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Fig. 1. Geometric relationship between the transducer and
the focal point. Origin of the coordinate is located at the
center of the lower array, and the z-axis and y-axis are par-
allel to the two sides of the square array. Here, the dis-
tance between the transducer and the focus point is re-
garded as the distance between the center of the trans-
ducer surface and the focusing point, and the zaxis points
vertically to the upper array. In the figure, the distance
between the center of a certain transducer and the projec-
tion point of the focal point on the array plane is d, the
distance between the upper and lower array planes is H,
and the distance between the transducer and the focal point

is . The acute angle in between d and r is recorded as &.
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Fig. 2. (a)—(c) Schematic top views of the movement of particles in a plane: (a) Particles are bounded at the focus point, and the

black arrow represents the distribution of acoustic radiation force (ARF); (b) schematic diagram of the relative position of the

particle and the convergent area of the force after the focus point moves, with a black arrow representing the direction of the force

acting on the particle; (c) particle returning to the focus point. (d), (e) Schematic diagrams of the movement of the force conver-

gence area. The upper and lower two square areas facing each other are the planes where the transducers are located. The circles

embedded on the planes represent the transducers, and different colors represent different phases. The force convergence area is rep-

resented by a red dashed circle. The black clusters of dashed lines represent acoustic rays. The black solid line is an auxiliary line to

indicate the location of the force convergence area, and the pink dashed line is the straight line where the trajectory lies.
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Fig. 3. Schematic diagram of the relevant elements in the
standing wave acoustic field generated by a pair of trans-
ducers in the vertical direction. The black dashed line is the
vertical distribution of acoustic pressure, the yellow dashed
line is the vertical distribution of the ARF. The length and
direction of the blue arrow represent the magnitude and
direction of the ARF. The height of H/2 on the z axis
should be the convergence point of the force, and the one-
eighth of the wavelength below it should be the height cor-

responding to the adjacent maximum force.
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Fig. 4. Distribution of ARF potential energy when the focal point is at the center: (a) Phase distribution diagram when the focal

point is at the center and the position of section z = H/2, section z = 0 and section line z = 0, z = H/2; (b) component of the ARF

in the y direction on the section line z = 0, z = H/2; (c) distribution of ARF potential energy on the plane z = H/2; (d) distribu-

tion of ARF potential energy on the plane z = 0.
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Fig. 5. (a) Grid on the manipulation plane and part of the focus position. According to symmetry, all points are represented as the
points marked by the 10 solid blue circles in the figure, and the points marked by the 3 dashed blue circles are the points that need
to be drawn to supplement the missing path. Longitude lines are marked with increasing numbers 1-4 from the center to the peri-
phery, and latitude lines are marked with A, B, C, and D from top to bottom. In this way, any point can be named with a combin-
ation of letters and numbers, with letters in the front and numbers in the back, for example, the point at the center is the D; point.
(b) Distribution of the ARF potential energy on the y = 0 section when the focal point is at C3. The coordinates of z axis and z ax-
is are recorded on abscissa and ordinate respectively. The positions of D, and D, are marked in the figure. The distribution of ver-
tical ARF along three vertical cutlines D,, D,, Cy are depicted in panel (c¢) when focusing point is located at Cj. The signs of ARF
represent their directions. Red dashed line marks the latitude of z = 1.715 cm.
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Fig. 6. (a) Refined grid plane. The red dot area in the figure is the smallest research area that includes all moving situations. The
nomenclature of the points is the same as the previous coarse grid points. (b) Distribution of vertical ARF along 3 vertical cutlines
located at Fj (Cj in the coarse grid), Gy and D, (the coarse grid) respectively. Red dashed line marks the height of 1.715 ¢cm. The
red arrows in panel (c) represent the path of unstable movement, and the green arrows represent the path of stable movement. Be-
low the black dotted line is the stable moving area, and the rest part is the unstable moving area. The green area in panel (d) is the
area where the particles can be stably manipulated. The purple, yellow and red area are areas where movement along diagonal of
grids towards the center, movement along diagonal of grids towards and away from the center, movement along grid line towards
the center are ubstable; orange area is the superposition of red area and yellow area, dark purple area is the superposition of red,
yellow and purple area. (e), (f) Distribution of ARF potential energy on manipulation plane when the focus points are located at H;
and B;.
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In-plane manipulation of single particle based on
phase-modulating acoustic tweezer”

Zhu Ji-Lin  Gao Dong-Bao  Zeng Xin-Wu'

(College of Meteorology and Oceanography, National University of Defense Technology, Changsha 410073, China)

( Received 24 May 2021; revised manuscript received 22 June 2021 )

Abstract

The acoustic radiation force allows acoustic tweezers to suspend and move tiny particles. The horizontal
movement is one of the common forms in which acoustic tweezers manipulate particles. In this paper, the direct
relationship between acoustic radiation force and sound pressure is derived theoretically. The results show that
there is a corresponding relationship between the maximum point of sound pressure (focus point) and the
minimum point of acoustic radiation force potential energy. A model for focused acoustic field in acoustic
tweezers is established based on the principle of phase modulating. In the numerical simulation, taking the
double-sided 16-element acoustic tweezers device for example, the method of controlling the horizontal
movement of particles and its stability are analyzed. Owing to the influence of gravity, the balance in the
vertical direction must be considered in the horizontal movement of particles. Horizontal movement shows
different stabilities at different positions in acoustic filed. The closer to the center of the array the particle is,
the more stably it moves. The step length (accuracy) also has an important influence on the moving stability.
In general, the shorter the step size is, the higher the stability is. In this model, when moving step length is
reduced by one-half, the stability is improved by nearly 40%. The research results have theoretical significance
for designing acoustic tweezers, planning particle movement paths, and promoting the application of acoustic

tweezers technology.

Keywords: acoustic tweezer, particle manipulation, phase modulation, acoustic radiation force
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