-liquid-substrate sys-
tem for the contact-type trapping of individual nanowires is
numerically investigated by the finite element method. The
computational results show that the MMP root’s elliptical
vibration can generate an acoustic streaming field capable
of trapping a single nanowire in the contact mode. This
conclusion can well explain the experimental phenomena
that the MMP can trap a single nanowire at some frequen-
cies and cannot at others. The computational results clarify
the effect of the distance between the MMP and substrate,
the MMP’s radius and length, and the water film’s thick-
ness on the acoustic streaming field.
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1 Introduction

The manipulation of nanoobjects by ultrasound has poten-
tial applications in the micro-/nanoassembly, nanomeasure-
ment, fabrication of high-end sensors, etc. (Hu 2014; Li
et al. 2010; Li and Hu 2014a, b; Balk et al. 2014; Ahmed
et al. 2014). The probe-liquid-substrate system (Hu 2014),
in which a micro-manipulation probe (MMP) is inserted
into a liquid film of nanosuspension on a substrate, has
been demonstrated to be very useful in the ultrasonic
nanomanipulations such as contact-type and noncontact-
type trapping of a single nanowire (Li et al. 2010; Li and
Hu 2014a), and rotary driving of a single nanowire (Li
and Hu 2014b). It uses acoustic streaming eddies in a 3D
acoustofluidic field generated by and around the MMP to
implement the nanomanipulation functions. The acous-
tic streaming eddies have a fixed relative position to the
MMP. Thus, it can be moved by tuning the position of the
MMP or ultrasonic transducer, which allows the transfer of
trapped objects (Li et al. 2010; Li and Hu 2014a, b). One of
the merits of ultrasonic manipulations based on the probe-
liquid-substrate system is that the temperature rise can be
very small (<0.1 °C) at the manipulation area (Hu 2014; Li
and Hu 2014b).

There was little to no in-depth research on the 3D acous-
tic streaming field in the probe-liquid-substrate system
before this work, and this is hindering the optimization
design and applications of the probe-liquid-substrate sys-
tem in the nanomanipulation. In our ultrasonic nanoma-
nipulation based on the probe-liquid-substrate system,
the acoustic streaming field around an MMP is observed
under microscope by using micro-/nanomarkers scattered
in the suspension film (Li et al. 2010; Li and Hu 2014a,
b). Owing to the geometrical typologies of the devices, the
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acoustic streaming fields obtained are usually incomplete.
Also, the typologies of acoustofluidic fields in the existing
computational models are quite different from that in the
probe-liquid-substrate system (Muller et al. 2012, 2013;
Lei et al. 2014; Nama et al. 2014; Wada et al. 2014; Sun-
din et al. 2007; Devendran et al. 2014). Thus, the theoreti-
cal results based on these computational models cannot be
applied to an analysis of the acoustic streaming field in the
probe-liquid-substrate system.

In this work, we analyze the 3D acoustofluidic field in
the probe-liquid-substrate system for the nanotrapping by
a computational model, developed by our group. The com-
putational results can well explain why the MMP can trap
single nanowires at some frequencies and cannot at the oth-
ers. The most important discovery in this work is that the
MMP root’s elliptical vibration can generate the acoustic
streaming field capable of trapping a single nanowire in the
contact mode (Li et al. 2010; Li and Hu 2014a). Moreo-
ver, our computation reveals that the manipulation capa-
bility of the probe-liquid-substrate system is influenced
by the parameters such as the distance between the MMP
and substrate, the MMP’s radius and length, and the liquid
film’s thickness. The dependency of the acoustic stream-
ing field around the MMP on these parameters is clarified
quantitatively.

2 Computational model and method

A math-physical model for the probe-liquid-substrate sys-
tem is shown in Fig. la, and its meshed FEM model is
shown in Fig. 1b. To take a balance between the compu-
tational error and time, the mesh size of the acoustofluidic
field near the MMP is smaller than that in the rest region
of the acoustofluidic field. Within the region enclosed by a
cylindrical surface with a radius of 2Rp ~ 3Rp for most of
the computational work, in which Rp is the MMP’s radius,
the maximum element size is 1.5 wm (30 % of the MMP’s
radius and about 0.0135 % of the wavelength of the sound
field at 135 kHz). In the rest region of the acoustofluidic,
the maximum element size is 0.55 mm (4.95 % of the
wavelength of the sound field at 135 kHz). Also, the maxi-
mum element size in the MMP is 0.2 mm.

The boundary conditions of the probe-liquid-substrate
system for the sound field and acoustic streaming in the lig-
uid film are shown in Fig. 2. The computation of the acous-
tic streaming field is implemented by the finite element
method (FEM) software COMSOL Multiphysics (version
4.3a). In this work, only the steady-state acoustic stream-
ing field is computed. The computational process consists
of the following three steps.

In the first step, the sound field is solved by the sound-
structure coupling module with the boundary conditions
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Fig. 1 (color online). 3D model and meshing for the probe-liquid-
substrate system. a Math-physical model for the acoustofluidic field.
b Meshed model for the acoustofluidic field

shown in Fig. 2a. Boundary conditions of the sound field
are as follows: The acceleration is continuous at the inter-
faces between the MMP and liquid film; the interfaces
between the water film and air are sound soft (sound
pressure p = 0) for the reason that ultrasound attenuates
quickly in the air; the interface between the water film and
substrate is sound hard (i‘g—‘;’7 = (, 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:

?’p_ ap
— = Vp + bV — 1
poz =PCVPEDOV ey
where p is the sound pressure, p is the fluid density, and ¢
is the sound speed, and the acoustic dissipation factor b is

computed by

4 /
b=3n+n 2
where 1 and n’ are the shear and bulk viscosity coefficient
of the acoustic medium, respectively.

In the second step, computed vibration velocity and
sound pressure of the sound field are used to calculate the
spatial gradients of the Reynolds stress and mean pres-
sure (the second-order pressure in the sound field), by the
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Fig. 2 Boundary conditions of the acoustofluidic field. a Boundary
conditions for the sound field. b Boundary conditions for the acoustic
streaming field

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 gradi-
ent of the Reynolds stress F; is computed by (Tang and Hu
2015; Lighthill 1978)

Fj = —d(portey) /i 3)

where pg is the medium density in the undisturbed state, u;
is the vibration velocities of the sound field, repeated suffix
i and j represent x, y and z in the 3D model, and the sym-
bol “—” signifies the mean value over one time period. The
mean pressure p, is computed by (Tang and Hu 2015)

P = a 1)
P2 = 5 A\ )

where p, represents the (first order) sound pressure, < >
represents the time average over one time period, ¢, is the
medium sound speed in the undisturbed state, and g 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. The
steady acoustic streaming satisfies the following equation
(Lighthill 1978):

po (@01 /dx;) = F; — 8p,/0x; + nV>a; (5)

where u; is acoustic streaming velocity. The acoustic
streaming also satisfies the continuity equation

podu;/dx; = 0. (6)

Slip boundary condition is used in the FEM computa-
tion of the acoustic streaming as shown in Fig. 2b. This is
because our experiment shows that a tangential acoustic
streaming can exist at the interface between the water film
and substrate (Zhou et al. 2013).

3 Experimental verification

To experimentally verify the FEM simulation results, a
probe-liquid-substrate system to trap a single silver nanow-
ire in a water film on a silicon substrate is constructed. The
experimental silver nanowires have a diameter of 100 nm
and length of several microns up to several tens of microns.
Figure 3a shows a photograph of the experimental setup.
Figure 3b shows the detailed size and structure of the
probe-liquid-substrate system with a transducer to excite
the vibration of the system. An MMP that is mechanically
excited by a steel needle is immersed into the nanowire
suspension film on the substrate. The MMP is bonded on
and excited by the tip of the steel needle, which is mechani-
cally driven by a sandwich-type piezoelectric transducer
shown in Fig. 3b. The steel needle is 25 mm long and
1 mm thick. The outer and inner diameters and the thick-
ness of each piezoelectric ring in the transducer are 12, 6
and 1.2 mm, respectively. The piezoelectric constant d;; is
250 x 10712 C/N, electromechanical coupling factor ks is
0.63, mechanical quality factor Q,, is 500, dielectric dissi-
pation factor tand is 0.6 %, and density is 7450 kg/m>. The
two stainless plates at the two ends of the transducer are
square with 20 mm length and 2 mm thickness. The tight-
ening torque applied to the transducer is 6 Nm. The reso-
nance frequency of the sandwich transducer is 93 kHz, and
the manipulation system with a working frequency of about
135 kHz is not at resonance.

The tip of the steel needle is used to excite the vibra-
tion of the MMP in the probe-liquid-substrate system. The
amplitudes and initial phases of the three orthogonal vibra-
tion components at the tip of the steel needle are measured
by a laser vibrometer (Polytec PSV-300 F). The distance
between the MMP tip and substrate is controlled by an
XYZ stage, and the water film thickness is controlled by
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Fig. 3 (color online). Experimental setup and the device to verify
computational results. a Photograph of the experimental setup. b
Device structure and size

Table 1 Parameters of the probe-liquid-substrate system

properly spreading out the water film and measuring its
approximate height. Considering the evaporation during the
experiments, the initial water film is thicker than 200 pm.
Actually, the trapping performance is not sensitive to the
water film thickness as long as it is larger than 50 pm.

4 Results and discussion

To simplify the computation, the sandwich transducer and
the steel needle used to excite the MMP’s vibration are not
included in the FEM model of the probe-liquid-substrate
system. Also, unless otherwise specified, property param-
eters of the MMP and the liquid film (water) shown in
Table 1 (Liebermann 1949) are used.

Three orthogonal vibration components (the x, y and z
components in Fig. 3) at the MMP root were measured by
the laser Doppler vibrometer (Polytec PSV-300 F) at the
frequencies 125, 130, 135 and 140 kHz, and the results
are shown in Table 2. The measured vibration information
includes the vibration amplitude and initial phase. Also, the
trapping performance at these frequencies was observed,
and the results are also listed in Table 2. It shows that only
at 135 kHz can the acoustic streaming field be used to trap
a single nanowire. To explain the experimental phenom-
ena, the acoustic streaming field around the MMP is com-
puted, and flow patterns on the silicon substrate and in the
vz plane (the plane that is perpendicular to the substrate and
vibration transmission needle, and passes the center axis
of the MMP) are shown in Figs. 4 and 5. Figure 4 shows
the result for 135 kHz, and Fig. 5 the results for 125, 130
and 140 kHz. In the computation, the parameters listed in
Table 2 were used, and the distance between the MMP tip
and substrate was 5 pm.

The trapping performance listed in Table 2 is explained
by Figs. 4 and 5 as follows. From Fig. 4a, it is seen that
a nanowire lying on the substrate surface within the effect
range can be driven toward the point directly under the
MMP tip from pl to p3 through p2, by the inward flow
along the y direction. Under the MMP tip, the sucked

The water film’s thickness H (mm) The water film’s radius Ry, (mm) The MMP’s length L, (mm)

0.2 5 1.5

The MMP’s radius Rp (um) The distance between MMP tip and substrate d,, ()Lm) The excited part length L (mm)
5 5 1

Density of water p (kg/m3) Speed of sound in water ¢ (m/s) Shear viscosity of water n (Pa s)
1000 1500 0.001

Volume-to-shear viscosity ratio in water ’/n Nonlinear parameter of water at room temperature g Density of MMP p,, (kg/m3)

2.1 5 2200

Young’s modulus of MMP E, (Pa) Shear modulus of MMP Gy, (Pa)

7.4 x 10'° 2.846 x 10'°
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Table 2 Measured vibration distribution and workability at some fre-
quencies

f(kHz) 125 130 135 140
A, (nm) 17.45 9.44 5.77 13.72
A, (nm) 11.44 35.78 18.20 14.10
A, (nm) 6.11 18.54 15.68 9.69
D, (°) —100.0 —131.1  —1345 100.0
o, (°) 13.9 120.3 165 —233
. (9) —144.9 —99.1 67.4 59.2
P, =0, —P,(°) —158.8 -2194  -97.6 82.5
P, =2, —D,(°) —113.9 —-2514  —=2995 123.3
Can the device trap a No No Yes No

single NW?

nanowire rotates to the x direction due to the *x-direc-
tional flow, while being lifted up by the upward flow (the
z-directional flow), as shown in Fig. 4b. The lifted nanow-
ire is pushed onto the MMP’s side by the y-directional flow
and aligned in the x direction by the *x-directional flow.
Due to the pressing force on the trapped nanowire, there is
a frictional force between the trapped nanowire and MMP,
which contributes to the balance of the trapped nanowire.

The acoustic streaming shown in Fig. 5 can well explain
why a single nanowire cannot be sucked to the MMP tip
and trapped on the MMP at 125, 130 and 140 kHz. Images
al, bl and cl show that a single nanowire cannot reach a
force balance under the MMP tip due to the severe asym-
metry of the outward acoustic streaming, and it would be
flushed away by the acoustic streaming on the substrate.

From the above discussion, it is known that the acoustic
streaming shown in Figs. 4 and 5 can well explain why a
single nanowire can be sucked to the MMP tip and trapped
on the MMP at 135 kHz, and why it cannot be trapped at
other frequencies, although the nanowire is not included in
the FEM model. This indicates that the computed acoustic
streaming field has the features which are needed to ana-
lyze the trapping performance, even if the nanowire is not
included in the FEM model. This is because the diameter
of the experimental nanowires is only 1/50 of the distance
between the MMP tip and substrate.

The maximum acoustic streaming velocity on the sili-
con substrate surface is defined as V; .., (see Fig. 4a), and
the maximum z-directional velocity in the yz plane (see
Fig. 4b), which is usually along the MMP wall, is defined
as V| . These two velocities are used to describe the
strength of the acoustic streaming field in the following
discussion.

To investigate the dependency of the acoustic streaming
field on the phase difference among the orthogonal vibra-
tion components at the MMP root, the acoustic streaming
field is computed with different phase difference values
between the y- and z-directional vibration displacements
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Fig. 4 (color online). Acoustic streaming field on the substrate sur-
face and in the yz plane (the plane that is perpendicular to the sub-
strate and vibration transmission needle, and passes the center axis of
the MMP) at 135 kHz. a Acoustic streaming field on the substrate.
b Acoustic streaming field in the yz plane. The maximum acoustic
streaming velocities on the substrate V; .. and in the yz plane V| ..
are shown in (a) and (b), respectively. The black circle in image a,
representing the boundary between the fine and coarse element
regions, has a radius of 15 wm. And the white zone in image b repre-
senting the cross section of MMP has a width of 10 pm. The separa-
tion between the MMP tip and substrate is 5 pm

&,, at a working frequency of 130 kHz, and the computed
results are shown in Fig. 6. In the computation, the ampli-
tudes of the three orthogonal vibration displacement com-
ponents and the phase difference values other than @_, as
listed in Table 2, are used, and all the computational pafam—
eters except @, are kept constant to exclude the effects of
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Fig. 5 (color online). Acoustic streaming fields on the substrate sur-
face and in the yz plane (the plane that is perpendicular to the sub-
strate and vibration transmission needle, and passes the center axis of
the MMP) at 125, 130 and 140 kHz. The black circles in images al,

these parameters. And the phase difference @, is set to
be 0°, 45° and 90°. From images al, bl and c1 in Fig. 6,
it is found that as the phase difference cDZy increases, the

@ Springer

Colour: Magnitude (m/s)

o
Arrow: Direction and magnitude RESIGIXI0

%106

40

1130
H

120

v6.9625x108

Colour: Magnitude (m/s)
Arrow: Direction and magnitude *

1.1543x10
<105

10

N

N

v 2.0111x108

Colour: Magnitude (m/s)

o .
Arrow: Direction and magnitude 4 1.2982x10

x10¢

b1 and cl, representing the boundary between the fine and coarse ele-
ment regions, have a radius of 15 pm. And the white zones in images
a2, b2 and c2, representing the cross section of MMP, have a width
of 10 pm

acoustic streaming pattern on the substrate becomes more
symmetric about the x-axis, but the outward flow on the
substrate remains asymmetric about the y-axis. For the
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Fig. 6 (color online). Acoustic streaming fields on the substrate sur-
face and in the yz plane (the plane that is perpendicular to the sub-
strate and vibration transmission needle, and passes the center axis of
the MMP) at 130 kHz for different phase difference values between

the y- and z-directional vibration displacement components @, (=0°,
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45° and 90°). The black circles in images al, bl and cl, represent-
ing the boundary between the fine and coarse element regions, have a
radius of 15 pm. And the white zones in images a2, b2 and ¢2, repre-
senting the cross section of MMP, have a width of 10 pm
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Fig. 7 (color online). Acoustic
streaming fields on the substrate
surface and in the yz plane (the
plane that is perpendicular

to the substrate and vibra-

tion transmission needle, and
passes the center axis of the
MMP) at 130 kHz for different
amplitude ratios between the

x- and y-directional vibration
displacement components A /A,
(=0.132 and 0) when the phase
difference between the y- and
z-directional vibration displace-
ment components is 90°. The
black circles in images al and
b1, representing the boundary
between the fine and coarse ele-
ment regions, have a radius of
15 pwm. And the white zones in
images a2 and b2, representing
the cross section of MMP, have
a width of 10 um bl

130 kHz

Colour: Magnitude (m/s)
Arrow: Direction and magnitude

Colour: Magnitude (m/s)

acoustic streaming field shown in image cl, it is still dif-
ficult for a sucked nanowire under the MMP tip to reach a
force balance in the x direction.

In order to achieve a more symmetric acoustic streaming
field which can be used to suck and trap a single nanowire,
the acoustic streaming field at 130 kHz is computed for dif-
ferent amplitude ratio A /A, at &, = 90°, and the results
are shown in Fig. 7. In the computation, A, decreases from
9.44 nm to 0, and the other parameters are kept constant
(see Table 2). The results shown in Fig. 7 indicate that as
AX/Ay decreases, the outward acoustic streaming becomes
more symmetric about the y-axis, and a sucked and 90°
rotated nanowire under the MMP tip can keep a force bal-
ance at A /A, = 0.

Based on the results shown in Figs. 6 and 7, it comes to
the conclusion that the MMP root’s elliptical vibration in
the yz plane can generate the acoustic streaming field capa-
ble of trapping a single nanowire in the contact mode. For
this reason, the acoustic streaming field shown in Fig. 7b1,
b2 is defined as the ideal flow field for the contact-type
trapping of a single nanowire.

@ Springer

Arrow: Direction and magnitude

L 2.8315%10°5 Colour: Magnitude (m/s) .7.2832x10
x106 Arrow: Direction and magnitude %106
25
60
120
t1s 1140
10
20
5
v2.631x108 v 5.8263x10°

.2.8005%10° Colour: Magnitude (m/s) 48.1147x10°

x10-6 Arrow: Direction and magnitude %10
25 b2 70
130 kHz
= o
20 D,=90
150
15
10 30
5
10

¥ 1.0109%108 v1.6008x10"

The effects of the distance between the MMP tip and
substrate d, on the acoustic streaming pattern and the maxi-
mum acoustic streaming velocities on the substrate and in
the z direction, are computed at 135 kHz, and the results
are shown in Fig. 8. Figure 8a shows the acoustic stream-
ing patterns at d, = 2 and 8 pm, and Fig. 8b the maxi-
mum acoustic streaming velocities on the substrate V..
and in the z direction V) .. versus dj. The computation
shows that as the distance between the MMP tip and sub-
strate increases, the acoustic streaming pattern on the sub-
strate has a change, and the maximum acoustic streaming
velocities on the substrate V, ... and in the z direction V) .,
decrease. The decrease in V.. is because of the decrease
in the tangential vibration velocity on the substrate as d,,
increases. And the decrease in V... is because the fluid cir-
culates between the MMP tip and substrate as d;, increases.
Therefore, a large distance between the MMP and substrate
weakens the trapping capability.

The effect of the MMP’s radius on the acoustic stream-
ing field around the MMP was computed, and the results
are shown in Fig. 9. In the computation, the working
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Fig. 8 (color online). Acoustic streaming fields for different dis-
tance values between the MMP and substrate at 135 kHz. a Acoustic
streaming patterns on the substrate surface and in the yz plane (the
plane that is perpendicular to the substrate and vibration transmission
needle, and passes the center axis of the MMP) at d, = 2 and 8 pm.
b The maximum acoustic streaming velocities on the substrate sur-

6 8 10
The distance between the MMP
tip and substrate dp (um)

(b)

face and in the yz plane versus the distance between the MMP and
substrate. The black circles in images al and a3, representing the
boundary between the fine and coarse element regions, have a radius
of 15 wm. And the white zones in images a2 and a4, representing the
cross section of MMP, have a width of 10 pm
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Fig. 9 (color online). Acoustic
streaming fields at different
MMP’s radii R, at 135 kHz. a
Acoustic streaming patterns on
the substrate surface and in the
yz plane (the plane that is per-
pendicular to the substrate and
vibration transmission needle,
and passes the center axis of the
MMP) atRp =1,8and 12 pm.
b The maximum acoustic
streaming velocities on the
substrate surface and in the yz
plane versus the MMP’s radius.
The black circles in images

al, a3 and a5, representing the
boundary between the fine and
coarse element regions, have
aradius of 10, 15 and 30 pm,
respectively. And the white
zones in images a2, a4 and a6,
representing the cross section of
MMP, have a width of 2, 16 and
24 pm, respectively
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Fig. 11 (color online). Acoustic
streaming fields at different
liquid film’s thickness H at

135 kHz. a Acoustic streaming
patterns on the substrate surface
and in the yz plane (the plane
that is perpendicular to the sub-
strate and vibration transmission
needle, and passes the center
axis of the MMP) at H = 15, 50
and 300 wm. b The maximum
acoustic streaming velocities on
the substrate surface and in the
yz plane versus the thickness of
the liquid film. The black circles
in images al, a3 and a5, repre-
senting the boundary between
the fine and coarse element
regions, have a radius of 15 pm.
And the white zones in images
a2, a4 and a6, representing the
cross section of MMP, have a
width of 10 pm
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Table 3 Effects of some dimensional parameters on the acoustic streaming field at 135 kHz

The distance between the
MMP tip and substrate d;

The MMP’s radius R},

The MMP’s length L, The water film’s thickness H

Acoustic streaming pattern Affected Affected

Acoustic streaming Affected

velocities

Sensitive near the MMP
resonance point

Insensitive Insensitive

Sensitive near the MMP
resonance point

Insensitive for large H
(>50 pm)

frequency was 135 kHz, and the vibration excitation con-
ditions listed in Table 2 were used. Figure 9a shows the
acoustic streaming fields when the MMP’s radius is 1, 8
and 12 pm, respectively, and Fig. 9b shows the change of
Vimax and Vy .. with the MMP’s radius. The vertical axis
of Fig. 9b represents the natural logarithm of V, ../V, and
Vimax! Vio» Where Vi (=0.05 pm/s) and Vj, (=0.66 pm/s)
are the maximum acoustic streaming velocities on the
substrate and along the z direction for an MMP’s radius
of 1 pwm, respectively. From images al and a2, it is seen
that when the MMP’s radius is too small, a nanowire on the
substrate may be sucked to the MMP and then lifted, but it
is difficult to trap the nanowire onto the MMP because it
cannot rotate 90° during the lift process. Figure 9b shows
that when the MMP’s radius is about 11.5 wm, there is a
large peak of acoustic streaming velocity. Our computa-
tion shows that this phenomenon is caused by a resonance
of the MMP. If the working point was at the peak or very
close to the peak, a disturbance such as the decrease in the
water film thickness and an impact of micro-/nanoobject on
the MMP would cause a substantial change of the acous-
tic streaming velocity around the MMP. Thus, the MMP’s
radius should be so designed that the working point is not
at the MMP’s resonance.

The effect of the MMP’s length on the acoustic stream-
ing field was computed, and the results are shown in
Fig. 10. In the computation, the working frequency was
135 kHz, and the vibration excitation conditions listed in
Table 2 were used. Figure 10a shows the acoustic stream-
ing fields when the MMP’s length is 0.3, 7 and 9.5 mm,
respectively, and Fig. 10b shows the change of V.. and
Vi.max With the MMP’s length. The vertical axis of Fig. 10b
represents the natural logarithm of V .../V(, and V, ../Vyy,
where V; (=6.84 pm/s) and V}; (=16.71 pm/s) are the
maximum acoustic streaming velocities on the substrate
and along the z direction for the MMP’s length of 0.3 mm,
respectively. From images al, a2 and a3, it is seen that the
MMP’s length affects the symmetry of the acoustic stream-
ing field, which is caused by the change of phase difference
®_, and @_,. Figure 10b shows that when the MMP’s length
is about 9.9 mm, there is a large peak of acoustic streaming
velocity. The computation shows that this phenomenon is
caused by a resonance of the MMP. If the working point is
at the peak, a disturbance such as the decrease in the water

film thickness and an impact of micro-/nanoobject on the
MMP would cause a substantial change of the probe’s reso-
nance frequency and the acoustic streaming velocity around
the MMP. Thus, the MMP’s length should be so designed
that the working point is not at the MMP’s resonance.

The dependency of the acoustic streaming field around
the MMP on the water film’s thickness was computed at
135 kHz, and the results are shown in Fig. 11. In the com-
putation, all of the parameters other than the water film’s
thickness are kept constant. Figure 11la lists the acoustic
streaming fields when the water film’s thickness is 15, 50
and 300 pm, respectively. And Fig. 11b shows the maxi-
mum acoustic steaming velocities on the substrate V..
and along the z direction V.. versus the water film’s
thickness. From Fig. 11a, it is seen that the asymmetry of
the acoustic streaming field increases as the water film’s
thickness decreases, which means that a thin water film
may weaken the trapping capability. This is because as
the water film’s thickness decreases, the spatial asymme-
try of driving force F; (see Eq. 3) of the acoustic streaming
is amplified. From Fig. 11b, it is seen that when the water
film is sufficiently thick, the water film’s thickness has little
effect on the acoustic streaming velocities. This means that
the acoustic streaming field for the nanowire trapping is
mainly determined by the ultrasonic field near the substrate
and MMP’s tip when the water film is sufficiently thick.

The effects of the working and size parameters on the
pattern and velocity of the acoustic streaming field are
summarized in Table 3.

5 Summary

We have numerically computed and analyzed the three-
dimensional acoustic streaming field in the probe-liquid-
substrate system, in which a MMP is inserted into a layer
of nanosuspension film on a substrate. The computational
results can well explain why the device works at some fre-
quencies and does not work at others, and the computed
acoustic streaming field agrees with the observed one
very well. It is found that the phase difference and mag-
nitude ratio among the orthogonal vibration components
of the MMP root have a large effect on the symmetry of
the acoustic streaming field, thus determining whether the
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acoustic streaming field is usable in the contact-type trap-
ping of a single nanowire. The MMP root’s elliptical vibra-
tion perpendicular to the substrate can generate the acoustic
streaming field capable of trapping a single nanowire in the
contact mode. It is also found that the velocity and pattern
of the acoustic streaming change with the distance between
the MMP and substrate, the MMP’s radius and length, and
the water film’s thickness.
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