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Abstract

Ultrasound noncontact particle manipulation (NPM) is based on the acoustic radiation
force associated with an ultrasound wave field, and enables a myriad of engineering applications
with the ability to noninvasively manipulate particles in a fluid medium. We use multiple phased
arrays of ultrasound transducers to dynamically move a 3D pattern of particles along a user-
specified trajectory following a sequence of affine transformations. We numerically simulate and
experimentally validate the NPM method using spherical expanded polystyrene particles in air,
and observe good quantitative agreement. The ultrasound NPM method enables dynamic control
over the user-specified pattern of particles in three dimensions. Hence, this experimental
demonstration shows that ultrasound NPM can be implemented in engineering applications, such
as container-less transport and measurement techniques, and manufacturing of engineered

materials.
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1. Introduction

Noncontact particle manipulation (NPM) techniques are of critical importance in many
engineering applications such as lab-on-chip [1], container-less processing [2], measurement [3],
transport [4], chemical analysis [5], and manufacturing engineered materials [6]. Commonly, NPM
techniques involve manipulating particles dispersed in a liquid or gas host medium into a user-
specified pattern, or along a user-specified trajectory, by means of an electric [7,8], magnetic
[9,10], or ultrasound field [11-16] created by a set of transducers. The spatial arrangement and/or
operating parameters (amplitude and phase) of the transducer(s) define the external field and, thus,
allow control over the locations of the particles within the field. NPM techniques based on
magnetic and electric fields restrict particles to be ferromagnetic or electrically conductive,
respectively, and/or require high field strengths [7-10], which limits scalability. Ultrasound NPM
relies on the convergence of the acoustic radiation force resulting from an ultrasound wave field
[17], which creates acoustic “traps” that act as virtual tweezers to hold particles, thus enabling
NPM independent of particle properties [ 18] and shape [19]. Furthermore, ultrasound NPM allows
dimensional scalability because the ultrasound wave field experiences low attenuation in low-
viscosity fluids (bulk and shear) [20] such as photopolymer resin [6], water [21-23], and air [13-
16].

Employing ultrasound NPM in engineering applications requires knowing the relationship
between the ultrasound transducer operating parameters, the resulting ultrasound wave field, and
the corresponding locations of the particles, which is computed by solving either the forward or
inverse ultrasound NPM problem. The forward problem involves computing the location of
particles as a function of user-specified ultrasound transducer operating parameters [18,24,25],

whereas the inverse problem requires computing the ultrasound transducer operating parameters



needed to place particles in user-specified locations. The inverse problem has been solved to enable
static and dynamic ultrasound NPM of a single particle. Greenhall ef al. [26] derived a theoretical
model to determine the location of acoustic traps as a function of the phases of two opposing
ultrasound transducers and showed that a particle can be moved along a one-dimensional (1D)
line. Marzo et al. [14] and Hoshi et al. [27] focused acoustic beams to create an acoustic trap
located at an arbitrary user-specified position in three-dimensions (3D) to levitate and move
expanded polystyrene particles in air. Using four ultrasound transducers arranged in a square,
Courtney et al. [28] created and moved a 2D “grid” pattern of particles. Furthermore, Greenhall
et al. [12] derived a 2D solution to the inverse problem and demonstrated the capability to create
static 2D user-specified patterns of particles in any 2D domain, with any arbitrary arrangement of
ultrasound transducers. Prisbrey et al. [11] then expanded this solution to create static 3D user-
specified patterns of particles. In this work, we distinguish between static and dynamic ultrasound
NPM, respectively, as organizing particles into a single, static user-specified pattern, or moving
the pattern of particles along a user-specified trajectory while suspended in the ultrasound field.
Although crucial to implementing ultrasound NPM in engineering applications, no experimental
demonstration of dynamic ultrasound NPM of multiple particles in 3D exists.

Thus, the objective of this work is to apply the algorithms derived previously by our group
for static ultrasound NPM of multiple particles in 3D, and experimentally demonstrate, for the first
time, dynamic ultrasound NPM of patterns of multiple particles in 3D. We compute the operating
parameters of an arrangement of ultrasound transducers required to create a user-specified pattern
of particles that follows a user-specified trajectory. Based on these operating parameters, we
numerically simulate and experimentally measure the resulting location of the patterns of particles,

and quantify the deviation between user-specified locations, numerical predictions, and



experimental measurements. We implement dynamic ultrasound NPM of multiple particles in 3D
using the following three steps. First, we compute the ultrasound wave field as a function of the
ultrasound transducer operating parameters (Section 2.1). Then, we apply Gor’kov’s acoustic
radiation force theory to relate the ultrasound wave field to the locations of acoustic traps, where
particles will sit [18] (Section 2.2). Finally, we use the formulation of Greenhall et al. [12] to solve
the inverse problem and compute the ultrasound transducer operating parameters required to place
particles in user-specified locations (Section 2.3). We accomplish dynamic ultrasound NPM by
repeating this three-step procedure sequentially, to move the 3D user-specified pattern of particles

in discrete increments along a user-specified trajectory.

2. Methods and materials
2.1 Ultrasound wave field simulation

Figure 1 shows a phased array consisting of N; ultrasound transducers that produce an
ultrasound wave field of frequency wo. The inset illustrates the spatial parameters to compute the
ultrasound wave field in terms of the far-field (complex) pressure P, at any discrete domain point
x; in the domain D (red dots in inset of Fig. 1), which contains a fluid medium of density po and
sound propagation speed co. The pressure field generated by the phased array of ultrasound
transducers is

P = By, (D)

where v' =( Ale[a‘ yeees A je[a" yeres AN[ ¢ is a vector containing the operating parameters (amplitude

A; and phase o; of the ultrasound transducer excitation signal) of each of the N; ultrasound

transducers, with i = (-1)"2. B relates the ultrasound transducer operating parameters v to the



pressure P. Hence, each term p,, of matrix B represents the complex pressure at the " domain

point x; resulting from the j* ultrasound transducer [29], i.e.,
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Here, Py is the pressure amplitude (Pa per Vpp square wave excitation signal at a distance from
the ultrasound transducer surface) of the j# ultrasound transducer, J; is a first order Bessel function
of the first kind, ko = 2n/A¢ is the wavenumber and Ao is the wavelength of the ultrasound wave
field, a is the radius of the ultrasound transducer (piston source), 7; is the 3D Euclidean distance
between the /* domain point x; and the center point of the j# ultrasound transducer s;, and 6;;is the
angle between x; and the normal vector n(s;) that represents the j” transducer surface. In this work,

we spatially arrange two phased arrays of N; transducers opposed to each other to generate a

standing ultrasound wave field.
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Figure 1. Phased array of N, ultrasound transducers. The
inset illustrates the spatial parameters used to compute the
ultrasound wave field at any domain point x; (red dots)

resulting from the ultrasound transducer centered at s;
(black dot).

2.2 Acoustic trap locations



Gor’kov’s acoustic radiation force theory relates the ultrasound wave field to the locations
of the acoustic traps where particles will sit [18]. Acoustic traps are defined as the stable, fixed
locations xy in D where the acoustic radiation force f =—VU acting on a spherical particle of
radius 7, << Ao, density p,, and sound propagation speed ¢, is zero and points towards X, in the
surrounding region. The acoustic radiation potential U, in a fluid with density po and sound
propagation speed co, is locally minimum with respect to the coordinate system (x, y, z) in D at
each acoustic trap x;, and is given as [17,18]
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2.3 Dynamic manipulation of 3D patterns of particles

To compute the ultrasound transducer operating parameters required to create a 3D user-
specified pattern of particles, we minimize the average value of U over all points x; € X;, where X;
is a matrix that contains the locations of a user-specified pattern of particles. Additionally, we
constrain the amplitude of the ultrasound transducers to reflect their finite power output. We then
solve a constrained optimization problem using eigendecomposition to compute the optimal
operating parameters v;* of each ultrasound transducer, required to place particles at the user-
specified locations X;[12]. Finally, we sequentially repeat this computation for 3D dynamic NPM

of a user-specified pattern of particles along a user-specified trajectory in m - 1 discrete steps. We



determine the user-specified particle locations X; at each of the m locations of the user-specified
trajectory, i.e., Xsg = Xi,..., Xj,..., Xm. The transition between each X; and X;+1 is an affine
transformation 7 R?> — R?, ie., any combination of rotation, scaling, shear mapping, and
translation. To move the pattern of particles along the user-specified trajectory, we compute v;*
required to drive the particles to the locations specified in each X; (1 <i < m), thus finding v* =
vi*,..., vi*,..., v,*. Figure 2 illustrates this concept, and shows a pattern of two particles that
moves along a user-specified trajectory by sequentially tuning the operating parameters of the
arrangement of ultrasound transducers to vi¥*, v2*, ...,v,*, to move the pattern of particles to the

user-specified locations in X, Xa,..., Xu, respectively.
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Figure 2. Schematic of a pattern of particles following a
user-specified trajectory. Sequentially tuning the operating
parameters of the arrangement of ultrasound transducers to
vi*, v2¥,...,va*, moves the pattern of particles to the user
specified locations defined in Xi, Xa, ..., Xm, respectively.



2.4 Experimental setup

Figure 3 shows a schematic of the experimental setup that consists of two phased arrays of
ultrasound transducers, which we use to levitate and move patterns of 2 - 4 mm diameter spherical
expanded polystyrene (EPS) (p, = 25 kg/m?) particles in air. Each phased array comprises a 4x8
arrangement of ultrasound transducers (type Murata MA40S4S) that have a directivity of 80
degrees and a center frequency of 40 kHz, resulting in a wavelength Ao = 8.65 mm in air. The angle
between the normal vectors n; and n; of the phased arrays is adjustable by means of two locking
hinges, and the minimum distance L is also adjustable.

We employ an Arduino MEGA 2560 equipped with and Ultraino driver shield [30], which
drives each ultrasound transducer using an independently controlled pulse width modulated PWM
signal with frequency 40 kHz and amplitude 5 Vpp. Figure 3 does not depict the wires that carry
the 40 kHz signal from the driver shield to each ultrasound transducer (for clarity), but instead
shows them as blue dashed arrows. Altering the PWM duty cycle and adding a delay to the signal
(using the Ultraino software [30]), respectively, allows independently adjusting the amplitude and

phase of each ultrasound transducer.
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Figure 3. Schematic of the experimental setup with two
phased arrays that each comprise an arrangement of 4x8
ultrasound transducers, driven by a 40 kHz pulse-width
modulation signal using an Arduino MEGA 2560.



3. Results and discussion

Figures 4-8 show 3D dynamic ultrasound NPM of several user-specified patterns of EPS
particles along a user-specified trajectory. We demonstrate dynamic control over a pattern of
particles in a single plane by performing a translation (Fig. 4), rotation (Fig. 5), scaling and shear
mapping (Fig. 6), and combined translation and rotation (Fig. 7) of the user-specified pattern of
particles. We also show 3D ultrasound NPM in multiple planes by performing a translation and
rotation (Fig. 8). These experiments and simulations demonstrate simultaneous and individual
control over subsets and/or the entire pattern of particles.

Figures 4(a)-7(a) depict the user-specified pattern of particles at its initial location (X1).
The inset image shows a side view of the user-specified pattern of particles (red dots), the
simulated pattern of particles (blue dots) that we determine by computing the acoustic radiation
force based on v;* after solving the constrained optimization problem (see Section 2.3), and a
photograph of the experimentally obtained pattern of particles (gray), at several locations X; along
the user-specified trajectory of the pattern of particles. Figures 4(b)-7(b) show the pattern error
Epar, which we compute as the mean distance between the centroids of the user-specified and the
simulated and experimentally obtained particle locations, respectively, normalized by the
wavelength of the standing ultrasound wave field Ao = 8.65 mm, for each pattern location along
the user-specified trajectory. The upper and lower limits of the error bars represent the maximum
and minimum pattern error at each location, respectively.

Figure 4 illustrates the combination of multiple phased arrays, and shows a “V-shape”
configuration of two phased arrays with a 70-degree angle between vectors n; and nzand L = 2.3/,
which ensures that all particles remain in the far-field. We define a user-specified pattern of three
particles located at the corners of a triangle with base 3.240 and height 1.24o, which contrasts

existing ultrasound NPM methods for creating static 3D user-specified patterns of particles that
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are limited to rectangular grid or line patterns [11,12]. The pattern of particles follows a trajectory
that consists of a sequence of translations from its initial location (X;, magenta) over a distance Ao
in the positive z-direction (ten steps, Xi1, green), then a distance 0.354¢, in the positive x-direction
(three steps, Xi4, yellow), and a distance 0.74¢ in the negative x-direction (five steps, Xi9, cyan).

Figure 5 shows an “opposing” configuration of two phased arrays oriented with an angle
of 180 degrees between vectors n; and nz (co-linear) and L = 8o, to demonstrate manipulating
particles in a setup with negligible wave propagation in the z-direction to counteract gravity. We
define a user-specified pattern of four particles spaced Ao apart along a line, and rotate the pattern
of particles about the z-axis over 50 degrees in ten steps. Figure 5(a) shows the pattern in its initial
location (Xi, magenta), after rotating 20 degrees (four steps, Xs, green), and after rotating 50
degrees (ten steps, Xii, cyan). This trajectory requires that in each step, each particle
simultaneously moves over a different distance and in a different direction, in contrast with the
trajectory of Fig. 4, where each particle (of the pattern) undergoes an identical translation in each
step along the trajectory. Thus, this method enables control of the location of the entire pattern of
particles, or a subset thereof.

Figure 6 shows the same configuration of phased arrays as Fig. 5, but we define a user-
specified pattern of four particles at the corners of a 40x2.754¢ rectangle. We scale the pattern of
particles in the y-direction by a factor 1.7, i.e., two particles move in the positive and negative y-
direction, respectively. We then shear map the rectangle in the x-direction in the xy-plane. Figure
6(a) shows the pattern in its initial location (Xi, magenta), after scaling (four steps, Xs, green), and
after shear mapping (seven steps, Xi2, cyan). The trajectory shown in Fig. 6 requires that in each
step, a group of particles simultaneously moves in a different direction, in contrast with the

trajectory of Figs. 4 and 5, where either each particle undergoes an identical translation in each
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step along the trajectory, or each particle is individually controlled. Thus, this method allows
controlling subgroups of particles within the pattern of particles.

Figure 7 shows the same configuration of phased arrays as Figs. 5 and 6, but we rearrange
the phased arrays to be at the top and bottom (xy-plane rather than yz-plane in Figs. 5 and 6). We
define a user-specified pattern of three particles spaced 340/2 apart along a line, and rotate the
pattern of particles over 70 degrees about the center point of the line pattern (middle particle, about
the x-axis), and simultaneously the center point translates 3.254¢ in the y-direction. Figure 7(a)
shows the pattern in its initial location (X1, magenta), after rotating 37 degrees and translating
1.7540 (eight steps, Xo, green), and after reaching its final location (six steps, Xis, cyan). The
trajectory shown in Fig. 7 requires that in each step, the pattern of particles simultaneously

performs a translation and rotation, which contrasts with the trajectories of Figs. 4, 5, and 6.
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(a) Initial user-specified Experimental results
particle locations
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Figure 4. (a) User-specified (red), simulated (blue), and
experimentally obtained pattern of particles (grey), shown
at locations 1, 11, and 19. (b) Pattern error between user-
specified, simulated, and experimentally obtained particle
locations at each pattern location.
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Figure 5. (a) User-specified (red), simulated (blue), and
experimentally obtained pattern of particles (grey), shown
at locations 1, 5, and 11. (b) Pattern error between user-
specified, simulated, and experimentally obtained particle
locations at each pattern location.
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(a) Initial user-specified Experimental results
particle locations

X, i pattern location
User-specified particle
location
Simulated particle
location

b)soF— & - User-specified vs. simulated location
— 40F—*— User-specified vs. experimental location -
—8&— Simulated vs. experimental location

1 3 5 7 9 11
User-specified pattern location, X;

Figure 6. (a) User-specified (red), simulated (blue), and
experimentally obtained pattern of particles (grey), shown
at location 1, 5, and 12. (b) Pattern error between user-
specified, simulated, and experimentally obtained particle
locations at each pattern location.
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Figure 7. (a) User-specified (red), simulated (blue), and
experimentally obtained pattern of particles (grey), shown
at location 1, 9, and 15. (b) Pattern error between user-
specified, simulated, and experimentally obtained particle
locations at each pattern location.

We compute a maximum pattern error of 31.3% for all experiments documented in Figs.
4-7, which we observe in Fig. 5(b) between the simulated and experimentally obtained particle
locations. However, the pattern error remains below 20.0% in 86% of all cases, indicating good
quantitative agreement between user-specified, simulated, and experimental particle locations. We
also note that these experiments are repeatable within the specified range of operating conditions,
resulting in similar pattern errors each repetition. Differences between the user-specified,
simulated, and experimental particle locations are due to non-perfectly spherical EPS particles,
and primary and secondary ultrasound wave field scattering off nearby surfaces and neighboring

particles, respectively, which is not accounted for in the far-field piston source method used in the
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numerical model. Additionally, imperfections in manufacturing the experimental setup (e.g.
misaligned transducers) and limited resolution of amplitude and phase adjustments in the Ultraino
software and Arduino, contribute to the pattern error. Figures 4-7 show dynamic patterns of
particles in a single plane, which only requires affine transformations in that plane. However,
because we control the x, y, and z positions of each particle in the patterns, assembling these
patterns of particles requires accounting for the acoustic radiation force in the x, y, and z-directions,
which requires computing a 3D ultrasound wave field. Hence, the small pattern error of the
experimental results demonstrates the capability of this method to enable 3D dynamic ultrasound
NPM of a user-specified pattern of particles along a user-specified trajectory.

We also present 3D patterns of particles simultaneously undergoing affine transformations
in multiple xy-planes, using the same configuration of phased arrays as shown in Fig. 7. Figure
8(a) shows a user-specified pattern of eight particles at the corners of a 3.540%3.540% 4o cuboid. We
translate the pattern of particles in the y-direction over 1.8540 in the y-direction in eight steps.
Figure 8(b) shows a pattern of three particles spaced A¢/2 apart along a line, parallel to the z-axis.
We rotate the pattern of particles about the z-axis in a circle of radius 1.540 in 37 steps over 360
degrees. Figures 8(a) and (b) show a schematic of the experimental setup on the left, with the
intended trajectory indicated by a blue arrow. The experimental results are shown on the right for
different locations X;. We qualitatively observe good agreement between the user-specified
particle locations and the intended trajectory of the pattern. The trajectories shown in Figs. 4-7
required moving a 2D pattern of particles in a single plane. In contrast, Fig. 8 demonstrates that
the algorithm and method presented in this work allows moving a 3D user-specified pattern of

particles along a user-specified trajectory.
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Initial user-specitied Experimental results
particle locations

X;: Pattern location

Figure 8. Experimental results moving a 3D pattern of
particles along a user-specified trajectory, for (a) a cuboid
translating in the y-direction and (b) a column of particles
rotating around a vertical axis.

We levitate EPS particles in air to experimentally demonstrate and visualize that the
ultrasound NPM algorithm allows manipulating patterns of particles along a user-specified
trajectory. However, we emphasize that the algorithm translates to systems of different size and
shape, with different fluids and particles. Hence, the algorithms apply to e.g. using ultrasound
NPM as a processing method for engineered materials that derive their function from a pattern of
particles embedded in a matrix material. Additionally, because it enables prescribing a user-
specified trajectory for each particle in a pattern of particles, the algorithm and method is suitable

for lab-on-chip and container-less transport, including drug delivery applications.
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Dynamic ultrasound NPM of a 3D user-specified pattern of particles along a user-specified
trajectory discretized in m locations requires changing the acoustic traps of the ultrasound standing
wave field from X; to X;+1 (see Section 2.3). The maximum achievable translation distance from
X to X;+1 depends on the ultrasound transducer arrangement, the direction of movement, and the
strength of acoustic trap. For the transducer arrangement of Fig. 8, and for a single trap strength,
Marzo et el. [14] experimentally determined the maximum achievable translation distance in a
single step in the x, y, and z-directions to be 0.844¢, 0.8240, and 0.2540, respectively. The
corresponding maximum speed achieved for particle movement in this setup is 33.54¢ per second,
33.5/0 per second, and 0.594¢ per second, in the x, y, and z-directions, respectively, and is limited
by the electronics that drive the system [14]. The dynamic behavior of EPS particles in air while
in transition from X; to X;+1 has not been fully characterized, and requires considering the acoustic
radiation force, and Stokes and Oseen drag forces [22, 35]. We note that although we did not
observe this behavior in our experiments, it is theoretically possible for a particle to experience
large amplitude vibrations around an acoustic trap, when the acoustic radiation force becomes
much larger than the drag force imposed on the particle by the surrounding fluid [22], and the
system is underdamped.

We quantify the success rate of moving an EPS particle over a distance Az from its user-
specified particle location in X;to that in X;+1, as a function of the acoustic trap strength S in X;+1.
S'is defined as the amplitude of the complex pressure magnitude |P| in the region +4¢/2 surrounding
the acoustic trap in the z-direction, which we determine by simulating the ultrasound field (see
Section 2.1). We define Az opposite to gravity because this is the case that requires the largest
potential energy increase to the particle. Figure 9 shows the rate of successfully translating a

particle, Ry, as a function of the normalized translation distance Az/Azy.qx and trap strength S/Syin.
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Smin 1s the trap strength that results in an acoustic radiation force that is equal to the gravitational
force acting on a particle in the positive z-direction. Azuax is the theoretical maximum single step
translation distance. We determine the maximum single step translation distance by computing the
distance between the location of the acoustic trap in X;+1 and the nearest local pressure maximum
in the direction of the acoustic trap location in Xj, i.e., Azuax=40/4 for this arrangement of phased
arrays. We calculate R, as the number of successful translations from the particle location in X; to
the particle location in X;+1 out of ten attempts. For each of the ten attempts we choose a random
spherical EPS particle 2-4 mm in diameter. The inset of Fig. 9 shows a phased array configuration
with co-linear normal vectors, nj and n», aligned with the z-axis (identical to Fig. 7). From Fig. 9,
we observe that a trap strength at least seven times stronger than the minimum trap strength
required to levitate a spherical particle yields R; = 100% of translating that particle over Azmax.
When R; is less than 100%, we observe that the particles are ejected from the ultrasound field or
become fixed in an acoustic trap that is not at the user-specified particle location in Xi+1. At S/Smin
= 6 and Az/Azn. = 0.8 we counterintuitively observe that Ry is smaller than Ry at a greater
translation distance and smaller trap strength, specifically at S/Sui» = 5 and Az/Aznax=0.9. Similar
to Marzo et al. [16] we speculate that this counter-intuitive result is due to the randomly chosen
EPS particles at S/Spin = 6 and Az/Azuq. = 0.8 being irregularly shaped, which causes uneven
scattering that becomes pronounced during the movement process between X; and X;+1 [22]. We
hypothesize that the uneven scattering increases the possibility for the particle to be perturbed

away from X1
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Figure 9. Rate of successfully translating a particle Rs, as a
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Acoustic traps that are not located at user-specified particle locations are an inevitable
result of interference between the pressure waves generated by the ultrasound transducers. In Figs.
4-8, we specify patterns of particles that yield acoustic traps with a large enough strength to levitate
a spherical particle in every specified location. However, it is possible to specify a pattern of
particles for which not all acoustics traps have a large enough strength to levitate a particle. We
also specify affine transformations in which all the acoustic traps created at user-specified
locations in X;+1 have a trap strength large enough to allow translation from X. It is possible to
specify affine transformations that will not yield acoustic traps with a large enough strength to
enable translation to all user-specified locations in X;+1. Additionally, it is possible to specify a
pattern of particles that will not yield acoustic traps in all specified locations, e.g. acoustic traps

that are located a sub-half-wavelength distance from each other. The relationship between the
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range of all possible patterns, transformations of patterns, frequency and arrangement of the
ultrasound transducers remains an open problem.

Prior to this work, ultrasound NPM methods show static and dynamic manipulation of a
single particle in 1D [26] and 3D [14,27], by computing the ultrasound transducer operating
parameters required to generate an acoustic trap in a single user-specified location in the ultrasound
wave field for a single location of the particle or a sequence of locations. Other methods enable
static and dynamic manipulation of multiple particles in 2D [12,28,31-24] by computing the
ultrasound transducer operating parameters required to create acoustic traps in multiple user-
specified locations. These methods approximate the wave field created by the ultrasound
transducers, and only account for ultrasound field variations in 2D, thus limiting particle
manipulation in the third dimension. One method enables static manipulation of multiple particles
in 3D [11] by computing the required ultrasound transducer operating parameters to generate
acoustic traps in multiple user-specified locations and accounts for ultrasound field variations in
3D, allowing for manipulation in 3D, but only does so for stationary patterns. In contrast, this work
demonstrates an ultrasound NPM method that computes the ultrasound transducer operating
parameters required to generate acoustic traps in multiple user-specified locations in 3D for a

sequence of patterns, which allows creating dynamic user-specified patterns of particles in 3D.

4. Conclusion

We have simulated and experimentally demonstrated a noncontact particle manipulation
method for creating dynamic 3D user-specified patterns of particles using a standing ultrasound
wave field. This contrasts existing works that are limited to dynamic manipulation of single

particles and to creating static 2D and 3D patterns of particles. We show that the solution of the
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inverse ultrasound NPM problem, using the formulation of Greenhall et al., enables accurate affine
transformations of patterns of particles in 3D, as indicated by good quantitative agreement between
user-specified, simulated, and experimentally obtained patterns of particles. We also
experimentally demonstrate that an acoustic trap strength of seven times the trap strength required
to levitate a particle is needed to successfully translate that particle over a single step translation
distance of 1o/4 with a 100% rate of success. This knowledge enables using ultrasound as a
noncontact particle manipulation technique in several engineering and research applications,

including lab-on-chip and container-less processing and transport.
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