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ACOUSTOPHORESIS DEVICE WITH DUAL ACOUSTOPHORETIC CHAMBER

[0001]

BACKGROUND

[0002] The ability to separate a particle/fluid mixture into its separate components is

desirable in many applications. Acoustophoresis is the separation of particles using
high intensity sound waves, and without the use of membranes or physical size
exclusion filters. It has been known that high intensity standing waves of sound can
exert forces on particles in a fluid when there is a differential in both density and
compressibility, otherwise known as the contrast factor. A standing wave has a
pressure profile which appears to "stand” still in time. The pressure profile in a standing
wave contains areas of net zero pressure at its nodes and anti-nodes. Depending on
the density and compressibility of the particles, they will be trapped at the nodes or anti-
nodes of the standing wave. The higher the frequency of the standing wave, the
smaller the particles that can be trapped.

[0003] Conventional acoustophoresis devices have had limited efficacy due to
several factors including heat generation, limits on fluid flow, and the inability to capture
different types of materials. In particular, heat generation can be deleterious to
materials in the fluid stream, particularly in biopharmaceutical applications when
materials such as Chinese hamster ovary (CHO) cells and proteins and monoclonal
antibodies expressed therefrom are present in the fluid stream.

[0004] In this regard, an ultrasonic transducer including a piezoelectric element has
typically been used to generate ultrasonic waves. The transducer is generally mounted
into the wall of a chamber, with a reflector mounted in the opposite wall. The face of the
reflector is parallel to the face of the piezoelectric element, maximizing reflection of the
incident wave generated from the piezoelectric element to form the standing wave.

Heat is generated by the piezoelectric element during operation when performing
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acoustophoresis. It would be desirable to provide alternative designs that minimize heat
generation.

BRIEF SUMMARY
[0005] The present disclosure relates to acoustophoretic systems that include a

piezoelectric element in the middle of a flow path, rather than to one side of the flow
path. This permits both sides of the piezoelectric element to generate an acoustic
standing wave, rather than only one side of the element. This also permits both sides to
be exposed to the fluid stream and the resulting cooling effect, mitigating heat buildup in
the piezoelectric element. This device can be used to separate particles from a
particle/fluid mixture. Either a new mixture with an increased concentration of particles
can be obtained, or the separated particles themselves can be obtained. In more
specific embodiments, the particles are biological cells, such as Chinese hamster ovary
(CHO) cells, NSO hybridoma cells, baby hamster kidney (BHK) cells, and human cells.
Several different types of modules and overall systems are described herein.

[0006] Disclosed in various embodiments herein is an acoustophoresis device,
comprising: a device inlet permitting fluid flow into the device; a device outlet permitting
fluid egress from the device; and an acoustic chamber located in a fluid path between
the device inlet and the device outlet. The acoustic chamber comprises: a first end and
a second end opposite the first end; a piezoelectric element running between the first
end and the second end, and separating the acoustic chamber into a first flow chamber
and a second flow chamber, the piezoelectric element having a first face and a second
face; a first reflector opposite the first face of the piezoelectric element, the first flow
chamber being located between the first reflector and the first face; and a second
reflector opposite the second face of the piezoelectric element, the second flow
chamber being located between the second reflector and the second face.

[0007] The acoustic chamber can further comprise: a holding plate that holds the
piezoelectric element, and two bracket plates having a slot for maintaining the holding
plate in a fixed location in the acoustic chamber.

[0008] The piezoelectric element may include a plurality of piezoelectric crystals.
Generally, the piezoelectric element is adapted to create a multi-dimensional standing

wave in the first flow chamber and the second flow chamber. In more specific
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embodiments, different standing waves (e.g. of different frequencies) are generated in
the first flow chamber and the second flow chamber by the piezoelectric element.

[0009] In some embodiments, the acoustophoresis device is shaped such that fluid
flows into the device through the device inlet, into the first end of the acoustic chamber,
then flows in parallel through the first flow chamber and the second flow chamber, out of
the acoustic chamber through the second end of the acoustic chamber, and out of the
device through the device outlet. The acoustophoresis device can further comprise a
contoured nozzle wall between the device inlet and the acoustic chamber.

[0010] In other embodiments, the acoustophoresis device is shaped such that fluid
flows into the device through the device inlet, then travels through the acoustic chamber
in a U-shaped path from the first end of the acoustic chamber to the second end
through the first flow chamber and then back to the first end through the second flow
chamber, then exits the flow chamber through the first end of the acoustic chamber and
exits the device through the device outlet. In such embodiments, the second end of the
acoustic chamber may lead to a well that tapers downwards in cross-sectional area
from a single inlet to a vertex, and a drain line connecting the vertex to a port for
recovering material collected in the well.

[0011] Also disclosed are methods of separating particles from a host fluid,
comprising: flowing a mixture of the host fluid and the particles through an
acoustophoresis device as described above, having a first flow chamber and a second
flow chamber. A pulsed voltage signal drives the piezoelectric element to create
multidimensional standing waves in the first flow chamber and the second flow chamber
to separate the particles from the host fluid.

[0012] The multi-dimensional standing waves may result in an acoustic radiation
force having an axial force component and a lateral force component that are of the
same order of magnitude, in both the first flow chamber and the second flow chamber.
[0013] In particular embodiments, the particles are Chinese hamster ovary (CHO)
cells, NSO hybridoma cells, baby hamster kidney (BHK) cells, or human cells.

[0014] The pulsed voltage signal may have a sinusoidal, square, sawtooth, or

triangle waveform. The pulsed voltage signal may have a frequency of 500 kHz to 10
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MHz. The pulsed voltage signal can be driven with amplitude or frequency modulation
start/stop capability to eliminate acoustic streaming.
[0015] In particular embodiments, the mixture of the host fluid and the particles has a
Reynolds number of 1500 or less prior to entering the acoustic chamber. Sometimes,
the mixture flows vertically upwards, and the particles sink down to a collection duct.
[0016] Also disclosed in various embodiments herein is an acoustophoresis device,
comprising: a device inlet permitting fluid flow into the device; a device outlet permitting
fluid egress from the device; and an acoustic chamber located in a fluid path between
the device inlet and the device outlet. The acoustic chamber comprises a plurality of
piezoelectric elements running between the first end and the second end; and a plurality
of reflectors. Each piezoelectric element has a first face and a second face; and each
element is located between two reflectors.
[0017] These and other non-limiting characteristics are more particularly described
below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The following is a brief description of the drawings, which are presented for

the purposes of illustrating the exemplary embodiments disclosed herein and not for the
purposes of limiting the same.

[0019] Figure 1 is an exterior perspective view of an acoustophoresis device
including the “dual acoustophoresis chamber” of the present disclosure. Visible in this
view is a connector panel for powering the piezoelectric element.

[0020] Figure 2 is a perspective view of the dual acoustophoresis chamber only,
with the connector panel at the top of the figure.

[0021] Figure 3 is a perspective view of the holding plate that holds the piezoelectric
element located between two bracket plates which hold the holding plate in place within
the acoustic chamber.

[0022] Figure 4 is a picture showing the holding plate and the bracket plates. The
piezoelectric element is made up of two separate rectangular piezoelectric crystals.
[0023] Figure 5 is a picture showing the holding plate and the piezoelectric element

in more detail.
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[0024] Figure 6 is a perspective view of a second exemplary embodiment. Here,
two piezoelectric elements are placed within the volume of the acoustic chamber.
There are a total of three reflectors in the acoustic chamber, two on opposite walls and
one in the middle of the acoustic chamber. The acoustic chamber contains four
different flow paths through which a fluid/particle mixture can flow.

[0025] Figure 7 shows an exemplary acoustophoretic separator for use with the dual
acoustophoresis chamber of the present disclosure. Here, fluid flows from the top of the
separator through the chamber and out the bottom of the separator.

[0026] Figure 8 is a magnified view of fluid flow near the intersection of the
contoured nozzle wall and the collection duct in the separator of Figure 7.

[0027] Figure 9 is a front view of a second exemplary acoustophoretic device in
which fluid flows in through an inlet at the top of the device, and then travels in a U-
shaped flow path through the acoustophoretic chamber and then exits through an outlet
at the top of the device as well. Separated particles are collected through a well at the
bottom of the device.

[0028] Figure 10 is a graph showing the relationship of the acoustic radiation force,
buoyancy force, and Stokes’ drag force to particle size. The horizontal axis is in microns
(Mm) and the vertical axis is in Newtons (N).

[0029] Figure 11 is a picture showing the dual acoustophoresis chamber of the
present disclosure being operated. The trapping lines are visible.

[0030] Figure 12 is a graph showing device efficiency over time, showing equivalent
operation over time for both the conventional system and the dual acoustophoresis
chamber of the present disclosure.

DETAILED DESCRIPTION

[0031] The present disclosure may be understood more readily by reference to the

following detailed description of desired embodiments and the examples included
therein. In the following specification and the claims which follow, reference will be
made to a number of terms which shall be defined to have the following meanings.

[0032] Although specific terms are used in the following description for the sake of

clarity, these terms are intended to refer only to the particular structure of the
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embodiments selected for illustration in the drawings, and are not intended to define or
limit the scope of the disclosure. In the drawings and the following description below, it
is to be understood that like numeric designations refer to components of like function.
Furthermore, it should be understood that the drawings are not to scale.

[0033] The singular forms "a," "an," and "the" include plural referents unless the
context clearly dictates otherwise.

[0034] As used in the specification and in the claims, the term "comprising" may
include the embodiments "consisting of" and "consisting essentially of." The terms

”

“‘comprise(s),” “include(s),

L] ” LA

having,” “has,” “can,” “contain(s),” and variants thereof, as
used herein, are intended to be open-ended transitional phrases, terms, or words that
require the presence of the named components/steps and permit the presence of other
components/steps. However, such description should be construed as also describing
compositions or processes as "consisting of* and "consisting essentially of" the
enumerated components/steps, which allows the presence of only the named
components/steps, along with any impurities that might result therefrom, and excludes
other components/steps.

[0035] Numerical values should be understood to include numerical values which are
the same when reduced to the same number of significant figures and numerical values
which differ from the stated value by less than the experimental error of conventional
measurement technique of the type described in the present application to determine the
value.

[0036] All ranges disclosed herein are inclusive of the recited endpoint and
independently combinable (for example, the range of “from 2 grams to 10 grams” is
inclusive of the endpoints, 2 grams and 10 grams, and all the intermediate values).
[0037] The term “about” can be used to include any numerical value that can vary
without changing the basic function of that value. When used with a range, “about” also
discloses the range defined by the absolute values of the two endpoints, e.g. “about 2 to
about 4” also discloses the range “from 2 to 4.” The term “about” may refer to plus or
minus 10% of the indicated number.

[0038] It should be noted that many of the terms used herein are relative terms. For

example, the terms “upper” and “lower” are relative to each other in location, i.e. an
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upper component is located at a higher elevation than a lower component in a given
orientation, but these terms can change if the device is flipped. The terms “inlet” and
“outlet” are relative to a fluid flowing through them with respect to a given structure, e.g.
a fluid flows through the inlet into the structure and flows through the outlet out of the
structure. The terms “upstream” and “downstream” are relative to the direction in which
a fluid flows through various components, i.e. the flow fluids through an upstream
component prior to flowing through the downstream component. It should be noted that
in a loop, a first component can be described as being both upstream of and
downstream of a second component.

[0039] The terms “horizontal” and “vertical” are used to indicate direction relative to
an absolute reference, i.e. ground level. However, these terms should not be construed
to require structures to be absolutely parallel or absolutely perpendicular to each other.
For example, a first vertical structure and a second vertical structure are not necessarily
parallel to each other. The terms “‘upwards” and “downwards” are also relative to an
absolute reference; an upwards flow is always against the gravity of the earth.

[0040] The present application refers to “the same order of magnitude.” Two
numbers are of the same order of magnitude if the quotient of the larger number divided
by the smaller number is a value less than 10.

[0041] The acoustophoretic separation technology of the present disclosure employs
ultrasonic standing waves to trap, i.e., hold stationary, secondary phase particles in a
host fluid stream. This is an important distinction from previous approaches where
particle trajectories were merely altered by the effect of the acoustic radiation force. The
scattering of the acoustic field off the particles results in a three dimensional acoustic
radiation force, which acts as a three-dimensional trapping field. The acoustic radiation
force is proportional to the particle volume (e.g. the cube of the radius) when the particle
is small relative to the wavelength. It is proportional to frequency and the acoustic
contrast factor. It also scales with acoustic energy (e.g. the square of the acoustic
pressure amplitude). For harmonic excitation, the sinusoidal spatial variation of the force
is what drives the particles to the stable positions within the standing waves. When the
acoustic radiation force exerted on the particles is stronger than the combined effect of

fluid drag force and buoyancy and gravitational force, the particle is trapped within the
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acoustic standing wave field. This results in concentration, agglomeration and/or
coalescence of the trapped particles. Additionally, secondary inter-particle forces, such
as Bjerkness forces, aid in particle agglomeration. Heavier-than-the-host-fluid (i.e.
denser than the host fluid) particles are separated through enhanced gravitational
settling.

[0042] One specific application for the acoustophoresis device is in the processing of
bioreactor materials. It is important to be able to filter all of the cells and cell debris from
the expressed materials that are in the fluid stream. The expressed materials are
composed of biomolecules such as recombinant proteins or monoclonal antibodies, and
are the desired product to be recovered. Through the use of acoustophoresis, the
separation of the cells and cell debris is very efficient and leads to very little loss of the
expressed materials. This is an improvement over current filtration processes (depth
filtration, tangential flow filtration, centrifugation), which show limited efficiencies at high
cell densities, so that the loss of the expressed materials in the filter beds themselves
can be up to 5% of the materials produced by the bioreactor. The use of mammalian
cell cultures including Chinese hamster ovary (CHO), NSO hybridoma cells, baby
hamster kidney (BHK) cells, and human cells has proven to be a very efficacious way of
producing/expressing the recombinant proteins and monoclonal antibodies required of
today’s pharmaceuticals. The filtration of the mammalian cells and the mammalian cell
debris through acoustophoresis aids in greatly increasing the yield of the bioreactor.
[0043] In this regard, the contrast factor is the difference between the compressibility
and density of the particles and the fluid itself. These properties are characteristic of the
particles and the fluid themselves. Most cell types present a higher density and lower
compressibility than the medium in which they are suspended, so that the acoustic
contrast factor between the cells and the medium has a positive value. As a result, the
axial acoustic radiation force (ARF) drives the cells, with a positive contrast factor, to the
pressure nodal planes, whereas cells or other particles with a negative contrast factor
are driven to the pressure anti-nodal planes. The radial or lateral component of the
acoustic radiation force helps trap the cells. The radial or lateral component of the ARF

is larger than the combined effect of fluid drag force and gravitational force.
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[0044] As the cells agglomerate at the nodes of the standing wave, there is also a
physical scrubbing of the cell culture media that occurs whereby more cells are trapped
as they come in contact with the cells that are already held within the standing wave.
This generally separates the cells from the cell culture media. The expressed
biomolecules remain in the nutrient fluid stream (i.e. cell culture medium).

[0045] Desirably, the ultrasonic transducer(s) generate a three-dimensional or multi-
dimensional acoustic standing wave in the fluid that exerts a lateral force on the
suspended particles to accompany the axial force so as to increase the particle trapping
capabilities of the standing wave. Typical results published in literature state that the
lateral force is two orders of magnitude smaller than the axial force. In contrast, the
technology disclosed in this application provides for a lateral force to be of the same
order of magnitude as the axial force.

[0046] It is also possible to drive multiple ultrasonic transducers with arbitrary
phasing. In other words, the multiple transducers may work to separate materials in a
fluid stream while being out of phase with each other. Alternatively, a single ultrasonic
transducer that has been divided into an ordered array may also be operated such that
some components of the array will be out of phase with other components of the array.
[0047] Three-dimensional (3-D) or multi-dimensional acoustic standing waves are
generated from one or more piezoelectric transducers, where the transducers are
electrically or mechanically excited such that they move in a multi-excitation mode. The
types of waves thus generated can be characterized as composite waves, with
displacement profiles that are similar to leaky symmetric (also referred to as
compressional or extensional) Lamb waves. The waves are leaky because they radiate
into the water layer, which result in the generation of the acoustic standing waves in the
water layer. Symmetric Lamb waves have displacement profiles that are symmetric
with respect to the neutral axis of the piezoelectric element, which causes multiple
standing waves to be generated in a 3-D space. Through this manner of wave
generation, a higher lateral trapping force is generated than if the piezoelectric
transducer is excited in a "piston" mode where only a single, planar standing wave is
generated. Thus, with the same input power to a piezoelectric transducer, the 3-D or

multi-dimensional acoustic standing waves can have a higher lateral trapping force
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which may be up to and beyond 10 times stronger than a single acoustic standing wave
generated in piston mode.

[0048] It may be necessary, at times, due to acoustic streaming, to modulate the
frequency or voltage amplitude of the standing wave. This may be done by amplitude
modulation and/or by frequency modulation. The duty cycle of the propagation of the
standing wave may also be utilized to achieve certain results for trapping of materials. In
other words, the acoustic beam may be turned on and shut off at different frequencies
to achieve desired results.

[0049] Some of the variables that are involved in the generation of a standing wave
using piezoelectric crystals are voltage input, the Q factor of the piezoelectric crystal,
the impedance of the full transducer that incorporates the piezoelectric crystal, and the
temperature or heat generated by the piezoelectric crystal/transducer during the
operation of the unit when performing acoustophoresis. As previously discussed, heat
can be deleterious to materials in the fluid, such as biological cells or products. Prior
devices have used various methods and fluid flow patterns to dissipate heat generated
during acoustophoresis, or have modulated perturbation of the piezoelectric crystal to
mitigate heat input into the system.

[0050] The present disclosure relates to acoustophoretic devices where the
piezoelectric element that generates the standing wave is placed in the volume of the
acoustic chamber, such that a fluid/particle mixture flows on both sides of the
piezoelectric element and standing waves can be generated on both sides of the
piezoelectric element. This may also be referred to as a “dual acoustophoresis
chamber”. The cooling effect of fluid flow on both sides mitigates heat buildup that may
occur in the piezoelectric element. The fluid can be a liquid (e.g. water) or can be a gas
(e.g. air).

[0051] Figure 1 is an exterior perspective view of a basic acoustophoresis device
100 that includes the dual acoustophoresis chamber. The basic device here is
illustrated as being formed from separate components. These components include an
inlet module 110, a connecting module 120, the acoustic chamber 130, and an outlet

module 105. Two exterior walls of the acoustic chamber can be seen. On one wall is a

10
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reflector 144, and on the other wall is a connector panel 188 for powering the
piezoelectric element (not visible) inside the acoustic chamber.

[0052] In Figure 1, fluid flow is upwards. Briefly, the inlet module contains inlets 112
that feed into an annular plenum 114. A fluid/particle mixture is pumped in through the
inlets. The mixture flows upwards under pressure into the connecting module 120,
which has a contoured nozzle wall 122 that reduces the cross-section of the fluid flow
path. As fluid continues to be pumped into the flow path, eventually the inlet module
110 and the acoustic chamber 130 are filled with fluid, and the fluid pressure rises high
enough that fluid will flow out through the outlet 106 at the top of the device. The
particles within the ultrasonic standing wave collect or agglomerate, and eventually
grow to a size where gravity overcomes the acoustic force of the standing wave, and
the particle aggregates then fall / sink through a collection duct 116 that is surrounded
by the annular plenum 114. The particles can then be collected, either as a more
concentrated fluid/particle mixture or simply the particles themselves are collected.
[0053] Figure 2 is a perspective view of the acoustic chamber of Figure 1. The
acoustic chamber 130 includes a housing 131 having a first end 132 and a second end
134 which are located at opposite ends of the housing. Here, the housing is in the
shape of a cube having four side walls 151, 152 (third and fourth side walls not visible),
a first wall 136, and a second wall 138. However, the exterior shape of the module is
not particularly relevant, and could be for example cylindrical. The first end and the
second end of the housing can be considered as defining a z-axis. The four opposing
side walls can be considered as corresponding to opposite directions along the x-y axes
of the housing.

[0054] A flow channel 155 is defined between the first end 132 and the second end
134 of the housing. Put another way, an opening is present in both the first wall and the
second wall, and a bore joins the two openings together, such that fluid can flow
through the housing from between the first end and the second end. As illustrated here,
the bore has a rectangular cross-section. The piezoelectric element is located within
the volume of the flow channel. As illustrated here, there are two reflectors 144, 146,
which are located on opposite sides of the piezoelectric element 160. The faces of the

two reflectors are parallel to the two faces of the piezoelectric element. Each reflector is

11
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solid or flexible, and can be made of a high acoustic impedance material such as steel
or tungsten, providing good reflection. Also visible is the connector panel 188 on
another side wall of the housing. The connectors can be any suitable type, such as
BNC connectors.

[0055] Figure 3 is a perspective view of specific portions of the acoustic chamber.
In this regard, the piezoelectric element 160 is located within the volume of the acoustic
chamber. The combination of the piezoelectric element 160, the first reflector 144, and
the second reflector 146 divides the acoustic chamber 130 and the flow channel 155
into a first flow chamber 157 and a second flow chamber 159. As depicted here, the
piezoelectric element 160 is comprised of two rectangular piezoelectric crystals 162.
Generally, any number of piezoelectric crystals can be used to make up the
piezoelectric element, and those crystals can be oriented in any direction relative to
each other. The piezoelectric crystals are held in place by a holding plate 170. The
holding plate is itself held in place by two bracket plates 180.

[0056] The piezoelectric element 160 has a first face 164 and a second face 166.
Examining Figure 2 and Figure 3 together, there is a first reflector 144 opposite the first
face 164. The first flow chamber 157 is located between the first reflector and the first
face. Similarly, there is a second reflector 146 opposite the second face 166, with the
second flow chamber 159 being located therebetween. Please note the location of the
reflectors 144, 146 is based on the location of the piezoelectric element 160; the
reflectors do not need to be set in the walls of the housing, as will be seen further
below. However, generally, the faces of the piezoelectric element are parallel to the
walls of the acoustic chamber, and reflectors are also located in opposite walls of the
acoustic chamber, the reflectors being parallel to the faces of the piezoelectric element.

[0057] Figure 4 is a photograph showing a bracket plate (left side) 180 separated
from the holding plate 170. It is noted that the bracket plates are solid pieces; fluid does
not flow through them. As depicted here, each bracket plate 180 includes a central
block 182 and an edge plate 184 around its periphery, to connect the bracket plate to
the housing. The edge plate 184 may not be needed in different embodiments, for
example where the housing is of a different shape such that only the central block 182

is needed to connect to the housing. The central block 182 of each bracket plate also
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contains at least one slot 186, into which an edge of the holding plate 170 is inserted to
fix the holding plate in a stationary position within the volume of the acoustic chamber.
As discussed further below, a reflector can also be fixed within a slot. The bracket plate
on the right side holds the holding plate 170, and also provides the connector panel 188
for powering the piezoelectric element.

[0058] Figure 5 is a photograph showing the holding plate 170 for the piezoelectric
element. Here, the holding plate is made of steel, and provides space for two
piezoelectric crystals 162. A silicon potting layer / gasket 172 is located around each
piezoelectric crystal, and holds the crystal within the frame provided by the holding
plate. Electrical leads 174 are soldered to one end of each crystal as well. With this
construction, it is intended that the fluid/particle mixture cannot flow through the holding
plate from the first flow chamber to the second flow chamber. Rather, the fluid/particle
mixture flows from one end of the acoustic chamber and through one flow chamber,
then exit the other end of the acoustic chamber.

[0059] Itis noted that although the holding plate and the bracket plates are described
as separate pieces here, they could be made as one integral piece.

[0060] The piezoelectric crystal is usually made of PZT-8 (lead zirconate titanate).
Such crystals may have a 1 inch length/width and a nominal 2 MHz resonance
frequency. Each piezoelectric element can be formed from only one crystal, or be
formed from multiple crystals that each act as a separate ultrasonic transducer and are
either controlled by one or multiple amplifiers. This allows each crystal to vibrate in one
of its eigenmodes with a high Q-factor. The vibrating crystal is directly exposed to the
fluid flowing through the acoustic chamber.

[0061] The lack of backing on the piezoelectric crystal(s) (e.g. making the crystal air
backed) also permits each piezoelectric crystal to vibrate at higher order modes of
vibration with litle damping (e.g. higher order modal displacement). The higher order
the mode shape of the crystal, the more nodal lines the crystal has. The higher order
modal displacement of the crystal creates more trapping lines, although the correlation
of trapping line to node is not necessarily one to one, and driving the crystal at a higher

frequency will not necessarily produce more trapping lines.
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[0062] Placing the piezoelectric crystals in direct contact with the fluid also
contributes to the high Q-factor by avoiding dampening and energy absorption effects.
In embodiments, the piezoelectric crystal may be coated to prevent the PZT, which
contains lead, contacting the host fluid. This may be desirable in, for example, biological
applications such as separating blood. Such applications might use a wear layer such
as chrome, electrolytic nickel, or electroless nickel. Chemical vapor deposition could
also be used to apply a layer of poly(p-xylylene) (e.g. Parylene) or other polymer.
Organic and biocompatible coatings such as silicone or polyurethane are also usable as
a wear surface.

[0063] It is noted that the standing waves generated on the first face and the second
face of the piezoelectric element may be different, depending on how the piezoelectric
crystals are perturbated by the electrical input. In particular embodiments, the standing
waves differ from each other by at least 50 kilohertz (kHz).

[0064] Generally speaking, the present disclosure relates to the use of the
piezoelectric element to generate standing waves on both sides, rather than on only one
side as has been done in conventional devices. The present disclosure contemplates
that more than one such piezoelectric element can be present within the acoustic
chamber. Figure 6 is a depiction of such an embodiment. In this embodiment, there
are two holding plates 170, 175 for two piezoelectric elements 160, 165. There are now
three total reflectors in this embodiment. Compared to Figure 2, the reflector 144 can
also be considered a central reflector located between the two piezoelectric elements.
The reflector 146 and central reflector 144 are located on opposite sides of the first
piezoelectric element 170. The central reflector 144 and third reflector 148 are located
on opposite sides of the second piezoelectric element 172. The faces of the reflectors
are parallel to the faces of the piezoelectric elements. The central reflector 144 reflects
waves generated by both piezoelectric elements 160, 165.

[0065] There are now four different flow chambers by which fluid can flow past the
piezoelectric elements. A first flow chamber 192 is located between the reflector 146
and the first piezoelectric element 160. A second flow chamber 194 is located between
the central reflector 144 and the first piezoelectric element 160. A third flow chamber

196 is located between the central reflector 144 and the second piezoelectric element
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165. A fourth flow chamber 198 is located between the reflector 148 and the second
piezoelectric element 165. It is noted that in this particular embodiment, the bracket
plates 180 would include three slots, two slots for the holding plates 170, 175 and one
slot for the central reflector 144.

[0066] It is contemplated that any number of piezoelectric elements can be placed
within the volume of the acoustic chamber, for example three, four, six, eight, ten,
twelve, or even more, as desired by the user. For n piezoelectric elements, there must
be (n+7) reflectors in the acoustic chamber, with each piezoelectric element being
located between two reflectors. Again, the faces of the piezoelectric element should be
parallel to a face of each reflector. The practical number of piezoelectric elements and
reflectors is thus constrained by the volume of the acoustic chamber.

[0067] Figure 7 and Figure 8 are side views of one type of acoustophoretic device
in which the dual acoustophoresis chamber can be used. The device is shown here in
an orientation where the flow direction is downwards, which is used for separating less-
dense particles from the host fluid. However, the device may be essentially turned
upside down to allow separation of particles which are heavier than the host fluid
(similar to Figure 1). Instead of a buoyant force in an upward direction, the weight of the
agglomerated particles due to gravity pulls them downward. It should be noted that this
embodiment is depicted as having an orientation in which fluid flows vertically.
However, it is also contemplated that fluid flow may be in a horizontal direction, or at an
angle.

[0068] A particle-containing fluid flows into the device through inlets 226 into an
annular plenum 231. The annular plenum has an annular inner diameter and an
annular outer diameter. Two inlets are visible in this illustration, though it is
contemplated that any number of inlets may be provided as desired. In particular
embodiments, four inlets are used. The inlets are radially opposed and oriented.

[0069] A contoured nozzle wall 229 reduces the outer diameter of the flow path in a
manner that generates higher velocities near the wall region and reduces turbulence,
producing near plug flow as the fluid velocity profile develops, i.e. the fluid is
accelerated downward in the direction of the centerline with little to no circumferential

motion component and low flow turbulence. This generates a chamber flow profile that
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is optimum for acoustic separation and particle collection. The fluid passes through
connecting duct 227 and into the acoustic chamber 228.

[0070] As seen in the zoomed-in contoured nozzle 229 in Figure 8, the nozzle wall
also adds a radial motion component to the suspended particles, moving the particles
closer to the centerline of the apparatus and generating more collisions with rising,
buoyant agglomerated particles. This radial motion will allow for optimum scrubbing of
the particles from the fluid in the connecting duct 227 prior to reaching the separation
chamber. The contoured nozzle wall 229 directs the fluid in a manner that generates
large scale vortices at the entrance of the collection duct 233 to also enhance particle
collection. Generally, the flow area of the device 224 is designed to be continually
decreasing from the annular plenum 231 to the acoustic chamber 228 to assure low
turbulence and eddy formation for better particle separation, agglomeration, and
collection. The nozzle wall has a wide end and a narrow end. The term scrubbing is
used to describe the process of particle/droplet agglomeration, aggregation, clumping or
coalescing, that occurs when a larger particle/droplet travels in a direction opposite to
the fluid flow and collides with smaller particles, in effect scrubbing the smaller particles
out of the suspension.

[0071] Returning to Figure 7, the acoustic chamber 228 includes reflectors 232 on
opposite sides of the chamber, and a piezoelectric element within the chamber. In use,
standing waves 234 are created between the piezoelectric element and each reflector
232. These standing waves can be used to agglomerate particles, and this orientation
is used to agglomerate particles that are buoyant (e.g. oil). The fluid/particle mixture
flows through both flow chambers in the same direction, i.e. in parallel. Fluid, containing
residual particles, then exits or egresses the device through outlet 235.

[0072] As the buoyant particles agglomerate, they eventually overcome the
combined effect of the fluid flow drag forces and acoustic radiation force, and their
buoyant force 236 is sufficient to cause the buoyant particles to rise upwards. In this
regard, a collection duct 233 is surrounded by the annular plenum 231. The larger
particles will pass through this duct and into a collection chamber 240. This collection
chamber can also be part of an outlet duct. The collection duct and the flow outlet are

on opposite ends of the device.
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[0073] It should be noted that the buoyant particles formed in the separation
chamber 228 subsequently pass through the connecting duct 227 and the nozzle wall
229. This causes the incoming flow from the annular plenum to flow over the rising
agglomerated particles due to the inward radial motion imparted by the nozzle wall.
This allows the rising particles to also trap smaller particles in the incoming flow,
increasing scrubbing effectiveness. The length of the connecting duct 227 and the
contoured nozzle wall 229 thus increase scrubbing effectiveness. Especially high
effectiveness is found for particles with a size of 0.1 microns to 20 microns, where
efficiency is very low for conventional methods.

[0074] The device of Figure 7 is shaped such that fluid flows into the device through
the device inlet, into the first end of the acoustic chamber, then flows in parallel through
the first flow chamber and the second flow chamber, out of the acoustic chamber
through the second end of the acoustic chamber, and out of the device through the
device outlet. This design provides an optimized velocity profile with low flow
turbulence at the inlet to the acoustic chamber 228, a scrubbing length before the flow
chamber to enhance particle agglomeration and/or coalescence before acoustic
separation, and the use of the collection vortices to aid particle removal at the collection
duct 233.

[0075] An alternative device design that can incorporate the dual acoustophoresis
chamber is shown in Figure 9. In this device, the inlet and outlet are both located at the
same end of the device (here, the upper end). A fluid/particle mixture is pumped in
through the inlet port 332. The mixture flows downwards via gravity through the acoustic
chamber, where the particles are trapped and held by the ultrasonic standing wave. As
fluid continues to be pumped into the flow path, eventually the device is filled with fluid,
and the fluid pressure rises high enough that fluid will flow out through the outlet 334 at
the top of the device. The particles within the ultrasonic standing waves collect or
agglomerate, and eventually grow to a size where gravity overcomes the acoustic force
of the standing wave, and the particle aggregates then fall / sink into a collection well
310 that tapers downwards in cross-sectional size to a vertex 312. A drain line 314
connects the vertex 312 to a port 316 where the concentrated particles can be drawn

out of the well.
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[0076] As illustrated here, a wall 340 is located in the flow channel 330 between the
inlet 332 and the outlet 334. Fluid thus flows from the inlet downwards through the
acoustic chamber through the first flow chamber, then back upwards through the
second flow chamber and then to the outlet. The cross-sectional area of the first flow
chamber can be smaller than, equal to, or greater than the cross-sectional area of the
second flow chamber. As illustrated here, the wall (of which the holding plate is a part)
is placed so that the cross-sectional area 341 of the flow channel for the inlet port is
smaller than the cross-sectional area 343 of the flow channel for the outlet port.

[0077] Also visible is a first retainer wall 342 adjacent the inlet and a second retainer
wall 344 adjacent the outlet. As seen here, the inlet 332 and the outlet 334 are located
relatively close to the middle of the front wall, and are spaced apart from the upper end
304 of the device. Incoming fluid must flow towards the upper end 304 and then over
the first retainer wall 342 before flowing into the acoustic chamber. Similarly, fluid
coming back from the acoustic chamber must flow over the second retainer wall 344
before exiting through the outlet 334. This construction provides a means by which the
turbulence of incoming fluid can be reduced, so that the particles trapped in the acoustic
standing wave in the acoustic chamber are not disrupted or washed out of the standing
wave before aggregating to a sufficient size.

[0078] As also depicted here, in some embodiments, the wall 340 is spaced apart
from the upper end 304 of the housing. This gap 346 forms and acts as a pressure
relief passage between the inlet 332 and the outlet 334, for example in case the flow
path is inadvertently blocked.

[0079] As a result of this construction, fluid flows into the device through the device
inlet, then travels through the acoustic chamber in a U-shaped path from the first end of
the acoustic chamber to the second end through the first flow chamber and then back to
the first end through the second flow chamber, then exits the flow chamber through the
first end of the acoustic chamber and exits the device through the device outlet.

[0080] The various components of the acoustic chamber containing the piezoelectric
element can be made of any appropriate material, such as polycarbonate, acrylic (e.g.
polymethyl methacrylate), or glass (e.g. soda lime or borosilicate), or polypropylene. It

is generally desirable for the material to be somewhat transparent, so that a clear
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window can be produced and the internal flow channels and flow paths can be seen
during operation of the acoustophoresis device / system.

[0081] Various coatings may be used on the internal flow channels of the modules.
Such coatings include epoxies, for example epichlorohydrin bisphenol-A crosslinked
with an amine or a polyamide; or polyurethane coatings, for example a polyester polyol
crosslinked with aliphatic isocyanates, or a silicone coating or a polyoxyalkylene
coating. Such coatings are useful for producing a smooth surface and/or reducing
surface tension, permitting cells to slide better under the influence of gravity along the
flow channel surface and into desired locations (such as the collection well).

[0082] The flow rate of the acoustophoretic device must be controlled so that gravity
can act on particle aggregates. In this regard, it is contemplated that the particle/fluid
mixture passing infout of the flow path in the acoustophoretic device can flow at rates of
up to about 100 milliliters per minute (ml/min).

[0083] In the present systems, the system is operated at a voltage such that the
particles are trapped in the ultrasonic standing waves, i.e., remain in a stationary
position. The particles are collected in along well defined trapping lines, separated by
half a wavelength. Within each nodal plane, the particles are trapped in the minima of
the acoustic radiation potential. The axial component of the acoustic radiation force
drives the particles, with a positive contrast factor, to the pressure nodal planes,
whereas particles with a negative contrast factor are driven to the pressure anti-nodal
planes. The radial or lateral component of the acoustic radiation force is the force that
traps the particle. The radial or lateral component of the acoustic radiation force is on
the same order of magnitude as the axial component of the acoustic radiation force. As
discussed above, the lateral force can be increased by driving the piezoelectric element
in higher order mode shapes, as opposed to a form of vibration where the piezoelectric
element effectively moves as a piston having a uniform displacement. The acoustic
pressure is proportional to the driving voltage. The electrical power is proportional to
the square of the voltage.

[0084] In embodiments, the pulsed voltage signal driving the piezoelectric element
can have a sinusoidal, square, sawtooth, or triangle waveform; and have a frequency of

500 kHz to 10 MHz. The pulsed voltage signal can be driven with pulse width

19



CA 02935960 2016-07-04

WO 2015/105955 PCT/US2015/010595

modulation, which produces any desired waveform. The pulsed voltage signal can also
have amplitude or frequency modulation start/stop capability to eliminate streaming.
[0085] The size, shape, and thickness of the piezoelectric crystal determines the
displacement at different frequencies of excitation, which in turn affects separation
efficiency. Typically, the piezoelectric element is operated at frequencies near the
thickness resonance frequency (half wavelength). Gradients in displacement typically
result in more places for particles to be trapped. Higher order modal displacements
generate three-dimensional acoustic standing waves with strong gradients in the
acoustic field in all directions, thereby creating equally strong acoustic radiation forces
in all directions, leading to multiple trapping lines, where the number of trapping lines
correlate with the particular mode shape of the piezoelectric element.

[0086] Figure 10 is a lin-log graph (linear y-axis, logarithmic x-axis) that shows the
scaling of the acoustic radiation force, fluid drag force, and buoyancy force with particle
radius. Calculations are done for a typical SAE-30 oil droplet used in experiments. The
buoyancy force is a particle volume dependent force, and is therefore negligible for
particle sizes on the order of micron, but grows, and becomes significant for particle
sizes on the order of hundreds of microns. The fluid drag force scales linearly with fluid
velocity, and therefore typically exceeds the buoyancy force for micron sized particles,
but is negligible for larger sized particles on the order of hundreds of microns. The
acoustic radiation force scaling acts differently. When the particle size is small, the
acoustic trapping force scales with the volume of the particle. Eventually, when the
particle size grows, the acoustic radiation force no longer increases with the cube of the
particle radius, and will rapidly vanish at a certain critical particle size. For further
increases of particle size, the radiation force increases again in magnitude but with
opposite phase (not shown in the graph). This pattern repeats for increasing particle
sizes.

[0087] Initially, when a suspension is flowing through the system with primarily small
micron sized particles, it is necessary for the acoustic radiation force to balance the
combined effect of fluid drag force and buoyancy force for a particle to be trapped in the
standing wave. In Figure 10 this happens for a particle size of about 3.5 micron,

labeled as R¢1. The graph then indicates that all larger particles will be trapped as well.
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Therefore, when small particles are trapped in the standing wave, particles
coalescence/clumping/aggregation/agglomeration takes place, resulting in continuous
growth of effective particle size. As the particle size grows, the acoustic radiation force
reflects off the particle, such that large particles will cause the acoustic radiation force to
decrease. Particle size growth continues until the buoyancy force becomes dominant,
which is indicated by a second critical particle size, Rc2, at which size the particles will
rise or sink, depending on their relative density with respect to the host fluid. As the
particles rise or sink, they no longer reflect the acoustic radiation force, so that the
acoustic radiation force then increases. Not all particles will drop out, and those
remaining particles will continue to grow in size as well. This phenomenon explains the
quick drops and rises in the acoustic radiation force beyond size Rq2. Thus, Figure 10
explains how small particles can be trapped continuously in a standing wave, grow into
larger particles or clumps, and then eventually will rise or settle out because of
increased buoyancy force.

[0088] The following examples are for purposes of further illustrating the present
disclosure. The examples are merely illustrative and are not intended to limit devices
made in accordance with the disclosure to the materials, conditions, or process

parameters set forth therein.

EXAMPLES

[0089] A conventional acoustophoresis device was used as a Comparative Example.
This device used an acoustic chamber in which the ultrasonic transducer was located
on one wall of the chamber, and a reflector was located on the opposite wall. The
transducer had one piezoelectric crystal of dimensions 1 inch x 3 inches.

[0090] An acoustophoresis device of the present disclosure is labeled as Example.
This device used an acoustic chamber in which the piezoelectric crystal was mounted in
the middle of the acoustic chamber. Two reflectors were located on opposite walls,
parallel to the face of the one piezoelectric crystal. This piezoelectric crystal also had
dimensions 1 inch x 3 inches.

[0091] The two devices were then operated with a yeast slurry as the feed input.
The slurry contained 0.5% solids. The devices were operated over 40 minutes of
operation. Figure 11 is a picture illustrating operation of the dual acoustophoresis
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chamber. The trapping lines generated by the piezoelectric element located in the
middle of the chamber are visible.

[0092] Samples were periodically taken from the acoustic chamber. After 40
minutes of operation, the concentrate, permeate, and retentate were measured as well.
The concentrate was the portion exiting the device that contained the concentrated
yeast, along with some fluid. The permeate was the filtered portion exiting the device,
which was mostly liquid with a much lower concentration of yeast. The retentate was
the remaining substance left in the device after operation. The results are provided in
the following table.

Comparative Example | Example
Feed Turbidity (NTU) 876 978
Retentate Turbidity (NTU) 1345 1708
Concentrate Turbidity (NTU) 3620 2164
Permeate Turbidity (NTU) 71.6 88.1
Overall Efficiency (%) 92 91

[0093] As seen from these results, the efficiency of the dual acoustophoretic
chamber, wherein the piezoelectric element is located within the volume of the chamber
and divides the chamber into multiple flow chambers, is about equal to that of the
conventional system illustrated by the Comparative Example.

[0094] FIG. 12 is a chart showing the efficiency in terms of percent reduction in
turbidity from the feed, over time. As seen here, the present device is just as efficient
and effective over time as the conventional system.

[0095] The present disclosure has been described with reference to exemplary
embodiments. Obviously, modifications and alterations will occur to others upon
reading and understanding the preceding detailed description. It is intended that the
present disclosure be construed as including all such modifications and alterations
insofar as they come within the scope of the appended claims or the equivalents

thereof.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. An acoustophoresis device, comprising:

a device inlet permitting fluid flow into the device;

a device outlet permitting fluid egress from the device; and

an acoustic chamber located in a fluid path between the device inlet
and the device outlet, the acoustic chamber comprising:

a first end and a second end opposite the first end,;

a first piezoelectric element including a first face and a second
face, and aligned with the fluid path such that fluid can flow along the first
face and the second face, such that the first piezoelectric element is fluid
backed;

a first reflector opposite the first face of the first piezoelectric
element, a first flow chamber being located between the first reflector and
the first face of the first piezoelectric element; and

a second reflector opposite the second face of the first
piezoelectric element, a second flow chamber being located between the

second reflector and the second face of the first piezoelectric element.

2. The acoustophoresis device of claim 1, wherein the acoustic
chamber further comprises:

a holding plate that holds the piezoelectric element, and two bracket

plates having a slot for maintaining the holding plate in a fixed location in the

acoustic chamber.

3. The acoustophoresis device of claim 1, wherein the piezoelectric

element includes a plurality of piezoelectric crystals.

4. The acoustophoresis device of claim 1, wherein the piezoelectric
element is adapted to create a multi-dimensional standing wave in the first flow

chamber and the second flow chamber.
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5. The acoustophoresis device of claim 4, wherein different standing
waves are generated in the first flow chamber and the second flow chamber by the

piezoelectric element.

6. The acoustophoresis device of claim 1, wherein the acoustophoresis
device is shaped such that fluid flows into the device through the device inlet, into
the first end of the acoustic chamber, then flows in parallel through the first flow
chamber and the second flow chamber, out of the acoustic chamber through the
second end of the acoustic chamber, and out of the device through the device

outlet.

7. The acoustophoresis device of clam 1, further comprising a

contoured nozzle wall between the device inlet and the acoustic chamber.

8. The acoustophoresis device of claim 1, wherein the acoustophoresis
device is shaped such that fluid flows into the device through the device inlet, then
travels through the acoustic chamber in a U-shaped path from the first end of the
acoustic chamber to the second end through the first flow chamber and then back
to the first end through the second flow chamber, then exits the flow chamber
through the first end of the acoustic chamber and exits the device through the

device outlet.

9. The acoustophoresis device of claim 8, wherein the second end of
the acoustic chamber leads to a well that tapers downwards in cross-sectional
area from a single inlet to a vertex, and a drain line connecting the vertex to a port

for recovering material collected in the well.

10.  The acoustophoresis device of claim 1, further comprising:

a second piezoelectric element running between the first end and the
second end, the second piezoelectric element having a first face and a second
face, the first face of the second piezoelectric element facing the second reflector,
and a third flow chamber being located between the second reflector and the first

face of the second piezoelectric element; and

24

Date Regue/Date Received 2022-05-19



10

15

20

25

a third reflector opposite the second face of the second piezoelectric
element, a fourth flow chamber being located between the third reflector and the

second face of the second piezoelectric element.

11. A method of separating particles from a host fluid, comprising:
flowing a mixture of the host fluid and the particles through an
acoustophoresis device that comprises:

a device inlet permitting fluid flow into the device;

a device outlet permitting fluid egress from the device; and

an acoustic chamber located in a fluid path between the device
inlet and the device outlet, the acoustic chamber comprising:

a first end and a second end opposite the first end;

a first piezoelectric element including a first face and a second
face, and aligned with the fluid path such that fluid can flow along the first face
and the second face, such that the first piezoelectric element is fluid backed;

a first reflector opposite the first face of the piezoelectric element,
a first flow chamber being located between the first reflector and the first face;
and

a second reflector opposite the second face of the piezoelectric
element, a second flow chamber being located between the second reflector
and the second face; and

driving the piezoelectric element to create multidimensional standing
waves in the first flow chamber and the second flow chamber to separate the

particles from the host fluid.

12.  The method of claim 11, wherein the multi-dimensional standing
waves result in an acoustic radiation force having an axial force component and a
lateral force component that are of the same order of magnitude, in both the first

flow chamber and the second flow chamber.
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13.  The method of claim 11, wherein the particles are Chinese hamster
ovary (CHO) cells, NSO hybridoma cells, baby hamster kidney (BHK) cells, or

human cells.

14. The method of claim 11, further comprising driving the first

piezoelectric element at a frequency of 500 kHz to 10 MHz.

15. The method of claim 11, further comprising driving the first
piezoelectric element with amplitude or frequency modulation start/stop capability

to eliminate acoustic streaming.

16. The method of claim 11, wherein the mixture of the host fluid and the
particles has a Reynolds number of 1500 or less prior to entering the acoustic

chamber.

17. The method of claim 11, wherein different standing waves are
generated in the first flow chamber and the second flow chamber by the

piezoelectric element.

18. The method of claim 11, wherein the acoustophoresis device is
shaped such that fluid flows into the device through the device inlet, into the first
end of the acoustic chamber, then flows in parallel through the first flow chamber
and the second flow chamber, out of the acoustic chamber through the second

end of the acoustic chamber, and out of the device through the device outlet.

19. The method of claim 11, wherein the acoustophoresis device is
shaped such that fluid flows into the device through the device inlet, then travels
through the acoustic chamber in a U-shaped path from the first end of the acoustic
chamber to the second end through the first flow chamber and then back to the
first end through the second flow chamber, then exits the flow chamber through
the first end of the acoustic chamber and exits the device through the device

outlet.
20.  An acoustophoresis device, comprising:
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a device inlet permitting fluid flow into the device;

a device outlet permitting fluid egress from the device; and

an acoustic chamber located in a fluid path between the device inlet
and the device outlet, the acoustic chamber comprising:

a first end and a second end opposite the first end;

a plurality of piezoelectric elements running between the first
end and the second end, each piezoelectric element having a first face and
a second face and being aligned with the fluid path such that fluid can flow
along the first face and the second face, such that each piezoelectric
element is fluid backed; and

a plurality of reflectors;

wherein each piezoelectric element is located between two

reflectors.

21.  An acoustophoresis device, comprising:

an acoustic chamber with a fluid path between a first end and a
second end different from the first end;

an ultrasonic transducer in the acoustic chamber and aligned with
the fluid path such that fluid can flow along two sides of the ultrasonic transducer,
such that the ultrasonic transducer is fluid backed, the ultrasonic transducer
comprising a piezoelectric element;

wherein the ultrasonic transducer is configured to be excited such
that the piezoelectric element vibrates in a higher order mode to generate an
acoustic wave on each of the two sides of the ultrasonic transducer to trap and
agglomerate particles in the fluid into larger particles that grow to a point where

they exit the acoustic wave.
22. The acoustophoresis device of claim 21, further comprising at least

two reflectors, each reflector being opposed to one of the two sides of the

ultrasonic transducer.
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23. The acoustophoresis device of claim 21, wherein the ultrasonic
transducer further comprises first and second piezoelectric elements aligned with

and opposed to each other.

24.  The acoustophoresis device of claim 23, wherein the first and second
piezoelectric elements are configured to be excited at the same frequency as, or a

different frequency from each other.

25. The acoustophoresis device of claim 21, wherein the ultrasonic

transducer divides the acoustic chamber into equal or unequal portions.

26. The acoustophoresis device of claim 21, further comprising a

contoured nozzle wall between a device inlet and the acoustic chamber.

27. The acoustophoresis device of claim 21, wherein the fluid path is
configured to permit fluid flow through the acoustic chamber in a U-shaped path

from a device inlet to a device outlet.

28. The acoustophoresis device of claim 27, further comprising:

a well that tapers downwards in cross-sectional area from a single
inlet to a vertex, and that communicates with the second end of the acoustic
chamber; and

a drain line connecting the vertex to a port for recovering material

collected in the well.

29. The acoustophoresis device of claim 21, further comprising another
ultrasonic transducer in the acoustic chamber and aligned with the fluid path such
that fluid can flow along two sides of the another ultrasonic transducer, the another

ultrasonic transducer comprising another piezoelectric element.

30. The acoustophoresis device of claim 21, wherein:
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the ultrasonic transducer includes a first face and a second face that
are each directly exposed to the fluid path; or
one or more of the first face or the second face of the ultrasonic
transducers include a wear layer; or
5 the ultrasonic transducer is made up of at least two piezoelectric
elements, a first piezoelectric element forming the first face and a second

piezoelectric element forming the second face.
31. The acoustophoresis device of claim 23, wherein the first

10 piezoelectric element is configured to be operated at the same higher order mode

as, or a different higher order mode from, the second piezoelectric element.
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