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The ability to shape ultrasound fields is important for particle manipulation, medical therapeutics, and
imaging applications. If the amplitude and/or phase is spatially varied across the wave front, then it is
possible to project “acoustic images.” When attempting to form an arbitrary desired static sound field,
acoustic holograms are superior to phased arrays due to their significantly higher phase fidelity. However,
they lack the dynamic flexibility of phased arrays. Here, we demonstrate how to combine the high-fidelity
advantages of acoustic holograms with the dynamic control of phased arrays in the ultrasonic frequency
range. Holograms are used with a 64-element phased array, driven with continuous excitation. Movement
of the position of the projected hologram via phase delays that steer the output beam is demonstrated
experimentally. This allows the creation of a much more tightly focused point than with the phased array
alone, while still being reconfigurable. It also allows the complex movement at a water-air interface of a
“phase surfer” along a phase track or the manipulation of a more arbitrarily shaped particle via amplitude
traps. Furthermore, a particle manipulation device with two emitters and a single split hologram is demon-
strated that allows the positioning of a “phase surfer” along a one-dimensional axis. This paper opens the
door for new applications with complex manipulation of ultrasound while minimizing the complexity and
cost of the apparatus.

DOI: 10.1103/PhysRevApplied.12.064055

I. INTRODUCTION

Holography is the spatial storage of the phase and/or
amplitude profile of a desired wave form [1,2]. A coherent
beam is passed through the hologram and the interfer-
ence generates the desired wave form. This effect is most
well known in optics but has previously been demon-
strated successfully in underwater ultrasound using three-
dimensional (3D) printed holograms [3]. In ultrasound, the
traditional technique for generating a desired sound field is
to use a phased array consisting of a number of indepen-
dently controlled elements [4–9]. However, the hologram
offers two key advantages; the first is the simplification of
the driving electronics, as it only requires a single chan-
nel [10], and the second is the increased phase fidelity,
which is only limited by the print or machining resolution.
The major weakness of the holographic technique with a
single source is the inability to dynamically reconfigure
the field. Some dynamic updating has been achieved by
encoding multiple images into a single hologram, each sen-
sitive to different frequencies [11]. However, this approach
is limited by the frequencies available to the transducer
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at a reasonable amplitude. Furthermore, having only dis-
tinct frequency separated fields limits the possibilities for
the smooth continuous motion that is desirable in parti-
cle manipulation. The integration of a phased array with
a phase-delay surface has been demonstrated in air with a
focused self-bending beam [12]. We note that the operation
in water presented here offers a significant simplification
over this previous work, as there is no requirement for the
complex labyrinth-type delay lines commonly employed
when operating in air. We demonstrate the capabilities
of combining the dynamic phased array with the static
hologram applied to particle manipulation.

Particle manipulation is an area of growing interest for a
variety of applications, particularly in the fields of pharma-
ceutics, biology, and chemistry [13–21], due to its ability
to interact with any material and its proven ability not to
damage the viability of cells [22–24]. It is also a suitable
candidate for emerging applications such as the delivery
of food [25] and the creation of dynamic 3D displays [26].
Acoustic holograms produced by 3D printing have been
demonstrated as being capable of trapping [27] and assem-
bling [28] particles; however, this has all been achieved
with static fields and particle movement obtained via phys-
ical movement of a positioning stage, particle buoyancy, or
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static phase gradients. Here, in contrast to previous work
[27,29,30], dynamic particle manipulation in a variety of
forms is demonstrated by control of a complex acoustic
field with no moving parts.

Section II numerically examines the differences in
potential fidelity between a phased array and a holo-
gram and their consequences. Section III demonstrates
the capabilities and limitations of using a phased array in
combination with a hologram. Section IV demonstrates a
manipulation technique using only two emitting transduc-
ers combined with a split hologram to manipulate a particle
along a one-dimensional (1D) axis.

II. INFORMATION DENSITY

One of the most significant practical advantages of
an acoustic hologram over a phased array is the higher
information density, which scales with the number of
independent inputs to the system. For a phased array, this
is equivalent to the number of individual transducer ele-
ments. For a printed acoustic hologram, this translates to
the surface features that can be resolved by the reconstruct-
ing wave (i.e., pixels of diffraction-limited size).

A simulation study is conducted to investigate these
effects on the creation of a desired sound field. Figure 1
illustrates the performance of a typical commercial phased
array versus a 3D-printed hologram. Here, an 11 × 11
array (121 elements, pitch equals 4.55 mm) is used, which
is typical of both medical imaging and nondestructive test-
ing devices. We note that while arrays with around 1000
elements have been constructed [31], this is still an order
of magnitude less than is readily obtainable in a 3D-printed
hologram. The 3D-printed hologram has 134 × 134 pixels,

FIG. 1. A comparison of the possible phase inputs and sound-
pressure-amplitude outputs for typical element or pixel num-
bers of phased arrays and 3D-printed holograms, respectively.
The fields are propagated using the angular-spectrum method
(labelled as AS).

with a pitch of 0.37 mm, and is typical of that achieved
by a medium-quality 3D printer. The letter “R” is cho-
sen as a target shape for its variety of features and relative
simplicity. An iterative angular-spectrum approach (IASA)
[3] is used to calculate the phase distribution needed to
generate the desired output acoustic field. The projection
plane is 25 mm above a 50 mm × 50 mm-square hologram
plane, with an excitation frequency of 2 MHz to reflect
the available experimental equipment. The “R” shape is
42 mm × 19 mm wide and is positioned in the center
of the projection plane. Initially, the phase distribution is
calculated using the IASA at a very high resolution of
334 × 334 pixels with a pitch of 0.15 mm. This defines the
input phases necessary at the hologram plane. This solu-
tion is down-sampled by averaging across larger overlaid
grid squares to represent the printer resolution limit for the
3D-printed holographic surfaces or the array element size
for the phased array. This output is then propagated for-
ward into the projection plane using the angular-spectrum
approach, as detailed in Ref. [3]. To compare the perfor-
mances, the correlation of the pressure amplitudes of the
obtained acoustic field and the target are calculated for
each case.

An investigation is also conducted by directly simulat-
ing the hologram at the 134 × 134 resolution and the dif-
ference in outcomes between this and the down-sampling
approach is found to be negligible, suggesting that both
approaches are valid.

The same down-sampling technique is applied at a wider
range of array sizes to generate Fig. 2. This shows the
increase in the correlation coefficient of the image as the
number of elements or pixels increases and highlights
the superiority of the hologram in this regard. However,
despite the improved image quality obtainable with the
hologram when compared to the array, the hologram cre-
ates a static field, whereas the array is capable of real-time
reconfiguration, e.g., enabling the beam to be steered over
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FIG. 2. A graph showing the correlation between the target and
output amplitude for an “R” shape from a simulated phase-delay
plane. The markers represent the images in Fig. 1; the phased-
array resolution is 11 × 11 elements, i.e., 121 channels, while
the hologram has 134 × 134 pixels, i.e., 17 956 pixels in total.
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a range of angles or focused at a range of points. This paper
now explores the possibilities that emerge when these two
devices are combined.

III. BEAM-STEERED PHASED ARRAYS

In this section, a phased array is used to reconfigure
the output of a hologram. A selection of 3D-printed holo-
grams is used in combination with an Imasonic 6363A101
2 MHz, 64-element 1D linear transducer array with an
element pitch of 1.57 mm and a width of 22 mm. The holo-
grams are 3D printed (Object Connex 260, Stratasys) using
a VeroClear polymer compound (Stratasys) at a print cost
in the order of U.S.$20 circa September 2019. This holo-
gram is shaped to fit on top of the 22 mm × 100 mm array.
In the 3D-printed holograms, each 0.37 mm × 0.37 mm
pixel has a material thickness determined by the required
phase delay.

The signals for the phased array are generated by a
field-programmable-gate-array (FPGA) chip on a breakout
board (CoreEP4CE10, Waveshare). This generates square
waves and a full 2π of phase is discretized into 64 parts,
meaning that the phase resolution is 0.098 rad. The indi-
vidual phases are controlled from a computer via MATLAB.
The signals are amplified using a custom driver board with
MOSFET amplifiers for each channel.

As shown in Fig. 3, the experiment is set up with the
projection plane at the water’s surface. The hologram is
placed in contact with the surface of the array and coupled
to the array with Coupling Gel (W250, Sonatest Ltd.). Fur-
ther experimental details can be found in the Supplemental
Material [32].

A. Steering a phased-array plane wave

If all transducers are operated in phase, the field pro-
duced directly in front of the array will be a reasonable
approximation of a plane wave due to the large size of the
emitting surface [33]. By applying a phase gradient across

p

pp

t

FIG. 3. A diagram of the phased array and hologram system
used in the experiments. A 64 element array at the bottom is
able to steer the plane-wave output. This array is coupled to
the 3D-printed hologram with a coupling gel. The red dot rep-
resents a particle trapped in the projection plane and moved in
the directions indicated.

the array, this output plane wave can be steered, to propa-
gate at a different angle. The phase delay applied to each
transducer is given by

�φ = 2πd sin(θs)

λ
, (1)

where �φ is the change in the input phase between each
neighboring array element (in radians), d is the pitch
between element centers of the array, θs is the steer-
ing angle desired (in radians), and λ is the ultrasonic
wavelength [34].

The wave propagation through the medium is simulated
using the angular-spectrum method. Initially, the hologram
is calculated to form a focus at 0◦ (i.e., normal to the
array surface) in the projection plane, as shown in Fig. 3.
Another simulation plane, A(θs), coincident with the holo-
gram plane, H , is then created to represent the array and
the steering. The output magnitude is set equal to 1 where
the transducer elements are present (and 0 in the gaps
between them). To achieve dynamic manipulation, each
element is then adjusted to have the emitted phase φs nec-
essary to produce the steering angle θs, as calculated in
Eq. (1). The magnitude is assumed to remain constant
while propagating through the hologram so that the final
net propagation plane, called P (at the same location as
H ), is then calculated by

P = |A(θs)|ei[∠H+∠A(θs)]. (2)

P is then propagated through the water to the specified
projection plane (shown in orange in Fig. 3) using the
angular-spectrum method to produce the predicted steered
output. Further details and diagrams can be found in the
Supplemental Material [32].

B. Visualization with a thermochromic sheet

To visualize the sound fields and validate the simula-
tions, a liquid-crystal thermochromic color-changing sheet
(150 mm × 150 mm, 0.31 mm thickness, 20 ◦C–25 ◦C sen-
sitivity, SFXC) is fixed onto a frame that holds it at the
hologram imaging plane at the surface of the water, 25 mm
above the phased array. The color of the thermochromic
film changes in response to acoustic pressure induced
temperature changes [35]. A comparison between the sim-
ulated acoustic pressure and experimental results from the
thermochromic film is shown in Fig. 4.

The voltage required to drive each transducer is such
that, when they are all driven in phase, the power supply
cannot give enough power to excite them all with sufficient
output amplitude for manipulation or visualization with the
thermochromic sheet. Hence, a minimum steering angle of
0.25◦ is used.

The first comparison made is between focusing the array
without a hologram and a focused point with a hologram.
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FIG. 4. A selection of comparisons between the simulated
results (acoustic pressure) and photographs of the thermochromic
sheet (indicating the temperature rise) in the same conditions. In
the top image, “No Holo” indicates a comparison without a holo-
gram on the phased array. In all others, the same focused-point
hologram is attached. The phase maps applied to the arrays are
shown in the Supplemental Material [32]. All simulated results
are normalized. The scale bars represent 20 mm.

From Fig. 4, it can be seen that with no hologram there
are significant grating lobes in the image plane. Further-
more, there is no focusing effect out of the axis of the array,
generating the wide focus line. This is in direct contrast
to the hologram, where both theoretically and experimen-
tally the resulting pressure distribution is a tightly focused
point. The reduction in the grating lobes is also significant:
without the hologram, the grating lobes are at −4.89 dB,
while with the hologram, the grating lobes are −23.21 dB
relative to the main lobe.

Figure 4 shows generally good agreement between the
simulation and the experiment. There is some deviation in
the size of the focal region seen in the experimental ther-
mochromic sheets, as opposed to the small simulated focal
regions. This is believed to be due to the conduction of
heat away from the maximum-temperature point, indicat-
ing a weakness in the indirect measurement of the pressure
through temperature.

Note that as the steering angle increases, a significant
grating artifact begins to appear. It can be seen that at a
10◦ steering angle, the grating artifact is already approach-
ing the magnitude of the desired focus. This aliasing is
a result of the array used having element pitch, d, larger
than λ/2 (λ = 0.75 mm and d = 1.57 mm). Similar effects
will occur with more complex shapes, e.g., at high steering
angles, two copies of the image will appear side by side.
This is shown in more detail in the Supplemental Mate-
rial [32]. However, this is not a fundamental problem; the
artifact can be completely removed with an array element
pitch less than half the wavelength.

C. Focused-point manipulation

A single focused point at the water-air interface can be
used to manipulate a suitable particle via surface deforma-
tion and tension. By positioning a polymer-foam circular-
disk- (Aptflex F48, Precision Acoustics Ltd., U.K.) shaped
particle of 4.0 mm diameter onto the peak generated on the
surface of the water by the high acoustic pressure field, it
will remain in place due to the balance of surface-tension
forces [3]. By moving this focal spot smoothly along the
air-water interface, the particle will move with it, allowing
precise manipulation.

Figure 5(a) shows that this surface-focal-point move-
ment technique is able to move the 4.0-mm-diameter disk
over a distance of 14.4 mm. Figure 5(b) shows the loca-
tions (traced by Tracker 4.93, Open Source Physics) from
a video (Nikon D610 camera) compared to that theoreti-
cally predicted by the angular-spectrum method, with good
agreement. A small systematic error is seen in both direc-
tions, which is thought to be due to a slight misalignment
between the hologram and the array. The average of the
absolute difference between the predicted and experimen-
tal location in the x direction of motion is 1.00 mm, while
in the y direction it is 0.01 mm.

Attempts are made to transport the same particle using
focusing without the hologram (see the first row of Fig. 4
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FIG. 5. The movement of the phase surfer with the focus point
over a range of −15◦ to +15◦. (a) A compound photograph
of the phase surfer moving with the focus point. (b) A graph
of the expected focus location and traced location of the phase
surfer. The scale bar is 5 mm. See Supplemental Video 1 in the
Supplemental Material [32].
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for the pressure field without the hologram) but these are
unsuccessful. The particle quickly drifts away from the
focused line, often before the line starts moving. This
demonstrates the superiority of the hologram focusing
technique for these purposes. The tracking also validates
our understanding of the operating principle of the manip-
ulation.

However, similar focusing is achievable via other tech-
niques, e.g., using multirowed phased arrays. Therefore,
the next section presents an example of the manipulation of
a phase surfer, which cannot be achieved by an array alone
without a significantly larger number of array elements,
truly exploiting the capability of the combined method.

D. Phase-circle manipulation

More complex manipulation is presented in this section.
The 4.0-mm-diameter disk, as described in Sec. III C, will
follow a phase-ramp track along the surface of the water,
in a technique termed phase surfing [3].

A circle of high pressure is projected at the water-air
interface, as shown in Fig. 6(a). This generates a circular
ridge, on the peak of which a disk is trapped by surface
tension, as it was in the previous section at the focus point.
This ridge also has a phase gradient present, as shown in
Fig. 6(b). This gradient propels the disk around the ridge
upon which it is trapped. Here, a circular phase-ramp track,
of radius 3 mm, with a total phase change of 4π around
the circumference is created at a distance of 25 mm. In our
case, the motion of the disk is in an anticlockwise direction.
The array steering is then applied and this circular track
can be moved, along with the particle. The two types of
independent motion are illustrated in Fig. 7(a).

The tracking of the particle motion is shown in Fig. 7(b).
It can be seen that the particle follows the desired circu-
lar path with reasonable accuracy. The maximum diver-
gence from the predicted circular path occurs at 3◦ of
steering, which is the maximum attempted (for further

(a) (b)

FIG. 6. The projected (a) amplitude and (b) phases of the
phase-gradient circle at a projection plane 25 mm above the
hologram plane and at a steering angle of 0◦. The radius of the
circle is 3 mm and the total phase change around the circle is
4π . The hologram plane used to produce this is shown in the
Supplemental Material [32].
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FIG. 7. The behavior of the phase surfer on the circular phase
gradient path. (a) A schematic representation of the motion of
the phase surfer on the circular phase-gradient track. The green
arrow indicates the circular movement induced by the phase-
gradient track, while the red arrow indicates the linear movement
of this entire track due to the steering of the phased array. The
scale bar is 5 mm. (b) The tracked paths of the phase surfer as the
beam is steered from an angle of 3◦ to −3◦. The paths of different
colors represent different steering angles. The correspondingly
colored crosses are the experimental path centers and the circles
the theoretical path centers. For video, see Supplemental Video
2 in the Supplemental Material [32].

details of the errors, see the Supplemental Material [32]).
These observed differences between the desired and actual
positions are thought to be due to a combination of (i)
amplitude variation around the circle, (ii) departure from a
uniform phase ramp round the circle, and (iii) a “blurring”
of the phase in the radial direction. These three features
have all been observed in the angular-spectrum simula-
tion of the array-hologram combination and are thought
to stem from the use of a rectangular array and hologram
(i.e., 100 mm × 22 mm in the holographic plane) to create
a circular pressure field (i.e., the 3-mm-diameter circle).
This inevitably means that more energy is directed toward
some regions of the circle than others. An axis-symmetric
array and/or the addition of amplitude control may allow
improved reconstruction.

The average speed of the particle around the track is 23
mm/s, which corresponds to an average angular velocity of
1.22 rad/s. However, the speed changes as it rotated around
the circle, with a lower velocity in the x direction (parallel
to the largest array dimension) and a higher velocity when
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travelling in the y direction. This is thought to be due to
the uneven forces caused by the asymmetrical excitation
discussed above. The fastest average speed is observed at
the smallest steering angle (0.5◦), which is also closest
in shape and center location to that desired and therefore
could be expected to have the most consistent forces on
the phase surfer.

There is an additional application of circles (and poten-
tially other closed forms) in the surface-based manipu-
lation of larger and arbitrarily shaped particles. The dip
in amplitude in the center of the circle [as shown in
Fig. 6(a)] results in a local trough. Particles introduced
into this surface trough remain trapped by gravity and
can then be manipulated by translation of the trough loca-
tion. Figure 8(a) shows the manipulation of an expanded
polystyrene sphere (diameter 4.4 mm) in the x direction
of 12.2 mm, equivalent to −13◦ to +13◦. As this surface-
profile-based manipulation is not dependent on the phase
profile around the circular ridge, it is possible to success-
fully translate particles over a much larger range than when
using the same profile for a phase-gradient track. From
Fig. 8(b), it can be seen that the manipulation position
is in good agreement with the theory; the average of the
absolute difference is 0.20 mm in the x-axis direction of
motion and 0.14 mm in the y-axis direction. This posi-
tioning is found to be more precise than the focal-point
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FIG. 8. The behavior of a 4.4-mm-diameter expanded-
polystyrene ball in the 3-mm-radius high-pressure circle being
tilted from 13◦ to −13◦. (a) A compound photograph of the
sphere’s movement from right to left, with a 5-mm scale bar.
(b) The position tracking of the sphere in the x and y direc-
tions. For video, see Supplementary Video 3 in the Supplemental
Material [32].

manipulation and we note that the trapping in this case
is due to a local minimum in gravity, as opposed to a
local minimum in capillary energy as in Sec. III C [3].
This technique can be applied to a wide range of parti-
cles, as any particle that fits within the trough is trapped.
This could allow the design of a hologram for movement
of a specific shape of object without rotation (e.g., a cube
could be held with a square-shaped ridge) and without
the need for switching electronics [36] or the significant
complex computation [37] that previous techniques have
involved. Furthermore, while the acoustic field required is
more complex in form relative to focal trapping, there is no
additional challenge in manufacturing the hologram and no
increase in the electrical complexity.

IV. TWO ELEMENT MANIPULATION

This section details a phase-ramp-interaction-
manipulation (PRIM) method and we demonstrate the
manipulation of a particle along a 1D axis using just two
transducer channels combined with a split hologram.

As shown in Fig. 9, a split hologram is placed above
a single circular piezoelectric element with the electrical
contacts split into two parts to separate the fields pro-
duced [27]. The split hologram is a single piece with two
independently designed halves, with the hologram divid-
ing line above the dividing line of the electrical contacts.
Each half of the hologram creates a phase-ramp line in the
x direction, similar in concept to the circular phase ramp
described in the previous section. The line from one half
drives the surfer in the positive x direction and the line
for the other half drives in the negative x direction. When
both sides are excited with matching amplitudes, they cre-
ate opposing phase ramps that cancel each other out. By
adjusting the relative voltages applied to the transducers,
either one direction or the other can be made dominant,

p

p

FIG. 9. A diagram of the setup for the two-element PRIM tech-
nique. The phased array in this case is made from a single piece
of piezoelectric material, with the contacts split into two halves.
The hologram is a single piece placed over these; however, it is
designed in two independent halves. Both halves generate phase
paths in opposite directions. In this case, the path is shown for
the left-hand element, to create motion in the positive x direc-
tion. The right-hand element will produce a path in the negative
x direction.
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FIG. 10. A compound photograph of the phase surfer on the
two-transducer PRIM setup. It can be held at any position along
the line by adjusting the relative magnitudes of the transducer
outputs. The scale bar is 5 mm. For video, see Supplementary
Video 4 in the Supplemental Material [32].

propelling the particle in the desired direction along the
linear track. Some positions in which the particle is held
are shown in Fig. 10.

Each transducer produces a phase ramp of 20 mm in
length with a total phase difference of 4π . The center
of the line is above the center of the split contacts, as
shown in Fig. 9. The projection plane is 15 mm above
the hologram plane on the water-air interface. The phase
map of the hologram used is shown in the Supplemen-
tal Material [32]. The piezo disk (PIC151 material piezo,
PI Ceramic GmbH) has a nominal frequency of 1.94
MHz and fine tuning is used to match the exact resonant
frequency of each of the separated sides. The electrical
contacts from each transducer are then connected to sepa-
rate arbitrary wave-form generators (Agilent 33220A) and
amplifiers (AR75A250A, ARUK), to provide two channels
of independent control.

It is possible to achieve a desired position in the con-
trolled x direction and maintain it (see Fig. 10). Further-
more, the range of potential locations is slightly larger
than that produced by the focused-surface-point approach
(17.6 mm vs 14.4 mm). We note that this PRIM tech-
nique could be extended to a wide range of trajectories.
The manipulation with this technique is not as accurate as
that achieved in the previous sections. The tuning of rela-
tive amplitudes does not allow the specification of an exact
location. Additionally, there is more visible deviation from
the desired direction of motion, i.e., the desired motion is
in the x direction and the particle is also seen to move
in the y direction. This y-direction movement is thought
to be due to the lower acoustic pressure generated by the
two transducers relative to the array described in the pre-
vious sections, which leads to lower surface-tension forces
relative to previous experiments. The mean absolute devi-
ation in the y direction from the expected zero line is 0.32
mm, higher than any of the previous arrangements. The full
tracked path can be seen in the Supplemental Material [32].

V. SUMMARY AND CONCLUSIONS

We show that combining a multielement phased array
with a static hologram enables the generation of more com-
plex dynamic ultrasound fields, which is promising for
applications including particle manipulation.

A numerical study of the relative performances of
phased arrays and holograms, based on their potential spa-
tial phase discretization, is presented for the generation of
a complex sound field. This highlights the superiority of
holograms in terms of generating a complex field at low
cost.

The combination of holograms with phased arrays is
explored in both simulations and experiments. In partic-
ular, two different particle manipulation approaches are
proposed and experimentally validated. Each approach
offers control of particles with no moving parts, which is
favorable from a reliability and cost perspective.

We show that the steering of the output plane waves of a
phased array can be used to move the location of an holo-
graphically projected acoustic field. The movement of this
field is found to be limited by the steering abilities of the
array rather than the hologram. A focused point is used to
demonstrate the ability of the combined array-hologram,
with excellent agreement between predicted and experi-
mental manipulation of a small particle on the surface of a
water tank. More complex motion is demonstrated using a
phase surfer driven around a circular phase ramp. Further-
more, the same hologram is used to trap a larger particle
in the trough formed on the surface of the water. The array
is then used to translate this trap and the particle in a line,
with high accuracy.

Finally, the PRIM approach is demonstrated, in which a
phase surfer is positioned along a 1D axis using two emit-
ting elements. Here, we use a split hologram to create two
opposed phase ramps and the two emitters to activate them.
In this way, only two electrical channels are needed and the
control is achieved by the relative amplitudes. The results
from this array-hologram combination open the door for
further possible applications, particularly in the world of
microassembly, where one can imagine its use in the con-
struction of microscale conveyor belts, passing particles
from one location to the next (with the paths aligned in
the same direction) while allowing each transducer to be
switched on for a short time, meaning that the particles can
be stopped and started easily at various intervals.

This work enables further applications of acoustic
manipulation by releasing phased arrays from their reso-
lution limitations and holograms from their static ones.

All data required to reproduce these results are stored on
Zenodo [38].
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