August 28-29 San Diego. CA

Aceustofluidics 2017

Size-independent separation of vertically focused particles using the
principal component of acoustic radiation force in a continuous flow

Husnain Ahmed, Ghulam Destgeer, Jinsoo Park, Jin Ho Jung, Raheel Ahmad, Kwangseok
Park, and Hyung Jin Sung*

Flow control Laboratory, Department of Mechanical Engineering, KAIST, Daejeon, 34141, South Korea.
Email: husnain@kaist.ac.kr, hjsung@kaist.ac.kr, URL: http://flow.kaist.ac.kr/

Introduction

We demonstrate a microfluidic method for the continuous separation of similar sized polystyrene (PS 5 um)
and polymethylmethacrylate (PMMA 5 um) particles using the vertical component of acoustic radiation force.
Previously our study group[1] and Ma et. al[2] utilized the forces in the horizontal plane for the manipulation
of particles based on its mechanical properties. A particle suspended in fluid experiences a direct acoustic
radiation force (ARF) when a traveling SAW originating from interdigitated transducer (IDT) patterned on
piezoelectric substrate coupled with the fluid inside a microfluidic channel at Rayleigh angle (~22°). The ARF
can be resolved into vertical F, and horizontal Fr components where the former being 2.5 times greater than
the latter. To date, majority of the SAW-based microfluidic devices rely on horizontal component of the ARF
that migrates the pre-aligned particles laterally across the microchannel width.[1]-[3] Although vertical
component of the ARF is more than twice the horizontal component, it has being ignored in the past. In the
present work, we utilized the vertical component of acoustic radiation force for the continuous separation of
similar sized particles (different materials) by steeply focusing them in the vertical plane. This method enables
high-throughput and efficient separation of particles over a wide range of flow rates.

Working Mechanism

The acoustofluidic particle separation device is composed of a piezoelectric substrate (LN) with interdigitated
transducer (IDT) deposited on top of it. A straight PDMS microchannel having two inlets and two outlets port
is mounted above the IDT in such a way that the IDT is placed between the second inlet and first outlet. A
mixture of PS and PMMA particles solution is injected through the first of the two outlets with the flow rate
of Q1 (500uL/hr) and a sheath flow in the form of deionized water is introduced through the second outlet with
the flow rate of Q. (4500 uL/hr) to focus the particles mixture in the downward streamlines before the
separation zone. Similarly, one of the two outlets was used to suck the fluid at a flow rate of Qs (500uL/hr) or
Q4 (4500 pL/hr) while the remaining fluid was collected at the other outlet (Qs or Qu).

Results

During power off, all the particles were keep on flowing through the lower streamlines and collected through
the second outlet, results in no separation (see Figure 1(A)). Previous studies have shown that the deflection
of PS particles is greater than that of the PMMA particles for a particular frequency range (125-140MHz).[1]
So, once the AC signal of 140MHz was given to the device, the horizontal component F, of ARF slowed down
the motion of the particles against the direction of flow due to resultant drag force Fq4 on the particles and the
major component F, of ARF pushed both PS and PMMA particles in the upper streamlines based on their
acoustic impedance. By manipulating the flow rate at both the outlets PS particles were collected through the
first outlet and PMMA particles were collected through the second outlet as shown in Figure 1(B).

Sample analysis

The collected sample at each outlet was analyzed by using hemocytometer chip (see Figure 2(A)). Five samples
(10 pL each) from each outlet were examined for particles counting. PS and PMMA (5 um) particles were
collected through 1%t and 2™ outlet with 86.70% and 98.1% efficiency respectively (see Figure 2(B)). The
comparatively low efficiency at the 1t outlet was attributed to the large size distribution of manufactured
PMMA particles. In future, we are keen to use NIST stand particles to minimize the problem of the large size
distribution of particles. In addition to the separation of PS and PMMA particles, we are looking to further
explore the properties of different material particles like fused silica, melamine, glass and silicon dioxide
microspheres etc.
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Figure 1: A schematic diagram showing the vertical component of acoustic radiation force-based particle size
independent separation device composed of a straight interdigitated transducer patterned on the lithium niobate substrate
and PDMS microchannel positioned on top of it. (A), (B) Showing the top side views and particles separation zone when
the SAW was turned off and on respectively. Particles are slowed down by the horizontal component of ARF F, and
pushed in the upward direction depending on acoustic impedance of particles due to the vertical component of ARF F,.

(A) PS5 um PMMA'5 um (B)
é TGy Sample 1st Outlet 2nd Outlet

analysis PS PMMA PS PMMA

1%t Outlet Particle size 5um 5 um
Sample-1 3062 521 16 779
Sample-2 3183 511 10 699
Sample-3 3653 540 18 745
Sample-4 3487 406 16 637
Sample-5 3308 581 7 622

2" Qutlet Average | 3338.6 | 511.8 13.4 696.4
Desired 86.70% 98.10%

Waste 13.30% 1.90%

Figure 2: Experimental images (A) and sample analysis (B) of particles collected from 1%t and 2™ outlet.

Conclusion

We currently separated two different material PS and PMMA particles having a similar diameter (5 um) but
different acoustic impedance in a continuous flow by utilizing the larger component of ARF. Our future target
is to manipulate fused silica, melamine, glass and silicon dioxide microspheres using a similar technique.
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Introduction

In acoustophoresis, sound is used for the contactless handling of particles and cells.

The acoustic radiation force, a non-zero time averaged effect, is the main driving factor of the particle
motion in the acoustic field, besides hydrodynamic and contact forces.

Theoretical values for this acoustic radiation force can be obtained for single spherical particles at simplified
conditions [1,2]. A recent study presented a simplified model for the acoustic interactions of multiple
particles in the Rayleigh limit [3]. However, to achieve satisfying results for the dynamics of multiple
particles, the hydrodynamic interactions and contact laws should be taken into account, this has only been
done very recently [4].

We combined the analytical model of the acoustic particle-particle interactions with a Stokesian dynamics
formulation [5] for the hydrodynamic interactions and a Moreau type time-stepper [6], able to handle non-
smooth set-valued contact laws. Good qualitative agreement could be found between numerically obtained
trajectories and experiments [4].

Using the semi-analytical model [3] limits the application range of the algorithm to the Rayleigh limit, i.e.
wavelengths much larger than the particle diameter.

In surface acoustic wave applications, however, the wavelength is close to the particle diameter [7] and the
acoustic forces cannot be calculated using Rayleigh limit approximations.

This issue is resolved by using the FEM COMSOL Multiphysics Software to calculate the acoustic radiation
force.

Exemplarily, we numerically investigate the One Cell Per Well (OCPW) technology by Collins et al. [7].
Interestingly, we observe a frequency based stability exchange of the equilibrium points, not explainable by
the linear Gor’Kov theory and find that the acoustic particle-particle interactions only play a minor role in
the trapping efficiency of the OCPW technology.

Methods

The equations of motion of multiple acoustically and hydrodynamically interacting particles are given by,
M —Rq=F, +F,

where M is the inertial matrix, R the hydrodynamic resistance matrix, F, the vector of the acoustic forces

and F. the vector of the contact forces.

In the Stokes limit approximation the particles reach their terminal velocity instantly and the accelerations

are neglected.

The dynamical problem then reduces to finding the R matrix and the force vectors F, and F. at every time-

step.

Multiple methods on modelling and approximating R in the Stokes limit have been published, we adapt the

method presented by Durlofsky et al. [5]. They approximate R by pairwise adding the nearfield lubrication

terms to the far field hydrodynamic interactions.

The acoustic force vector depends on the positions of the particles and can be found by either using a semi-

analytical formulation [3] or using the FEM COMSOL Multiphysics software.

At each time-step, the resistance matrix and acoustic radiation force are determined. We use a proximal point

algorithm to find the contact forces such that the impenetrability condition is fulfilled, as described in [4].



Results

The algorithm was used to calculate the trajectories of Kisker glass particles in a one-dimensional acoustic
standing wave. These results were compared with experiments as shown in Fig. 1. Additionally we simulated
the one cell per acoustic well trapping used in surface acoustic wave technology as shown in Fig. 2. Here the
acoustic forces are simulated using COMSOL as the wavelength is too small to apply Rayleigh limit
techniques.

100 pm

Figure 1 shows multiple Kisker glass particles of 10 pm diameter immersed in water. An acoustic standing wave is
established in the y direction at a frequency of 1481 kHz. The four bottom panels show the experimental results. In the
course of 0.75 seconds the particles gather at the pressure nodal line. The particles can be seen to form chains, this is
due to the acoustic particle-particle interactions. Ultimately, the particles collect in several repelling chains in the
pressure nodal line forming a striped pattern often observed in experiments [4]. The top panels show the corresponding
multibody simulation. The colored background illustrates the Gor’Kov potential. Areas of high potential are marked in
green whereas areas of low potential are colored blue. The hydrodynamics, incorporating near field lubrication and far
field interactions, are introduced using the resistance matrix. The only free parameter was the pressure amplitude of
the wave, where 0.8 MPa yielded good results. The three particles marked by red circles are chosen exemplarily to
show the good agreement between simulation and experiment.

ZE " o' 0 @

12.5 ms 25 ms 37.5 ms 50 ms 62.5 ms 75 ms 87.5 ms
Figure 2 shows the trajectories of multiple 6.1 pm polystyrene particles immersed in water. The background pressure

field consists of two orthogonal standing waves of 14 pm wavelength, which is typical for surface acoustic wave
(SAW) applications. The colored background of the panels shows the squared pressure amplitude, yellow areas
indicate high pressures and blue areas are pressure nodes. In the course of the simulation the particles migrate from
their initial positions to the pressure nodal points. The simulation is carried out using COMSOL Multiphysics to
calculate the acoustic radiation force at each time-step. Although the particles start touching, our algorithm prevents
overlapping of the bodies and hence is very stable during the time-stepping. The scale bar in the last panel is 20 um
long.

Conclusion

We expanded existing acoustofluidic multibody dynamics models by hydrodynamic effects and augmented
the range of applicability to wavelengths close to the particle diameter. We were able to simulate the
trajectories of multiple acoustically and hydrodynamically interacting particles. Our numerical results allow
us to gain deeper insights in the particle chain formation and the one cell per acoustic well technology.

References

[1] L. P. Gor'Kov. Soviet Physics Doklady. Vol. 6. (1962).

[2] M. Settnes, and H. Bruus. Physical Review E 85.1 (2012).

[3] G. T. Silva and H. Bruus. Phys. Rev. E 90.6, 063007 (2014).

[4] T. Baasch, I. Leibacher, and J. Dual. The Journal of the Acoustical Society of America 141.3 (2017).

[5] L. Durlofsky, J. F. Brady, and G. Bossis. Journal of fluid mechanics 180 (1987).

[6] J. Moreau. Unilateral Contact and dry friction in finite freedom dynamics. Springer Vienna (1988).

[7] D. J. Collins, B. Morahan, J. Garcia-Bustos, C. Doerig, M. Plebanski and A. Neild. Nature communications 6
(2015).



August 28-29 San Diego. CA

Aceustofluidics 2017

Effective modeling of acoustic boundary layers in acoustofluidic
systems with curved oscillating walls

Jacob S. Bach and Henrik Bruus

Department of Physics, Technical University of Denmark, Kongens Lyngby, Denmark
E-mail: jasoba@fysik.dtu.dk, URL: http://www.fysik.dtu.dk/microfluidics

Introduction

One essential concept in microscale acoustofluidics in water at MHz frequencies, is the acous-
tic boundary layers that occupy a narrow region of short width § ~ 0.5 pm near the walls.
Remarkably, these thin boundary layers are responsible for the damping of the acoustic wave
and the generation of acoustic streaming, both being bulk phenomena occurring on the large
length scale d > §. To study this, we extend the current effective boundary-layer models
for first-order acoustics and second-order streaming to systems with oscillating curved walls.
We calculate analytically the variations on the short length scale 6 perpendicular to the walls,
and use this in the boundary conditions on effective fields varying only on the long length scale d.

Effective model for first-order boundary layers

In our first-order analysis, we make a Helmholtz decomposition [1] of the first-order acoustic
velocity field v; = v¢ + v¥, with V - v{ = 0 and V x v¢ = 0. Here, the superscripts denotes
whether a field varies on the short length scale d or the long one d, respectively. The governing
equations for v?, v¢ and the pressure p; all take the form of damped Helmholtz equations,

Vil + k2v? =0 and VZp, 4+ E2p, = with k2 = (1 —il)k2, (1a)
o1

V2ol + kvl with &2 = 5, (1b)

v’ + v = Vi, at all surfaces. (1c)

Here, ko = w/cy is the wavenumber at angular frequency w and speed of sound ¢y, I' ~ 107°
is the bulk damping coefficient for water at MHz frequencies, V; is the velocity of the wall,

and superscrlpt 0" denotes values at the surface. Using the approximation Vv ~ 9?v¢, we

obtain v{ ~ v{%e*¢ where v = V; — v® and ( is the perpendicular (L) distance to the
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Figure 1: First-order results for a rectangular channel of height H = 160 ym and width W = 380 pm for
the standing half-wave resonance p; (green) at frequency f* = 1.967 MHz. (a) Velocity comparison: full vy,
(upper) and effective v, (lower) from —1 mm/s (black) to 1 mm/s (white). Inset: velocity profiles close to the
lower surface at y = W/4 (short blue line). (b) The acoustic energy density E,. as a function of frequency f
close to f* for three models: full, effective, and the simple 9, p; = 0 neglecting the novel k; !-term in Eq. (2).
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surface. Incompressibility V - v? = 0 then leads to the boundary condition on p;,
: 1 :
01p1 = iwpeViL — T [aipl + k§p1 + 1w,00V” . Vl”], at all surfaces, (2)

where pg is the fluid mass density. For a rectangular channel, we compare in Fig. 1 analytical and
numerical results from the effective model, with a full numeric model, where the boundary layers

are resolved [4]. There is excellent agreement between the full and effective models: Same p;
and E,., same boundary-layer damping I'™ = % > I, same frequency shift f* = (1 —T") TR
and same vy, even the tiny vy, ~ (kod)vy, component neglected in standard pressure acoustics.

Effective model for acoustic streaming

In our second-order analysis, we consider the length-scale decomposition v, = v$ + v¢ and
p2 = pS + p? into the short § part and long d part, respectively. Solving the short-scale part of
the Navier-Stokes equation together with the boundary condition v, + (1V; - V) = 0 [3],

we derive a boundary condition for vg” in the direction of the surface tangent vector e,

v = — L. L { (o Vo) (0l 290 —40.0] +(2 = Dkl ]) + 2(iVi- Vo) +2(i0]"- VW) .

(3)

A similar but lengthier expression is derived for the perpendicular part v . For the rectangular

channel in Fig. 1, we find at 2 = +H/2, where vgf = v§)e, and vg] = :FU2Z, that

do 1 do 307
vy, = —E{« —i)vi, 0y vd } = +§_0 sin(2koy), (4a)

o koo U?
vd0 = $—{k§<(1 vlyv 4 —{((9—31)9, vlyﬁ v1y>} %c_[l + 10cos(2y)],  (4b)
where we in the last expressmns have inserted v§) = U cos(koy). Eq. (4a) is the well-known
result by Rayleigh, while v2° is a new result with ‘020’ ~ Ek; 4] ‘vdol In Fig. 2, we compare the
effective model to a full model with resolved boundary layers [4]: Outside the boundary layers

we find good agreement, while, as expected, deviations are seen inside the boundary layers.

(b) V2, X 107 s/m
= Full —
0 Eff = i

vg, x 108 s/m

—H/2 0 H/2

Y

Figure 2: Second-order results for the same setup as in Fig. 1(a). (a) Comparison between full vy (upper)

and effective v¢ (lower) from 0 pm/s (black) to 1 pm/s (white). The blue and magenta line show the profiles of
the boundary conditions in Egs. (4a) and (4b), respectively. (b) Comparison between full and effective velocity
profiles close to the lower wall at y = 1W/8 (dashed cyan line in (a)), and all the way across (inset).

Conclusion

We have developed effective models for acoustic boundary layers over curved oscillating walls.
From the first-order analysis, we reproduce both damping, resonance frequency shift, and the
perpendicular velocity. In the second-order analysis, we provide a boundary condition for all
components of the long-range streaming which is valid over curved oscillating walls. Our results
form the basis for future efficient modeling of larger microfluidic systems in 3D.
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Micron-sized gas bubbles or droplets are widely used as contrast agents in ultrasound medical imaging and
carriers for targeted drug delivery. In this application, surfactants are very efficient to prolong bubble
lifetime against dissolution. Bubbles stabilised by a monolayer of colloidal particles are becoming central in
catalysis, encapsulation, and drug delivery. Despite their importance in applications, our fundamental
understanding of their dynamic deformation is still limited. The ultrafast compression of a particle-laden
interface has recently been explored by exposing particle-stabilised bubbles to ultrasound. Their rich
response including buckling, shape oscillations and directional particle desorption [1-2] (see example in Fig.
1) calls for a better understanding of these complex interfaces under rapid and sometimes extreme
deformation. In particular, these investigations could benefit from an improved control over the bubble's
external environment so as to exclude the influence of surrounding walls or neighboring bubbles. An
isolated, spherical bubble is importantly the ideal study case to compare experimental observations with
bubble (20-100 pm)

theoretical models.
under 40kHz ultrasound

0ms 0.30ms 0.60ms 0.894 ms 0.897 ms 0.900 ms 0.913 ms exposure. Shape
oscillations and

directional particle
expulsion are triggered
depending on the initial
bubble size.  Figure

reproduced from [2].

B

Figure 1: Resolved
optical imaging of a
particle-coated (1-5 pum)

40 um

us  571ups 11.42ps 17.13ps 22.84 us 28.55pus 34.26 ps

Acoustic levitation and optical tweezing are efficient techniques to counter the upward buoyancy of bubbles
[3,4]. The first uses the radiation pressure of a spatially fixed standing acoustic wave and relies on the sub-
resonant trapping of the bubble near a pressure anti-node. Therefore, the bubble is forced to oscillate on its
monopole breathing mode that can rapidly become non-linear even under moderate pressure fields. The latter
uses the optical radiation pressure of a Laguerre-Gauss laser mode and has the great advantage to operate as a
“quiet trap” in that it does not excite perceptible acoustic oscillations of the bubble under continuous excitation
[5]. Nevertheless the high optical power required and the use of high numerical aperture objectives generally
limit their use to small bubbles (of radius < 50 um) and in confined trapping volumes.

Here we investigate the possibility of using single-beam acoustical tweezers [6] to trap and manipulate bubbles
in the 10-100 um range, and ultimately particle-coated bubbles. These tweezers are based on the propagation
of a focused acoustic vortex (AV) having its wavefront spiralling around the propagation axis. The radiation
pressure exerted by the AV on a bubble was predicted by using a full three-dimensional analytical framework
[7]. The scattering coefficients of a free bubble can be calculated from the ECAH theory including thermo-
viscous effects. Computing the scattered field for an incident AV then leads to the derivation of the total
acoustic force. Figure 2 shows an AV is predicted to stably trap a bubble inside the zero acoustic pressure core
in the lateral direction (Fig. 2c), while the pushing force counteracts its upward buoyancy (Fig. 2d). To our
knowledge, this is the first prediction of a stable 3D trap for bubbles using single-beam acoustical tweezers.

We will particularly investigate the ability of this bubble trap to combine the strength of large acoustic stresses
with the “quiet” operation feature of optical levitation traps. As the bubble is predicted to be trapped in a



pressure null, we expect the bubble to solely be driven in its dipolar oscillation mode at the trapping beam
frequency.

Figure 2: Acoustic pressure field of a focused AV (2.25 MHz) in the lateral a) and the axial directions b). The gray scale
from 0 to 1 indicates zero and maximal pressure regions respectively. The lateral pressure gradient traps the particle in
the zero pressure core c) while the axial pushing force F,. can balance the bubble’s buoyancy F;, d).

We will describe the experimental apparatus based on an 8-element focused piezoelectric transducer operating
at 2.25 MHz. Bubbles are generated by a simple electrolysis setup and are released near the propagation axis
of the AV. We will investigate the extension of the trapping to particle-coated bubbles whose response to
acoustic radiation forces have remained unexplored.

Figure 3:
Photograph of a
free bubbles (=
20 pm) pushed
by an acoustical
vortex beam. The
bubble is released
from the bottom
by the cathode of
an  electrolysis
wire (100 pm).

This work opens the way to the use of acoustical tweezers as a novel toolkit for soft matter and single-bubble
experiments.
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Introduction

With the emergence of regenerative medicine, cell printers, labs on chips, and complex microsystems, the
contactless selective manipulation of microscopic objects such as particles, cells or drops has become a key
issue. A large span of methods using magnetic [1-2], optical [3-4] and acoustical forces [5-7] have been
considered to achieve this task. Nevertheless, magnetic tweezers are limited to the manipulation of magnetic
particles or require the attachment of magnetic microbeads to the manipulated object. Optical tweezers
require intense light flux, which can cause detrimental local overheating. Indeed, optical radiation pressure
(like acoustical radiation pressure), is proportional to the intensity of the wave divided by the wave speed.
Thus, photons yield a very small impulsion at each impact, and require high power to achieve pico-Newton
trapping forces. Due to their low speed (relatively to light), acoustical waves appear as a tremendous
alternative for particles traping. Indeed, the acoustic wave momentum exceeds the one of light by several
orders of magnitude at equivalent input power, limiting spurious heating. Another advantage of acoustical
tweezers is that wave synthesis systems based on piezoelectric materials are available for frequency ranging
from a few MHz to several GHz. This large span of actuation frequencies enables the trapping of millimetric
to nanometric particles.

Selective acoustical tweezers

In both acoustics and optics, the collective manipulation of particles can be achieved with plane standing
waves. However, the selective manipulation of particles requires to focalize the wave in the vicinity of the
particle in order to localize the trap. In optics, particle trapping is simply obtained with focalized waves.
Indeed, particles are naturally attracted to the center of the beam. However, selective trapping of particles
denser and/or stiffer than the surrounding medium with acoustic waves is trickier. Indeed, it is well known
that this type of particles is trapped at nodes (i.e. at the minima of the wave intensity) of standing waves, and
expelled from the antinodes. Thus, particles would be ejected from the center of a focused beam
(corresponding to a maximum of the intensity). This problem can be overcome by using a class of acoustic
waves called acoustical vortices (also called Bessel beams) as first suggested in the mid 2000’th by Pr.
Marston [8]. Acoustical vortices are the solutions of Helmoltz equation in cylindrical coordinates. Their
wavefront twists around a zero-intensity axis, where the wave self-interfere destructively. This axis is
surrounded by a high intensity ring that maintains the trapped particle at the center of the beam. The selective
trapping of particles with acoustical vortices has been shown experimentally in 2D [5,6] and then in 3D [7]
by using complex wave synthesis systems based on transducers arrays. The major drawback of these systems
is that they require a high-end programmable electronics, not available for high frequency applications (>
100 MHz) and whose price skyrockets when approaching this critical frequency.

Figure 1: a) Principle of acoustic
tweezers based on spiraling IDTs:
Spiraling electrodes are deposited at
the surface of a piezoelectric substrate.
They generate a swirling surface
acoustic wave (S-SAW) at the surface
of the piezoelectric substrate, which
creates an acoustic vortex in a
microfluidic chamber after crossing a
glass slide. Particles are trapped at the
center of the acoustical vortex. b) Top
view of an actual tweezer with a

o
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microfluidic channel at the top.

Tweezers based on spiraling IDTs and surface waves

To overcome this difficulty, we developed alternative acoustic tweezers based on spiraling interdigitated
transducers (IDTs) [9]. IDTs are electrodes sputtered at the surface of piezoelectric substrates and patterned
by photolithography technics. They enable the synthesis of high frequency surface waves, that is to say
waves propagating at the surface of the piezoelectric substrate. They were originally developed to conceive
signal processing devices such as band-pass filters or delay line and are commonly used in mobile phones.
Until recently, IDTs had only been considered to synthesize plane waves and in very few cases focused
waves. To synthesize acoustical vortices, we developed some specific IDTs [9] whose spiraling shape
encodes the phase of the field like a hologram. The shape can be precisely computed to generate an
acoustical vortex after crossing one or several layers of solid material, opening perspective for remote
manipulation of particles without cross contamination. With these devices, we have shown that we were able
to trap particles and displace them individually with forces up to several hundred pico-Newtons.

<

500 ym

A new generation of IDT-based selective acoustical tweezers

For applications, tweezers based on spiraling IDTs have many attractive features: they are selective, flat,
easily integrable and compatible with disposable substrates. Nevertheless, some drawbacks remain with the
current systems: (i) In addition to the central ring, the cylindrical Bessel beam comprises several secondary
rings of decreasing intensity that also exert forces on particles (Fig. 2). (ii) Due to the anisotropy of the
piezoelectric substrate, the amplitude of the swirling wave differs in the different directions, leading to an
anisotropic trapping force (Fig. 2). (iii) Finally, with these SAWSs-based tweezers the trapping remains
essentially 2D, even if the degeneracy of anisotropic vortex in the isotropic liquid incidentally leads to a
force of lower intensity in the z-direction (orthogonal to the substrate) [10]. In this presentation, we will
show how we can design a new generation of IDT-based acoustic tweezers that addresses simultaneously all
these issues.

Figure 2: Potential well corresponding to an acoustical vortex
synthesized with a spiraling IDT. The particle is trapped at the
center. The force exerted on the particle is proportional to the
gradient of this potential. This figure shows the anisotropy of
the trap resulting from the anisotropy of the piezoelectric
coupling coefficients.

Conclusion

In this presentation, we will introduce a new class of acoustical tweezers based on spiraling electrodes,
which combines the advantages of previous tweezers based on swirling SAWSs [9], along with enhanced
selectivity, isotropy of the trap and 3D trapping capabilities.
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Introduction

Acoustic streaming in inhomogeneous fluids cannot be understood from the classical theory of Lord
Rayleigh [1]. In particular, recent experimental observations [2,3], suggest that boundary-driven acous-
tic streaming is suppressed in the bulk of density-stratified fluids, which enables the controlled manip-
ulation of submicrometer particles [3]. Recently, we derived the theory of the acoustic force density
acting on inhomogeneous fluids [4]. We further hypothesized that the ability of the acoustic force
density to stabilize certain inhomogeneity configurations [4,5] is responsible for the observed suppres-
sion of streaming. In this work, we investigate this hypothesis by unifying the theories of acoustic
streaming and the acoustic force density. We use the unified theory in a numerical study of acoustic
streaming in inhomogeneous fluids. Several interesting new phenomena emerge, some of which we also
observe experimentally in a parallel study.

Description
In brief, our unifying theory exploits the fact that all time-averaged acoustic flows are driven by a non-
zero divergence in the oscillation-time-averaged acoustic momentum-flux-density tensor <Hac>, which
suggests the general definition of the acoustic force density foc = —V- <Hac> [4]. We demonstrate that
acoustic streaming in homogeneous viscous fluids [1], and the acoustic force density in inhomogeneous
inviscid fluids [4], are special cases of this general principle.

We simulate acoustic streaming in the microchannel sketched in Fig. 1(a). The simulation is based
on the separation of time scales [4]. At each time on the slow hydrodynamic time scale, the fast-time-

t=10s t=80s t=99s t =160 s

Figure 1: (a) Contour plot of the iodixanol concentration field s(r,t) at t = 10 s, from low at the sides (dark
blue, fluid density py = 1000 kg/m?) to high in the center (dark red, py = 1100 kg/m?) inside a microchannel
of width W = 375 um and height H = 150 um. Initially, at t = 0 s, the denser center fluid column is vertical,
and although it is acoustically stabilized at the center, it flattens by diffusion on a time scale of 100 s, and
streaming deforms it near the walls. (b) Steady streaming velocity (from 0 pm/s black, to 40 pm/s white)
in a homogeneous fluid, shown for reference. (c)-(f) Unsteady streaming velocity in the inhomogeneous fluid
evolving in time from ¢ = 10 s to t = 160 s as the density-inhomogeneity flattens. In the first phase (c¢)-(d),
streaming is suppressed in the bulk, while recirculation is confined close to the walls. (e) A rapid transition
changes the suppressed streaming pattern at a point of critically weak inhomogeneity. (f) Steady streaming in
a sustained weakly inhomogeneous fluid emerges. The flow rolls are wider and the speeds larger than in (b).
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Figure 2: (a) The horizontal component of the streaming velocity v, plotted along the vertical position z in
y = W/4 for all times from ¢ = 0 s to t = 160 s in steps of 1 s (black curve, t = 0 s; through red; to yellow,
t = 160 s). The dashed blue curve shows the homogeneous-fluid steady state solution. (b) Same as in (a) but
for a narrow range close to the wall. (¢) The width [ of the streaming region (red curve) plotted as a function
of time ¢. Initially, the streaming roll is confined close to the wall with [ &~ 4 pm. The width of the streaming
region grows and finally exceeds the homogeneous-fluid value (dashed blue line) as the weakly inhomogeneous
steady state is approached.

scale acoustics (viscous, inhomogeneous) is solved. This allows calculation of the instantaneous force
density fac (including streaming and inhomogeneity-induced forces), which enters the slow-time-scale
hydrodynamic equations. The system of equations can then be integrated in time. Due to diffusion
of the density-modifying solute, acoustic streaming in an inhomogeneous fluid is time-dependent.

Figure 1(c)-(f) shows the time-dependent acoustic streaming velocity field, which may be compared
to the homogeneous-fluid steady streaming in Fig. 1(b). In the first 80 s [Fig. 1(c)-(d)], the streaming
rolls are squeezed flat close to the walls, and the streaming is suppressed in the bulk, which is at rest.
At t =99 s [Fig. 1(e)], a critical transition takes place, and finally, at ¢t = 160 s [Fig. 1(f)], a steady
state streaming pattern sustaining a weakly inhomogeneous fluid is approached. Figure 2(a)-(b) shows
the profile of the horizontal streaming velocity v, along the height of the channel and how it evolves
in time. The velocity profile demonstrates significant differences from homogeneous-fluid streaming,
especially at short times, where the streaming is confined near the walls. We characterize the width
of the streaming region as the orthogonal distance [ from the wall to the center of the streaming roll.
A plot of [ as a function of time is shown in Fig. 2(c).

Conclusion

We have unified the theories of acoustic streaming and the acoustic force density acting on inhomo-
geneous fluids, and developed a numerical model of acoustic streaming in inhomogeneous fluids. The
model confirms our hypothesis that a density-stratified media leads to suppression of acoustic stream-
ing away from walls for time scales up to ~ 80 s in typical experiments. We have presented several
time-dependent signatures of the model, and in a parallel study we have observed them experimentally.
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Introduction

Acoustic patterning is the result of particle migration in a time-averaged acoustic force potential landscape.
Typically, this is derived from either whole-channel resonance conditions or the intersection of classical,
travelling waves with counter-propagating components. The latter is typically the case in devices using surface
acoustic waves (SAW), a common method of generating acoustic fields in acoustofluidic systems where
displacements are coupled from the substrate to a bounding material. In such a system, two interdigital
transducers (IDTs) are positioned on either side of a microfluidic channel, with the resulting 1D periodic
acoustic field used to manipulate suspended micro-objects. Four IDTs oriented 90 degrees to each other can
be similarly be used to create a 2D periodic field. In this work, however, we report the generation of a 1D
periodic time-averaged periodic acoustic force with a single travelling wave (one IDT), and the generation of
a 2D field with only the imposition of a 1D substrate wave (two IDTs). We produce this effect through the
imposition of arbitrary wall boundaries in the path of the acoustic beam; these walls act to create acoustic
beams in the fluid with a sharply finite extent. This discontinuity that is imposed in the beam source generates
regions of constructive and destructive interference according to the Huygens-Fresnel Principle, which states
that every point along a wavefront acts as an independent source of spherical wavefronts. This ultimately
results in time-averaged acoustic potentials whose locations are a function of wall position and orientation.
Importantly, this principle permits the generation of acoustic patterns that can be arbitrarily located and
oriented within acoustofluidic systems, and increases manipulation fidelity in acoustofluidic systems.

System principles

Suspended micro-objects will migrate towards minimum energy potential locations in the presence of an
acoustic field. For most particles that are denser than the surrounding media, these locations exist at the
acoustic time-averaged pressure minima. Whereas these minima are usually found at periodic locations along
the axis of counter-propagating waves in most other SAW systems, we impose additional such locations using
supplementary channel features that are in the path of the SAW. If the channel boundary is parallel to the
advancing substrate wavefronts, as illustrated in Figure 1a below, the sharp boundary at the lower three-
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Figure 1: (a) Principle of periodic pattern generation from wall/substrate-wave interaction. (i) The classical wavefronts combine
with (ii) cylindrical ones arising from the channel corner, resulting in (iii) time-averaged interference patterns. (b) This system is
simulated for a range of fluid sound speeds (red = high time-average pressure, blue = low time-average pressure), with (c) good
agreement between the periodicity here(with spacing A.s) and an analytical model that is based on the interference of
wavefronts as per (a). Figure adapted from Devendran et al -[1].*
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material corner of the channel acts effectively as a source of cylindrical waves (here considered in the x-z
plane) according to the Huygens-Fresnel principle. These then interfere with the fluid wavefronts emanating
from the substrate, where the alternate constructive and destructive interference results in distinct acoustic
force potential gradients along the propagation direction. The acoustic waves are coupled into the fluid from a
travelling SAW, generated by a series of interdigitated electrodes on a piezoelectric 128° X-Y Lithium Niobate.
Applying an AC signal across these electrodes with a frequency corresponding to IDT resonance, with f =
Cs/Asaw, results in a SAW that drives acoustic patterning in the microfluidic channel.

Results and discussion

Figure 1b shows the fully coupled simulated time-averaged pressure distribution in a bounding fluid that results
from a rightward-propagating SAW for a range of sound speeds. As shown in Figure 1c, the spatial periodicity
from these simulation results matches those from the analytical model proposed for this system_[1]*, which
predicts this based on the interference of the classical wavefronts emanating from the substrate with cylindrical
ones emanating from the channel corner. This system is analogous to those examined elsewhere [2]7, with the
exception of the use of a higher aspect ratio channel to minimize the impact of wall reflections and particles s
smaller than those that can be readily influenced by forces arising from the travelling wave itself- [3]°. Figure
2a further shows that this effect can be used for particle patterning (here 2 um diameter polystyrene spheres),
with the measured Anr= 0.63£0.03Asaw corresponding closely to the 0.61ksaw spacing predicted by the model
in Figure 1c. Importantly, the extent of this patterning region can be scaled with applied power, meaning
patterning can be limited to particular channel regions without the imposition of pulsed AC fields- [4]*.

This effect is not limited to this particular orientation of substrate wave and channel features; the corner waves
(combined with the wavefronts arising directly from the substrate) will result in a time-averaged periodic field
perpendicular to any wall in the path of the beam. This is noted in Figure 2b, which shows 2D 1 pm fluorescent
green particle patterning in a combined standing SAW and wall-interaction acoustic field. A 1D standing SAW
generates particle patterning along the SAW propagation axis, as per previous work_[5]°, while the channel
features result in a periodic acoustic field that is orthogonal to the SAW one. Finally, Figure 2c demonstrates
that SAW/wall interactions can result in time-averaged fields for a variety of wall angles; these features can
take on a variety of shapes and still generate appreciable acoustofluidic effects.

Conclusion

In this work we demonstrate and characterize a novel methodology for acoustofluidic patterning. In contrast
to previous work, acoustic patterning is generated using arbitrary wall features rather than through the
imposition of channel resonance conditions or counter-propagating waves. This technique expands the ability
to orient and localize acoustic fields on-chip for refined particle and cell manipulation without complicated
acoustic actuation strategies.
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Figure 2: Periodic microfluidic patterning from Huygens-Fresnel wave interference. (a) Matching the spacing (Axf) in Fig. 1(c) with
a substrate/fluid sound speeds corresponding to Lithium Niobate and water, particles are patterned by a single 48 pm
wavelength travelling wave and its interaction with a polydimethylsiloxane (PDMS) wall (scale bar is 100 um). Inset shows region
on device pictured (scale bar is 2 mm). Figure here adapted from Devendran et al. [1].* (b) 2D patterning arising from a 1D field
with the addition of channel walls (outlined in dotted white) in the path of the SAW (scale bar is 160 pm, Asaw=60 pm). (c)
Arbitrary wall features result in a range of complex acoustic patterns (scale bar is 100 pm, Asaw=80 pum).
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Introduction

The aim of this research is to develop a lab-on-chip system which separates and detects circulating
tumour cells (CTCs) amongst blood cells using acoustofluidics. In particular, this presentation will
focus on a numerical method to optimise of the acoustofluidic device by understanding the effect that
the geometry of a polydimethylsiloxane (PDMS) microfluidic channel has on the standing surface
acoustic wave (SSAW). The novelty in this work is the development of a 2D finite element model

using COMSOL Multiphysics®, allowing us to fundamentally understand ideal structures before any
costly fabrication. This model shows that the dimensions of the PDMS must be carefully considered
to avoid dampening of the SSAW. Where possible, excess PDMS in contact with the substrate must
be minimised as the peak anti-node pressure decreases by as much as 45%.

Clinical importance of CTC detection

The detection of CTCs in whole blood has recently become important for biological studies on cancer
progression, however, separating them from red blood cells (RBCs) is challenging due to a low volume
ratio; ca. 1 CTC to 10® RBCs. Although there are current FDA approved methods to separate and
identify these unhealthy cells, these approaches require labels which alters their properties and biases
the search towards known antigens. Acoustofluidic methods are an alternative which separates cells
based on differences in their mechanical properties. The advantage of this technique is that the cells
require no modification, leaving the CTCs intact for further analysis and ultimately providing more
information for the prognosis of the patient.

Separating CTCs using acoustic radiation forces

Implementation is achieved by flowing the cells down a microfluidic channel whilst in the presence of
a SSAW, which induces an acoustic radiation force and influences their end trajectory at the end of
the channel. The well-known equation for the acoustic radiation force on a spherical particle in an

Figure 1: Schematic of the 2D model
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Figure 2: Anti-node pressure as a function of frequency. Simulations of (a) LiNbOg substrate with varying
N without a PDMS channel (b) with a PDMS channel where wp = 4 mm and ¢p = 2 mm (c) fixed N = 50
and tp = 2 mm with varying PDMS width, (d) fixed N = 50 and wp = 4 mm with varying PDMS height, (e)
maximum pressure accross the frequency band as a function of both width and height.

inviscid fluid has been derived by Bruus|[1]:

1 3
Flaa = _Vpartv ’ <f52 < pi2n > _fPZ < vi2n >) (1>

where Vjart is the particle volume, f. = Kauid—Fpart is the compressibility coefficient, f, = 2pguid (Ppart —
PAuid)/ (2Ppart + pauid) is the density coefficient and < pi, > and < vj, > are the instantaneous pressure
and velocity at the particle location, respectively. The force is directly proportional to the squared
pressure gradient (—V < pi?n >). The pressure gradient across the width of the channel is a sinusoidal
standing wave, where the node is the end lateral trajectory of the cells. The larger the anti-node, the
larger pressure gradient and therefore the radiation force, so it is important to maximise the anti-node
pressure. In this work, we developed a base 2D model with a SSAW induced by an IDT on a LiNbOj3
substrate and have progressively modified it by adding PDMS of varying geometries to understand its
influence on the anti-node pressure.

COMSOL simulation of PDMS damping

Firstly, the number of IDT fingers (N) on the LiNbOg substrate was varied to obtain a SSAW. The
simulation was then carried out in the presence of the PDMS microfluidic channel that is shown in
Fig. 1. The results in Fig. 2a and 2b show that by increasing N, the amplitude of the standing wave
in the channel increases linearly which is expected since increasing the number of electrodes further
reinforces the SSAW. Fig. 2b shows the frequency response in the presence of a typically sized 4 mm
wide PDMS block (channel height = 100 pm, channel width = 200 pm, the example model in Fig. 1).
In this case, the standing wave amplitude dramatically decreases by at least 45% of its original value,
demonstrating that the PDMS material has a large affect on the overall performance of the device.
This is mainly due to a transmitted leaky wave into the PDMS. In Fig. 2c, fixing the number of fingers
(N = 50) and height (tp = 2 mm) and decreasing the PDMS width further demonstrates that the
reduction in the peak is caused by the leaky wave when the width is large as there is more PDMS
absorbing some the pressure wave. Also, the height has little influence on the anti-node pressure at
values greater than 2 mm, as shown in Fig. 2d. At a height of 1 mm, the leaky pressure waves reflect
from the top air boundary, and in some cases reinforces the anti-node pressure as shown in Fig. 2e.

Conclusion

In general, for the application of CTC cell sorting, understanding the device performance involves
minimising the PDMS used to make the channel. Fabricating PDMS with precise surface patterns is
a challenging task, and we are currently pursuing our fabrication limits. The simulations presented
here are a portion of the work that is ongoing within our group, where we hope to present more of
our findings on the optimisation of our device.
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Introduction

Acoustofluidic manipulation of micro-objects inside microfluidic channels by using surface acoustic waves
(SAWSs) have shown great potential over the past decade.[1] As the SAW-based systems are broadly
categorized into travelling and standing waves devices, depending upon the dominant mode of wave
propagation within the microfluidic channels, a deep understanding of the complex acoustic field formation
within the fluidic domain and the consequent manipulation of suspended micro-objects is still developing.[2]
It has been observed previously that the coupling of SAWSs with the fluid inside a microchannel radiates a
longitudinal waves within the fluid at Rayleigh angle (6;) that generates a region void of strong acoustic field
and termed as microchannel anechoic corner (MAC).[3] In the present study, we delve deeper into
characterizing the MAC formation by exploring effects of various parameters such as microchannel height
(hp), width (w,,), SAW frequency (fsaw ), etc. on the manipulation of suspended polystyrene particles inside
the microchannel. Figure 1 shows a schematic diagram presenting the device design and highlights basic
concepts used during experimentation. A single interdigitated transducer (IDT) is combined with a winding
polydimethylsiloxane (PMDS) microchannel to deflect suspended particles across their streamlines at two
separate locations upstream and downstream of the microchannel. The particles diameter and SAW frequency
are chosen in such a way that the acoustic radiation force by the travelling waves dominate particle motion.
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Figure 1: (a) Schematic diagram of the acoustofluidic characterization device composed of an interdigitated transducer
(IDT) and a polydimethylsiloxane (PDMS) microfluidic channel with a single inlet port and single outlet port. The IDT
radiates surface acoustic waves (SAWS) in both directions perpendicular to the electrodes such that the rightward and
leftward leaky SAWSs couple with the fluid inside the microfluidic channel at two locations thus forming two microchannel
anechoic corners (MAC 1 and 2), respectively. The winding microchannel is designed to initially push the particles, using
rightward SAWSs, in the top right corner of the microchannel during the upstream flow so that the same particles could
occupy the MAC 2 region during the downstream flow where leftward SAWs may or may not be able to deflect them
from their streamlines. The deflection of the particles depends upon their locations with reference to the MAC width (w,),
height of the microchannel (k,,), width of the microchannel (w,,,), incident wave frequency (fs4,,) and wavelength (4;),
SAW attenuation length within the microchannel (x,), Rayleigh angle (6;), etc. Any particle randomly occupying the
MAC 1 region will not be deflected by the rightward SAW in the first place. The propagation angle of the leaky SAWSs
inside the microchannel depends upon the speeds of sound inside the substrate and the fluid. The Rayleigh angle (6,) is
calculated to be = 22° by using the Snell’s law such that the incident angle of wave is 8; = 90°, the substrate is Lithium
niobate (c; = 3950 ms™') and the fluid is water (¢, = 1480 ms™"). (b) A schematic diagram showing a straight
microchannel with multiple inlet and outlet ports, and IDTs positioned on opposite sides of the microchannel. Side
channels are used to hydrodynamically change the focusing position of the particles being pushed by the rightward SAWSs
into the top right corner of microchannel.
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Results and discussions
The deflection of 5 um polystyrene particles flowing a different flowrates (50, 100, 1000 [A~1) by SAWs
(110, 120, 140 MHz) has been performed inside microchannels with heights of 110 um and 30 um as shown
in Figure 2. The formation of MAC regions within the 110 um high microchannel is quite prominent.
However, for a microchannel with a much lower height of 30 um, these regions shrink to a very unobservable
points.

(@) fsaw 140 MHz; d;, 5 um; Q 1000 ulh™%; hy, 110 um; 4x

Figure 2: (a) Polystyrene 5 um diameter particles pumped (1000 ulh™1) through the microchannel (w,,, X h,,: 200 um
x 110 pm) are deflected by 140 MHz SAWSs originating from a straight IDT. At input power of 0.85 W, some of the
particles being pushed against the microchannel ceiling and opposite side wall during the upstream flow indicated with a
red color rectangle, maintained their position within MAC 2. However, the closed-up view of the downstream
microchannel, marked with a green color rectangle, indicates that there are particles within a region of ~30 um of the
right side wall which are unaffected by the leftward SAWSs thus ensuring the existence of an anechoic corner region. As
the input power is increased to 1.3 and 1.9 W, more particles are pushed into the top-right corner during upstream region
of the microchannel; however, there is a significant number of non-deflected particles present in the MAC 1 region or
being sucked into it by a strong acoustic streaming flow. The closed-up view downstream region for 1.9 W shows that
the MAC 2 width has decreased to less than 20 um where the particles are not pushed along SAW propagation direction.
(b) For a flow rate of 100 ulh~! and a similar microchannel height of 110 um, we observed the formation of MAC 1 and
2 at both sides of the IDT. However, it can be noted that a much lower power is used to deflect that particles here. (c) The
phenomenon has significantly altered for a microchannel with a height of 30 um as the SAWSs originating from a slanted
IDT at 110 or 120 MHz frequency almost totally deflected the particles flow at 50 ulh~! without showing a significant
presence of MAC 1 or 2. The closed-up views of the microchannels show that at 110 MHz (0.12 W) or 120 MHz (0.05
W) nearly all of the particles were deflected by the SAWSs, only indicating a MAC width of less than ~ 5 um. The scale
bars are 200 um long.
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Introduction

Streaming forces in combination with acoustic radiation forces have provided a variety of interesting
strategies for micro/nanoparticles manipulations in microfluidics. Recently, acoustic streaming induced by
locally focused and high frequency surface acoustic waves (SAWs)"” has emerged as a promising tool for
manipulations at micro/nano scale due to its excellent bio-compatibility, easy to control, and versatile
capabilities. In this work, we demonstrate a novel micro/nano scale manipulation tool using three-
dimensional (3-D) micro-vortex array which is generated by a ultrahigh frequency thickness-extensional (TE)
mode piezoelectric solidly mounted resonator (SMR). Theoretical and experimental analysis demonstrate the
efficient manipulations of micro/nanoparticles including in-line trapping, enriching, queuing, and size-
selective sorting with the tunable 3-D vortex array. Particles with diameter from 200 nm to 10 um can be
well trapped by combining different parameters of applied power and flow rate. Besides, the trapped
particles can be selectively released from a set position, forming the basis of in-line queuing and sorting.

System principles

Figure la presents the schematic of the integrated SMR microfluidic chip with locating the SMR in the
center of a PDMS channel. The SMR comprises a piezoelectric (PZ) thin film sandwiched by two metal
electrodes to form the resonating region (i.e. the pentagon region in figure 1b). A Bragg reflector containing
six aluminum nitride (AIN) and SiO, layers is fabricated below sandwich structure to attenuate acoustic
waves leaking to the Si substrate. Different from SAWSs, the SMR works at TE mode, and its resonant
frequency is dependent on the thickness of the PZ layer’. The TE acoustic beam is mainly localized in the
center of the resonating region and sharply decreases towards the boundaries (figure 1c), resulting in highly
focused acoustic fields. Using AIN film with a thickness of 1 pm as the PZ layer, the resonant frequency of
SMR is measured as 1970 MHz. When the ultrah1§h frequency (UHF) acoustic wave couples into
microfluids, large body force (on the order of 10 N/m’) is generated in the SMR-liquid interface within a
short decay length®. Figure 1 d-e reveal the generation of 3-D vortex array around the SMR edges via both
finite element simulation and microparticle tracing experiments (micro PIV). Polystyrene (PS) particles with
diameter of 9 pm, 1 pm, and 200 nm were respectively introduced into the 3-D vortex acoustofluidic chip to
test its particle capture and queue capability. For sorting experiment, mixtures of 20 um, 9 um, 1 pm PS
particles were introduced into the chip
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with a flow rate of 2 pL/min. Optical microscopy (15 fps) was used to record the experiments in real time.
Streaming forces, viscous force (F;) and inertial force (F;) dominate the manipulations of micro/nanoparticles




inside the vortices. Figure 2 a-b present the theoretical analysis of 10 um particle trapping and local motion
in a size-dependent equilibrium position.

Results and discussion

Figure 2 c presents the trapped PS particles by the 3-D vortex array, showing its good capacity of particle
trapping and enriching from 200 nm to 9 pum (the trapped 1 pm ones is not shown here). The trapping effect
can be tuned by altering the applied power and flow rate. For a given flow rate, higher power contributes to
improved trapping efficiency. For a given applied power, the trapped particles in the vortices would travel
along the vortices under an appropriate flow and escape from the vortices when the flow rate is higher than a
critical value. Figure 2 d presents the queuing effect of different sized PS particles with 20 mW applied
power and 2 pL/min flow rate. The queue is actually a result of particle releasing from a stable point from
the vortices in downstream as presented in figure 2 d. Especially, by further optimizing the flow rate and
applied power, different sized particles can be selectively released. Figure 2 e presents the selectlve capture
of 20 pm PS particle from the mixture suspension. As the density of PS particles (1.05 g/cm’) is very close to
blood cells, the vortex sorter can be potential used for whole blood cell sorting applications.
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Figure 2: (a) Velocity distribution on the simulated vortex field, wherein arrows direct the velocity direction in the z-
axis. (b) Forces analysis of the particles within vortex field. (c) In-line trapping of micro/nanoparticles from the flow (2
puL/min). (d) Queuing of particles of different diameters with applied power of 20 mW and flow rate of 2 pL/min. (e)
Size selective trapping based microparticles sorting: the 20 um PS particles are trapped while the other PS particles with
diameter of 9 um (blue arrow) and 1um (white arrow) are released.

Conclusion

Directly generating and tuning vortices in micro/nanofluidics has remained as a challenge in the field of
acoustofluidics, as well as manipulations of sub-micron particles. The acoustic device applied in this work
offers a simple but effective acoustofluidic strategy to generate 3-D microfluidic vortices, and its potential in
micro/nanoscale particle manipulations including trapping, queuing, and sorting have been successfully
demonstrated. Due to its ultrahigh frequency, acoustic waves are decayed within several micrometers, and
the particles are dominated by the vortex streaming forces, which is different from previous reported
acoustofluidic technologies. Additionally, considering the IC-compatible fabrication process of the device,
this platform is very convenient to be integrated with different analysis tools in downstream as well.
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Introduction
Numerous studies have shown that ultrasonic stimulation in microchannels is effective for manipulating and
separating particles within a fluid. [1] However, a drawback to the these microfluidic devices is limited
throughput, typically on the order of 0.1 ml/min. Such rates preclude the expansion of acoustofluidics into
applications such as bioprocessing, where throughput requirements may exceed 10ml/min. In principle, the
performance of microfluidic acoustic devices can be preserved if channels are configured in parallel, but two
hindrances to implementation are the cost of large micromachined chips in silicon or glass and the
establishment of uniform excitation of each resonating microchannel in accordance with its wall thickness.[2]
Here we present an approach to fabricating parallel acoustofluidic devices and address both of these
hindrances. The devices are constructed from a thermoplastic, enabling a large footprint while keeping the
production cost low. Additionally, we take advantage of the ease of plastic fabrication and isolate each
microchannel from its neighbor by an air gap. Thus, its mechanical behavior is close to that of a single
independent microchannel, while multiple inlets and outlets converge in a bifurcated network. Using a parallel
4-channel test device, we show improved performance with the air gaps (slots) as the channels are used to
focus red blood cells (RBCs) across a range of frequencies spanning both odd and even modes.

Methods

Two devices were fabricated from polystyrene sheets using a desktop micromill, and the layers were
thermocompression bonded. Each contained a parallelized array of 4 channels with bifurcations connecting a
single inlet and outlet. Bifurcations and overall path lengths were designed to maintain similar mean wall
shear stress as well as equal flow distribution through each channel. One device had continuous walls (no
slots) between the neighboring channels (Figure 1A), whereas the second included slots between them (Figure
1B). All other dimensions were constant, and channel and wall width were based on a previous polystyrene
single-channel design demonstrated to focus RBCs.[2] Chips were mounted to identical piezoelectric
transducers. Diluted whole blood (7.5% hematocrit) flowed through each chip at a total rate of 100 pL/min.
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Figure 1. Photographs of parallel channel device mounted to transducer and cross section diagrams below to show
relative dimensions (not to scale). A) No slot design with W, width of the wall, W width of the fluid cavity, and dashed
line indicating symmetry plane. B) Slotted design where dimensions are the same as (A), and W5 is the width of the slot.




Results

A microscope image was taken at the downstream end of each channel as it was driven at frequencies from
0.300—1.75 MHz in 10 kHz intervals, while holding temperature and average dissipated power constant (26°C,
2.0 W). The images were used to quantify the degree and position of RBC focusing at each frequency. Raw
image files were inverted such that pixel intensity correlates to RBC concentration and pixel intensity was
measured across the width of the channel as plotted in Figure 2. A peak in pixel intensity corresponds to a
stream of focused RBCs. To further compare uniformity of blood cell focusing among channels, the
prominence of the peaks in pixel intensity were calculated at each frequency. Prominence is defined as the
difference between the highest peak and the max of the flanking minor peaks.[3] The optimum frequency, i.e.,
that with the highest prominence overall, was tabulated for the odd and even modes (Table 1).
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Figure 2. Pixel intensity (showing maximum focusing of RBCs as red) at each frequency and across width of channel.
No-slot device (top), and slotted device (bottom). To eliminate illumination artifacts, pixel intensity was normalized to
mean for each image, and the right half of the channel is a mirrored image of the left to enforce symmetry.

Table 1. Analysis of optimum frequency for each channel for no-slot and slotted device, showing mean and standard
deviation among the four channels. Optimum frequency is that which produced highest peak prominence in pixel
intensity. In odd mode RBCs focus to the center axis of channel; in even mode bilateral focusing streams were observed.

Device Desian Odd Mode Mean Odd Mode Std. Dev. Even Mode Mean Even Mode Std. Dev.
g Frequency (kHz) Frequency (kHz) Frequency (kHz) Frequency (kHz)
No Slots 577.5 45.00 1475.0 23.80
Slotted 615.0 17.32 1555.0 10.00
Conclusion

The results suggest that the slotted device has improved performance over the no-slot device. Figure 2 shows
that the slotted device has higher dynamic range in pixel intensity, which corresponds to stronger acoustic
focusing of RBCs. Table 1 shows that in the slotted device, the optimum excitation frequency for both odd
and even modes is more repeatable from channel to channel than in the no-slot device. This study indicates
that a large scale array of microchannels could be fabricated from plastic for high throughput applications.
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Introduction

In this paper we demonstrate a continuous method for binary separation of microparticles encapsulated in
water-in-oil droplets based on the acoustic properties of the particles. Droplet-based microfluidic platforms
are becoming an increasingly popular alternative for on-chip miniaturization of cell- and bead-based
assays [1,2]. The idea is to use micrometer-sized water droplets as individual reaction chambers for
biological and chemical experiments at a high throughput. However, standard assays often contain one or
several particle manipulation and separation steps, and one limitation for the full implementation of droplet-
based systems is the lack of methods to separate one encapsulated particle species from another into different
daughter droplets. Previously, we have reported on an acoustic method for focusing and concentrating one
particle species (polystyrene microbeads) inside droplets by using bulk acoustic waves [3]. The aim of this
work is to investigate the possibility to separate two different particle species into either the center or side
daughter droplets in a trident-shaped droplet splitter depending on the acoustic properties of the encapsulated
particles.

Experimental

The microfluidic system is shown schematically in Figure 1. The system consists of dry-etched silicon
channels that are anodic bonded to a glass lid. The microfluidic channels were hydrophobic surface-treated
with silane. The width of the main channel is 370 um and the depth is 100 pm. The droplet splitter consists
of a trifurcation where the side outlet channels are angled 20° with respect to the main channel. Compared
with our previous droplet splitter [3] the key feature in this new droplet splitter design is that it allows to set
up and maintain a standing wave all the way to the droplet splitting position. A piezoelectric transducer
(1 mm thick yielding 2 MHz fundamental resonance frequency, APC-840, APC International) was glued on
the silicon side of the chip using cyanoacrylate glue, and the transducer was actuated by an AC-signal from a
function generator after amplification of the signal. Actuation of the transducer generates bulk acoustic
waves in the device, and when the applied frequency is matched to the channel width a half-wavelength
standing wave is set between the main channel walls. In the experiment the actuation frequency was
1.80 MHz and the voltage was kept at 22 V,,, to avoid excessive heating of the device.

a)
o Polystyrene microbead Acoustic focusing Droplet splitter
e Elastomeric microparticle

7~
—~~
Transducer

Figure 1: a) Illustration of acoustic particle-positioning in combination with a trident-shaped droplet splitter. At
resonance polystyrene beads (positive acoustic contrast factor particles) are moved towards the pressure nodal line and
enriched in the center daughter droplets while the elastomeric microparticles (negative acoustic contrast factor particles)
are moved towards the pressure anti-nodal lines and enrlched in the side daughter droplets. b) A photograph of the
silicon-glass device. The dimensions of the chip are 1 x 2 cm’.

Water,
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The fluid flows were controlled by syringe pumps connected to the microfluidic chip. The flow rate of the
water phase was 4 pl/min and the flow rate of the continuous phase was 8 ul/min. Olive oil was chosen as
the continuous phase as it has similar acoustlc properties as water (Vojive ot = 1,450 m/s, Potive ot = 0.91 kg/dm®,
Vaater = 1,497 M/S, Pyarer = 1.00 kg/dm?). In the water phase a mixture of polystyrene microbeads (10 pm
diameter) and elastomeric microparticles (7.1 £ 2.9 pm diameter) were suspended. Polystyrene microbeads
were used as positive acoustic contrast particles since polystyrene microbeads are commonly used in bead-



based assays and as they also mimic the acoustic behavior of most cells. As negative acoustic contrast
particles elastomeric microparticles were fabricated in-house from polydimethylsiloxane (PDMS) [4]. PDMS
has the advantages that it is a biocompatible and cheap material, and it also has the possibility to be surface-
functionalized to bind specific cells or biomolecules.

Results and discussion

In the experiment water-in-oil droplets containing a mixture of polystyrene microbeads and elastomeric
microparticles were generated in a T-junction. The droplets were transported downstream the main channel
by the flow and reached the trident-shaped droplet splitter. In the droplet splitter each original droplet was
split into three approximately equal-sized daughter droplets (8 nl). Initially, the transducer was not actuated
and the two particle species were randomly distributed in the entire original droplet, and after the droplet
splitter all three daughter droplets contained both particle species (see Figure 2A). However, at acoustic
actuation of the system at the fundamental resonance frequency of the system, the polystyrene microbeads
were moved towards the pressure nodal line located along the center line of the droplet while the elastomeric
microparticles were moved towards the pressure anti-nodal lines at the channel walls instead (see Figure 2B).
This resulted in that the two particles species were enriched in the center respective the side daughter
droplets. The volume ratio between the center and side daughter droplets can be varied by changing the flow
ratios between the center and side outlets, and consequently the enrichment can be varied. It was observed
that in addition to the acoustic force the encapsulated particles were also affected by the internal fluid
advection that is present in moving droplets [5].

a)

Figure 2: a) Without ultrasound the polystyrene microbeads (black dots) and the elastomeric microparticles (grey
polydisperse dots) are distributed in the entire droplet. b) At acoustic actuation of the system the polystyrene
microbeads are moved towards the pressure nodal line located along the center of the droplet while the elastomeric
microparticles are moved towards the anti-nodal lines at the channels walls. As a result, in the trident-shaped droplet
splitter the polystyrene microbeads are enriched in the center daughter droplets while the elastomeric microparticles are
enriched in the side daughter droplets. In the area marked with the blue box the majority of the particles are polystyrene
microbeads while the red boxes mark areas where the majority of the particles are elastomeric microparticles.

Conclusion

By combining acoustophoresis with a trident-shaped droplet splitter we have shown continuous binary
separation of encapsulated microparticles into different daughter droplets. The separation is based on the
acoustic properties of the encapsulated particles. We show that polystyrene microbeads (positive acoustic
contrast factor particles) are enriched in the center daughter droplets while elastomeric microparticles
(negative acoustic contrast particles) are enriched in the side daughter droplets. The presented technology
holds promises for the development of new droplet-based cell- and bead-assays where the differentiation of
one particle species from another is required.
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Introduction

Lateral diffraction of waves is a major constraint in current surface acoustic wave (SAW) devices
inevitably resulting in energy dissipation along certain direction. Though one may seek to minimize
its effects by the choice of a low diffraction propagation direction, there are situations in which fluid
or particle manipulation at disparate locations in a micro device is expected. The difficulties in
controlling the direction of wave propagation make these applications inefficient as well [I]. However,
these limitations may both be overcome by the use of waveguides for such surface waves, where the
term waveguide implies a geometrical structure, such as, a thin conducting film.

The concept of thin film waveguide was first introduced by White and Seidel. They suggested
that thin films of finite width deposited on an isotropic substrate can be used to guide elastic surface
waves in the substrate. The pioneering theoretical investigation of structures which depend upon a
velocity differential for guidance is that of Tiersten [2]. Another type of waveguide is the shorting-
strip (or Av/v) waveguide, which was first proposed by Engan [3], consisting of a very thin strip of
metal on a piezoelectric substrate. The metal strip short circuits the electric field associated with the
piezoelectric surface wave and, as a result, produces a slight reduction Awv in the velocity of that wave
under the strip. the situation of aluminum strip on LiNbOj3 have been considered by Schmidt and
Coldren [4], where an accurate theory was discussed. Although the guiding mechanism has so far been
widely understood, the applications are generally associated with long delay lines [5] and structural
health monitoring [6][7], while that in the context of acousticfuluidics is still lacking. This paper shows
that the introduction of waveguide overcomes diffraction and expands the ability to transmit waves
from one dimensional to two, which reveals the potential of manipulation waves for acousticfluidic
applications.

Materials and Methods

The SAW-based acousticfluitic device is composed of a piezoelectric substrate (LiNbO3) and a
focused interdigital transducer (FIDT), as well as a guiding layer, deposited on top. The FIDT was
designed as a concentric circular shape, with a degree of arc at 60°, first finger curvature 1.70mm, 16
pairs of 24.87um wide fingers, corresponding to a resonant frequency at 40M H z, and was fabricated
through photolithography. Various shapes of aluminum strip were deposited using the same method.
The substrates used in the experiment were 128° Y X cut and another Z cut Lithium Niobate. Ab-
sorbers were placed both at the front and behind the pairs of IDT’s. A laser doppler vibrometer (LDV,
UHF120, Polytec) was used to measure the amplitude over distance in order to determine the actural
focal point of the FIDT. Moreover the amplitudes of the wave is measured both before it enters and
after it exits the guiding layer, so that a relative energy flow was quantified.

Results and Discussion

In the 1980s, Green and Kino had predicted that the effective focal length f was shifted by an
amount [J]

2Rb
T (1)

where R is curvature of transducer finger and constant b represents the anisotropy of the substrate
material. Positive values of b tend to defocus the transducer, while negative values of b bring the focal
plane closer toward the transducer. However, Other researchers [9] [10] have showed experimentally
that concentric circular IDT focused around 1.5 — 2 times of geometric focal length. According to our
data, Figure [I] the real focal length of SAW on 128° Y X LiNbOj is about 2 times of the geometrical
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Figure 1: (a)amplitude vs normalized distance plot, (b)the scan image from LDV.
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Figure 2: As wave propagates from left to right, when it enters (d)the Y shape guiding structure, amplitude
vs verticle distance on the guiding layer of (a)entrance, (b)upper exit, (c)lower exit were plotted. (e)shows the
energy flow percentage after going through the waveguide

focal length, while normalized distance was defined as the ratio of the actual distance divided by the
geometrical length. With the entrance of waveguide structure deposited at the real focal point, since
energy of wave has a proportionality of square of amplitude, the energy flow was calculated as the
integral of squared amplitude over the waveguide width. Therefore, the result is shown in Figure
More than 25 percent of the energy deviated away from the original direction, indicating its ability of
turning wave along the guiding layer at some extent.

Conclusion

Our data has disclosed the fact that Waveguide holds the ability of confining the lateral extent of the
surface wave on the substrate, and thus overcomes the limitation of diffraction, so as to realize guiding
of waves in desired directions and low energy dissipation. More results concerning the Z cut LiNbOs3
will be presented as well at the conference. Further study should focus on accurate manipulation
of energy to distinct locations using powerful guided SAW, actuating fluids and particles within, for
potential bio applications.
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Introduction
Research conducted with ultrasonics and acoustics to manipulate fluids at the microscale: microscale
acoustofluidics has seen exponential growth in the last 2 decades, with extensive reviews by Friend
et al [1], Ding et al [2], Yeo et al [3] and more recently Destgeer et al [4]. The majority of research
conducted with SAW for microfluidics has utilized the 128° YX cut of Lithium Niobate. Recently,
there have been some studies which demonstrate the use of X —cut Lithium Niobate [5]. A common
characteristic, though not a hindrance is the anisotropic nature of the crystals used for acousto-fluidics.
The 128° YX and X —cut Lithium Niobate can generate SAW’s of the same frequency and amplitude
only in one direction. Any veering from the propagation direction is affected by beam steering, change
in vibrational amplitude and electromechanical coupling coefficients as a result of the anisotropic
nature of the substrate. Kurosawa et al demonstrated this for the 128° YX Lithium Niobate wafer,
showing both the vibration displacements and velocities being 250% higher in the X —propagation
direction compared to the Y —propagation [6].

The design of IDT’s to generate SAW on these substrates is based on their anisotropic properties.
A variety of different IDT designs have previously been described by Campbell [7]. A circular IDT
pattern to manipulate particles with precursor swirling Rayleigh waves was recently described by
Riaud et al [§]. In this paper we present a spiral IDT pattern on for the first time on an isotropic
piezoelectric substrate used to create a high efficiency microfluidic centrifuge. Starting with two
straight IDT’s: one printed along the X — direction and the second perpendicular to it, in the Y —
direction, the isotropic nature of the substrate was verified by observing Rayleigh wave generation in
both directions. Subsequently, detailed analysis was used to develop a custom spiral pattern that was
patterned on the isotropic substrate to create a high efficiency centrifugation device.

Materials and Methods

Starting with an isotropic piezoelectric substrate, IDT’s with a design frequency of 40MHz were
fabricated to generate waves in both the x and y directions of the substrate. Absorbers were placed
both at the front and behind the pairs of IDT’s. A laser doppler vibrometer (LDV, UHF120, Polytec)
was used to measure the response just in front of the IDT’s in both directions to demonstrate the
isotropic nature of the substrate.

Subsequently, a detailed analysis was used to de-
velop a spiral pattern ensuring wave generation into
a central circular region at the same angle through
360°. A radially spatial electrode pattern designed
to generate a SAW with 60MHz resonant frequency
was formulated using custom MATLAB code to
create a mask and fabricated using standard pho-
tolithography procedure. The IDT curvature was
designed to generate a SAW at a constant angle, «
as shown in figure [I} with spiral symmetry from the
center to drive effective rotation of objects placed at Figure 1: Image of the spiral pattern generated in

the center, particularly fluid objects. MATLAB, with perpendiculars to the tangent of the

The equation used to design the spiral in polar spiral all pointing at an angle « relative to the central
coordinates (p, 6) is as follows: circle.

0=+vAp? —1—tan ' (\/Ap? —1) — /AR? — 1 +tan"'(y/AR? — 1) (1)

where A = m; R1,Ro are outer and inner radius of the spiral IDT respectively; « is the offset

angle for SAW propagation.
We then determined the number of spiral lines by considering the finger width for specific frequency
f (=60 MHz in this case).
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where Ry is the inner radius of the spiral IDT; n/2 is the number of spiral IDT fingers; « is the
offset angle for SAW propagation; A, f, v are wavelength, frequency, and phase velocity of surface
acoustic wave propagating on LN respectively.
Absorbers were placed at radii on the outside of the spiral and in the central region to create an
efficient acoustic absorber for minimizing interactions between the multiple Rayleigh waves which
would otherwise give rise to standing waves. Scans of the spiral pattern using the LDV indicate a
unique Rayleigh wave moving in a circular formation at the same frequency.

[

Results and Discussion

Figure [2| shows the plot of the displacement in the X and Y directions as a function of the driving
voltage. In comparison to the plots obtained by Kurosawa, the amplitudes of the displacement in both
directions are equivalent. The scans from the LDV were used to verify Rayleigh wave propagation in
both the directions.

— Direction 1
— Direction2

A (pm) 10+

Figure 2: Plot of the amplitude as a function of the input voltage. Image of LDV scans from different regions
of the spiral IDT pattern, both indicating Rayleigh waves at 60MHz.

Conclusions

Two straight IDTs were fabricated and tested to provide the first demonstration of Rayleigh waves
generated on an isotropic substrate. The amplitudes in both directions were similar at the same driving
voltage and frequency. Using mathematical analysis, a complex spiral IDT pattern was fabricated and
tested on the substrate. Finally, LDV scans for the spiral pattern are presented which look promising
to develop a high efficiency microfluidic centrifuge.
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Introduction

Interest in separation, enrichment and analysis of rare circulating tumor cells (CTCs) has increased
dramatically as an alternative to invasive biopsies due to its capability in non-invasively providing accurate
information about cancer progression and intensity in real-time.* Although CTCs are effective in gauging
the body’s response to the chosen treatment method, they present inherent challenges in their isolation from
blood. CTCs are very rare in the presence of billions of hematopoietic cells (1-10 CTCs/mL) and undergo
epithelial to mesenchymal transition (EMT), leading to both genotypic and phenotypic heterogeneity which
limits the effectiveness of immune-selection based isolation mechanisms.? Several label-free methods
utilizing hydrodynamic forces, dielectric forces and surface acoustic forces have been developed but they
do not utilize whole, unprocessed blood and instead demonstrate device functionality with pre-processed
samples.? In this work, we are present a microfluidic technology based on acoustic microstreaming to trap
complete populations of cells/particles spiked in whole blood for concentrations as low as 10 cells per
milliliter. The trapped cells can then be released in a small volume (20uL) leading to an enrichment ratio
of 213 for spiked breast cancer cells (MCF-7) with respect to white blood cells (WBCs).

Device Description

Due to inherent heterogeneity, we are utilizing cell size as a marker for isolating the rare cells from whole
unprocessed blood sample. Acoustic Microstreaming is a phenomenon in which localized streaming
patterns occur near an oscillating surface.

Side Channel

¢ o® (diameter > 2dggp, red) in closed

PO AN loop streamlines and release of
smaller particles (diameter<2dgap,

Main Channel green) via open streamlines in

Air-Liquid interface Figure 1: Schematic of the LCAT

device demonstrating the main
channel and the dead-end side
channels. The air is trapped in the
side channels forming the air-
liquid interface along the edge of
main channel. It shows the
®® 8 -m oo ————-—-—-—--—-- ' trapping of large particles

bulk flow after the actuation of

air-liquid interfaces using a PZT.

* 10um particles [dgp is the width between the
e 15pm particles critical streamline and the bubble
Up = Mean velocity of bulk flow surface]

Ug = Velocity of streaming flow
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Here, we are utilizing acoustic microstreaming in a microfluidic device called as Lateral Cavity Acoustic
Transducer (LCAT). The LCAT device uses an array of dead end side channels to trap air bubbles along
the edge of main channel. When these bubbles are actuated by an acoustic source, microstreaming velocity
at the interfaces causes size-based trapping of cells/particles (Fig. 1). Larger sized particles will be pushed
away from the bubble and enter in closed loop streamlines while small particles remain in open streamline
allowing them to release in bulk flow. We use this phenomenon to continuously trap target rare
cells/particles in microvortices, and then deactivate the vortices to release them into a smaller volume.

Results

We fabricated the LCAT devices with standard soft lithographic techniques using PDMS followed by
plasma bonding on cover slips to aid in efficient energy transfer from the piezoelectric transducer (PZT) to
the device. Two syringe pumps (for sample and wash buffer flow) were coupled with the device via tygon
tubing. The device was actuated using a function generator coupled to the PZT. Trapped particles/cells were
released after turning off the function generator for enumeration and downstream processing. We first
optimized the device using 15 um diameter particles in concentrations ranging from 10,000/mL to 10/ mL
spiked in 10um particles (million/mL) to yield 97.88% trapping efficiency (Fig. 2a). To increase the purity
and subsequently the enrichment ratio, we removed 80% of the non-target particles using PBS washing and
voltage switching from 2.75V, to 2.0V, for 30sec.
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Figure 2: a) Plot showing an average trapping efficiency of 97.88% for 15 pum particles spiked among 10 pum
(million/mL) particles. b) Bright Field image of the spiked whole blood flow in the device operating at 25uL/min and
2.75Vp,. ¢) Bright Field image of the pure microvortices showing the trapped 25um particles spiked initially at
10,000/mL concentration. d) Plot showing the MCF-7 cell enrichment ratio vs spiking concentration in whole blood

There are about a billion red blood cells, one billion platelets and one million white blood cells in 1mL of
whole blood. To demonstrate the device capability with high cellular load (Fig. 2b), we flowed 25 and 15
pum diameter particles spiked in whole blood. We utilized washing & voltage switching to remove non-
target RBCs/WBCs and obtain pure microstreaming vortices (Fig. 2c¢) which resulted in an enrichment ratio
of 479 (25um) and 531 (15um) at 10/mL spiking concentration. Finally, we validated the device with MCF-
7 breast cancer cells and obtained an enrichment ratio of 213 at 10/mL spiking concentration (Fig. 2d).

Conclusion
Here, we demonstrate an easy to fabricate and a portable device that utilizes acoustic microstreaming to
trap and enrich cells/particles at targeted rare-cell concentrations from whole unprocessed blood.
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Introduction

One of the most important field of application of acoustophoresis is the separation of different cell
types [1]. As cells are characterized by distributed physical properties, the results of acoustophoresis
exhibit smooth transitions in cell separation regimes, as well as the superposition of different cell
populations at the outlet streams [2]. At today, tools aiming to quantify the separation performance
are based upon simulations of single-particle trajectories and, as not incorporating distributions, they
do not describe properly the experimental observations. Here, the foundation of modeling for particle
populations during acoustophoresis is addressed [3].

Theory

Theoretical analysis considers the differential equations for the particle population Q(t) = [X (t), P]
in the space+parameter coordinates q = [z, p|, i.e. = [z, y, 2] is the position and p = [kp, pp, 7p| are
the acoustic parameters,

where f®(x,p,t) is the spatial drift determined by the acoustic radiation force, the hydrodynamics,
the buoyancy, and the associated parameters. The parameter coordinates P are constant during
the motion and distributed with mean E[P] = mP and covariance cov[P, P] = sPP. The number of

particles N must be large to compute meaningful statistics, i.e. N ~ 10°—10°. In order to (i) perform
a notable reduction in the computational requirements and (ii) gain further insight on the separation
process, equation (1) is rewritten as a transport equation for the particle density p(x, p,t),

op(x,p,t) = =V [f*(z,p,t) p(x,p,1)], (2a)
p(m7pv 0) = ,OO(ZL',p) . (2b)

Moment analysis of equation (2) in the space+parameter coordinates leads to the mean-covariance
dynamics (m = [m®, mP|, s = sym[s™®, s*P sPP| f = [f* 0], and J(q,t) = V4f),

m(t|po) = flm(t|po). ], (3a)
§(t] po) = JIm(t| po), tls(t] po) + I [m(t| po). t]s(t | po) ., (3b)

subjected to the initial distribution Eq. (2b) that in terms of the means and (cross-)covariances read

mw(o ‘ PO) = E[XO] R ( ’ po) = COV[Xﬂv XO] ;. s™P(0 ’ pPo) = COV[Xov P} ) (4>

Solving for the mean m® and the covariances s*® and s®P, it is possible to approximate the time-
dependent particle density p(x, p,t), and, most interestingly, the spatial marginal p® that corresponds
to the likelihood,

1

(27-‘-)3/2|Smm(t|posc. 0)|1/2g{[3mw(m’t|p0m; 0)]T[m - mm(a},t|pg; 9)}}a (5)

(x| pg; 0) =

where & = ¢ ¢/ 2 and 6 = [mP, sPP] is the statistics for the parameters, that by definition, are
constants during the ensemble motion, resulting mP = 0 and $PP = 0.
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Figure 1: Simulations results for the prototypical model Eq. (6). Probability density function p(z,r,t) at
t = 0.35 (a) from direct simulations (black shaded density) and approximated by mean-covariance dynamics
(black line p = 0.1) with four kernels (colored ellipsis). Corresponding spatial marginal p®(z,t) (ax) and radius
marginal p" (r,t) (ar) from direct simulations (gray bins) and approximated by mean-covariance dynamics (black
lines) of four kernels (colored gaussians). Dynamics of the first-order moments m? (b) and the spatial dispersions
/s (c) for the four kernels (same colors as in panel (a), (ax) and (ar)) computed from direct simulations

(symbols) and by mean-covariance dynamics (lines).

Results

As an example, the proposed method is applied to a prototypical model of acoustophoretic separation
for populations described by the supersposition of four gaussian kernels, and governed by the equation
of motion

Xi(t) = R sin[2m X;(1)] (6)

in which the subscript “” denotes the i-th kernel. In these equations, X; are the particle positions
for the i-the kernel, R; are the the particle radii normally distributed with average m; and variance
si". Direct simulations of Eq. (1) adapted to Eq. (6) were performed with N = 10° total particles
subdivided in four kernels with un-normalized weights w = {0.5,1.0,1.0,0.2}, all starting at position
m®(0) = 5- 1072 with initial spatial dispersion 1/s%%(0) = 0.05 - 10~!. Four average radius were con-
sidered m” = {0.8,0.95,1.0, 1.2} with standard deviation /s = 5- 1072, and initial cross-covariance
s*"(0) = 0. Figure 1 compares the results of the direct simulations (symbols) and the reconstruction
based on the solution of equations (3) (lines) (see caption for details). Here it is shown that the
proposed method is a very good approximation for the direct dynamics, while requiring signiﬁcatively
lower computational efforts, i.e. only 12 equations were solved (4 kernels x 3 variables in Eq. (4)).
Other examples include (i) a full 3D model for separation of red blood cells and white blood cells
in SIP buffer at different concentrations [2], and (ii) the estimation of cell acoustic parameters from
synthetic dataset at the input-output sections [3].
Conclusion
The foundations of modeling particle populations during acoustophoretic manipulations is presented.
The proposed framework allows to quantify the separation performance and enables for the calculation
of cell physical parameters from the analysis of experimetally-derived cell spatial distributions at the
inlet /outlet sections of the device.
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Introduction

Channel resonance detection and fabrication reproducibility of acoustophoretic devices are important
research topics. It is well known that even nominally identical devices perform differently during
experiments. This is due to a variety of causes that range from the intrinsic tolerances in the chip
manufacturing (etching process, glass-lid thickness tolerance) to the uncontrolled uncertainties in the
device fabrication (dicing of the piezoelectric transducer and chip coupling, manifold design).

By considering the model and the indicators introduced in Ref. [1], we focus on the study of the
impact that bulk material reduction, i.e. removing unnecessary bulk silicon, has in terms of suppress-
ing undesired resonance modes. Bulk material reduction is anticipated to prevent situations where
the energy is localized in the channel, called channel resonances in the following, are over-shadowed
by the response of the entire system. These situations disable the detection of channel resonances
by means of impedance measurements [1]. Selective removal of bulk material increases the relative
contribution of the channel to the overall system resonance and enables for the detection of channel
resonance features in the impedance spectra. The impact on the coupling of acoustic energy into the
glass lid by removing bulk material is also discussed.

Model Setting z

o edy,

We consider a two-dimensional cross-
section of a prototypical acoustofluidic de- glass lid

vice similar to that used in our previous
study [1]. The only difference being the
air pocket ﬂlud air pocket B
silicon| ! >

>
)
T
I hch
<

introduction of air-filled pockets that re-
duces the thickness of the surrounding sil-
icon walls to 100 pm, see Fig. 1. The air piezo -
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system and thereby the total acoustic en- T [+~ Weh #
ergy stored in the silicon as well as the — Wa

glass lid.

wpz
Figure 1: 2D cross section of the acoustophoretic device
used in the numerical simulations.

The macroscopic indicators used in this study are

2
total energy H(w), channel energy Hy,(w), impedance Z(w) = i (bgr()p X
w L(w

where w = 27 f is the angular frequency at driving frequency f, ¢app is the potential applied to the

piezoelectric actuator, and L is the complex-valued Lagrangian. Further details are given in Ref. [1],
where also the link between the acoustophoretic performance and the electrical impedance response
is discussed.
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Figure 2: Log,, of system energy H, channel energy H.,, and impedance |Z| for an acoustophoretic chip as
function of the driving frquency f and the glass height h,i, in the case without air-pockets, with air pockets
hap = 100pm and h,p, = 250 pm. The dashed lines is the channel resonance frequency f = 1.929 MHz for
hgl = 1100 pm.

Results

Figure 2 shows results of the numerical simulations for three acoustophoretic devices with d,, =
250 pm and hg = 1100 pm, without and with the air pockets for h,, = 100 pm and 250 pm. The
device without air pockets is that considered in Ref. [1], for which the maximum in the channel energy
occurs at f = 1.929 MHz, but which is hidden by the global feature of the spectra (see the mechanical
behavior in Fig. 6 and electric impedance in Fig. 9(b1) in Ref. [1]). Firstly, it must be noted that for
the pocket-less device the resonance peaks drift to lower frequencies as the glass gets thicker whereas
the cases with air pockets display significantly lower or no drift, i.e. the devices equipped with air
pockets tolerate variations in the glass height better. This is due to the reduction in the contact area
between the silicon and the glass that prevents the energy-coupling with the cover glass. Furthermore,
the air-pocketed devices show the emergence of resonance peaks close to 1.929 MHz for broad intervals
of the height of the glass lid. This is also appreciable in the channel energy spectra for h,, = 100 pm,
while it is partially true for h,, = 250 pm. Finally, the impedance spectra for the air-pocketed devices
show trench-like features (minima) that are related to channel resonances and that are detectable by
impedance measurements through the piezoelectric ceramic.

Conclusion

The present work outlines the importance of engineering the chip design for optimal acoustophoresis
performance. Specifically, by reducing bulk material in the chip, the influence of resonance modes
that overlay the channel resonances can be significantly suppressed and the relative importance of
channel resonances for the system increases, possibly enabling channel-resonance monitoring by direct
impedance measurements. Furthermore, the decoupling of energy modes from the glass lid decreases
the sensitivity of resonances frequencies when the thickness of the glass lid is varied.
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Introduction

We presents an experimental method including error analysis for the measurement of the ensemble-averaged
density and compressibility of cells and microbeads using speed-of-sound measurements of neutrally
buoyant microparticle or cell suspensions [1]. Measurement of density and compressibility of microparticles
is a problem of paramount importance in acoustofluidics, as no standardized method is available and these
parameters are an essential prerequisite to predict and characterize any acoustophoretic processing. Our
method holds potential for becoming an easy-to-use reference in measuring microparticle acoustic properties.

Material and Methods
The density of the cells was determined using a neutrally buoyant selection process where various non-fixed
and fixed cell types (DU145 prostate cancer cells, MCF-7 breast cancer cells, LU-HNSCC head and neck
squamous carcinoma cells, WBCs, and RBCs) were suspended in various isotonic density solutions (300-340
mOsm/kgy.0) with Percoll and centrifuged (200 x gravity for 5 minutes). The measured density (using the
DSA 5000M density/sound velocity meter: Anton-Paar) of the solution that allowed the cells to be neutrally
buoyant upon centrifugation was taken to be the density of the suspended cells. To obtain compressibility
measurements on cell types, neutrally buoyant suspensions were prepared in different volume fractions
followed by suspension speed of sound measurements with the density/sound velocity meter. The speed of
sound values obtained with various volume fractions were then fitted to the linear Wood’s equation [2]
c=a(Xp)x+1,
Where ¢ = cg/cf is the suspension/fluid speed of sound ratio, K = K, /i is the particle/fluid compressibility
ratio, p = p,/pr is the particle/fluid density ratio and x is the volume fraction of the particles. The slope a in
neutrally buoyant conditions

1
a(k, 1) = 5 (1-K),
was then used to determine the compressibility of the suspended particles.

Results

Method validation was performed by computing the density and the compressibility of different polymer
microbeads. Sensitivity analysis for the proposed method has four regimes that depend on the slope of the
linear fitting: for « < 1/4 and a > 1 the method is mainly sensitive to speed of sound measurements, for
a>1/4and a < 1/2 it is mainly sensitive to density measurement, and for ¢ > 1/2 and a < 11t is mainly

sensitive on the slope calculation. In Fig.1 we plot the sensitivity factors (s) on particle compressibility (i)
for the fluid (s,f: ) and particle densities (s,f:), the slope (S;‘é‘p), and the fluid speed of sound (S,Z ) as a

function of the average slope a. The slopes for the PS and PMMA beads are reported as examples for which
compressibility measurements were sensitive to speed of sound error (PS) and density measurement errors
(PMMA).
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These speed of sound measurements on cell suspensions showed an increase in speed of sound as the cell
volume fraction was increased (Figure 2). Furthermore, because the slopes of the fitted curves were small the
speed of sound measurements were in a sensitivity regime where the error in the suspension speed of sound

gave the most important contribution to the compressibility calculation.
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Figure 1. Sensitivity factors (curves) and regimes (color
shade areas) as function of the calculated slope @. The
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Table 1: Acoustic physical properties and standard deviations (numbers in parentheses) for the neutrally buoyant
density solutions (subscript f) and the different non-fixed and fixed (fx) cell types (subscript p). Reference values are

extracted from [3].

Sample Slope Physical Parameters Reference Values
al-] Py [kg/m?] ¢ [m/s] ¢ [TPa™!] pp [kg/m? Ry [TPa™?] Py [kg/m?) Ry [TPa™?]

RBC 0.080(2)  1102.95(1)  1510.2(5) 397.5(3) 1100.(5) 334.(2) 1100 330
RBCfx 0.058(1)  1109.9(4) 1510.1(5) 398.3(3) 1091.(5) 356.(2) N.A. N.A.
WBC 0.0301(7) 1055.74(1) 1506.4(5) 417.4(3) 1054.(1) 393.(1) N.A. N.A.
WBCfx 0.0257(8) 1046.09(1) 1505.9(5) 421.5(3) 1045.(1) 400.(1) 1019 399
DU-145 0.036(1) 1064.7(2) 1507.2(5) 413.4(3) 1062.7(2) 384.(1) N.A. N.A.
DU-145fx 0.026(1) 1037.32(1) 1505.9(5) 425.1(3) 1035.8(2) 404.(1) 1018 425
MCEF-7 0.0548(8) 1056.60(1) 1507.0(5) 416.8(3) 1054.6(3) 373.(1) 1068 380-422
MCF-T7fx 0.0369(3) 1037.32(1)  1506.4(5) 424.8(3) 1035.1(3) 394.7(5) N.A. N.A.
LU-HNSCC-25 0.045(3)  1062.82(2)  1507.0(5) 414.3(3) 1061.4(3) 377.(3) N.A. NA.
LU-HNSCC-25fx 0.0236(3) 1041.66(1) 1506.3(5) 423.1(3) 1039.9(3) 403.8(4) N.A. N.A.

The physical properties (density and compressibility) of the cell types that were derived using this method
are listed in Table 1. The values show that fixing cell populations leads to reduce the density and increased
the compressibility of all cell populations. Finally, from the determined density and compressibility values
the acoustic scattering coefficients and the acoustic contrast factors could be computed (data not shown for
the sake of brevity).

Conclusions
We propose a method that combining a neutrally buoyant selection process and speed of sound

measurements can be used to measure the average ensemble density and compressibility of a particle
population. The method has been presented together with the corresponding sensitivity analysis. Finally,
density and compressibility of cells, commonly encountered in acoustophoretic separation, have been
obtained by our method and compared with reference values.
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Introduction

For various applications in droplet microfluidics (e.g. single cell analysis, liquid solid separation, affinity
measurements ...) it is necessary to be able to analyse cell secretome. Before label-free analysis of the cell
secretome of single cells using mass spectrometry, the cell has to be separated in a small volume. A possible
procedure to achieve this goal could be as follows: Enclosing cells inside microscale droplets
(diameter < 300 um) and introduction of the droplets into a microfluidic system (e.g. etched Si wafer). In this
system the cells are dragged to the desired trajectory by acoustic radiation forces followed by splitting of the
droplets at a bifurcation to separate cell from its secretome and finally ejecting the droplets to analyze their
content, see Fig. 1.

Transducer

Encapsulatio Injection Focussing Splitting Ejection Analysis

a) Step-Channel b) Guiding-Pillars c) Two-Channel

Figure 1: Sketch of the microfluidic setup used for cell manipulation inside microscale droplets. All units in [nm]. On the bottom
the different methods to manipulate the position of the acoustic pressure node which are used in this work are shown.
a) The Step-Channel design makes use of a pre-focus step. b) In the Guiding-Pillars Design small structures are utilized to guide the
droplets while not influencing the acoustic pressure field. c) The Two-Channel is based on an previously published work [6] where
it has been shown that a small ( < 60pum) thick channel wall does not influence the acoustic pressure field
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The focusing of the cells inside the droplets needs to be contactless and should not affect the viability of the
cells. Acoustophoresis utilizes ultrasonic standing waves to generate forces that can be used to position
particles inside microscale droplets [1,2]. In order to separate cell and secretome at the bifurcation, the cells
need to be dragged towards one of the channel walls. Manipulation of the position of the acoustic pressure
node is challenging but has already been shown in literature [3,4,5,6].

Position adjustment of the acoustic pressure node

The standard A/2-mode (focusing of particles in the middle of the channel) and A-mode (focusing in the top
or bottom of the channel, depending on the initial particle position) of the ultrasonic standing wave don’t lead
to a reliable separation. In literature many approaches exist to influence the position of the acoustic pressure
node. These are based on the manipulation of the acoustic signal (e.g. pulse width modulation [3]), device
stack adjustments (planar resonant devices [4]) and variations in channel design (e.g. impedance matched
channel walls [5]). This work focuses on variations in the channel design. Three different design approaches
are examined as shown in Fig. 1. The Step-Channel design consists of two different channel widths. In the first
part of the channel the particles are prefocused using the A/2-mode. In the second part with double width the
A-mode is excited using the same frequency. If the step does not influence the acoustic pressure field too much,
the particles should stay in the lower pressure node of the wide channel due to the prefocusing.
The Guiding-Pillars design uses small (30 um) structures to guide the droplets and simultaneously avoid an
influence on the acoustic pressure field. The Two-Channel design is based on the phenomena, that a thin silicon
wall (< 60 um) between two fluid filled channels is ‘acoustically transparent’. The position of the acoustic
pressure node can thus be controlled by the bypass channel thickness.

Device fabrication

Standard silicon wafers (thickness: 500 um) are dry etched using deep reactive-ion etching (DRIE). After the
etching step, glass (thickness: 700 um) is anodically bonded to the silicon to be able to visually inspect
acoustic forces on the particles under a microscope. Piezos (PZT, dimensions: 10 mm x 2 mm x 1 mm) are
glued on the backside of the Silicon chip using conductive polymer H20E. The capillaries are inserted to the
sides of the chips and then glued to achieve a stable position and impede leaking of the devices. This system
is used to minimize forces on droplets during in- and ejection.

Experiments

Different particles (polystyrene and yeast cells) are focused inside water droplets using different media as the
continuous phase with different surfactant concentrations. We plan to show successful injection and ejection
of micron size droplets. Multiple designs are utilized to manipulate the position of the acoustic pressure node
of the 1/2-mode which should lead to a stable trajectory of the cells near one of the channel walls. The acoustic
force on the particles is calculated for different modes. Successful separation of cell and secretome is
examined.

Conclusion

In this work one possible methodology to achieve high throughput analysis of single cell secretome using
acoustic radiation force is examined.
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Introduction

Acoustic streaming effect induced by oscillating sharp-edges has been exploited for various microfluidic
applications, such as mixing, pumping, and micro-object manipulation [1-3]; the dependence of acoustic
streaming pattern on the location of sharp-edge structure, however, has yet to be answered. Herein we
explore the effect of the location of sharp-edge on the generation of acoustic streaming pattern. Through this
investigation, we can provide a fundamental understanding on how to implement the sharp-edge-based
devices.

Experimental setup

To investigate the distribution of acoustic streaming strength inside the channel, we prepare a simple device
consisting of a piezoelectric transducer, a single-layer PDMS straight channel, and a glass coverslip [Fig. 1].
The transducer is bonded onto the coverslip together with the PDMS channel. The channel is fabricated with
sharp-edges constructed at five specific locations. Once vibrated by the transducer at different frequencies,
the coverslip‘s vibration mode alters and accordingly, alters the distribution and strength of the acoustic
streaming.

Results and discussion

We first perform numerical simulation to verify if the coverslip vibrates at and near the resonance frequency
of the transducer, its vibration modes also changes and therefore, changes the displacement distribution. The
simulation indicates that under vibration at/near the resonance frequency (4~6 kHz), symmetric distribution
of displacement of the coverslip is observed [Fig. 2a-b]. Following simulation, we use 1.36-um polystyrene
beads to visualize the streaming patterns inside the channel. Experimental images and PI1V analysis show that
upon vibration, the streaming velocity significantly decreases as the sharp-edge is located closer to the
centerline of the coverslip and transducer [Fig. 2c], which is in good agreement with the simulation. When
activated under different frequencies and voltages, the sharp-edges at different locations also induce varying
streaming velocity; yet it is worthwhile noting that regardless of the frequency, the distribution of acoustic
streaming remains symmetric [Fig. 2d-e].

At five specific location, we further fabricate three sharp-edges (which are 600 um apart), making the
channel containing 15 sharp-edges. The plots presented in Fig. 3a confirm once again that the acoustic
streaming strength is inversely proportional to the distance between the sharp-edge structure and the
centerline. Besides the distribution along x-direction, we also fabricate devices with three parallel channels
to investigate the acoustic streaming patterns along y-direction. Interestingly, the acoustic streaming is
stronger in the channel 1 and 3, which are the closest and farthest channels to the transducer, respectively,
than in the channel 2 [Fig. 3b]. Moreover, regardless of the channel position and driving frequency, the
acoustic streaming strength along x-direction is still symmetric. Collectively, the acoustic streaming pattern
of each sharp-edge structure inside the channel is significantly altered by the location of sharp-edge structure
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Figure 1: Schematics showing the design of our device and sharp-edge structure to investigate the acoustic streaming
patterns developed at different location within the microfluidic channel. Triangular sharp-edge structures are
constructed at five specific locations (denoted as location 1 ~ 5) inside the microfluidic channel and each of them is 2.5
cm apart from each other; Position-3 is aligned along the centerline of the piezoelectric transducer and glass slide.
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Figure 2: (a) & (b) Numerical simulation indicating the symmetric distribution of displacement under two different
vibration modes. (c) Stacked images and PIV analysis showing the symmetric distribution of streaming velocity when
the piezoelectric transducer is activated at 5.5 kHz. Plots showing the average streaming velocity under (d) different
driving frequencies and (e) different driving voltages of the transducer. Data represents n = 3 devices + standard
deviation.
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Figure 3: Plots showing the average streaming velocity of each sharp-edge structure under varying frequencies: ()
when 15 sharp-edge structures are constructed in a single channel, (b) three parallel channels along y-direction are
constructed, and each channel contains 5 sharp-edge structures. Data represents n = 3 devices * standard deviation.

and channel, as well as the driving frequency of transducer..

Conclusion

In summary, we investigate the dependence of acoustic streaming pattern on the location of sharp-edges. We
discover that the acoustic streaming pattern alters along both x- and y-direction, and with this fundamental
understanding, we can provide the community a design rule on how to efficiently utilize the acoustic
streaming generated by acoustically oscillated sharp-edges for various microfluidic applications.
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Introduction

Efficient and reliable fluid propulsion in microscale is essential but challenging. Though syringe pumps
and various micropumps have long been employed for fluid propulsion, they still remain bulky and
complex in configuration [1,2]. Herein we report a newly discovered fluid propulsion phenomenon in-
duced simply by the microscale vibration of acoustic transducer. Our acoustic-based fluid propulsion
mechanism is simple and straightforward yet reliable and controllable and is moving-parts-free and
micro/nanostructures-free.

Concept and experimental setup

Our device is simply comprised of a single-layer PDMS channel (unless otherwise specified, the channel
is 600 pm wide and 100 gm high) without any micro/nanostructures inside, a piezoelectric transducer
and a glass coverslip; the transducer is bonded adjacent to the PDMS channel along the channel-
length direction onto the coverslip [Fig. 1a]. Upon actuation, the transducer vibrates out-of-plane and
accordingly, oscillates the coverslip, which, in turn, generates a travelling wave propagating along the
channel [Fig. 1b]. The generated travelling wave thus propels fluids through the microchannel [Fig. 1b].
Besides, the travelling wave is reflected from the edges of the coverslip, which forms a standing wave
that can be observed through Chladni patterns on the coverslip when the transducer vibrates [Fig. 1c].

Results and discussion

To validate the fluid propulsion performance, we track the movement of 6 ym polystyrene beads. We
investigate how various design parameters affect the fluid-propulsion performance. With a channel
depth of 50 pum, our acoustic-based device propels beads at a velocity as high as ~ 50 mm/sec, cor-
responding to a pumping flow rate of 90 uL/min and a pumping pressure of ~ 2500 Pa; however, as
the channel depth increases, the average veloicty drastically decreases [Fig. 2al. If the channel width
downstream is remained constant while increasing the one upstream, the average velocity increases
because more fluid is propelled into the channel [Fig. 2b]. Using epoxy to bond the transducer out-
performs the other bonding methods, since the epoxy provides firm, high-strength bonding and acts
as an efficient acoustic-coupling layer [Fig. 2¢]. Additionally, the thickness of the coverslip and PDMS
also significantly affect the performance. As the thickness of the coverslip and PDMS decreases, the
average velocity increases [Fig. 2d-e], because thinner coverslips and PDMS tend to vibrate more vio-
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Figure 1: Schematics showing the concept and experimental setup for acoustic-based fluid propulsion. (a)
The acoustic-based fluid propulsion device is simply made by bonding a piezoelectric transducer adjacent to a
PDMS channel (along the direction of channel length) onto a glass coverslip. (b) Once activated, the transducer
vibrates out-of-plane and thus generates a travelling wave, which, in turn, propels fluid through the channel. (c)
Chladni pattern on a coverslip indicating the formation of travelling wave due to the vibration of the coverslip.
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Figure 2: Graphs showing the average velocity of beads propelled through the channel at the driving frequency
of 5.5 kHz and under different driving voltages of transducer, when (a) channel depth varies, (b) channel width
varies, (c) bonding method changes, (d) the thickness of coverslip changes, (d) the thickness of PDMS changes,
and d ) using different transducers. Data represent average of n = 3 ~ 6 devices £ standard deviation.
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Figure 3: Photographs showing the delivery of undiluted human whole blood from the left reservoir to
the right reservoir using our acoustic-based fluid propulsion technique. The results prove our technique a
promising microfluidic pump for the pumping of versatile fluids, from normal fluids, such as DI water, ethanol
and isopropanol, to biological fluids, such as PBS, cell culture medium, to undiluted whole blood.

lently. To demonstrate the simplicity, compatibility and ease of operation, our fluid-propulsion devices
are bonded with several commercially available piezoelectric transducers. Regardless of the sizes and
resonance frequencies of the transducers tested, fluid propulsion occurs in all the cases [Fig. 2f]. The
results presented in Fig. 2 have proved our device powerful, reliable, and controllable for fluid propul-
sion. Using our fluid propulsion device, we can transport various fluids, such as undiluted whole blood,
from one reservoir to another through the microchannel [Fig. 3], demonstrating our device capable of
handling biological fluids.

Conclusion

In summary, we deomnstrate a new class of acoustic-based fluid propulsion technique. Our technique
can propel fluids at a wide range of velocity by adjusting various design parameters. Unlike exist-
ing fluid propulsion techniques, our technique necessitates no mechanical/electrical moving parts and
partiularly, no micro/nanostructures is needed inside microfluidic channels, making our technique not
only simple and compact, but also reliable and controllable for manipulating various fluids in versatile
microfluidic applications.
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Introduction

We have examined acoustic streaming in an acoustofluidic trapping system based on a glass capillary and a
piezo transducer. It has previously been shown that in a similar system four stream vortices are centered over
the transducer, perpendicular to the wave propagation. [1,2] In this experimental study we visualize acoustic
streaming in a trapping capillary with and without flow along the channel to better understand how this
combined flow field may affect the capture efficiency in seed trapping. Our main finding is that the
combined flow pattern is highly dependent on the flow velocity profile in the channel and that this will have
strong effect on the capture rate in seed trapping of e.g. bacteria and exosomes.

Method

The system consisted of a glass capillary with rectangular cross-section (ID 2x0.2 mm?) that was mounted on
top of an ultrasonic transducer (Pz26, Meggitt, Denmark) with a thin layer of glycerol as coupling layer and
placed in a holder, Fig 1.

The flow profile in the capillary was calculated and plotted, Fig 2 (blue arrows), in MATLAB using the
Poiseuille equation for a channel with rectangular cross-section (width 2 mm, height 200 um).

To image the streaming pattern, 500 nm fluorescent polystyrene particles (Fluoro-Max G500,
ThermoFisher Scientific, USA) were used at 10 %w/v which allowed the particles to follow the stream
vortices without being trapped by the acoustic radiation force. Ultrasound was applied at the A/2-resonance
frequency of the system, which was monitored with a LabVIEW software [3], at ~4.1 MHz and 10 V. Images
were taken with a CCD camera at half of the height of the channel as the particles followed the streaming
vortices. Vortice imaging was performed at flow rates of 0, 10 and 20 pl/min.

Figure 1: Picture of the setup with a
glass capillary, with silicone tubing
glued to the ends, mounted over a
transducer (the small white piece under
the capillary) in a plastic holder. The
ultrasonic transducer (~1x3 mmz) was
soldered to a PCB and connected to an
arbitrary function generator.

Results and discussion

The flow profile calculations show that for the central part of the width of the channel the flow profile is flat
and decreases parabolically at the walls. This indicates that the vortices should be equally affected in the
center of the channel and less affected closest to the walls.

The image of the streaming without any flow, Fig. 2a, shows the four fairly symmetrical stream vortices
centered over the transducer rotating towards the center along the capillary length. At a flow of 10 ul/min
from the left in the image, Fig. 2b, the stream vortices are distorted as the flow profile is superimposed on the
streaming pattern. The effect is most visible where the flow works against the direction of the stream vortices
and reduces the flow velocity or even breaks the vortices partially and flushes away some tracer particles.
Finally, when the flow is increased to 20 ul/min, Fig 2c, the two vortices to the right are counteracted by the
flow in the capillary and the particles can not be retrieved to the center and are lost. However, the force
components in the vortices acting perpendicular to the flow at the center still manage to move particles
towards the capillary walls but not back to the center again. The particle recirculation effect seen at lower



flow rates is eliminated at 20 pl/min and this gives an approximation of the magnitude of the velocity in the
stream vortices. 20 pl/min in average flow rate corresponds to a maximum flow velocity of ~1.3 mm/s in this
geometry according to the velocity calculations. This is in good agreement with estimation of the particle
velocity in the streaming vortice images based on the particle traces and the exposure time.

a) 0 pl/min b) 10 pl/min ) 20 pl/min
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Figure 2: Images and corresponding simplified schematics of the flow and streaming pattern in the capillary above the
transducer for different flow rates. In the schematics, the channel walls are marked with black lines, the transducer
outline is marked with a gray rectangle, the flow profile is shown with blue arrows to the left in each image and the
resulting fluid motion is marked with black arrows. The flow rates are 0, 10 and 20 pl/min in a), b) and c),
respectively. The bright clusters in the background are particles sticking to the surface of the capillary.

In seed-trapping, i.e. trapping of small particles by first trapping larger particles, the secondary radiation
force between the seed-particles and the smaller particles is highly dependent on the inter-particle distance.
The streaming pattern is assumed to have large impact on the trapping performance since it determines the
degree of exposure of the small particles to the seed-cluster. Focusing and recirculation are likely two very
important factors. Focusing of the incoming particles helps to translate the small particles in proximity of the
seed-cluster and the recirculation gives any unbound particles repeated chances to come into the capture
range of the secondary radiation force. The recirculation is most sensitive to the flow rate and it can therefore
be important to set the flow rate below the streaming velocity in order to get high nanoparticle recoveries.
The two downstream vortices are also helping to retain larger particles in the trapping zone against the flow
in the channel and that component in the force field is of course there even at higher flow rates. At higher
flow rates than tested in this study it’s also likely that the focusing effect of the two upstream vortices will be
counteracted entering a new threshold flow rate regime when the trapping performance is drastically
changed.

Conclusion

In microfluidic systems, the general flow pattern can be superimposed with different streaming patterns. In
this case, we have shown that the resulting pattern of the flow and the acoustic streaming in a trapping
system depends on the flow rate, and that the effect of the streaming also changes. The streaming can help to
recirculate particles to the trapping zone under certain flow rates/velocities, in this case approximately 20
pul/min or 1.3 mm/s, respectively. This gives a rough approximation that the velocity in the streaming
vortices also is around 1.3 mm/s at the given frequency and voltage. Even at higher flow rates the streaming
helps to focus and retain particles to the trapping zone in the center of the channel. The effect of the changed
flow pattern on different particle sizes and seed-trapping remains to be investigated as well as a more
extensive velocity field characterization.
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Introduction

Recently, droplet microfluidics has attracted much attention for integrating conventional experimental
platforms into a small size chip. The droplets are useful as chemical reactors because of their merits such as
the reagent evaporation, the accurate experiment conditions, and the prevention of cross contamination.[1] In
a microfluidic platform, the droplets could be generated uniformly, separated, coalesced, monitored, split, and
captured. Among the operations, the droplet capture and release is highly required for the short-term
monitoring of a single cell in the droplets. The cell-laden droplets could be captured at specific locations by
using geometrical traps inside the microchannel.[2] However, the passive droplet capture methods lacked the
control required to capture specific droplets. Anchoring the droplet at specific microwells in the microchannel
by applying a DC electric field was demonstrated.[3] This active droplet capture technique could provide the
on-demand droplet manipulation, but it required high voltage over 1 kV. Moreover, the droplets in the multiple
microwells was not demonstrated. In this study, we demonstrated a droplet manipulation platform based on
surface acoustic waves (SAWs) for on-demand droplet capture and release. A slanted finger interdigitated
transducer (SF-IDT) was adapted to control the SAW beam width and position. The effective aperture of the
SAW beam was decreased to 100 um. The position of the SAW beam center can be controlled by tuning the
corresponding frequency. The droplets can be captured or released from the microwells by shifting the position
of the SAW beam.

Experimental

A schematic diagram of the microfluidic device for the droplet capture and release is shown in Figure 1. The
device is composed of polydimethyl siloxane (PDMS) microchannel and a piezoelectric substrate patterned
with SF-IDTs. The PDMS channel was fabricated with a soft lithography technique. The height and width of
the microchannel are 40 pm and 100 pum, respectively. The microwell area is 100 pm x 100 pm while that of
the microwell neck is 50 pum x 70 um. The microwell has a bottleneck shape, therefore captured droplets can
be locked in the microwell unless there is no external disturbance. The water-in-oil droplets were produced
from T-junction geometry. The experimental images were recorded using a high speed camera (pco. 1200hs
PCO camera) attatched to a microscope (Olympus [X71). AC electrical signals were produced from an RF
signal generator (N5171B, Keysight Technolo-gies) after amplification (UP-3015, Unicorn Tech.) and the
SAW voltage was measured with an oscilloscope (DSO-X 2022A, Keysight Technologies). The pitch of the
fingers (A) ranges from 28 to 36 um, which corresponds to a range of SAW frequencies (fsaw = cs/A, s is the
speed of sound in LiNbO;) from 109 to 141 MHz. The effective aperture of the SAW beam can be estimated

Figure 1: Schematic diagram of the microfluidic droplet
— ‘ oil capture and release platform composed of a polydimethyl

siloxane (PDMS) microchannel and a piezoelectric
Ve substrate patterned with slanted finger interdigitated
O O transducers (SF-IDT). The position of the SAW beam can

be controlled by tuning the corresponding frequency. The
Window droplets can be captured or released by acoustic radiation
SAW coe force (ARF) at specific microwells.

SF-IDT f. fu




as,

~ fi
A= NG o 0
where f; is the working frequency, NV is the number of finger pairs, fi; and f. are the highest and
lowest frequencies generated from the SF-IDT, and A, is the total aperture.

Results and discussion

Experimental demonstration of the droplet capture and release by the SF-IDTs is shown in figure 2. The
acoustic radiation force pushed the droplet away from the SAW beam center when the acoustic impedance of
the droplet was higher than that of the continuous phase fluid. When the SAW beam was carefully aligned at
the end of the microwell (figure 2 (a)), the droplet stopped at the entrance of the microwell. After t = 60 ms,
the droplet entered the microwell within the next 300 ms. When the SAW beam center was aligned at the
middle of the microwell (figure 2 (b)), the droplet was pushed from the microwell into the main fluid path.

Capture 0ms 50 ms 60 ms

=0 s e Figure 2: Experimental images of the
[ E E E é E E EE E droplet (a) capture and (b) release
-

SAW on demonstration in the microfluidic

220 ms 340 ms e20ms channel. The droplet diameter was 100
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m K ), | width. (a) When the SAW beam was

Sl aligned at the end of the microwell, the

b droplet was stopped by the SAW (t =50
Release 0ms 50 ms 70 ms

s T ms). After 60 ms and onwards, the
M W b K] t droplet entered the microwell within
SAW on 300 ms. (b) When the SAW beam was

align at the middle of the microwell, the

—

90 ms 130 ms 190 ms
- — — droplet was pushed by the ARF from the
Qﬂg—@ b [g Ej E) gj microwell into the main fluid path.
SAW off 200 um

In order to observe the droplet capture sequence, the droplet displacement and velocity were measured at 1 ms
intervals. The flow rate of the continuous and dispersed phase fluids were 197 pl/hr and 3 pl/hr, respectively.
At high input voltage, the droplets were completely overpowered by the ARF and captured in the microwells
as their velocities decrease to zero.

b Figure 3: The droplet (a)
displacement and (b) velocity
in the x-direction. The SAW
frequency was 117 MHz to
locate the SAW beam at the
end of the entrance of the
microwell. The flow rates of
the continuous and dispersed
phase fluids were 197 ul/hr
and 3 pl/hr, respectively.
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Conclusion

In summary, we have demonstrated the droplet capture and release platform based on the SAWs. The SAW
beam position can be controlled by tuning the corresponding frequency. With careful alignment of the SAW
position, the droplet can be capture or released at the specific microwells.
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Introduction

In this study we propose methods to linearize the acoustic radiation force. The expression for the acoustic
radiation force on a spherical particle is derived by Gor’kov [1]. It contains a sinusoidal term, therefore the
expression and the equation of motion (EOM) are non-linear [2]. With linearization, we express the particle as
a single degree of freedom (SDOF) vibrating system. Here we consider an acoustophoresis application in a
half-wavelength resonator and present linearization methods based on the initial and target position of the
particle.

The non-linear equation of motion

The acoustic radiation expression for a spherical particle in a standing acoustic wave field is

2
0

P
E,. = 4mkr3 ( 5 )cb(p,c) sin (2kz) (1)
PoCo

where r is the particle radius, @(p, c) is the acoustic contrast factor, p, is the density of the medium and cg
is the speed of sound in the medium. Assuming Stokes drag and stationary fluid in the direction of the wave,

the EOM is

2
0

4 P

(gn r3 p)Z’ + (6unr)z + 4mkr3 ( > )@(p,c) sin (2kz) =0 ()
Po Co

where p is the particle density, c is the speed of sound in the particle and p is the viscosity of host medium.

This EOM is a second-order non-linear ordinary differential equation. By reducing the order of equation to

one, an analytical solution is possible [3].

The SDOF vibrating system
A SDOF vibrating system is composed of a mass connected to ground by a spring and a damper element. The
EOM for free vibrations of such a system is
mZ+bz+Kz=0 (3)

where m is the mass, b is the damping coefficient, K is the spring coefficient. The SDOF system parameters
can be expressed in terms of mass, damping and spring coefficients. The undamped natural frequency of the
system is w, = \/ﬁ/m) and the damping ratio is { = b/(2+/(K/m). The value of the damping ratio
determines if the system is underdamped (¢ < 1), overdamped ({ > 1) or critically damped ({ = 1). The
damped natural frequency of the system is wg = wy, 4/{? — 1. Analytical solutions are possible for such
systems and they can differ depending on the value of ¢.

Equivalent SDOF parameters for the particle in a standing acoustical wave field are m = 4/3mr3p for the

mass and b = 6mur for the damping coefficient. The spring parameter K cannot be directly extracted. It is,
however, possible to derive it if the acoustic radiation force is linearized.

The SDOF vibrating system
The direct extraction of the spring coefficient results in
2 .
K = 4mkr3 ( Fo )qb(p, c)M (4)
0€3 z

The nonlinearity is arising from sin (2kz)/z term, and if it is linearized, a linear SDOF representation is
possible. The linearization can be carried out to represent any range, i.e. the full period of sine or given two
positions. Here we consider a particle in a half wavelength resonator, starting from a known position and
expected to go to a final position. The motion of the particle after it reaches and/or passes the final position is
ignored. Consider the particle starts at a position such that 2kz, = 6, and z is the position that the particle




is expected to arrive after an unknown t amount of time with 2kzs = 6,. In what follows, it is assumed that
the target position is closer to the node z = 0, thus 8, < 0,. If an average value is found such that

) sin(2kz)
sin (2kz) = BT 2kz (5)

the nonlinear spring force can be expressed linearly between 6, and 6,, which would be the first linearization

method. Then, the corresponding spring coefficient would be K = (K;K,;2kz)/z, where
PZ
K, = 4mkr3 ( > ) d(p,C) (6)
PoCo
is the linear part and K,,; is the linearized non-linear part. For the first linearization method, the average value
of sin (x)/x between two given positions is considered as

1 ZkZO
Kn1 =0———— —si d
" 2kzy — 2kzg fzsz X sin(x) dx ™

A similar problem is encountered while solving the period of pendulum [4]. Second method is K;,, = Ki{g.
Third method considers the work done between two positions and calculates the equivalent spring coefficient

as

ZkZO ZkZO
f sin(2kx) dx = f Kn3x dx (8)
2kz¢ 2kz¢
Fourth and final method is calculating the RMS value of sin (x)/x between two positions, which is
1 2kzg 1 2
Ky = —f (— sin(x)) dx )]
" 2kzy — 2kzg Jyy,, \X

To illustrate the linear model, we consider a case where r = 5 um, p = 1050 kg/m3, ¢ = 1700 m/s, the
water temperature is 25°C, the amplitude of acoustical waves is P = 1 MPa, the excitation frequency is f =
2 MHz and the particle starts zy = 171um and final position is z; = 19um. Thus, 2kz, = 0.97 and 2kzf =
0.1m and the region of interest is 0.1m < 8 < 0.97. For such a case, the linearized force profiles and sample
path calculations are plotted in Figure 1.
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Figure 2: Linearized force profiles (left) and path calculations (right).

Conclusion

We presented a new approach to solve the EOM of a particle by linearizing the acoustic radiation force. The
particle and excitation parameters determined the SDOF system parameters and a sample path calculation are
presented. It is observed that the first and fourth linear solutions predict the time between two positions close
to the numerical solution, within 6 %.
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Introduction

This work includes the numerical study regarding the spatial ratio of the radiation force and drag force in the
channel for acoustophoresis based on the standing surface acoustic wave (SSAW). Although several numerical
studies found that both pressure and streaming fields are not homogeneous in a channel [1-4], the spatial
distribution of the radiation force and the streaming one, which can determine the displacement of particles in
the channel, have not been examined. In this study, we calculated the ratio of the radiation force to the drag
force in a channel in combination with SSAW and investigated how it determined motions of particles as a
function of particle size.

Model

A 2D numerical model was developed using COMSOL Multiphysics. It consists of the channel (DI water),
the channel wall (10:1 PDMS) and SAW substrate (128° XY LiNbO;) [Fig. 1 (a)]. In our model, the generation
and propagation of SAW, and the pressure propagation in the channel and channel wall were simulated. SAW
was modeled using the constitutive equations for piezoelectric materials. SAW was produced by exerting
sinusoidal electrical signals to the interdigital transducers (IDTs) on the piezoelectric substrate. Perturbation
theory was used to calculate the pressure fields in the channel and its wall, and streaming fields in the channel
[2]. Thermoacoustics module and the Pressure Acoustics module were also used to .... utilized for the channel
and the channel wall, respectively. Motions of the piezoelectric substrate, channel and channel wall were
coupled by Thermoviscous Acoustic-Structure Boundary, the Acoustic-Structure Boundary, and the Acoustic-
Thermoviscous Acoustic Boundary modules. The radiation force and the drag force from the acoustic
streaming for a polystyrene particle were calculated at every position inside the channel to obtain the spatial
distribution. The mesh size was set to be smaller than 508 for the channel and § for the channel boundary,
where § was the thickness of viscous boundary. For the SAW substrate, the maximum mesh size was set to be
10Ag 4y, Where Ag 4y, was the wavelength of SAW. For the channel wall, the maximum size was 104ppys.
The pressure field of the channel and the channel wall, stress field and the electrical field of the SAW substrate
were calculated in the frequency domain at a frequency fsaw = Csaw /Asaw, Where Csqyy is the speed of
SAW in the substrate. The streaming field was calculated by using the stationary study solver.

Thermoacoustics module for
pressure simulation

Laminar flow module for streaming
simulation

(a) Pressure acoustics module
for pressure simulation

y condition
Thermoviscous Acoustic-Structure Boundary
Thermoviscous Acoustic-Acoustic Boundary

IDTs IDTs
Impedance Boundary (Z;, = 411.6 Pa-s/m)
"= Solid mechanics module
Substrate and electrostatics module

Pressure (Pa)

Veloclty (mls)
W 0.0013
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Figure 1: (a) Cross-sectional sketch of our 2D model, domain conditions and boundary conditions. (b) First-order pressure
field, P; in the channel (c) Streaming velocity field < v, > in the channel
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Figure 2: (a) Radiation force and drag force for a polystyrene particle with a diameter of 0.1, 1.0, and 10 um,
respectively and (b) the ratio of two forces (x) at each position in the channel.

Result

Using our 2D model, the first-order pressure field and the streaming velocity field in the channel under SSAW
was calculated as in figure 1 (b) and (c). The radiation force and the drag force on a polystyrene particle with
various diameter (dps = 0.1,1.0,and 10 um) were calculated in the channel [Fig. 2 (a)]. When the particle
was small (dps = 0.1), the drag force was much higher than the radiation force. When the particle size
increased, the radiation force became more dominant. This result is quite reasonable because the radiation
force and the drag force is proportional to the cube of the diameter (d3) and the diameter (dpy), respectively.
The ratio of the radiation force and the drag force at each position was calculated as figure 2 (b). As expected,
the force ratio (x) was close to 0 for a small particle and much higher than 1 for a large particle in the channel.
The force ratio for a particle with intermediate diameter(dpg = 1.0 um) sharply changed in the channel. In
other words, both of the radiation-dominant and the streaming-dominant acoustophoretic motion of particles
can simultaneously exist in a single microchannel. This result indicates that the critical size of a particle would
depend on the local region in a channel. Thus, the critical size of a particle should be defined as a diameter of
the particle when the particle begins to exhibit a radiation-dominant acoustophoretic motion throughout the
channel. In addition, the effect of particle and solution property on the critical size for the channel should be
evaluated.

Conclusion

In this study, we evaluated the distribution of the radiation force and drag force inside the channel subject to
acoustophoresis. The effect of particle size on the force distribution was also investigated. Our study can be
applied to see how the property of solution and particle, and the channel dimensions determine the force
distribution. Furthermore, by comparing our results with the particle tracing simulation, the critical particle
size for manipulation using SAW can be determined.
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Introduction

We present an acoustofluidic device for multiplex particle separation with increased separation performance
and throughput. Previously reported acoustic devices for multiplex cell and particle separation have shown
limited throughput [1]. In order to substantially increase throughput, we have redesigned and developed a
new separation system that enables unmatched particle separation performance of heterogeneous samples at
a volume throughput of 200ul/min, which corresponds to approximately 91.000 particles/s.

Critical design aspects for an efficient resonator

To realize an efficient resonator for multiplex acoustophoresis, a few important design aspects need to be
considered. Firstly, in order to effectively separate different particle types in free flow acoustophoresis, it is
important to congregate all particles into the same flow vector, preferably performed in a two dimensional
acoustic pre-alignment step [2]. At higher flow rates, the particle retention time in the pre-alignment sound
field is shortened and the particles do not have time to pre-align, resulting in reduced separation resolution.
Hence, to enable un-impaired separation performance at elevated flow rates, we elongated the pre-alignment
channel 200% as compared to earlier work [1]. At higher flow rates, a larger acoustic radiation force in the
separation zone is also needed to counter act the shorter transition time in the separation channel. This,
however, results in higher driving voltages of the separation transducer, which in turn results in higher
electro-mechanical power dissipation and thus thermal rise in the transducer. The temperature increase in
turn may affect the speed of sound in the fluid, resulting in a shift in the acoustic resonance peak and thereby
loss of performance. As earlier presented, it is of paramount importance to maintain a constant temperature,
within a degree, during acoustophoresis separations. Previous acoustophoresis designs relied on temperature
control via a Peltier-element in contact with the acoustic chip. The direct contact to the Peltier-element,
however, dissipated a significant amount of acoustic energy from the piezo-actuator which limited the
maximum system throughput. To alleviate these short comings the new acoustophoresis system incorporates
a non-contact air-cooling solution, free from acoustic power losses, that also fulfills the thermal
requirements, Figure 1.
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Figure 1: (A) 3-D printed chip holder designed for air cooled acoustophoresis separation enabling high piezo ceramic
actuation voltages without thermal drift of the system. The fans blow air through the rectangular opening where the
separation chip is visible. The design also includes a free-hanging mounting of the chip via the connecting tubing to
minimize dissipation of acoustic energy from the acoustic channel resonator. (B) Schematic of the separation chip.
Beads are pre-aligned by the 5MHz transducer and are acoustically separated according to size in the separation zone.
Laminar flow is utilized to fractionate the three different particle sizes to each outlet.


http://www.bme.lth.se/

Evaluation of the air cooling design

To evaluate the air cooling, temperature was monitored over time from start of the system to the four minute
mark. The effect of air cooling as well as the influence of flow cooling as the device was perfused at two
different flow rates, 400ul/min and 800ul/min (this corresponds to sample flow rates of 100pl/min and
200pl/min respectively). As seen in figure 2, the air cooling effect is clearly visible, green and purple lines.
Although not efficient to cool the device down to room temperature, it is good enough to keep the
temperature stable, even at the higher driving voltages needed at higher flow rates, which is a prerequisite to
be able to achieve an efficient and reliable separation. It is also seen that fluid flow has a stabilizing effect on
the temperature as well, but it is slower and less efficient in heat transport.

Effects of cooling aspects, 400ul/min total flow rate Effects of cooling aspects, 800ul/min total flow rate
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Figure 2: Graphs showing the temperature measured on the chip over time at two different flow rates. The air cooling
effect is clearly seen, green and purple lines. Although not efficient to cool the device down to room temperature, it is
sufficient to keep the temperature stable, even at the higher driving voltages needed at the higher flow rate, which is a
prerequisite to be able to achieve an efficient and reliable separation. It is also seen that fluid flow has a cooling and
stabilizing effect on the temperature as well (blue line), but it is slower in reaching a steady state value and less efficient
in heat transport.

High throughput bead data

Using the previously mentioned improvements, we successfully demonstrate high throughput fractionation
of 7um, 5um, and 3 pm polystyrene beads as seen in figure 3, with average recoveries of 99.8%, 96.8% and
97.2% respectively in their designated outlets, at a sample flow rate of 200pl/min. The purity at 200pl/min
for the three bead fractions were 97.6%, 93.7% and 100% respectively. This exceed previously reported
throughput [1] 20 fold, and at improved separation performance.
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Figure 3: Recovery and purity of 3um, 5um and 7um polystyrene bead separation at 100ul/min and 200ul/min sample
flow rates.

Conclusion
We have successfully demonstrated an improved separation device for multiplex acoustophoresis which
outperforms previously reported multiplex separations systems, both in efficiency and throughput.
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Introduction

Acoustophoresis is the manipulation of particles using acoustic field in a fluid medium. The nature
and magnitude of the force depends on the relative mechanical properties of the particle and the
surrounding medium and the amplitude of the acoustic wave. In applications where there are multiple
particles, the radiation force deviates from the case where there is only one isolated particle. The
resultant radiation force depends on the primary incident field and also the scattered field from the
surrounding particles. Hence, for the precise manipulation, we need to understand the interaction
between the particles due to the scattered acoustic field. This interaction between the particles is
also referred to as the secondary radiation force or the interparticle radiation force. In this study,
we conducted a series of experiments to study the interparticle radiation force between two isolated
polystyrene beads in water (only two particles in the observation region of 400um x 400um). The
interparticle force was estimated based on a simple mathematical model.

Experimental set-up and method

Fig. 1 shows the laboratory set-up and the microfluidic device used in the study. The microfluidic
device is a resonance chamber mounted on a piezoelectric transducer. The resonance chamber is
400pum x 40um cross-section glass capillary with wall thickness of 40pum and length of 50mm. The
transducer was excited by a signal generator and a bipolar amplifier. The excitation frequency of 1.875

Figure 1: The experimental set-up and the microfluidc device for conducting acoustophoresis experiment.

MHz was chosen so that the width of the channel corresponds to half of the wavelength. To monitor
voltage and power input to the transducer, the amplifier was connected to a oscilloscope and a high
frequency multimeter. The experimental observations were captured from top by a CCD mounted to
the microscope. An external light source was used to illuminate the channel; however, the fluorescent
micro-spheres (9.9um polystyrene beads) were observed by the blue light obtained from the excitation
filter of the microscope. During the experiment, the temperature was monitored using a thermistor.

The media files of the experimental observations were post processed to find the trajectories of
the beads for each observation. During the experiment, repeated observations were taken for each



pair of beads. Total five different pairs of the beads were trapped in the observation region for the
study. For calculation of the interparticle force, observations that satisfy the following two criteria
were used: (1) the beads are close to the pressure node (within a distance of less than 30um from the
pressure node), and (2) the line joining the centers of the beads is nearly perpendicular to the incident
wave (if € is the angle between line joining the centers of the beads and the incident wave, 80° <
| 0 1< 90°). The trajectories of the observations were fitted by second order polynomial to calculate
the velocity of the beads. The velocity of the beads were used to compute the fluid drag force acting
on the beads. A simple mathematical model based on Stokes flow past the beads and hydrodynamic
interaction between the beads is used for the fluid drag calculation.

Results

Fig. 2 shows the variation of radial component of interparticle or secondary radiation force F} for
five different pairs of 9.9um diameter polystyrene beads with respect to normalized center to center
distance r/a, where a is the radius of the beads. This force is calculated based on the balance of
the fluid drag, and the primary and secondary radiation forces acting on the spheres in a quasi-static
equilibrium state.
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The results are compared with theoretical interparticle radiation force reported by Silva et al. [1] and
Sepehrirahnama et al. [2]. The theoretical interparticle radiation force was calculated for acoustic
energy density E,. = 11J/m3 at pressure node in transverse plane ( = 7/2). The interparticle radi-
ation force found in this study is two or three times larger than those predicted theoretically, but the
values are in the same order of magnitude.

Conclusion

Experimental observations show that the interparticle radiation force between two spherical particles
decreases with interparticle distance, as expected from theory. The results obtained in this study are
larger than those reported by theoretical calculations. One possible reason for this discrepancy could
be due to the viscosity of the fluid which is not considered in the previous theoretical studies [1, 2].
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Introduction

Most microfluidics-based sorting methodologies utilize size differences between suspended micro-objects as
the defining characteristic by which they are sorted. Sorting based on mechanical properties, however, would
provide a new avenue for sample preparation, detection and diagnosis for a number of emerging biological
and medical analyses [1, 2]. In this study, we demonstrate separation of polystyrene (PS) and poly(methyl
methacrylate) (PMMA) microspheres based entirely on their difference in mechanical properties using
traveling surface acoustic waves (TSAWs). We theoretically examine the correlation of the applied TSAW
frequency, particle density and sound speed with respect to the resultant acoustic radiation force (ARF) that
acts to translate particles, and experimentally corroborate these predictions by translating PS and PMMA
particles simultaneously in a stationary flow. Even when PS and PMMA particles have the same diameters,
they exhibit distinct acoustophoretic responses as a function of their mechanical properties and the applied
TSAW frequency. By specifically matching the appropriate acoustic frequency to the desired particle size,
each particle population can be selectively translated and sorted. We demonstrate that this mechanical
properties based sorting can continuously separate these particle populations with at least 95% efficiency in
the mixed 10/15 pm diameter PS and PMMA particle solutions tested.

Comparison of ARF Factors for PS and PMMA Particles

A particle suspended in a fluid and exposed to a traveling wave acoustic field is subject to a time-averaged
acoustic radiation force (ARF, F7), which can be expressed as <Fp> =Y, Tna2<E>, where Y7 is the ARF factor,
<E> is the mean energy density of the incident wave, and a is the radius of the spherical particle [3]. Thus,
for the same-sized particles subject to an acoustic field with the same energy intensity, the ARF is
proportional to the dimensionless factor Y7. As depicted in Fig. la, to experimentally evaluate the different
acoustophoretic responses of the same-sized PS and PMMA particles, an aqueous suspension containing a
mixture of 15 um PS and 15 um PMMA particles was introduced into the disposable PDMS channel then
laterally translated across the channel in the direction of acoustic propagation with the application of an AC
signal to the chirped interdigital transducers (CIDTs). The acoustic radiation force is balanced by Stokes
drag force Fp = 6muav, where u is the dynamic viscosity, a is the particle radius, and v is the particle velocity
relative to the flow. Thus, the ratio of the acoustic radiation force on the PS and PMMA particles, Ry, can be
derived by the relative average velocities of their translations. To quantify the acoustophoretic responses at
varying x = 2naflcs, (a, f, and crare respectively the particle radius, the acoustic field frequency, and the sound
speed in the fluid) four frequencies 43.04/45.52/50.77/56.57 MHz were selected that correspond to x values
of 1.35/1.43/1.60/1.78, respectively. Fig. 1b,c shows the trajectories of a PS particle and a PMMA particle
exposed to a 56.57 MHz TSAW field (x = 1.78). Fig. 1d shows the comparison between the theoretical curve
and the experimental measurement of the Ry value, in which Rr> 1 at x = 1.35 and 1.43, while Ry < 1 at x =
1.60 and 1.78. These experimental measurements follow the theoretical prediction with regard to relative
imparted acoustic radiation force.

Particle Separation Based on Mechanical Properties

To demonstrate the effective separation according to the particle’s mechanical properties, we utilize our
acoustophoretic microfluidic system to separate 15 pm PS and 15 um PMMA particles in a 45.52 MHz
TSAW field, corresponding to x = 1.43, at which the ARF imparted on PS particles is maximized relative to
that on PMMA ones. The PS particles were selectively translated to outlet A in the direction of wave
propagation (farther from the IDTs), while the PMMA particles still exited the sorting region via outlet B, as
shown in Fig. 2d. Similarly, the PMMA particles can be selectively translated at x value conditions that
maximize the force imparted on them relative to those of PS. Accordingly, we performed the selective
PMMA particle separation in a 56.57 MHz TSAW field, corresponding to x = 1.78, as shown in Fig. 2e. We
also demonstrate the separation of 10 um PS and 10 um PMMA particles, while maintaining optimized x =



1.43 by altering the applied frequency as 68.28 MHz, as shown in Fig. 2f. We further demonstrate the
separation of 10 um PS particles from 15 um PMMA particles, despite the fact that the smaller PS particle
frontal area as 44% of that for the larger PMMA particles. We maintain the application of a 68.28 MHz
TSAW field, which corresponds to ¥ = 1.43 for PS particles and x = 2.14 for PMMA particles. Despite this
smaller size of the PS particles, we demonstrate the selective displacement and separation of 10 um PS
particles from 15 pm PMMA particles due to the larger radiation force acting on the 10 um PS particles, as
shown in Fig. 2g.
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Figure 1: Experimental measurement of ARF factors of PS and PMMA particles. (a) Disposable PDMS channel
containing suspended 15 pm PS and PMMA particles was placed on the SAW transducers, where prepatterned chirped
IDTs generate acoustic waves at 43.04/45.52/50.77/56.57 MHz. (b) Tracked y-position for the two particles and their
linear fit during the lateral translation. (c) One each of PS (fluorescent) and PMMA (plain) particles are translated in a
56.57 MHz TSAW field. (d) Comparison of Ry = YHPS)/Y(PMMA) between the theoretical model and our
experimental measurements.
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Figure 2: (a) Three-dimensional perspective illustration of the separation chip. (b) Cross-section of the device. A
disposable PDMS channel is placed on a reusable TSAW transducer where the pre-patterned IDTs generate the TSAW
that couples into the microchannel. Particles flowing through the channel are translated by dissimilar distances
according to the difference in their mechanical properties and thus are collected in different outlets. (c) Photograph of
the assembled device. The scale bar is 5 mm. (d) In the 45.52 MHz TSAW field, the 15 um PS particles were translated
into the upper outlet while the 15 um PMMA particles flowing into the lower outlet due to the YAPS) > YA{PMMA)
relationship at ¥ = 1.43. (e) In contrast to the condition in (d), in the 56.57 MHz TSAW field the 15 ym PMMA
particles are translated to the upper outlet when Y(PS) < Y/(PMMA) at « = 1.78. (f) Similar to the situation at (d), the
10 um PS and PMMA particles are separated in the 68.28 MHz TSAW field while maintaining k = 1.43. (g) The 10 um
PS particles can be separated from 15 pm PMMA particles with a larger radiation force acting on the 10 um PS
particles. These images are obtained by overlapping 40 frames recorded every 0.05 s. The scale bar is 100 um.

IDTs

10 um PMM,
}esstHz e

Conclusion

In the present work, our experimental studies confirm the divergent ARF factor peaks for PS and PMMA
particles, and the experimentally derived force factor ratios of YH(PS) to Y{(PMMA) at x =
1.35/1.43/1.60/1.78 were comparable with the predictions made from a theoretical model that accounts for
acoustic scattering. Based on the distinct acoustophoretic responses arising from the difference in their
mechanical properties, same-sized PS and PMMA particles (10 and 15 um) were efficiently separated in a
continuous flow using TSAW fields at varying resonant frequencies (45.52/56.57/62.28 MHz). Though the
radiation force scales with a”, we also demonstrated that it is feasible to exert a larger radiation force on 10
um PS particles than 15 pm PMMA particles at an optimized x value and, also, to implement separation at
efficiencies greater than 95%.
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Introduction
Various manifestations of acoustic radiation forces are examined together with some theoretical
considerations and recent results. Partial-wave phase shifts are useful when analyzing radiation forces.

Modulated radiation forces and surface modes of acoustically levitated drops and bubbles

Modulated acoustic radiation forces (MARF) were introduced as a method for ultrasonically exciting low-
frequency modes of acoustically levitated hydrocarbon drops in water for the purpose of measuring the mode
frequencies [1].  Double-sideband-suppressed-carrier modulation facilitated excitation at particular
frequencies. Analysis of the response involved projections of the stress distribution [1,2]. The method was
extended to drops levitated in air [3] and to large air bubbles in water [4], which included related theory [5].

Liquid columns: Stabilization and forced low-frequency oscillation

Long liquid columns become unstable and break up into drops because of a surface tension instability (STI)
appreciated in the 19th century by Plateau, Clerk Maxwell, and Rayleigh [6]. MARF was deployed as a
method for exciting the low-frequency modes of such columns [2,6,7,8] and some acoustic radiation-force
(ARF) based methods were demonstrated for suppressing the STI. This includes active ARF control (using
feedback) for a density matched column and passive stabilization of columns in air (in reduced gravity) using
appropriately designed sound fields [2,6,9,10]. The relevant translational radiation force for columns in
standing waves was derived and the columns were positioned suitable for equilibrium [6,11].

Special acoustic radiation force conditions on spheres

For some situations involving spheres centered in axisymmetric cylindrical wave-fields, it is helpful to
consider idealized wave-fields of acoustic Bessel beams or Bessel standing waves. This is facilitated by
scattering formulations [12-16] that included the case of higher-order Bessel wave-fields. One outcome in
the progressive wave case is that special conditions were found giving negative forces (forces opposite the
beam direction) [12]. Such situations were not considered paradoxical because the negative force conditions
(since 2006 often described as negative ARF “islands” in the relevant parameter space [12]) were always
found to be associated with situations involving suppressed scattering in the backward hemisphere relative to
the forward hemisphere. The relevance of the scattering pattern was analytically established first for spheres
in Bessel beams and then for arbitrary passive objects in general progressive wave invariant beams [16-18].
Figure 1 (re-plotted from [12]) shows calculated negative ARF islands in (ka, ) domain where a is the
sphere radius, k£ = ®/c is the acoustic wave number, and P is the Bessel beam’s conic angle. Power absorption
(which is non-negative for passive objects [18]) by the sphere or other target objects gives rise to a positive
force contribution [16-18]. For plane waves in an inviscid fluid, the radiation force on passive objects is
non-negative [18], though it may be negative for active objects [18].

Phase shift and wave-field parameters for special radiation force conditions

When analyzing the scattering by spheres in plane waves, it can be helpful to express the partial-wave
amplitudes using phase shifts. Those phase shifts become complex if there is absorption, but in the non-
absorption case they become real and will be denoted by , [19]. Radiation force expressions involving the
O, are available for plane-wave and Bessel-related axisymmetric traveling and standing wave-fields [19,20].
This approach gives insight into special radiation force conditions. For progressive waves special conditions
concern negative and vanishing forces, while for standing waves they involve non-trivial vanishing force
conditions [20]. For ordinary plane standing waves this approach facilitates the discovery of conditions for
vanishing force at small but finite ka that depend on the fluid properties [20]. Plane-standing-wave ARFs are
closely related to the evolution of particle suspensions and the associated resonator frequency shifts [21].

Radiation torque and power absorption for axisymmetric objects and vortex wave-fields



When optically isotropic spheres are illuminated by circularly polarized light, a detailed analysis from
Maxwell’s equations shows the radiation torque is proportional to the optically absorbed power Py, [22].
This analysis was generalized to axisymmetric objects in acoustic vortex beams, first for paraxial vortex
beams [23], and then to more general non-paraxial vortex beams and standing waves [24]. The steady
rotation rate may be estimated by balancing the radiation torque with viscous drag [22]. The oscillating
viscous boundary layer (Stokes layer) contributes to the acoustic P, [25].

Fundamental scattering research using acoustically controlled deformation of liquid drops

Radiation pressure induced deformation of levitated drops [2,5] provides a fruitful approach for investigating
relationships between wave-front shapes and complicated optical caustic wave-fields [26-28].
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Conclusion

It is intended that this summary illustrate connections between selected research topics over the past 40 years
associated with acoustic radiation force manipulation of objects. It is often helpful to make use of quantum
scattering notation [16,19,20]. The sponsors included ONR and NASA. In the broader context there can be
fruitful analogies between acoustical, optical, and quantum-mechanical (matter-wave) forces [29].
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Introduction

There is demand in microfluidic environments to be able to manipulate and control the trapping locations of
acoustophoretic systems. This has importance, for example, in tissue engineering, cell-cell interaction studies,
and systems that might benefit from repetitive manipulation tasks [1].

Concept

A challenge in creating dynamic position control in resonators is that the resonances are typically strongly
determined by the geometry of the device. The concept presented here is to change the material properties of
key parts of the acoustic path through flowing non-miscible liquids of different acoustic properties through
control channels which underlie the active manipulation area. By changing the spatial configuration of the
two-phase flow in the control channel, the force field in the manipulation cavity is modulated and controlled.
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Figure 1: Schematic of the concept. Cross section along length of control channel, showing a droplet of control fluidl
in two positions at different times. In each case trapping is only seen above the droplet of control fluid 1, as a result of
layer designs that cause resonance to only be supported when this fluid is in the acoustic path.

Modelling and design choices

While using air as the second control fluid was considered, the compressibility of a gas makes it difficult to
manipulate position control droplets accurately in the control channel. A range of liquids were assessed on the
criterion of non-miscibility and significant speed of sound difference. Modelling suggests that differences in
the density of the control liquids is less important. The work presented here is based upon a combination of
water and silicon oil (Poly(dimethylsiloxane)) control fluids. The glass and silicone/acrylic tape layers used in
the design also affect the resonances that are found. It was important to prevent the walls of the control channel
(which at this stage are fabricated by laser cutting, and are thus relatively thick) from causing levitation in the
manipulation cavity. Thus, the properties of the tape (3M 9731) were measured using time of flight
measurements in a stack of tape. The tape was also found to provide a strong, solvent-resistant seal to the
fluidic channels.

Silicon oil Water Glass Acrylic tape
(PDMS)
Speed of sound (m.s?) 1030 1480 4540 1340
Density (kg.m?) 0.95 1 2.6 1.1
Acoustic impedance 979 1480 11804 1474

Table 1: control fluid and device structure properties



Modelling revealed a number of design rules which are described below:

a) In order for there to be sufficient contrast in the acoustic trapping above the two control fluids (i.e. for
the trapping to be localized above the control droplet), a thicker control layer tended to be favorable.

b) While it is possible to consider designs in which the transducer is placed on the same side as the
manipulation cavity, it was found that this tended to result in devices with lower spatial trapping
resolution. This can be seen in figure 2 (b)

C) In designs in which the

a) Effect of transducer positionon

trap efficiency

b) Effect of middle carrier thickness
on structure displacement

control droplet has dimensions of
order less than the acoustic
wavelength trapping efficiency was

significantly decreased.

d) If the layer separating the
two fluid channels (the “middle
carrier layer”) was too thin (e.g.

I
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coverslip thickness, 170um), then
significant flexural waves are found
to be formed in that layer, which
reduces the level of spatial
localization of the trapping. An

Figure 2- Example of COMSOL 2D Slices used to find optimal
configuration

example of this is seen in figure 2(a).

These rules were followed to design an efficient device that is modelled in fig3 and built in fig4:
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Figure 3: Model of device design. Trapping
locations in the manipulation cavity are
indicated by the maxima in the kinetic
energy density (a) that is plotted; these
coincide with the position of the control
droplet. Graph (b) represent the potential
energy density. The kinetic energy maxima
being an attraction point and the potential
energy maxima being a repelling point
coming from Gorkov equation FRad= -V
with U=V (f.Epot—1.5.f .Ekin) [2].

The device consists of a 1mm thick PZT transducer (PZT26, Ferroperm) glued on a 170 um glass carrier layer.
The control channel is formed by laser cutting a stack of 5 layers of tape, giving a thickness of 700 um. A thick
glass carrier is placed on top of it to give the device stiffness as described above, its thickness is 950 um. The
manipulation cavity is made by laser cutting 3 layers of tape (420 um). The final reflector is a coverslip of
thickness 170 um. Fluid ports are formed by drilling 2 holes at each end of both of the thinner glass layers, and
coupling them to acrylic layers to support tubing and provide extra stiffness. Manipulation results will be

illustrated on the accompanying poster.
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Figure 4: Schematics and picture of the final device using manufacturing techniques described above.
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Introduction

We developed a combined acoustic-gravitational field for the separation and characterization of microspheres
[1,2]. The levitation position of a particle in this field is determined by its acoustic properties such as density
and compressibility but is independent of its size. If these acoustic properties are modified by a reaction that
occurs on the particle surface, the levitation position of the particle changes accordingly. This principle allows
us to quantify the molecules involved in the reaction. Thus, the quantity of the reactant can be determined from
the position change.

Experimental

The avidin-biotin binding was examined as the model reaction. An avidin-bound polystyrene microsphere (PS)
reacted with biotin-bound gold nanoparticle (AuNP). The behavior of the AuNP-coated PS (AuPS) was studied
in the acoustic-gravitational field. A fused silica cell (30 mm in length, 8 mm in width, and 12.62 mm in height)
with a rectangular through-channel (3.0 mm in width and 1.5 mm in height) was used. The cell wall thickness
(5.56 mm) and the channel height (1.50 mm) were equal to the half-wavelengths of 500-kHz ultrasound in
silica glass and water, respectively. The cell was pasted on a transducer using nail enamel as an adhesive.
Because the resonance frequency depends on the instrumental setup and the experimental conditions, the
ultrasound frequency was daily optimized to confirm the stable levitation of particles. The node of the standing
wave was formed at the center of the channel filled with water. The AuPSs were introduced to the cell and
entrapped by the standing wave. The behavior of a single AuPS was observed by a CCD camera.

Principle
According to Yoshioka and Kawasima [3], the ultrasound radiation force imposed on a particle (£,) given by
F;c z_&zrsEacASin(m) A:M—L (1)
32 A 20" +p ¥y

where 7 is the radius of the particle; A is the ultrasound wavelength; E,. is the average ultrasound energy
density; z is the distance from the node of the ultrasound standing wave (defined as the levitation position, z =
0 at the node); p and y are the density and compressibility of medium, respectively; and the single quotation
mark represents the corresponding properties of the particle

The particles in the acoustic-gravitational field simultaneously undergo the sedimentation and ultrasound
radiation forces. They are levitated at the equilibrium levitation position, z, given by

_ 2 a]lp=p)gr
Tt { AE 27 )

where g is the gravitational acceleration. Eq. (2) suggests that z is a function of the particle density and
compressibility but is independent of the particle size. Thus, we can recognize changes in these acoustic
properties of a particle from the difference in the levitation coordinate in the acoustic-gravitational field.

Eq. (2) predicts that the levitation position of a microsphere was lowered when its density increases. In the
present study, the density increase was caused by the binding of AuNPs to PSs, as schematically shown in Fig.
1.Because the change in z is approximately proportional to the quantity of AuNPs bound on a PS, the number
of AuNPs bound to it can be determined from z.



Figure 1: Schematic illustration of levitation position change by reactions between a microsphere and AuNPs.

Result and discussion

With increasing amount of AuNPs bound to the PS, z decreases mainly due to the increase in the density; a
change in the compressibility plays a minor role in the determination of z. At a constant voltage (») supplied
to drive the transducer, there is a linear relationship between the number of AuNPs bound to a single PS (n)
and the difference in z between AuNP-bound and unreacted PS (Az). This levitation behavior is similar to that
found for epoxide particles in our previous work [4]. Fig. 2(a) shows the images of entrapped single AuPSs
with different n values. Obviously, z decreases with increasing » as predicted by Eq. (2). Fig 2(b) shows the
relatlonshlp between Az and n. At V'=4.5 and 5.4 V, there are linear relationships represented by Az = 1.30 x
107 nand Az=7.16 x 10~ n. Obviously, a lower Voltage gives higher sensitivity. Thus, the number of AuNPs
bound on a microsphere can be quantified using the Az values. The standard deviation for Az was about 4 um.
When 30 is defined as the detection of limit, 1000 AuNPs per PS can be detected, indicated that 1000 avidin
molecules involved in the surface reaction can be detected by the present method. Although an avidin molecule
binds four biotin molecules, an avidin on the PS react with one biotin-bound AuNP because AuNP is much
larger than avidin and covers other binding sites of the same avidin molecule.

(a) (b)

n=0 n=1043 | n=3130 ol

V=54V

0 1000 2000 3000 4000 5000 6000
The number of AuNPs

Figure 2: (a) Levitation of PS and AuPS at "=4.5 V in an acoustic-gravitational ﬁeld (b) Relationship between Az
and n at different applied voltages. Measurements were repeated five times. The R* values for linear regression are
0.983 and 0.948 for V'=4.5 and 5.4 V, respectively.

Conclusion
We have demonstrated a novel principle for trace analysis using the acoustic-gravitational field. The LOD is
about 1000 AuNPs per PS. This method is highly sensitive and enables zepto to yocto mole detection.
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Introduction

Particle manipulation can be achieved using bulk acoustic waves (BAW) or surface acoustic waves (SAW),
both of which harness the acoustic radiation force generated by interaction of a suspended particle with an
ultrasonic sound field. In the case of BAW the sound field is usually generated by exciting resonances in the
fluid body, under such conditions waves reflected at the interfaces of the fluid constructively interfere creating
a standing wave field the shape of which is related to the geometry of the fluid volume. In SAW systems
reflections of fluid interfaces are usually weak as the fluid is typically enclosed in PDMS which has a similar
acoustic impedance to water. Consequently, the standing waves required to trap particles in patterns, are
produced using two separately generated counter propagating travelling waves.

Acoustic particle tweezing refers to the trapping of particles and then the subsequent movement of them by
translation of the sound field. Whilst this is possible using BAW, it requires the careful suppression of reflected
waves to obtain the required control over the pressure field [1]. However, SAW lends itself more naturally to
this process due to the weak reflections present, displacement of the particles once trapped in a standing wave
can be achieved by frequency or phase changes [2]. The result is movement of the pattern of particles created
in the standing wave. A common factor in approaches to date is the use of a single excitation frequency at any
moment of time. In this work, two different frequency travelling waves are excited, our analysis shows that
under such conditions a standing wave is not produced, rather a single trapping location exists for the
suspended particles, and this single trap’s location can be altered very simply by adjusting the relative power
of excitation of the two waves.

Working Principle

The acoustic radiation force exerted on a suspended particle can be found using [3]:

Fred — _yyrad (la)
4w 1 3
ured = ?ag f1§K0<pi2n) —f3 ZPo(WZn) (1b)
K 2p-1) p
) =1-Rgwithi =-2; f,(p) = ———=,withp =L

f1(®) wi Ko f2(P) 25+ 1 Withp =2 (10)

where U4 is the acoustic potential, (p2,) and (v?,) are the temporal average second ordered fluid pressure
and velocity at the particle’s location, k and p are the compressibility and density of the particle or the fluid
with the subscript p or 0.

The difference in the shape of the force field generated by two counter-propagating waves is considered for
two cases, that of two identical frequencies and that of two different frequencies. The pressure generated by
the two counter propagating waves can be expressed as:

P = popaiwge’ @tk + ppiw,el@rtrion) )

where ¢y and ¢p are the amplitudes, k, and kj, are the wavenumbers and w, and w, are the angular
frequencies. The decay of each wave is neglected in this equation. The total pressure is simply a linear
summation of the pressures generated by each of the two waves. However, the forces generated are a non-
linear effect, so no such superposition can be used. Once the real terms are taken, expanded out and squared,
the following unwieldy expression is obtained:

[R®)?

= p?¢2w2[sin? wat cos? kax + cos? wyt sin? kax — 2 sin wgt cos kyx cos w,t sin kgx] 3)

+p2pLwi[sin? wyt cos? kyx + cos? wyt sin? kyx — 2 sin wpt cos k,x cos wpt sin kyx]
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The first square bracket expression is related to only terms related to wave a, the second to wave b, and the
third to a mixture of a and b terms. When the time average is taken, it is the sin? wt and cos? wt which are
non-zero and so contribute to the acoustic force. These are the first two terms in the first two of the square
brackets. However, in the third square bracket, containing the mixed subscript a and b terms, the time average
depends on whether w, = w,. If this is the case, then the first and final terms in the third square bracket
contributes to the acoustic radiation force, and the expression can be reduced to (p?) = 2p2p?w? cos? kx,
which predicts a periodicity in the particle patterning which aligns with the periodicity of the standing wave
which is produced. However, if the frequencies are not equal, then none of the terms in the third square brackets
are non-zero. This means that despite the non-linearity of the acoustic radiation force, the total value of (pz)
is simple the summation of the (p?) of each individual wave. As the same can be shown for (v?) the total force
is simply the summation of the force generated by the two individual travelling waves. In the case of equation
3, in which no decay is included in the strength of the travelling wave, the total force will be zero as an equal
and opposite force is generated from each of the counter-propagating waves, if, however, decay is included a
single collection location is achieved at the location at which the forces generated from each of the two waves
equate. Under such a scenario, the location of this single trap location can be moved by adjusting the relative
amplitude of the two waves.

Experimental Results

An experimental demonstration of the use of two different frequency travelling waves, each decaying due to
attenuation of the surface wave as energy is coupled into the fluid, is shown in figure 1. With a comparison of
the standing surface acoustic waves (SSAW) and decaying opposing travelling surface acoustic waves
(DOTSAW), as well as the trajectory control via altering the relative amplitude of the two waves.

Figure 1: Stacked images of
particle trajectories from
experiments. (a) SSAW
field; where multiple
equidistant particle trapping
location can be seen in a field
generated by two counter-
propagating waves of equal
frequency. (b) DOTSAW
field; where particles are
focused to the channel
center, in a file generated by
decaying, opposing
travelling waves of two
different frequencies. (c) The
trajectories  of  particles
r=0 within DOTSAW fields with
*r=-0.67 . .
«r=130  different relative  wave
=23 amplitudes, each colour
coming from a different
experiment.

Intensity (a.u.)

Conclusion

The use of two different frequency counter-propagating travelling waves has been shown to produce a force
field distinctly different to that generated in a standing wave excited when identical frequencies are used. As
a result of the properties of this type of excitation, the DOTSAW system can trap particles in a single location,
and that location can be displaced via alteration of the relative amplitudes of the two waves.
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Introduction
In this paper we present an acoustophoretic system with internal temperature sensing that enables in sifu and
local temperature monitoring during operation.

The main source of heat in any acoustophoretic systems is the ultrasound generating transducer. Here the
heat is generated due to electromechanical losses in the piezoelectrical material and heat losses in the glue
layers connecting the transducer to the system. Acoustic absorption by which mechanical energy is converted
into heat is rather low in acoustophoretic systems due to the often low-loss materials used such as silicon and
glass [1,2] and the 1-10 MHz typically used for acoustophoresis [3]. Nevertheless, temperature elevation in
acoustophoretic systems is a problem as the generated heat may be conducted to the fluid and in turn to the
cells causing a thermal bio-effect [3]. To measure the temperature of the system the most common solution is
to have an external temperature probe [4]. However, the temperature inside the system may differ from the
externally measured one with uncounted biological side effects.

We have previously demonstrated fabrication of thin film metal sensors in glass chips [5]. In this paper,
we integrate these thin metal film sensors for internal temperature sensing of the fluid in an acoustophoretic
glass chip while demonstrating continuous acoustophoresis of E. coli bacteria.

Experimental

The experimental setup, Fig. 1, consists of the microfluidic glass chip with internal temperature sensing, a
2.5 MHz PZT transducer glued to the top glass surface using cyanoacrylate adhesive, and an external K-type
thermocouple mounted on the glass top surface using thermal conducting paste, Fig. 1(a). The transducer
was driven in frequency modulation saw tooth mode at 10 V,,, with center frequency 2.5 MHz and a span of
200 kHz with a rate of 1 kHz generating bulk acoustic waves. The channel has a semi-circular cross-section
with a depth of 160 um and a width of 360 um, the channel is open to the sides of the chip allowing for fluid
connection via glued glass capillaries. Due to the semi-circular design, an effect of the isotropic wet-etch
fabrication process, the actuation frequency (2.5 MHz) was set to match a half-standing-wave for a channel
width of 300 pm placing the pressure nodal-line approx. in the middle of the channel, both vertically and
horizontally. The microfluidic chip was manufactured by structuring two borosilicate glass wafers, having
metal electrodes on one side and etched channels on the other [5,6]. The Pt electrodes, Fig. 1(a):4, were
deposited by a lift-off process on one of the wafers. Both the trenches for the electrodes and the microfluidic
channels were fabricated using UV-lithography and isotropic wet-etching with HF. Glass bonding of the two
wafers was done by heat treatment at 625 °C for 6 h.

(@)

! Internal
- temperature
sensors

Figure 1: (a) Exploded view of the system: (1) transducer, (2) location of the external thermocouple, (3) structured
glass wafer for the internal thin film metal sensors, (4) internal thin film metal Pt sensor elements, and (5) structured
glass wafer containing the microfluidic channels. (b) Photo of the glass chip. (c) Insert showing the internal thin film
metal Pt sensors exposed to the fluid within the channel.
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The leftmost internal temperature sensors element was connected in a 4-point configuration in order to give a
localized measurement of the resistance, Fig. 1(c), measured using a data acquisition control unit (cDAQ-
9178 and NI-9219, National Instruments) and LabView. Acoustophoresis of E. coli bacteria was performed
in six consecutive repetitions. During all repetitions both the internal temperature of the fluid filled channel
measured by the Pt sensor and the external temperature of the chip glass surface measured by the
thermocouple were logged using LabView. Bright field microscopy was applied with a 20x/0.45 objective
and each experiment started with injection of E. coli bacteria suspended in growth LB-media, by manually
compressing the syringe creating a slowly decreasing flow in the channel, passing by the internal
temperature sensor, directed towards the outlet. Next, when a steady state temperature of the system was
reached, the ultrasonic transducer was activated focusing the bacteria by the acoustic radiation force towards
the pressure nodal-line in the center of the channel. Once the temperatures of both the internal Pt sensor and
that of the external thermocouple had reached steady state the ultrasonic transducer was deactivated and the
experiment was repeated.

Results
Figure 2(a) shows acoustophoresis of E. coli bacteria in the microfluidic channel in close vicinity to the Pt
temperature sensor. Here, only the leftmost Pt temperature sensor element is active. With a transducer
frequency of 2.5 MHz driven in frequency modulation mode the bacteria are focused in the center of the
channel.
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Figure 2: (a) Acoustophoresis of E. coli during temperature measurements. Here, the white dashed standing half-wave
symbolizes the acoustophoretic effect resulting in a single pressure nodal-line in the center of the channel. (b) Internal
and external temperature measurements during acoustophoresis of E. coli, six repetitions.
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The internal temperature of the fluid filled channel measured by the Pt sensor and the external glass surface
temperature measured by the thermocouple are plotted in Fig. 2(b). The temperature difference between the
internal and external sensors was in the order of one degree Celsius for this system. It depends on both the
material properties of the chip, here glass, as well as on the location of the two sensors relative to the heat
generating transducer. There was a slight misalignment of the Pt temperature sensor relative to the channel
centerline, approx. 100 um. However, as with acoustophoresis and the fluid flow, any temperature deviation
within the channel based on the misalignment is assumed to be negligible.

Conclusion

We have shown internal temperature sensing in an acoustophoretic glass system by using an integrated
resistive Pt sensor element exposed to the fluid within. The performance of the internal temperature sensor
was evaluated and found comparable to a normal K-type thermocouple. The 1 °C higher temperature that
was measured in the channel can be of significant importance in biological assays, in which precise
temperature control is often needed. Furthermore, the Pt sensor increases repeatability since the temperature
of the external thermocouple depends on its placement relative the transducer and microfluidic channel.
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Summary

We have previously presented an ultrasonic standing wave (USW) 3D culture platform enabling paral-
lel production, staining and processing of 100 uniformly sized multi-cellular tumor spheroids (MCTS)
[1]. Here, we use the system for analysis of HepG2 and A498 renal carcinoma MCTS by on-chip
automatic image analysis methods based on bright field and 3D confocal microscopy images.

Introduction

Tissue micro-engineering is important for modelling 3D biological structures to bridge the gap be-
tween in vivo and in vitro in cellular and pharmaceutical research. Regular 2D in wvitro cell cultures
do not reproduce the complex 3D micro-environment of cells, extra cellular matrix and soluble factors
which governs cell behaviour and tissue function [2]. Recently, many MCTS culture methods has been
developed based on either anchored-dependent (e.g. scaffolds) or anchored-independent (e.g. hanging
drop, low-attachment surfaces) strategies [3] but many of them does not address the challenges of
detailed imaging and overcoming MCTS light scattering in a high throughput manner [4].

In a previous study we presented an USW 3D culture platform where immunotherapy of adherent
HepG2 MCTS were studied [1]. We further developed this platform with a protein repellent poly-
mer coating (described in [5]) to produce un-anchored HepG2 MCTS [6] (Fig. 1). In this paper, we
demonstrate culture and analysis of a more relevant A498 renal carcinoma MCTS by a novel on-chip
automatic cell count estimation script. We also show a MCTS characterisation script based on bright
field images of HepG2 MCTS formed in the multi-well microplate.

Figure 1: The silicon multi-well microplate is etched with
100 micro-wells (350 pm x 350 wm, 300 pm deep), bonded to
a glass plate (A) and mounted onto the transducers (B) by
clamping it with a frame. To produce spheroids, a single cell
suspension is seeded into the multi-well microplate reservoir
with a standard pipette and the cells sediment into the micro-
wells (C). A protein repellent polymer coating (blue line) pre-
vents cell adhesion to the micro-well. When the piezo ceramic
PR Side View disk is actuated with frequency modulation (2,47 MHz + 50
kHz at 1 kHz sweep rate) the ultrasonic radiation forces, orig-

C g
° o
%o o . inating from USW, focus the seeded cells into all 100 micro-
%o ©°, well centers. Spheroids are then formed when incubated dur-
[] 1 ing continuous ultrasonic force focusing for 24 h.

Cell seeding Ultrasound On

Q 22 mm

Top View

22 mm

MCTS characterization and analysis

The in-house developed MCTS characterization script based on bright field transmission microscopy
images is able to find and label all micro-wells before binary segmentation and analysis of MCTS
residing in the bottom of each micro-well. This allows for characterisation of living MCTS with high
temporal resolution where e.g. growth and defragmentation can be assessed without staining. The
script was tested on HepG2 MCTS where we compared spheroid formation with and without protein
repellent coating and found a more compact and consistent MCTS formation in coated microplates
compared to un-coated microplates (Fig. 2).
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Figure 2: Bright field images of HepG2 spheroids where captured and analysed with an in-house developed
MATLAB script (A) where the black line shows the found spheroid. Data of spheroid area (B), light transmis-
sion through the spheroids (C) and number of aggregates per well (D) is shown in the boxplots for spheroids
produced under three different conditions; 24h active + 24h passive culture in an uncoated microplate (+/-),
24h active culture + 24h passive culture in a coated microplate (+/4) and 48h of passive culture in a coated
microplate (-/4). In the plots, the boxes indicates the 25th and 75th percentiles with a red line marking the
median. The whiskers shows the furthest observation that is less then 1.5 times the interquartile range away
from the box edge and outliers are marked with a black dot. The horizontal red lines and stars indicates the
overall significance of the three sets of data in each plot determined by the Kruskal-Wallis test (****; p >
0.0001). The horizontal black lines and stars indicates the pairwise significance between sets of data determined
by the Mann-Whitney U test.

Single cell analysis

To overcome the MCTS light scatter and allow for deep tissue imaging, a Histodenz based refractive
index matching solution (RIMS) protocol was developed where all MCTS are treated simultaneously
while being retained in the micro-wells. Detailed confocal z-stacks of whole MCTS were acquired
on-chip and an automatic cell count estimation script was developed where the sectioning step along
the z-axis can be varied. Tests against manual counting in seven A498 MCTS z-stacks demonstrates
that an accurate estimation was possible up to 5 pm sectioning step, hence indicating 5 times faster
z-stack acquisition can be achieved compared to the optimal sectioning step 1 pm (Fig. 3).

Figure 3: Spheroids of A498 renal carcinoma
cells (24 h active + 24 h passive) were stained
with Hoechst 33342, fixed in 4 % PFA, and treated
with RIMS (3D rendering (A)). Z-stacks of seven
: A498 spheroids were used to test the spheroid cell
IR ~- ] | number estimation script where the sectioning be-

\+ ~ tween the images can be varied. The number of
cells in the spheroids were manually counted (147,
246, 183, 254, 216, 228 and 189 cells), normalised
(solid black) and compared to the normalised auto-
2 —rwemaieesmaen | matic cell number estimation (red triangles, bar =
Manual counting standard deviation) with different sectioning step
s~ in the z-stack (B).
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Conclusion

In summary, we have shown formation of A498 renal carcinoma MCTS through USW trapping and
developed analysis methods to acquire data from a single cell level to a spheroid level which allows for
high throughput analysis for e.g. drug development and immunotherapy research.
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Introduction

In most acoustofluidic systems the acoustic field extends many wavelengths, meaning many particles
are manipulated concurrently' >. Whilst useful in some applications, this has limited use in single cell
manipulation. Instead, there is a growing interest in localising acoustic fields to a single acoustic trap™*.
Focused surface acoustic waves show promise in this regard, as the acoustic beam can be constrained
to several wavelengths, allowing single cell manipulation®.

By analogy to optical lenses, focused IDTs are characterised by a focal length; however, in practice the
focal length differs from the geometric focal length. Consequently, imaging of the SAW field is required
to determine focal length and thus channel placement. Focus offset also complicates the design of
focused standing waves, which may prove useful sources for single cell traps.

Here, we use finite element simulations of focused SAWs (COMSOL Multiphysics) — validated by
experimental laser doppler vibrometry (data not shown) — to highlight the role of crystal anisotropy in
focus offset. We then correct for this by tuning the pitch of the focused IDTs according to the acoustic
velocity.

Numerical modelling

For a concentric ring IDT, the resonant frequency will change across the aperture according to the
acoustic velocity in the direction normal to the IDT. When excited at a single frequency only a fraction
of the IDT will resonate, which changes the effective focal length. In contrast, tuning the IDT pitch to
the local acoustic velocity allows the entire IDT to resonate at a single frequency. The acoustic velocity
for 128-YX lithium niobate was determined using an Eigenfrequency analysis and is plotted in Figure
1 (a); these values are consistent with literature values’. The IDT pitch was then tuned to have a common
resonant frequency. Correcting for the anisotropic acoustic velocity in this way restores the focal length
to the geometric focal length, as shown in Figure 1 (b-c).

With a predictable focal length, multiple sets of IDTs can be combined to generate highly focused
standing wave fields. As an example, we show a 2D standing wave generated using two orthogonal
pairs of tuned IDTs. The highly localised standing SAW field is shown in Figure 2.

Conclusion

A finite element model of a focused SAW has been presented, and is consistent with LDV scans of a
comparable SAW device. We have shown that anisotropic acoustic velocity is the cause of focus offset
in such devices, which can be avoided by tuning the local pitch of the IDT. This facilitates the
incorporation of focused SAWs with microfluidic channels and waveguiding features for single cell
manipulation, without the need for prior characterisation of the SAW field. As an example application,
we show the formation of a highly localised standing SAW field, formed by the convergence of four
focused SAWs on a common focal point.
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Figure 1. (a) Polar plot of phase velocity vs propagation direction from the crystallographic x axis for 128-YX
lithium niobate, determined from FEM analysis. RMS time-averaged surface-normal displacement of a SAW
emanating from a concentric ring (b) and tuned (c) FIDT on 128-YX lithium niobate. The scale bars in each image
are 100 um.
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Figure 2. Surface plots of time-averaged (rms) surface normal displacement field for standing waves in the X and
Y directions that are (a,b) in phase, and (c,d) pi/2 out-of-phase. The incident waves converge upon the geometric
focal point.
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Introduction

There is growing interest in local confinement of acoustic fields for single cell manipulation'?. Acoustic
waveguides have the potential to shape the acoustic field arising from surface acoustic wave (SAW)
liquid interactions towards this end. The design of such waveguides can be accelerated by
computational modelling, and fully coupled finite elements analysis is the typical approach for such
studies™. Such numerical modelling comes at a computational and financial expense, especially for
geometry optimisation. We have developed an analytical model of the pressure in a liquid based on the
propagation of spherical pressure waves, for which a range of waveguide geometry and SAW boundary
conditions can be applied.

Analytical model

A fluid channel is discretised into pixel grids in the XY, XZ and YZ planes. The pressure at each pixel
is given by the sum of spherical pressure waves propagating from each pixel on the fluid-substrate
interface, as illustrated in Figure 1. Boundary conditions can be set for travelling and standing SAWs
in one and two directions, according to Neild ez al °. An acoustically-thin waveguide is considered by
including only spherical waves emanating from pixels contained within the waveguide.

The pressure at point (x,)) on the evaluation plane at time ¢ is equal to the pressure at point (xi, yi) at
. . R . . o o . .
the interface at time t — - where v, is the acoustic velocity in the liquid and R is the distance between
l

the two points. To account for the decreasing intensity of a spherical wave with R and normalise
spherical wave amplitudes to unity at the interface the pressure is scaled by (R + 1)~1. The total
pressure, P(x,y,t), is thus given by:

R
P(x,y,t) =Y (R+ 1)"1P, (xi,yi, t— v_)
l
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Figure 1. (a) Schematic of spherical waves (green) propagating a distance R from point (xi,yi) on the fluid-
substrate interface to point (x,y) on the evaluation plane (grey). (b) Cross-section view of acoustic field in a liquid
channel at a single time-point for two incident SAWs, using the boundary conditions given by Neild ez a/l’.



Results

The acoustic field in a PDMS microchannel for two opposing SAWs (without a waveguide) is shown
in Figure 1 (b), and is consistent with previous studies and our own fully coupled finite element models’.
We then investigated waveguiding pillars with diameters in the sub-wavelength and wavelength size
range. The time-averaged acoustic fields in a PDMS channel are shown in Figure 2 (a-d) for a 1D
standing SAW, with a pressure node located at the centre of the waveguide. Whilst giving intricate 2D
patterns, these structures did not lead to the anticipated single acoustic trap. Instead, a travelling SAW
interacting with a pillar waveguide gave the single acoustic trap shown in Figure 2 (e).
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Figure 2. Time-averaged (rms) pressure fields 10pm above a waveguide in a 20-um-deep PDMS microchannel.
Pillar waveguides (highlighted in white) have diameters (a) A/4, (b) A/2, (c) A, and (d) 3A/4 for a standing surface
acoustic wave in X. A waveguide with diameter equal to A is shown in (e) for a travelling SAW in the X direction.

Conclusion

We have developed a rapid analytical approach to deduce the acoustic field in a microchannel arising
from SAW coupling, which enables the design of acoustic waveguides. Using this model, we have
identified a waveguide and SAW field that allows a single acoustic trap, located directly above the
waveguide that may be used for acoustic tweezing of single cells.
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Introduction

In recent years, acoustophoresis has been increasingly used for separation of cell populations. Demonstrated
applicability of acoustophoresis on blood component separation and rare cell separation is promising for
several applications in medicine such as plasmaphoresis, thrombocytapheresis and separation of circulating
tumor cells [1-3]. Such medical procedures require the separation method to be economic and high
throughput with disposable components that are suitable for high volume manufacturability [4].

Requirement for high volume manufacturability and low cost push the material selection towards polymers
for chip material even though they are known to have poor acoustic properties compared to commonly used
materials in acoustophoresis such as silicon. Hence the overcome the adverse acoustic properties of
polymers, piezoelectric actuator should be high performance. High throughput requirement promotes the
applicability of acoustophoresis in larger channels (channel width in the order of millimeters) rather than
micrometers. In order to setup a resonance condition at larger channel fundamental resonance frequency of
the piezoelectric material should be low. Most studies in literature use resonance at 2-3 MHz which results in
channel width of couple of hundred micrometer channels. Moreover, acoustic separation would be most
efficient if the acoustic resonance conditions in the piezoelectric actuator, chip material and resonance inside
the channel occurs at the same frequency. Due to uncertainties in the resonance frequencies of these
components, this coincident resonance of all components is rather difficult to achieve. Therefore, it is
desirable to be able to shift the resonance frequency of the piezoelectric material so that resonance frequency
of the piezoelectric material can be tuned to chip and the channel resonance frequencies. In this study,
vibration performance of different types and geometries of piezoelectric materials are tested and the effect of
a series inductor to a piezoelectric element is investigated.

Materials and Experimental Set-up

A test setup is built for measuring the thickness mode vibrations of different piezoelectric materials. As
shown in Fig.1, the piezoelectric material (4) is placed on the testing platform. Laser Doppler Vibrometer
(LDV) (3) is attached to a linear translation platform. Vibration signal measured by the LDV and band
limited white noise signal from the amplifier is sent to NI VirtualBench (6). Frequency response between the
applied voltage and the vibration along the thickness mode of the piezoelectric material is calculated with a
LABVIEW code. Tested piezoelectric materials are from Steminc Corp. USA two PZT 4 rectangular plates
(20x15x1 mm and 20x15x3 mm) with resonances of 2 MHz and 700 kHz, from Eksen Ileri Technologies,
Turkey, PZT 4 with a disk shape (15 mm diameter and 1 mm thickness) with 2 MHz resonance, from Piezo
Systems Inc., USA PZT-5A rectangular plate (25x10x1 mm) with 2 MHz resonance, from TRS
Technologies Inc., USA PMN-PT rectangular plate(30x20x1 mm) with 2 MHz resonance and FerroPerm
A/S, Denmark, PZ 26 rectangular plate (25x10x1 mm) with 2 MHz resonance. Also, an inductor 1 pH
inductor is connected in series to the 2 MHz PZT 4 piezoelectric plate from Steminc Corp. The frequency
response with and without the inductor across the piezoelectric material is measured with the same set-up.

1) NI LABView Code Figure 1: Test set-up for vibration testing of
2) Amplifier 1 1 1

b — piezoelectric materials.

4) Piezo Patch

5) Automated Area Scanner

6) NI VirualBench

7) Laser Vibrometer

8) Oscilloscope




Results

The test results of the piezoelectric materials are shown in Fig. 2. For a unit voltage input, the highest
amplitude of velocity is observed on the PZT-4 material with 700 kHz resonance frequency. The low
resonance frequency material (700 kHz resonance) shows largest as well as the sharpest resonance peak.
This result is rather promising for creating resonances in larger channels. Lowest amplitude oscillation is
observed on PZT-5A material. PZT-5A is known to have better piezoelectric constants than PZT 4.
However, since the material and dielectric losses are higher, it resulted in low amplitude vibrations. PZ 26
(which is similar to PZT 4) showed the highest vibration velocity in 2 MHz resonance actuators. Single
crystalline piezoelectric material PMN-PT showed a rather wide resonance bandwidth which can be
favorable for creating resonance at different frequencies. Also, the resonance frequency of 2 MHz actuators
(5 different 2 MHz piezoelectric are tested) have more than 5% spread from the target value. This spread
causes difficulty in matching the piezoelectric material resonance with the chip and channel resonance
frequencies. An inductor of 1 pH is connected to 2 MHz Steminc. Corp. PZT 4 in series and the amplifier is
connected across the circuit. The frequency response plots before and after the connection of the inductor are
shown in Figure 3. Approximately, 10% shift in the resonance frequency can be observed. Ability to shift the
piezoelectric resonance using inductors in series can be advantageous for coinciding the resonance
frequencies of the piezoelectric material, chip material and the channel.
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Figure 2. Thickness mode vibrations amplitudes per supplied voltage from the amplifiers for different piezoelectric
material types and brands.
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Conclusion
We have tested different piezoelectric materials with target thickness resonance frequencies of 2 MHz
(typically used frequency in acoustophoresis applications). It is observed that there is more than 5 %
deviation in the actual resonance frequencies compared to target value. Also, a method to shift the resonance
frequency of the piezoelectric material which can be helpful in matching resonance frequencies of the
piezoelectric material, chip material and the channel resonance is demonstrated.
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Introduction

Acoustofluidic has made remarkable progress in the last decade especially for micro-object (particle, droplet,
cell, etc.) manipulation (sorting, separation, focusing, merging, splitting, etc.) in a microfluidic chip [1,2].
Despite recent advances, most acoustofluidic devices reported to date have two common limitations: (1) a
microfluidic chip is irreversibly bonded to a piezoelectric substrate; therefore, the microfluidic chip is
irreplaceable, and the substrate and electrodes are non-reusable; (2) a heating problem occurs when dealing
with PDMS microfluidic chips. Here, we propose a conceptual shift to address the abovementioned problems
by investigating the PDMS thickness effect on acoustofluidic devices.

Our group recently developed acoustothermal heating and reported its application to droplet multichannel
sorting in a disposable microfluidic chip [3]. As a follow-up study, we aim to experimentally investigate the
effects of the PDMS membrane thickness on acousto-thermo-microfluidic phenomena. Based on our findings,
we demonstrate an acoustic droplet volume control device for droplet tri-splitting and merging, which have
not been reported in literature.

Effects of the PDMS membrane thickness

Acoustothermal heating has been regarded as an undesirable side effect of using PDMS microfluidic chips
with acoustic waves. However, in our previous works, we demonstrated that acoustothermal heating can be
utilized for microfluidic applications. In these devices, a thin PDMS membrane with its thickness of 200-300
um (approximately 51) was used (1) to form a closed microfluidic chip and (2) to absorb acoustic energy and
convert it into thermal energy (heat). Therefore, the microfluidic chip was disposable and thus easily
replaceable, and the electrodes and the substrate can be reused. We further investigated the effects of the
PDMS membrane thickness on acoustic and acoustothermal phenomena in the membrane.

PDMS membranes with varying thickness (f) were placed on an interdigital transducer (IDT) with
electrode spacing (1/4) that was deposited on a LiNbO; substrate (Fig. 1(a)). With AC signals applied,
surface acoustic waves (SAWs) were produced, they were transformed into longitudinal waves (LWs) in the
membrane. These LWs were attenuated in the membrane by viscoelastic damping, and thus acoustothermal
heating occurred. The thickness was normalized with four times electrode spacing (#/1), and the temperature
measured by an IR camera was normalized with the room temperature (7x) as (7-7r)/Tr. As shown in Fig.
1(b), the normalized temperature increased until #/4 ~ 2 and reached a plateau when #4 > 2. In other words,
acoustic waves are incompletely attenuated in the membrane (¢ < 21) whereas they are completely attenuated
with significant acoustothermal heating (¢ > 24), which are in agreement with our previous work [3].

Based on our findings, a closed microfluidic chip composed of microstructured PDMS stamp and a PDMS
membrane can be placed and attached to the substrate by natural adhesion for acoustofluidic operations. The
microfluidic chip in a disposable form can be easily replaced and thus, the substrate and IDTs can be reused.
In addition, unlike most acoustofluidic devices [1,2], in which the acoustic field is excited in the direction
perpendicular to the flow direction, the acoustic field can be applied in the direction parallel to the flow
direction. These features enable disposable acoustofluidic device with significantly improved device
functionality and flexibility.
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Figure 2: Acoustic droplet
manipulation in a disposable
microfluidic chip: (a-d) acoustic
droplet tri-splitting. (e-j) acoustic
droplet merging.

Acoustic droplet manipulation in a disposable microfluidic chip

In droplet microfluidics, droplet volume control is critical in various bio-physico-chemical applications.
Such droplet volume control can be achieved by either splitting or merging droplets. A variety of methods
have been proposed in the last decade: geometry-mediated, dielectric, thermocapillary, acoustic, magnetic,
and optical methods [4]. However, most previous methods have limited functionality for on-demand droplet
volume control. In respect of splitting, the external force is applied to the droplet in the direction
perpendicular to the flow direction; thus, droplets cannot split into more than two daughter droplets. In
addition, with respect to merging, most previous methods cannot perform droplet merging and mixing
simultaneously. Furthermore, the previous methods all share a common limitation that they require
irreversible bonding, leading to non-reusable device and non-disposable microfluidic chip.

We propose an acoustic device for on-demand droplet volume control using a slanted finger interdigital
transducer (SFIT) with A/4 = 9-13 pum. As discussed in the previous sub-section, a disposable PDMS
microfluidic chip with the membrane thickness of 20 um (~ 0.54) was used. SAWs are selectively produced
from the SIFT at a position where the corresponding electrode spacing matches with the applied frequency.
Therefore, we can selectively impart an acoustic force to a certain part of a droplet. Compared to
conventional droplet volume control devices, the proposed system significantly differs in two aspects.

First, an external force is exerted to the droplets in the inverse direction, instead of the perpendicular
direction as in cross-type devices. This feature significantly improves functionality of droplet splitting. As in
Figs. 2(a-d), a mother droplet can be split into three daughter droplets with a freely programmable droplet
volume ratio. The presented results are the first demonstration of on-demand droplet tri-splitting. The
number of daughter droplets can be further increased with ease by placing more bifurcations in the
microchannel. Second, a closed microfluidic chip is used and it is bonded on the substrate by natural
adhesion. Since no irreversible bonding is required, the substrate can be reused, and the microfluidic chip is
disposable.

In addition to droplet splitting, droplet merging can be also performed in our system as in Figs. 2(e-j). The
applied acoustic force holds a preceding droplet and thus merges it with a following droplet. In addition to
droplet merging, the acoustic streaming flow induced by the acoustic waves can further accelerate inner
vortex streaming and thus droplet mixing.

Conclusion

We have investigated the effects of the PDMS membrane in an acoustofluidic device and developed an
acoustic device for on-demand droplet volume control (tri-splitting and merging) in a disposable microfluidic
chip. We look forward to presenting these unprecedented results in more detail at Acoustofluidics 2017.
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Introduction

We present a rapid acoustofluidic method for hematocrit determination. Hematocrit (HCT), the volume
percentage of red blood cells, is routinely measured at the hospital, as abnormal values can indicate several
disease states [1]. The gold standard for measuring HCT is a centrifugation based method where the height of
packed blood cells is compared to the total blood sample height in a capillary after centrifugation. The
acoustofluidic method to measure HCT, which can be performed in only 2 seconds, separates blood cells and
plasma into discrete regions. Similar to the centrifugation based method, HCT can be calculated by comparing
the two regions. This acoustic method, that is notably faster than the conventional centrifugation method and
can be fully automated, is suitable for integration with further blood analysis operations [2,3].

Experimental

The setup consists of a microfluidic borosilicate chip with a straight channel, a syringe pump and two three-
way valves for flow control, and a piezoceramic transducer glued to the chip that actuated the channel at 2
wavelength resonance, see figure 1. Focusing of the red blood cells to the centerline pressure node was imaged
by a grayscale CCD camera, see figure 1C. Light transmission along the centerline was blocked by the
acoustically packed blood cells while the plasma on the sides was optically transparent. The acquired images
were converted in Matlab to 1-bit binary images by grayscale thresholding, and the amount of dark pixels were
compared to the total amount of pixels to give the acoustically packed cell area.
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Figure 1: (A) Schematic illustration of the acoustofluidic setup. The channel in the microfluidic chip is filled with blood
(syringe driven flow) and the flow is stopped by switching the three way valves. The piezo is actuated while a camera
monitors part of the microfluidic chip. (B) Image of the microfluidic chip. (C) Acoustically focused whole blood in the
channel.

A 200 pl blood sample was used in each run. Blood samples with hematocrit ranging from 20% to 57%, used
for a standard curve, was prepared by adding autologous plasma or blood cells to the blood sample. Blood
samples used for proof of principle was undiluted whole blood.
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Results and Discussion

The acoustically packed cell area was calculated for 17 samples (n=3) with HCT ranging from 20 to 57% after
2, 5 and 20 seconds of acoustic focusing. All samples were also measured by the reference centrifugation
method, and the linear relationship between the HCT measured by the reference method and acoustically
packed cell shows that they are proportional, though with a few percentage point (pp) offset, see figure 2.
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Figure 2: The linear relationship between Acoustically packed cell area and HCT measured by centrifugation is shown.

The acoustically packed cell area measured after 2, 5 and 20 seconds of acoustic focusing for 17 samples with HCT
ranging from 20-57% (n=3).

As a proof of principle, the acoustically packed cell area for 5 blood samples from healthy donors was
measured and the acoustic HCT was estimated from the standard curve in figure 2 and compared with the HCT
measured by centrifugation. For 20 seconds of focusing time, the acoustic method had a standard deviation
(n=3) equal to or below 1 pp. Compared to HCT measured by centrifugation, the average error was 0.95 pp.
For 5 and 2 seconds of acoustic focusing, the standard deviation was slightly higher, but still on or below 2.06
pp. and an average error of 1.16 pp and 1 pp.

Conclusion

The presented acoustofluidic method estimates a HCT value from 200 ul of undiluted whole blood in only 2
seconds with an average error of only 1 pp. This could be integrated with sequential microfluidic in-line
measurements for multiplex analysis.
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Particle detection: from air pathogens to basophils

Airborne pathogens represent a serious threat to human health as they can spread easily and quickly [1].
Anthrax (Bacillus anthracis) is an especially dangerous airborne bacteria that can stay dormant for as long as
70 years in its spore form [2]. Anthrax is highly lethal [3] with mortality rates as high as 90% (although
recently, with more effective treatment, this has dropped to 45%) [1,4]. Current detection methods do not
provide a fast enough response due to complications in analyzing air particles as well as not having real-time
capabilities [1].

When performing an allergy blood test, rare white blood cells, basophils, have to be extracted from a
heterogeneous blood sample. Once isolated, these cells can be exposed to various allergens to determine the
severity of the person’s allergic reactions. The isolation process is a long and expensive one and the cell purities
obtained can be disappointing [5].

In both of these situations there is a need to concentrate and isolate a certain type of target cell in a
sample and have it ready for further inspection. An ultrasonic standing wave (USW) field has the ability to
move objects due to radiation forces that can push all particles towards a surface, for instance [6]. That surface
can be coated with specific antibodies that will only capture the specific pathogens. This is the basic principle
of operation for a device developed to speed up the two processes.

Device description

The device consists of a PZT transducer glued onto a 1 mm thick stainless steel carrier layer. The fluid channel
is 130 pm thick and is separated from the 170 um glass coverslip reflector layer by a PDMS gasket and a
cellulose acetate spacer. The device is fairly robust and can tolerate variation in the carrier layer thickness of
up to 0.1 mm, resulting in only a small decrease in radiation force (3%).

The device has two transducers. The first one, over the first half of the channel (in the lengthwise
direction) is tuned to set up a half-wave (HW) field, while the second one is tuned to set up a thin-reflector
(TR) mode [6]. As the cells flow within the US field, they are first concentrated in the mid-plane of the channel
and then pushed towards the reflector layer on which an antibody (AB) coating has been applied to capture
them. Figure 1 shows the device schematic.

In the case of airborne spore monitoring, the device would act on particles suspended in water
following aerosol capture. The waterborne spores are then run through the device which renders itself suitable
for continuous real-time use [7], if integrated with an appropriate detection method. When separating
basophils, whole blood flows directly into the device.
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Figure 1: Schematic cross-sections of the device from the: a) front, b) side.

Experimental results
The initial device tests were done with 1 pm diameter fluorescent beads, for the ease of tracking the behavior.
From the data it was established that up to 95% of pathogens are captured when using both transducers at a
flow rate of 30 ml/hr.

To capture the BG spores (substitute for anthrax spores) an array of antibody spots was printed onto
the reflector layer (one row of specific AB and one row as a control, which shouldn’t capture the spores). A
spore solution with a concentration of 10" spores/ml was flowed into the device. Figure 2 shows how the
specialized AB successfully captured the spores. In the future it is expected that the spore concentration in the
sample can go even lower while still retaining a successful capture rate.

CONTROL
Figure 2: Examples of
antibodies  capturing
spores with the aid of
the TR mode USW
field. The lower spots
are coated with the
specialized  antibody
that binds to BG spores,
while the upper spots

ANTIBODY do not have antibodies

As basophils are larger than spores (~15 pm instead of ~1 pm) only the TR mode was used, since the
radiation force increases with the volume of the object. Both purified basophils and whole blood were flowed
at separate occasions with the reflector layer completely functionalized with specific antibodies that targeted
basophils. Visual inspection showed basophils being captured, and a flow cytometric analysis (FACS) revealed
that between 85 to 90% of basophils were captured on the antibodies.

Conclusion

We present an acoustofluidic device that uses ultrasonic radiation force in conjunction with specific antlbodles
to capture blood cells and spores. It has proven itself successful in detecting BG spores in a water solution (10*
spores/ml), as well as capturing basophils from whole and purified blood. The device operates at high
efficiency (around 95% capture rate, at a flow rate of 30 ml/hr) which will allow us to improve on current
limits of particle/cell detection and concentration.
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Introduction

Acoustic streaming is the time-averaged flow induced by an acoustic wave propagating through a fluid. It is
caused by partial absorption of traveling waves (Eckart streaming [1]) or by viscous stresses in the acoustic
boundary layer near rigid surfaces (Rayleigh streaming [2]). For microscale acoustofluidics, acoustic
streaming is well characterized both theoretically and experimentally in fluids of homogeneous density and
compressibility [3,4]. Recently, however, acoustofluidic properties of inhomogeneous systems have been
studied in the literature: iso-acoustic focusing of cells in solute gradients was discovered and characterized
experimentally [5], and a theory for the acoustic body force responsible for the stabilization of these
gradients was developed [6]. Here, we extend this work to experimental studies of acoustic streaming in
inhomogeneous systems, the main result being the remarkable suppression of streaming flow in the bulk of
such systems. In a parallel study, we find the same behavior in a numeric simulation of the system.

Materials and experimental methods

In a standard 130-um-high and 375-um-wide long straight channel in a silicon-glass chip with a piezoelectric
transducer bonded underneath, a laminated flow of water and a 20% iodixanol solution forms a density and
compressibility gradient across the channel, as illustrated in Fig. 1. The motion of 1-um-diameter
polystyrene tracer beads is recorded using a general defocusing particle tracking (GDPT) method [7]. At
time t = 0 s, the flow is stopped, and the GDPT measurements are conducted in a half-wavelength standing
wave field with the PZT input voltage set to 3 V., and the frequency sweeping from 1.95 to 2.05 MHz. For
each measurement set, the particle motions are recorded for 200 s to observe the evolution of acoustic
streaming. The experiment is repeated several times to improve the statistics of the particle trajectories.

Results

Examples of the trajectories of the particles and the color plot of their velocity at 35 s and 160 s are shown in
Fig. 2(a) and (b). We find that the streaming rolls are confined close to the channel wall at 35 s, which is not
the case for homogeneous medium, see Fig. 2(c). Due to this confinement, and even though the particle size
is well below the critical size where acoustic streaming normally dominates [3], the majority of the particles
are focused in the vertical pressure nodal plane within the first 30 s after stopping the flow. As time evolves,
the fluid is homogenized due to diffusion and mixing, and at 160 s the streaming pattern is similar to the
homogeneous case. However, the ratio »}? /v 24 between the velocity component in y direction near the top

20% iodixanol solution to central inlet Optical system

Piezoelectric transducer

Silicon-glass chip

Water to side inlet

Figure 1. Schematic diagram of the measurement system consisting of a long straight channel with rectangular cross
section of height 130 um and width 375 pm etched in a silicon chip (gray) and closed with a glass lid. A 20% iodixanol
solution (dark blue) flows in the center stream laminated by pure water (light blue). The motion of 1-um-diameter
polystyrene tracer beads are recorded through the optical system (purple). Acoustic waves are induced at MHz
frequencies by a piezoelectric transducer (brown) attached under the silicon chip.
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Conclusion

The results clearly show the suppression of acous- Figure 3. Particle velocities as a function of the vertical
tic streaming in the bulk of inhomogeneous fluids,  position z along the line y = 275 pm in the inhomogeneous
and the time-evolution of the streaming rolls as the  fluid at 160 s (purple) and the homogeneous fluid (red).
fluids become homogenized due to the diffusion.

The experimental results are in good agreement with theoretical predictions. More details and direct
comparison between theoretical and experimental results will be discussed in the conference.
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Introduction

We exploit the so-called radiation forces exerted on particles in an ultrasonic standing wave (USW) of
approximately 2 MHz for purposes of in-line process analytical technology (PAT). More precisely the
agglomerations of particles forming in the pressure nodal are used to increase the signal-to-noise ratio (SNR)
of a Raman spectrum measured with an in-line probe.

Raman spectroscopy is a method holding great promise for in-line monitoring of crystallization processes
due to its capabilities of discriminating between different polymorphs, i.e. crystal types, forming. Moreover
the remaining solute concentration can be assessed as well. This would make Raman spectroscopy an ideal
tool for the control of such processes. However, due to its quantum-mechanic nature, Raman spectroscopy
has an inherently low sensitivity, only one of 10" photons is scattered in-elastically and therefore affected by
the chemical composition of the analyte, thus delivering the desired information.

Therefore we set out to increase the sensitivity of a Raman spectroscopy in-line probe by the mentioned
application of an USW to

- spatially increase the particle concentration in the nodal planes
- and create regions depopulated of particles between the planes to

be able to discriminate between signals coming from particles and such originating from the liquid.
Exemplary we concentrate on a case of low particle concentration like at the onset of a crystallization
process. Past work has shown, that the Raman signal of agglomerates brought about by the USW in a cuvette
is comparable to the spectra of sediment [1]. The target of this research is the exploitation of this technique
for the in-line, real-time Raman spectroscopy in a close-to-industrial environment.

Experimental work

In contrast to earlier work combining an USW and Raman spectroscopy, where the direction of sound
propagation was coaxial to the observation direction [2], we have used a configuration like shown in Fig. 1
for the work presented here. The USW is build up between a transducer and a reflector building up a
resonator perpendicular to the optical axis in front of an in-line Raman probe. This enables us to alter the
spatial distribution of the collected particles in relation to the incoming excitation laser by simply changing
the acoustic driving frequency.

Figure 1: Prototype  for
measurements within a
crystallization process holding an
in-line  Raman  spectroscopy
probe (a). The ultrasonic
resonator comprises the
transducer (b) and the reflector
(not visible), the ultrasonic
standing wave is orientated
perpendicular to the axis of the
in-line probe.




An angular spectrum approach (ASA), a fast and accurate method of calculating diffraction fields was used
to numerically assess the resonator. The aim of this was to better understand the USW in the given resonator,
as the space at the probe tip is narrow and therefore the need of optimization exists. Only the frequency and
within certain limits the diameter of transducer and reflector can be chosen.

Fig. 2 shows the result of a calculation where both diameters were set to 8§ mm and the resonator length was
set to 21 half wavelengths. The interesting outcome is, that on the axis of the resonator, the acoustic pressure
has a more complicated course than assumed. One would expect to be the USW strongest at the reflector and
then decreasing monotonically towards the transducer.

The results in Fig. 2 show in contrary, that the field is not smallest at the transducer at x=0 but more to the
center of the resonator around 2.5 mm and again at 5.3 mm. Moreover the local minima, i.e. the pressure
nodes where the particles are collected, show rather high acoustic pressure values, where a pressure of
almost zero is expected. Nevertheless, the maximum pressure is reached at the reflector.
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Figure 2: Acoustic pressure on the axis of a resonator calculated by an angular spectrum approach. Transducer
and reflector were assumed to by circular and 8 mm in diameter, the distance between them was 7.875 mm
representing 21 half wavelengths when driving the transducer a 2 MHz and the suspending liquid (water) has a
speed of sound of 1.500 mm/s.

Measurements with model suspensions were used to test the setup (data not shown). It was well possible to
discriminate between particles and carrier liquid. When the Raman excitation laser was aiming at an
agglomerate brought about by the USW, signals were of comparable strength to that of sediment particles.
When the driving frequency was shifting the pattern in a way that the laser was aiming between the pressure
nodes, the Raman spectrum of the liquid could be measured undisturbed of signals stemming from particles.

Conclusion

A close-to-series prototype is presented capable of assessing the Raman spectrum of suspended crystals in-
line. The setup was numerically assessed for optimization purposes, which delivered some unexpected
learnings. By changing the excitation frequency it was possible to discriminate between the chemical
composition of the solid fraction and the liquid. An increase of the signal strength (counts) by a factor of 100
when measuring the agglomerates brought about by the USW was observed.
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Introduction

Similarly to the recent miniaturization towards implantable piezoelectric fluid pumps, thin film piezoelectric
transducers can enable low voltage, miniaturized and precisely fabricated acoustofluidic chips [1]. Such
transducers consist of a silicon membrane and a thin piezoelectric layer. The membrane is driven at reso-
nance and is often called a Thin Film Bulk Acoustic Resonator (TFBAR) [2]. In this study, a special TFBAR
was fabricated and tested for the acoustic particle manipulation by exciting a Silicon membrane by a thin
lead zirconate titanate (PZT) film in a microfluidic Si/glass chip. Waves emitted by a vibrating membrane
couple into a microfluidic channel and build up an acoustic field for the manipulation of micro-particles. As
particles are manipulated by a coupled fluid-membrane resonance, variable boundary conditions away from
the membrane, e.g. glue at the chip holder and fluid connectors or debris have little influence on the particle
manipulation behaviour. High-quality piezoelectric layers can be produced using Solmates SMP-800 pulsed
laser deposition (PLD) equipment. With this equipment stable processes have become available for large
wafer sizes and at commercial throughput [3,4].

Particle manipulation principle and simulation

Designs of a TFBAR and a bulk acoustic wave (BAW) device were combined to form a TFBAW device as
sketched in Fig. 1a. A membrane covers a microfluidic channel which is embedded in a silicon/glass chip.
On this membrane a PZT layer (blue) was deposited between two electrodes. The top electrodes (green) are
separated in the middle. The 2D FEM simulation with COMSOL in Fig.1b shows the pressure field for a fre-
quency of 2.87 MHz. To actuate the anti-symmetric membrane vibration, the PZT layer was actuated har-
monically with a phase shift of half a period between the top electrodes. White arrows indicate acoustic forc-
es calculated from the Gorkov potential for polystyrene spheres (PS). At this membrane vibration, particles
(light blue) are forced to the channel middle as shown in Fig. 1a.
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Figure 1: a) Sketch of a TFBAW device section with an antisymmetric silicon membrane vibration to manipulate parti-
cles inside a microfluidic channel. In b), the result of a 2D COMSOL simulation at 2.87 MHz is shown for a cross sec-
tion of the TFBAW device. The fabrication process with the major steps is presented in c).



Device fabrication

An overview of the fabrication steps is presented in Fig. 1c. A Silicon On Insulator (SOI) wafer (1) with two
Si0, “etch-stop” layers was used as a substrate. A microfluidic channel (205um x 86um x ~5mm) was dry
etched to the first stop layer in step (2). In step (3), a glass wafer with holes was anodically bonded to the
SOI wafer. The glass wafer adds mechanical stability to the wafer stack. In the next step (4), the Si/SiO,
membrane was released by etching the handle wafer. On top of this membrane, a piezoelectric stack of
(Ti/Pt/LaNiOs/PZT/Pt) was deposited. The Pt (111) bottom electrode was sputtered as an initial layer. A 2
um textured PZT layer was deposited using Solmates SMP-800 PLD equipment. The PLD process showed
to be suitable for the deposition of PZT on Si/glass substrates as rapid thermal annealing was not required
and process temperatures did not exceed 600 °C. The membrane has a total thickness of 17.6 um and a width
of 205 um as shown in the additional SEM pictures. The PZT layer was structured to get access to the bot-
tom electrode. The Pt top electrode was structured using a lift-off process. The device was finished by adding
holes to the glass wafer and wiring electrodes to a PCB chip.

Experiments

In the following experiments, the microfluidic channel was filled with a suspension of water and PS spheres
with a diameter of 15.6 um. The chip was positioned such that the z-direction is in direction of gravity to
avoid a sedimentation of particles on the membrane surface. The displacement field in Fig. 2a was measured
with a laser scanning vibrometer at a resonance frequency of 2.819 MHz. The transfer function for a single
scan point on the membrane surface (black dot in Fig. 2a) is shown in Fig. 2b. The fluid filled channel and
the particles initial position are shown in Fig. 2c. At resonance frequency, a voltage amplitude of 1 Vp and a
maximum displacement of 5.4 nm, particles are moved along the trajectories in Fig. 2d.
A pressure amplitude of 0.08=0.01 MPa inside the cavity was estimated by fitting analytical and experi-
mental trajectories. Analytical trajectories were calculated from a balance of the Stokes’ drag force (neglect-
ing wall effects) and the 1D acoustic radiation force.
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Figure 2: a) The displacement field of the membrane is shown for a frequency of 2.819 MHz. In b), the transfer func-
tion of the membrane is plotted for the indicated point in a). At the peak frequency of 2.819 MHz, PS spheres close to
the glass surface are manipulated in c¢) and d). The experimental trajectories for four spheres and analytically fitted
curves are shown in d).

Conclusion

With the presented fabrication process it becomes possible to embed a thin film PZT actuated membrane into
an acoustofluidic device. The TFBAW chip is fully fabricated in a clean room environment with well con-
trollable equipment. Overall, TFBAW devices have the potential to enable a predictable and stabilized
acoustic particle manipulation at low power consumption.
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Introduction

Manipulation of cells such as patterning, tweezing or sorting is essential tool for biology, chemistry and
medical diagnostics, etc [1,2]. Recently, cell sorting techniques using surface acoustic waves (SAW) are
emerging because of the label-free, non-contact, and energy-efficient features [3, 4]. Here, we develop a
novel method, continuously phase modulated standing surface acoustic waves (CPM-SSAW), which is able
to separate cells from a cell-bead mixture. The developed technique is manifested by demonstrating cell
separation in a two-way microchannel as wide as multiple pressure nodes [5].

Theory

Balancing two major forces, the acoustic radiation force and the drag force in acoustofluidics, we obtain the
optimal rate of phase shift at which the particles are displaced linearly with the moving pressure waves. The
optimal rate of phase shift depends on the particle size and the applied frequency of SAW. The relationship
is

2kF,
¢opt = ?
V. ’

whereFO:#¢,b=67mnand k,py, A, V.. p.sp,> B» B,» ¢, a, and nare the
wavenumber, acoustic pressure, wavelength, particle volume, particle density, fluid density, particle
compressibility, fluid compressibility, contrast factor, particle radius, and fluid viscosity respectively. The

rate of phase shift (@) is constant and it is equal to the frequency shift Af with relationship ¢ = 27Af. When

the optimal rate for cells with a target dimension is applied, target cells exhibit a linear displacement while
particles smaller than the target size show an oscillatory motion. The difference in displacement between two
objects for the same period of time causes target cells to be separated from the mixture. In order to apply the
developed technique to cell separation in a closed microchannel, we design a Y shaped two-way channel
consisting of 2 inlets and 2 outlets [Fig. 1]. When the CPM-SSAW is applied, cells in the mixture can be
displaced by the moving pressure nodes and collected at the outlet located at one side of the channel. The
separation efficiency is assessed by calculating the number ratio of cell to bead at both inlet and outlet. Our
technique using phase-modulated surface acoustic wave can be applied to multiple pressure nodes and
therefore advantageous in developing a high-throughput separation method.
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Figure 2. (a) and (b) Brightfield images of cell-bead separation before and after CPM-SSAW. (Data source from ref.
[5]) Due to the CPM-SSAW, cells are moved to the right, transferred to the buffer solution and carried by the buffer
solution to the right outlet. (c) Schematic of experimental set—up (Scale bar: 100 pm)

Experiment

First, an optimal rate of phase shift was obtained by observing cell displacement as a function of frequency
shift. As we reduced Af from 1000 mHz to 100 mHz by 100 mHz, we found that the optimal rate of
frequency shift for fibroblasts was around 300 mHz in 14MHz, which was similar to the calculated value
using the average size (21 um) of cells and its contrast factor (0.26) [6].

After finding the optimal rate of cells, cell separation from cell-bead mixture was tested. In Fig. 2(a), a
mixture of beads and cells were infused into one left inlet and a buffer solution, PBS, was infused into the
other right inlet. Because the flow inside the channel was laminar, two infused fluids flowed along the
channel without mixing in CPM-SSAW off. In contrast, in CPM-SSAW on, only cells were translated into
the buffer solution and collected at the right outlet [Fig. 2(b)]. We analyzed that the number ratio of cell to
bead was changed approximately from 1:1 before separation to 5:1 after separation, which meant that cells
were translated by CPM-SSAW and eventually separated from the cell-bead mixture. The schematic of
experimental setup is shown in Fig. 2(c).

Materials and methods

PDMS micro-channel (23mm length) was prepared with using SU8 mold provided by the manufacturer via
conventional soft lithography. PDMS mixture of prepolymer (Sylagrad® 184) and curing agent at a ratio of
10:1 by volume were mixed over the SU8 mold inside the petri dish (& =150 mm) and cured at 60 C in the
drying oven overnight. The width and height of the main channel are 1200 um and 80 pum respectively. The
piezoelectric substrate is a 128° rotated Y-cut X-propagating Lithium Niobate (LiNbO;). A sinusoidal RF
input was generated by an arbitrary waveform generator (Keysight, HP33522). The RF input signal was
amplified by the power amplifier (Mini-Circuits, LZY-22+). Beads were 6 um (Polysiceince BioMag®,
Bright Blue) and NIH-3T3 mouse fibroblasts were used. . The particle mixture was infused by using the
syringe pump (Fusion 200T) and observed via both brightfield microscopy (Nikon Eclipse Ni-U). The flow
velocity of each solution is 3 uL/min.

NIH-3T3 mouse fibroblasts were cultured in Dulbecco’s Modified Eagle’s medium (DMEM; LM 001-05,
Welgene) supplemented with 10% fetal bovine serum (FBS; 16000-044, Invitrogen Corp.), and 1%
penicillin/streptomycin (Pen/Strep; 15140-122, Invitrogen Corp.). All cells were subcultured every other day
in 75 cm? flasks and incubated for 24 h at 37°C, 5% CO, in culture media. For cells sorting, cells were fixed
in 4% paraformaldehyde (PFA; 15710, Electron Microscopy Science) for 30 mins.

Conclusion

Using CPM-SSAW with the optimal rate of frequency shift, we demonstrate cell separation from the cell-
bead mixture. Our technique can be developed into a high-throughput separation method when the channel
design is further optimized in terms of length, width or flow velocity. As the phase modulation is also
determined by the contrast factor as well as size of particle, the method using CPM-SSAW can be applied to
separate particle with the same size but different material properties.
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1 Introduction

Acoustofluidics of sessile droplets offers a large span of functions from mixing and droplet fusion to
locomotion and spray atomization[l]. The large discrepancies of time scales (between acoustics and
hydrodynamics) and space scales (between the wavelength and the droplet size) creates a major memory
burden that has stalled the development of 3D numerical models in recent years. In this article, we develop
two memory-efficient numerical recipes to expedite 3D calculations of acoustic streaming in sessile droplets
from first principles[2].

2 A glimpse of the numerical models

Acoustic streaming simulations are processed in two steps under a steady-flow assumption. First, in order
to minimize the memory requirements, the acoustic field p is computed exactly in cylindrical coordinates
(r,0). Even though the acoustic wave is a plane surface acoustic wave (0,],—¢), it can be decomposed into
a sum of cylindrical harmonics 9; ,|,—¢ by circular Fourier transform (CFT). The acoustic field is then
reconstructed by the inverse transform (ICFT):

Cartesian (3D) Cylindrical (r,z)
+oo
Boundaries Uz ]2=0 — S e, ].—0
CFT 1= oo (1)
4 Solves in cylindrical coordinates
Bulk Oub+ k25 =0 (K2 = L&) i = —Orbi — 0o — 20,70
with k% = CQ(IJ:*/ZRCW and Re,. = wc—jb. In fluids of non-vanishing dynamic viscosity u, the waves

gradually attenuate. This release of momentum generates the acoustic streaming of velocity v. Assuming
an incompressible creeping flow in the droplet, the hydrodynamic equations read:

0= pdjivi+ Fi=0ip  Fi==0(L) + = (L), (2)

with £ and II; = pv; the Langrangian and the power flux of the wave respectively. Both of these terms are
known explicitly from the acoustic field computed previously. The streaming force is composed of a large
gradient and small solenoidal term. Under the hypothesis of creeping flow, the gradient term is exactly
compensated by a hydrostatic pressure build-up, whereas the solenoidal term “’jﬁ’ b (I1;) generates vorticity
and thus acoustic streaming. Due to its quadratic nature, the forcing term exhibits rapid variations
that can only be captured by a highly resolved grid. These fluctuations have little effect on the general
flow pattern because they are quickly damped by the fluid viscosity. Similarly, the forcing term of our

numerical model is smoothed over space before processing the 3D hydrodynamic equations.
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Figure 1: (A,B) Top view of acoustic streaming in 30 wt% and (C,D) 80 wt% glycerol droplets. (A,C) are
streamlines from numerical results and (B,D) from experimental observations.
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Figure 2: (A) Total acoustic field in water droplets, composed of (B,D) surface caustics and (C,E) volume
caustics.

3 Key results and conclusion

These numerical studies agree quantitatively with experimental observations as shown in figure 1. This
good agreement suggests that the forcing term and thus the acoustic field (shown in figure 2) are all
correctly captured by the model.

According to the simulations, the acoustic field in aqueous droplets exhibits two types of focus points:
surface caustics due to whispering gallery modes and volume caustics. In the case of hemispherical
droplets, we observe that these whispering modes travel along the droplet surface in periodic orbits, a
resonant phenomenon that enhances the acoustic streaming. We verified experimentally and numerically
a variation in the flow pattern directly related to the change of the caustic structure.

Our study unveils for the first time the caustics that generate the flow in sessile droplets. Whispering
gallery modes, non-Euclidian manifolds and caustics are all fundamental topics of wave physics. Their
importance is here illustrated in the enhancement of acoustic streaming in sessile droplets.
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Introduction

Separation of submicron particles, particularly on the order of 100 nm, by acoustophoresis has been
challenging to date because the acoustic radiation force (ARF) on the particles is weak and particle motion is
often dominated by acoustic streaming. Some recent attempts have been made for size-based separation of
submicron particles using surface acoustic waves (SAW) [1,2]; however, the size of the particles
manipulated by ARF in these studies is limited to 500 nm, although numerous biological studies require
manipulation of smaller particles. In this work, we present a SAW-based acoustophoretic device that
integrates Fabry-Perot acoustic resonators in a microfluidic geometry to manipulate particles smaller than
500 nm. The Fabry-Perot type modality enhances the overall ARF on the particles and the SAW-based
excitation suppresses the effects of Rayleigh acoustic streaming on the particles. To theoretically
demonstrate the separation modality of our system, we present an analytical stochastic model that predicts
size-dependent migration trajectories of the particles in acoustic potential landscape. Finally, we
experimentally demonstrate the controlled acoustophoretic manipulation of 300-nm polystyrene particles and
the separation of 300-nm and 100-nm particles with a separation efficiency of 86%. We also report good
agreement between our analytical predictions and experimental observations.

Theory
Our device consists of one interdigitated
transducer (IDT) that is bounded by
Bragg reflectors on both sides, creating
the Fabry-Perot acoustic resonator
(FPAR). The PDMS microfluidic
channel is bonded directly over the

Bragg reflectors Piezo |

(b) Buffer Bragg Reflectors
Substrate | Pparticles y 2

FPAR at an orientation angle (6; = 80°),

as shown in Fig. 1. The transducer zy oy Poms

generates the standing SAW (SSAW)  t—sx — LNbO,  PDMS
field by each finger-pair of the IDT and © Large  © Small

emanates the travelling SAW (TSAW)
field from both sides of the IDT. The Figure 1: The Fabry-Perot acoustofluidic device. (a) Shows the
Bragg-reflectors reflect the TSAW and schematic of the device. (b) Shows the device fabricated with standard
create a Fabry-Perot standing wave lithography techniques.
cavity. This cavity further enhances the
overall SSAW field over the IDT, which is important to increase the ARF on submicron particles. The
SSAW field couples to the fluid and generates standing acoustic field in the channel. The migration of
particles in this acoustic potential landscape results in their size-dependent trajectories and sorting.

We obtain the migration trajectories of a Brownian particle, which is advected by the external flow field,
with a vector chromatography-based model [3]. The migration angle () of the particle is obtained as —

Pe 1 ( )y+1 dy'

— Pey_va y

tan @ = tan 6¢ ]__e——Pe.[ e j JCERACY dy (8]
0 y

where Pe is the particle Peclet number and V,(y) is the acoustic potential obtained from FEM simulations.

Analytical results: Transport of particles in the Fabry-Perot acoustofluidic device

Fig. 2a shows the size-dependent particle trajectories in our device at given pressure amplitude and flow
velocity. The trajectories of the larger particles are dominated by acoustic potential and, therefore, align
parallel to the IDT (i.e. & = 90°). However, the trajectories of the smaller particles are dominated by
advection strength (Pe) and, therefore, follow the flow field (i.e. & = 6 = 80°). These size-dependent
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differential trajectories result in size-based spatial separation of the particles. Fig. 2b demonstrates the size-
dependent separation modality of our system.

From Fig. 2a, we also identify a size above which all particles migrate parallel to the IDT (i.e. #=90° as
threshold diameter. To separate bimodal populations, as in our study, with maximum spatial resolution, the
threshold diameter should be located between the two populations and, importantly, close to the larger size
population. Therefore, the threshold diameter should be appropriately tuned with the externally controllable
system parameters, such as pressure amplitude (power) and flow velocity (flow rate), as shown in Fig. 2c. A
smaller threshold, suitable for submicron particles, can be achieved at higher pressure amplitude and lower
flow velocity. This also informs the use of the Fabry-Perot cavity, which enhances the pressure field in the
system and enables higher throughput of separation.
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Figure 2: Analytical model for transport of particles in our device. (a) Shows the size-dependent migration trajectories
of the particles, where ‘a’ is the particle radius. The inset shows the gradient (g) of the theta—size curve, which is used to
tune the threshold diameter to obtain maximum separation resolution. (b) Shows the trajectory of the particles before
(Entry), over (IDT), and after (Exit) the IDT region at same conditions as that of (a). (c) Shows the variation of the
threshold diameter with externally controllable parameters — pressure amplitude (p,) and flow velocity (Ug in mm/s).

Experimental results: Separation of 300-nm and 100-nm particles
Fig. 3a shows the controlled acoustophoretic manipulation of 300-nm polystyrene particles and the
separation of 300-nm particles from 100-nm particles. The power density and the flow rate are tuned such
that the threshold diameter is located between 300 nm and 100 nm. Consequently, the trajectory of the 300-
nm population is dominated by the acoustic potential, whereas the trajectory of the 100-nm population is
dominated by the flow field. The bands formation by 300-nm particles indicates that their transport is not
dominated by acoustic streaming. Fig. 3b shows the quantification of fluorescent signal of each population
and Fig. 3c shows that 86% of 300-nm particles are separated from the mixture. We obtained this separation
at 3-fold lower power density and 6.7-fold higher total flow rate than previously reported parameters for the
separation of 500-nm particles in one-port SAW device [1]. We attribute this enhanced acoustic effect and
the capability of our device to manipulate 300-nm particles primarily to the Fabry-Perot modality.

From our analytical model, we also estimate the representative pressure amplitude in the fluid to be 3.07
MPa. At this pressure amplitude and average flow velocity (1.2 mm/s), we compare the analytical
predictions with the experimental observations and obtain a good agreement, as shown by Fig. 3b.
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Figure 3: Separation of submicron particles. (a) Shows the mean fluorescent composite image of 100-nm (blue) and
300-nm (green) particles. The power density is 0.12 W/mm? and the total flow rate is 12.2 ul/min. The red dashed
window after the exit of the IDT is analyzed for quantification. (b) Shows the experimental mean intensity distribution
along y-direction for each population and analytical predictions for particle locations. (c) Shows the separation
efficiency, which is calculated by assuming a splitter at y=395 um (vertical dashed line) in (b).

Conclusion

We have demonstrated, for the first time, the acoustophoretic separation of 300-nm and 100-nm particles in a
Fabry-Perot acoustofluidic system. We have also presented an analytical model to predict the particle
transport in our device, which matches closely with our experimental observations. We expect that our
experimental platform can address biological challenges, such as separation of lipid vesicles, and our
analytical model can be extended to precisely predict the transport of particles in numerous other systems.
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Introduction

Nanoparticle separation has been highly required in various biomedical applications for precision
medicine. For instance, exosomes, which are cell-derived vesicles and observed in blood and urine,
size range between 30 and 130 nm. The separation technique of cancer-cell-derived exosomes
would be a critical clue to diagnose and treat cancer at earlier stages [1, 2]. In previous studies, we
have found that surface acoustic waves (SAWSs) are very effective at successfully separating fine
particles and blood cells from one another in size [3, 4]. It should be noted that the acoustic force
acting on the particles is proportional to the cube of the particle diameter (d*), frequency (f) and
square of the input voltage (V?). In order to separate nanoparticles, the particle size becomes smaller,
so input voltage and frequency must be increased significantly. Since the acoustical force is
proportional to the square of the input voltage, it would be more efficient to increase the voltage.
However, if the input voltage is increased, non-uniform temperature distribution related to heat
generation will cause thermal cracking in the piezoelectric substrate, which can cause uneven
heating of the substrate due to excessive thermal expansion near the heat source within 1 minute.
Thus, in this article, we described a novel application of standing surface acoustic waves (SSAW)
techniques with high input voltages for the separation of nanoparticles with air-jet impingement (AJl)
cooling system which has large cooling capacity and without mechanical contact with piezoelectric
substrate.

Air-jet Impingement (AJl) cooling system
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Fig. 1 (a) An optical image of SSAW-based microfluidic device with AJl cooling system. (b) Measured
temperature at 1 min after applying various input voltages

The AJI cooling system using nitrogen gas was applied to the interdigitated transducer (IDT) center
where heat concentration is the largest as shown in Figure 1 (a). Figure 1(b) shows measured
temperature on the substrate near IDTs at 1 min after applying various input voltage. As the input
voltage increases, the substrate temperature increases exponentially without the cooling system.
When a maximum temperature is beyond 55°C at a room temperature (27°C), thermal crack was
observed on substrate. With AJl cooling system, however, the substrate temperature near the IDT
was maintained below 30°C at 1 min even for applying 150 V of the input voltage.



Manipulation of nano-particles
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Fig. 2 Schematic image of manipulation of nano-particles. Sample nano-particles were focused to
center of microfluidic channel by both sheaths hydrodynamically then pushed with acoustic force to
the channel side walls. Acoustic power is applied by the voltages injected into both IDTs.

Nanoparticles were successfully pushed with acoustic force with 50 ~ 80 V of input voltage. For 500
nm sized particles, diffusion was not apparently observed at the exit and thus most of particles were
collected in the mid-outlet without turning on SSAW. With SSAW-on, particles were easily pushed
toward side walls and collected at the side-outlets. For 200 nm sized particles, even though diffusion
was relatively large, most of particles were collected in the mid-outlet with controlling flow rate when
SSAW is not activated. With activating the SSAW, 200 nm-particles were not effectively pushed with
62 V of input voltage. With increasing input voltage to 80 V, particles were pushed toward side walls
and collected in the two side-outlets. For the 100 nm particles, it was observed that when the
relatively high voltage (80 and 100 V) was applied, the particles concentrated in the center moved
to side-outlets, but it was confirmed that many particles remained in the center channel. These
results confirmed that nanometer-sized particles could be push with acoustic force with increasing
input voltage.

Conclusion

We have demonstrated SSAW-based microfluidic technology to separate nano-sized particles. An
essential feature of this technology is the application of a high voltage to the SSAW for one hour or
more without heat cracking the substrate. Because this technology introduces a simple and easy air
jet impingement cooling system, it is easy to apply this technology for SSAW's own experimental
setup for high voltage applications. We demonstrate separation of nano-sized (100, 200 and 500 nm)
engineering particles, but this technique can be extended to separate biological cells such as
exosome, bacteria, and extra nano-sized cells. Therefore, due to the potential nature of current
SSAW-based separation technology, it is possible to develop a wide variety of microsatellite analysis
systems for deep tissue biopsy through integration with all detection systems in the near future.
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Introduction

Microscale acoustofluidic devices are often complex systems, which cannot be modeled in their entirety
due to a lack of computational resources. In setting up a numerical simulation of such devices, one
must strike a balance between including the key physical phenomena and trimming away redundant
elements that only add to computational cost. The former can for instance be fluid-solid interactions
in soft and thin-walled devices [1], while the latter can be symmetries and regions with motion pointed
entirely away from the regions of interest. In the following, we present improvements to our previous
2D model [1] and apply it simplifying modeling of a complex system.

Our prior model consists of a fluid domain and a solid domain, see Fig. 1(a). The fluid domain,
governed by the Navier—Stokes equation, is encased to the sides and top by a solid domain, governed
by the Navier-Cauchy equations, and on the bottom by a piezoelectric material along which a given
surface acoustic wave is propagating. The fluid and solid domains are coupled through continuity in
velocity and stress across the fluid-solid interface.

Improvements to the model
Perfectly matched layers (PML). The commonly used rubber PDMS has an acoustic damping length in
the mm-range for frequencies around 5 - 10 MHz. PDMS-based acoustofluidic devices often have wall
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Figure 1: Sketch of the numeric model and comparisons between experimental and numeric results. (a)
Velocity fields found in a polymer device using the numeric model before improvements. Due to computational
restrictons, the device is shortened in both directions. (b) Velocity fields of the left half of the chip from (a), after
implementing a PML domain and symmetry boundary conditions. (c¢) Experimental particle tracing results of
1 pm particles in a 600 pm-wide channel actuated at 6.404 MHz, from Ref. [2]. Black dots indicate final particle
positions. (d) Numeric prediction of the acuostic radiation force of the device from (d), from zero (black) to
high (red). (e) Experimental particle tracing results of 1pm particles in a 300 pm-wide channel actuated at
6.404 MHz, from Ref. [2]. Black dots indicate final particle positions. (f) Numeric prediction of the acuostic
radiation force of the device from (e), from zero (black) to high (red).



thicknesses in the cm-range, which thus absorbs all outgoing acoustic waves. Such perfect absorption
can be modeled by implementing PML in the outer regions of the PDMS layer, see Fig. 1(b), which
reduces the computational domain to sub-mm size, while maintaining a good representation of the
acoustic fields in the physically relevant region near the channel, where the correct solid-fluid boundary
conditions are maintained. Symmetry and antisymmetry conditions. Symmetrically actuated systems
show a symmetric response, and similarly for antisymmetric systems. We utilize this in our model
system, which is antisymmetrically actuated in the vertical direction and symmetrically in the hori-
zontal direction: along the mirror-symmetry plane y = 0 in our model, the dotted line in Fig. 1(b),
we implement the appropriate symmetry boundary conditions, effectively cutting the computational
domain in half.

These two improvements of our numeric models open up for modeling of larger-scale acoustofluidic
devices, and even allow for more realistic three-dimensional simulations. Using these improvements
we have seen improved agreement between our simulation results and the experimental results in [2],
as illustrated in Fig. 1(c)-(f)

Unit cell model of a multi-well system used in biophysical particle sorting

As a second example, we study the complex multi-well system of the Wiklund group at KTH, where an
array of 10 x 10 wells is etched into a silicon substrate placed on thin glass place with a piezeelectric
transducer attached below [3]. This system is too extensive in size and complexity to model in its
entirety. We therefore proceed using the assumption that each of the 100 wells identical. For a single
well, we therefore assume periodic boundary conditions in both lateral directions, which corresponds
to an infinite array of identical wells with a homogeneous actuation from the bottom. The numeric
model provides insight into how the acoustic fields vary with changes in the fluid reservoir height,
the well geometry, and the crystalline direction of the anisotropic well material silicon, while ignoring
inhomogeneous coupling effects between wells and the surrounding structures. Preliminary analysis
of the pressure field in 3D is shown in Fig 2(b), while a 2D snippet of the model with the acoustic
streaming rolls within the well is shown in Fig. 2(c). Such patterns are also observed experimentally.

(b)
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Figure 2: The unit cell of the multi-well system from the Wiklund group at KTH [3]. (a) Sketch of the
layered glass-silicon-fluid-glass rectangular box with side length wee defining the computational 3D domain of
the model. (b) Multi-slice plot of the first order pressure field in the fluid domain of the 3D model, from 0 Pa
(blue) to 2 kPa (red). (c) Acoustic streaming patterns calculated in a 2D snippet of the model. Streaming rolls
are seen within the well as well as in the reservoir above, corresponding to experimental observations.

Conclusion

Using the improved system shown in Fig. 1(b), our numeric model systems more closely represents
experimental systems. We obtain a fair agreement between the experimental particle tracing results
Fig. 1(c) and (e) and our numerically obtained acoustic radiation fields Fig. 1(d) and (f). The model
still requires some fine-tuning by adjustments to the shear damping and velocity, which to date have
not been measured reliably for PDMS.

The numeric unit-cell model in Fig. 2(a) show promise as a design tool for improving the full
experimental mulit-well system, based on the acoustic fields found in a single well. We are currently
running simulations to study possible design improvements for the multi-well system defined in an
off-stochiometric thiolene polymer.
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Introduction

Cell culturing techniques are necessary for regenerative medicine and drug development applications. A cell
culture process is, in general, manually conducted by a technician; cell seeding, culturing, detaching,
collecting, and reseeding. Among these processes, the cell detaching process is highly affected by individual
procedure and is exposed to serious risk of contaminations [1]. Automation of cell culture process has been
developed [2], however, this messy detaching process still remains an open research problem. Here, we show
a cell detaching method using acoustic radiation pressure from a standard, clinically ubiquitous cultivation
flask. Notably, this approach provides stable cell detaching without possible contaminations.

Methods

Acoustic radiation pressure induced by a Langevin transducer is applied to a cell cultivation flask from the
bottom (Fig. 1). A flask holder keeps the flask above the Langevin transducer with an appropriate gap. Water
is introduced into the gap between flask and transducer to transmit the acoustic radiation pressure to the cells
adhered to the flask surface. Note that cells are cultured in advance in the flask. With the acoustic radiation
pressure exposure together with trypsinization, cells would be detached from the ﬂask surface.

Mouse myoblast cells (C2C12) are used in cell detaching experiment. 1.0 x 10° cells are seeded in the 25-
mL flask with 3-mL culture medium and are cultured for 24 hr in an incubator; shortly in the detaching
experiment there are 2.0 x 10°cells on the flask. Then, cells are washed with 1 mL PBS twice followed by
the introduction of 3-mL 0.005% trypsin-EDTA solution, which is a concentration of one tenth of trypsin-
EDTA used in general trypsinization with pipetting for C2C12. Note that trypsin may damage cell membrane
and decrease cell proliferation [3]. Acoustic radiation pressure induced by a 156.8-kHz ultrasonic vibration
with the amplitude of 0.94 um is applied to the cells for 30 sec after 2.5 min trypsinization without pipetting.
For comparison, a control sample, which is not exposed to the acoustic pressure and detached with
traditional pipetting method, is prepared. In this control method, cells are detached with 3 min trypsinization
and 5 times thorough pipetting.

The number of cells collected with each method is estimated with a hemocytometer to evaluate the cell
detachment capability of the proposed method. Additionally to demonstrate non-invasiveness of the
proposed method, the proliferation Jate of the collected cells with the both method are estimated. For the
estimation of prohferatlon 0.5 x 10° cells detached with each method are cultured for 24 hr, and the number
of cultured cells are evaluated.

Results

The number of cells detached by the proposed method, N,, is compared with that by the control method, N,
in Fig. 2. As shown, N, is statistically superior to N. (ANOVA, n =4, **: p< 0.01). As mentioned above, the
number of cells adhered on the flask before the experiment is 2.0 x 10°. Thus the proposed method can
successfully detach almost all cells from the flask with tenfold diluted 0.005% trypsin, meaning that the cell
proliferation is possibly maintained high.

The number of cells after the 24-hr culture following the detachment by the proposed method, N°,, is
compared with that by the control method, N°,, in Fig. 3. As shown, there is no significant difference in the
proliferation of those methods. However, the standard deviation of N° » 1s much smaller than N°.. This result
indicates that the proposed method gives no negative effect on cell proliferation and that the proposed
method is more stable than the traditional pipetting method requiring a matured procedure.

Conclusion

This demonstration of cell detachment method using acoustic radiation pressure shows that cells adhered on
a standard, clinically ubiquitous cultivation flask surface are detached without any manual procedures even
with tenfold diluted trypsin. This novel technique potentially addresses one of the biggest challenges for the
automation of cell culture process.
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Figure 1: Schematic image of cell detaching device using Langevin transducer
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Figure 2: The number of cells detached with the control method, N., and the proposed method, N,. Cells were seeded
onto the flask, cultured for 24 hr and then detached with each method. The number of initially seeded cells was 1.0 x
10° (mean £ SD, n =4, **: p < 0.01).
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Figure 3: The number of proliferated cells detached with the control method, N°,, and the proposed method, N°,. Cells
were seeded onto the flask following the detachment experiment, and were cultured for 24 hr. The number of initially
seeded cells was 0.5 x 10° (mean + SD, n = 4).
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Introduction

Efficient mixing in a microfluidic system is a critical function necessary for the stand-alone lab-on-a-chip
microdevices. Thus, both passive and active mixing in microfluidic channel have been studied by many
different groups [1-4]. Using the resonant oscillation of trapped air bubbles, Ahmed, et al [3, 4] demonstrated
the possibility of the fast mixing and simplicity of components integration for an acoustically induced mixing
in a microdevice. In this work, we demonstrated a very robust, simple, and efficient microfluidic mixing using
a suspended polydimethylsiloxane (PDMS) membrane inside microfluidic channels.

Device Fabrication and Experimental Setup

Unlike trapped air bubbles in a microfluidic channel as a source of acoustic cavitation, the suspended PDMS
membrane is a permanent structure and is extremely robust. A 10um thick PDMS membrane was bonded onto
a thin sheet of PDMS that has array of cylindrical cavities with a predetermined diameter to form suspended
membranes. Soft lithography and plasma activated PDMS bonding process were used to make all the PDMS
devices. See Figure 1 for a schematic of the experimental setup and the cross section view of the device. The
PZT piezo element used to transduce acoustic signal was embedded in an acrylic base using epoxy. While the
free PZT piezo element has a resonant frequency around 30 kHz, the acrylic plate-PZT base used in this work
exhibits multiple peak frequencies, including 17.7 kHz and 24.0 kHz, as determined by the spiked responses
in impedance spectral analysis.

Figure 1: (a) Side view of experimental

(@) Microscope  wicro channel Inlet #2 setup. The PZT transducer (embedded in
Flow direction / Membrane acrylate base) is placed directly under the
—i'l\l / O|L|J—T suspended PDMS membranes. The PZT
Inlet #1 driving frequency is tuned and is turned ON
LN and OFF to observe the membranes’ response.
|1—]\ Acrylic base pzT NNy (b) The isometric perspective view of

N " experimental device for clarity.

PZT PDMS membrane

Results and Discussion

Two sets of experiments were carried out. First, for open chamber tests, a few microliters of polystyrene
particle suspension was deposited on an array of suspended PDMS membranes. As the driving frequency of
the piezo element is changed incrementally, acoustic streaming was observed (movement of particle
suspension) directly on top of the membranes (Figure 2) when the membranes frequency closely matches to
that of the acrylic-PZT base. Polystyrene particles were displaced all around each membrane, eventually
forming the grid pattern as shown in the inset of Figure 2(b).

pzToFFff(b) ~ PZTON

Figure 2: Open chamber test of acoustically induced
elastic PDMS membrane (600 xm diameter) vibration at 22
kHz. Particles suspensions were displaced away from the
active membrane regions (b). Images in insets show before
(a) and after (b) the PZT were turned on to activate the array
of membranes.

For the second set of experiments, mixing in microfluidic channels was demonstrated. Two different
configurations of PDMS devices were used. In the first configuration, four 250 um diameter PDMS
membranes in series were imbedded in a microchannel with a cross section of 375 pum (width) x 125 um
(height). Two streams of fluids, dye and clear water, were pumped at 10 pl/min each. The membranes were
then driven at one of the resonant frequencies of the PZT base, 23.8 kHz, which is the closest to one of the



resonant frequencies of the membrane, 28.6 kHz. Though not driven at optimal setting, a complete mixing of
the two fluid streams (dye and water) was achieved approximately within 135 milliseconds, which is estimated
using the fluids volumetric flow rates and taking the mixing distance as the length spanned by the first two
membranes (Figure 3) as the fluids appeared completely mixed by the time they passed the second membrane.
This result is comparable to the best of micromixers as summarized by Lee, et al [1]. The darker region in
Figure 3 is due to the imbedded PZT under the PDMS device.

The second microfluidic channel configuration tested has a single 600 xm diameter membrane strategically
positioned at the merging region of a Y-channel. The estimated natural frequency of the membrane, closest to
the acrylic-PZT base’s natural frequency, is 19.7 kHz for a 10.0 gm thick PDMS membrane. In this
configuration, the mixing was observed to be instantaneous at 17 kHz as a completely mixed stream can be
seen at a few hundred microns upstream before the two separate streams reach the membrane (Figure 4). The
unmixed fluids are presented only in the two separate input channels. This instantaneous mixing is attributed
to the more vigorous mixing due to the membrane natural frequency that matches closely with the acrylic-PZT
base which creates much stronger acoustic streaming, the slower average linear velocity due to the shape and
dimension of the channel in the mixing region, and most importantly, the acoustic streaming that radiates in
all radial direction (as evident from Figure 2b) from the PDMS membrane. Some of the discrepancies in the
experimental and analytical frequency estimates are likely due to the variation or accuracy in the geometry,
particularly the thickness, of the membrane.

PZT OFF

Figure 3: Mixing inside a microfluidic device. Before (a) and
after (b) activation of 4-250,m diameter PDMS membranes with
PZT at 23.8 kHz. Flow rates for fluids: 10 ul/min for dye and
water. Green arrows in (a) indicate the membrane location and
Yellow arrow in (b) indicates the first point of acoustic streaming
due to membrane’s vibration. The membranes are also identified
with White circles in (b). The edges of the channel are
highlighted for better visibility. Estimate mixing time is 135ms.

Flow direction,  Fpzr= 18 kHz
- '.‘:l !- p‘-f v

Figure 4: Improving mixing time by strategic placement of
membrane element. A 600xm diameter PDMS membrane
located at the merging area of the Y-channel was actuated at (a)
18 kHz — no mixing and (b) 17 kHz — complete mixing. The
mixing occurs instantaneously at 17 kHz. The complete mixing
of the dye and clear fluid was observed a few hundred
micrometers before the fluids reach the membrane. The unmixed
fluids are only inside the input channels. Flow rates for fluids:
25 ul/min for dye and water. Green arrows in (a) indicate the
membrane location and the membrane is identified with a White
circle in (b).

Conclusion

We have demonstrated a simple yet very effective elastomeric membrane-based microfluidic mixer that can
be easily integrated into stand-a-lone microdevices. The membrane natural frequency can be easily tailored by
changing the diameter and or the thickness, and by strategically placing the membrane within the device,
instantaneous mixing can be achieved as demonstrated.
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The fluid dynamic mechanisms that govern the stability of time-periodic boundary layer flows have been
studied by numerous investigators starting with Li [1] over the past 60 years. The motivation for these
studies stems from applications in mass transport and acoustic receptivity in mean-flow wall boundary layers

2].

For spatially varying two-dimensional channel flows the stability of the wall boundary layer to three-
dimensional vortical disturbances is governed by the magnitude of three non-dimensional parameters.
These are the wall slope €, the Strouhal number S which equals to the ratio channel height to the particle
displacement and finally the oscillatory Reynolds number R which is equal to the square of the ratio of the
channel height to the Stokes layer thickness. The stablhty of the boundary layer is a function of the
magnitude the streaming Reynolds number Ry =R/S*= U*(wv), where U is the particle velocity amplitude, ®
is the frequency of oscillation, and vis the kinematic viscosity of the fluid. In physical terms, the streaming
Reynolds number is the ratio of the inertial and viscous forces. Bifurcation from linear stability occurs for
R>R, where R, is the critical streaming Reynolds number.

Merkli and Thomann [3] were the first to identify the critical role that boundary geometry can play in
boundary layer destabilization. In their experiments, conducted using a standing wave tube, they
demonstrated that geometry perturbations that result from the introduction of a hot-wire anemometer placed
in the wall of the tube can trigger instability at four times lower amplitude, R./4. For the spatially varying
two-dimensional channel, when the wall boundary curvature is introduced, it has been shown that the critical
streaming Reynolds number will depend on the boundary geometry as well as the amplitude of the basic
oscillatory flow [4,5].

In this work, we will examine the mechanisms governing the generation of unstable vortical disturbances and
their spatiotemporal characteristics. Time-harmonic boundary and pressure gradient generated flows are of
particular interest. In the inner region near the solid-fluid interface, the vorticity stretching due to fluid
compressibility is not considered. A curvilinear coordinate based pseudo-spectral method is developed to
accommodate temporal variations in the channel's geometry. The method allows for the direct numerical
solution of the three-dimensional time-dependent Navier-Stokes equation for high streaming Reynolds
conditions and the comparison with theoretical nonlinear stability results. An examination of the conditions
for centrifugal destabilization and transition is undertaken, and the interconnection between acoustic
streaming and acoustically induced instability established.
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Direct and precise manipulation of sub-micron particles such as bacteria, platelets, organelles, microvesicles,
exosomes or virus particles is challenging. Here we show experimental evidence of separation of two particles
that are both below the critical size as determined by the classical theory for Rayleigh streaming and acoustic
radiation on spheres. We do this by introducing a gradient in acoustic impedance across the width of a standard
bulk acoustic wave half wavelength flow through resonator. Stabilizing forces acting directly on the interface
region between the two fluids efficiently reduce the acoustic streaming in the bulk.

Acoustophoresis is a gentle and robust method that has been demonstrated for concentrating, trapping, washing
and sorting cells [1]. Due to acoustic streaming acoustophoresis was limited to objects larger than ~2 um but
was recently extended to sub-micron particles by redirecting, but not stopping, the acoustic streaming by 2D-
acoustic-wave action [2]. The method enabled concentration of bacteria in a rotating acoustic streaming field
but is not applicable to separate sub-micron objects or to translate sub-micron particles across molecular
gradients. Sub-micron particle separation was recently demonstrated using surface acoustic waves [3].

Acoustic force density acting on inhomogeneous fluids, i.e. fluids with an acoustic impedance gradient,
relocates fluids into a stable configuration and that this configuration is different from the typically layered
configuration caused by gravity [4]. It was observed that acoustic streaming is suppressed in the bulk of the
inhomogeneous fluid. The suppression of acoustic streaming would allow separation of sub-micron particles
and enable transfer of particles across molecular gradients. Fig. 1.

Our results show that it is possible to separate 0.5-um-diameter and 1-um-diameter particles in a standard
acoustophoresis channel. A typical silicon-glass microchannel, with two inlets and two outlets, was used for
the experiments. To create an inhomogeneous medium two fluids with different acoustic impedance were
introduced using Ficoll PM70 as density modifier. A water solution with 0.5 pumand 1 um polystyrene particles
in suspension was introduced at the sides, while a Ficoll solution (5%) without beads was introduced in the
center. The sample throughput was 10 pL/min.

A Initial state B Sound on, homogeneous media Figure 1: Separation principle. (A)
o’ © 0o o Particles (1 um blue and 0.5 pm red) are
° op °n% A injected at both sides of a central particle-
.0 ‘o° ° free medium. (B) For homogeneous
o - o o ° medium streaming dominates the motion of

all particles. (C) For inhomogeneous
medium  stabilizing  forces  confine
streaming rolls to the floor and ceiling
enabling (D) particles to separate based on
differences in radiation velocity.




100 Figure 2: This figure shows the

e *®e 1.0 um - Homogeneous fraction of particles collected in

90 == 1.0 um - Inhomogeneous the center outlet. Using a
g0  *°®e*0.5um - Homogeneous h_omogeneous mediu_m (dotted
= 0.5 {im - Inhomogeneous lines) the central fraction of both

70 1.0 pum (blue) and 0.5 pm (red)

increase in a similar way due to
the mixing effect of acoustic
streaming. For the
inhomogeneous medium (solid
lines), an increase in the collected
fraction of 1.0 pm can be
observed, compared to the 0.5 um
particles, because of the
difference in radiation velocity.
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The results show that for a homogeneous medium the central fraction of both particles increases to 50% with
applied piezo voltage which is indicative of mixing due to acoustic streaming. Using an inhomogeneous
medium the acoustic streaming is suppressed and this allow the 1 um particles to migrate to the central outlet
while the 0.5 um particles remain at the sides. The purity of both particles increased from initially 50% to 90%
in the central respectively the side outlet with a recovery of >50% where 80% is the theoretical max for the
flow system and sample volume used.

We conclude that our results correspond well to the experimental and numerical work on particle trajectories
in inhomogeneous acoustic media that will be presented in parallel with this work. We believe that the
development points towards new acoustic separation and assay strategies for sub-micron biological particles
such as bacteria, virus and exosomes.
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Introduction

Miniaturized acoustofluidic devices receive growing interest in biological and medical applications. In
this context, ultrasound-driven bubbles can be used to create a second order streaming field which
allows to manipulate flows and particles on microscales. As the size of the bubble, which has a strong
influence on the streaming field, is typically unstable, an automatized bubble size control system is
presented in this work that allows performing reliable and reproducible experiments. The three dimen-
sional structure of the bubble-induced streaming field is analyzed with particle tracking velocimetry
(PTV) and the capability of the system to sort particles based on their physical properties is shown.

Reproducible bubble induced streaming

Acoustically-driven bubbles induce a secondary acoustic streaming field in the surrounding liquid that
can be used to manipulate particles, cells and microorganisms in microchannels [1,2]. By adding a
lateral side pit to a microfluidic channel, the bubble can be placed at a well-defined location. As the
channel is filled with water, air is trapped in the side pit and a bubble of cylindrical shape is formed as
shown in Fig 1. This method is very flexible as the strength and shape of the streaming field can easily
be changed by varying the actuation frequency and voltage. Despite these advantages a common but
often unspoken problem when using acoustically actuated microbubbles is the reproducibility of the
experiments. Bubbles in silicone microchannels, that are commonly used in the community, show a
typical growth that alters the strength and shape of the streaming fields as shown in Fig. 2 (a), leading
to non-reproducible results . A key goal for reliable investigations with bubble induced streaming is
therefore their control and size stabilization. We present an automatized pressure control system,
shown Fig. 1, that is capable to stabilize the protrusion depth d of a 80 pm-wide microbubble with a
precision of ~ 0.5um. We explain how humidity, temperature, and pressure influence the growth of
the bubble and how the control setup compensates these effects to achieve a constant bubble size [3].

pressure
controller

Figure 1: (a) System for au-
tomatized bubble control. A
PDMS-microchannel is filled
with liquid (PDMS in green,
liquid in blue). Air gets
trapped inside a lateral side
pit of width w and a cylindri-
cal bubble with Radius R is
formed. The bubble interface
is observed with a microscope
and its protrusion depth d is de-
tected. A PID-algorithm com-
pares d with the target protru-
sion depth d; and adapts the
bubble by adjusting the pres-
sure in the channel with a pres-
sure controller.

transducer
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Figure 2: Bubble-driven acoustic streaming. (a) PTV-measurements of flow fields. Bubbles are actuated at
a frequency f = 21.8kHz and a peak to peak voltage U = 40 V,,,. Bubbles with small protrusion depth d show
a typical flow field of two counter-rotating vortices. For larger bubbles additional vortices appear in the center
of the bubble with inverse direction of rotation. (b) Trajectories of finite-sized particles. Large particles are
focused at two distinct 3D-locations symmetric to the bubble center within a short time scale of ~ 1s. Smaller
particles also focus in the vertical direction forming ring structures within a time scale of ~ 10s. Time-line
illustrated by colors (cyan to magenta).

Topology of bubble-driven streaming flow

The topology and strength of bubble-driven streaming fields are investigated as a function of the
bubble height by using a three-dimensional particle tracking technique [4]. The bubble is actuated
with a piezo transducer as shown in Fig. 1 at a frequency f = 21.8kHz and a peak to peak voltage
U =40V,,. The flow field near a small bubble (h = 0.11 w) consists of two counter-rotating vortices,
whereas additional vortical structures are observed for larger bubbles (h = 0.68 w) as shown in Fig 2
(a). Besides the qualitative difference of the flow field, the mean streaming velocity is changing from
272nm/s for small to 173 nm/s for large bubbles. It can be seen that the protrusion depth d of the
bubble has a strong influence on the streaming field. In applications, the bubble size should therefore
be adjusted to the specific purpose of a microfluidic device.

Size-sensitive particle migration in bubble driven streaming

One application example of bubble-driven streaming is the sorting of particles. In this experiment, dif-
ferently sized polystyrene-particles (2 pm diameter and 15 pm diameter) are introduced into the liquid
and their trajectories are determined with PTV. In general, particles migrate across the streamlines
and get focused towards the center of the vortical structures as shown in Fig 2 (b). For increasing
particle diameter, a faster and more pronounce focusing can be observed such that the largest particles
are focused at a distinct location whereas smaller particles end up in a ring structure. Whereas the
focusing time for large particles is in the order of ~ 1s, it is much larger for small particles ~ 10s.
As the behavior of particles in the streaming flow depends on their size, this system can be used in
applications to sort, focus and enrich particles of a specific type. As this method can be also applied
to cells and microorganisms it is an interesting tool for biomedical applications.

Conclusion

In this work we show how a bubble-driven acoustic streaming flow is influenced by the bubbles protru-
sion depth. We present a system that allows to control the bubble in order to achieve a reproducible
streaming flow which is then quantified with PTV-measurements. By introducing finite sized particles,
we show the capability of this system to sort and focus particles based on their physical properties.
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Introduction

There is a high demand for ultrasensitive and cost effective sensors in many pressing situations, varying from
biodefense, disease detection to environmental monitoring. Since the sensor signal-to-noise ratio increases
with decreasing sensor size, many researchers are expending considerable effort to fabricate smaller devices.
However, being small has its own problem: mass transport become less effective. Therefore, most
micro/nanoscale affinity-based sensors are limited by diffusion. For example, it will take more than a day for
the first molecule (in case of a 20-based ssDNA) to find a 10 nm sized sensor at 1 fM concentration via
diffusion only [1]. In the past, convection has often been used to help with analyte delivery to sensors’
surface. Unfortunately, increasing the flow rate will only drastically increase the pressure in the channel up
to the device breakage point. Therefore, an effective mixing method that can be easily integrated to a sensing
device is highly desirable. Microfluidic-based mixing devices can generally be classified as passive and
active mixers, both of which have attracted considerable attention in the microfluidic community. Passive
micromixers usually rely on specific geometry designs to cause secondary flows inside a laminar pressure-
driven flow. Passive mixers (such as herringbone grooves [2]) often require long channel length and rely
upon high flow rates, and thus high pressure drops. Active micromixers, in contrast, employ external energy
to introduce a local turmoil in a liquid to enhance mixing, thus providing better and more controllable mixing
without global increase in pressure. As a unique active actuation scheme, microscale oscillating bubbles in
an acoustic field can be used to create microstreaming flow and is perfectly suitable for sensing enhancement
due to the remote actuation and easy system integration [3]. In this presentation, we demonstrate that
significant sensing enhancement for graphene based nanosensors can be achieved using acoustic bubblers.
The reduction of sensor response time exhibited resonant behavior with a resonant peak when plotted with
respect to frequency. The working frequency range is therefore determined from this peak for sensor
operation.

Results and Discussion

Our results shown in Figure 1 and Table 1 demonstrated that significant sensing time reduction (up to
95.5%) for graphene-based nanosensors could be achieved once the diffusion limits were overcome with the
help of surrounding microbubbles. These microbubbles were passively trapped in microcavities fabricated on
four side walls and were actuated by a piezoelectric actuator.
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Figure 1. A) PMMA plates with microcavities were fixed vertically inside a 3D-printed box and placed

above a graphene nanosensor. PH buffers were injected into the box from the top and microbubbles were

trapped passively inside the cavities. B) Experimental setup. A piezoelectric actuator glued at the bottom

of the sensing cell was used for acoustic actuation. C) Example sensing curves for pH=4.
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The results in Table 1 show that without bubble

actuation, sensing times are longer in acid, and with Table 1. Sensing time reduction with and

bubble actuation, sensing times are longer in alkali, Withoutbubble actuation for pH 4~10.
which indicates that diffusion Ilimit were indeed —
overcome by bubble actuation. The following T w/o Tw/ Sensing time

explanation can be adopted. The sensing mechanism  PH  bubbles(s)  bubbles(s)  reduction (%)
changes when moving from acids to alkali. Two different

types of ions are primarily adsorbed on the sensor 4 780 35 95.5
surface, namely hydroxonium/Hs;O* (in acids) and
hydroxyl/OH- (in alkalis). The sensing time has two 5 760 45 94.1
contributions: from mass transfer step and adsorption
Step, Or T:Tmass transfer + Tadsorption_ WI'[hOUt aCtuatlon, the 6 740 35 953
sensing process is limited by mass transfer (T mass_transfer >>
Tadsorption); Since hydroxonium ions are larger comparedto 7 475 35 92.6
hydroxyl ions and have lower mobility the sensing time
is higher for hydroxonium ions, i.e., in acid buffer. When 8 490 50 89.8
the bubbles are actuated, adsorption becomes the limiting
step (Tmass_transfer << Tadsorption)- It is ||ke|y that 9 210 70 702

hydroxonium ions have higher adsorption rate compared
to hydroxyl ions due to the ease of ion rearrangement on
graphene, and therefore the sensing time is shorter in
acid.

10 460 55 88.0

Additionally, we also studied the changes in sensing time as the piezo was detuned from the working
frequency (23.5 kHz) and with varying voltages. The buffer with pH=4 was used for these tests. It was
shown that sensing time reduction improves with increasing driving voltage (up to 4 times) (Figure 2A) and
sensing time reduction » exhibited resonant behavior (Figure 2B) with a resonant peak. Thus, the operating
frequency range for this sensing cell was determined (Af =10 kHz).
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Figure 2. Operation optimization. A) Sensing time reduction for various driving voltages; B) Working
frequency range for pH=4.

Conclusion

We have demonstrated the possibility to overcome the diffusion limits and reduce the sensor response time
with actuated air-liquid bubbles trapped on prefabricated cavities. We suppose that the reduction in the
sensor response time was caused by the enhanced mass transport near the sensor due to the microstreaming
phenomenon. Finally, sensing enhancement was demonstrated for wide pH range (4-10). The best
performance of the sensor was achieved for pH = 4 (95.5% time reduction). The proposed prototype can be
useful for biochemical applications such as detection of large target molecules including glucose, DNA,
cancer markers and proteins.

References

[1] P.E. Sheehan, L.J. Whitman, Detection limits for nanoscale biosensors, Nano Lett. 5 (4) (2005) 803-807.

[2] A.D. Stroock, S.K. Dertinger, A. Ajdari, I. Mezic, "H.A. Stone, G.M. Whitesides, Chaotic mixer for microchannels,
Science 295 (5555) (2002) 647651

[3] A. Hashmi, G. Yu, M. Reilly-Collette, G. Heiman, J. Xu, Oscillating bubbles: a versatile tool for lab on a chip
applications, Lab Chip 12 (21) (2012) 4216-4227.



August 28-29 San Diego. CA

Aceustofluidics 2017

Acoustofluidic Platform for Organizing an Array of Single Cells

Benjar4nin B. Yellen'*”, Korine A. Ohiri'%, Sean T. Kellyl, Kevin H. Lin*, and Kris C.
Wood

'Department of Mechanical Engineering and Materials Science, Duke University, Durham, NC 27708, USA
E-mail: yellen@duke.edu, URL: https://sites.duke.edu/yellen/

*NSF Research Triangle Materials Research Science and Engineering Center, Duke University, Durham, NC
27708, USA

*Department of Biomedical Engineering, Duke University, Durham, NC 27708, USA

*Department of Pharmacology and Cancer Biology, Duke University, Durham, NC 27708, USA

Introduction

Large-scale single cell analysis can be used to identify rare, but important, cellular events associated
with poor clinical outcomes, with promising applications in drug discovery and development for oncology
and infectious disease. For example, the fraction of cancer cells having intrinsic resistance to a therapy is
often exceedingly low (i.e., occurring at frequencies of 1 in 10,000 or less); however over the course of
treatment these drug-resistant cells become enriched leading to incurable tumors. This has motivated the
development of integrated microfluidic platforms with the required scale and throughput needed to identify
these rare events. A number of passive and active cell organization approaches have been devised, such as
those based on harnessing differential fluidic resistance in microchannels'™, using stochastic deposition of
cells into microwells’, and various trapping techniques based on electric®, magnetic’, optical®, or acoustic’
force fields. While each system has unique promising features, their individual limitations make it difficult to
organize and maintain small communities of cells long enough to identify the rare phenotypes of interest.

We believe that combining the advantageous features of these different approaches into a hybrid
microfluidic system offers the most flexibility in organizing more complex patterns of cells and reagents,
which are increasingly necessary for advanced multi-dimensional phenotypic analysis and genomic profiling.
Towards this end, we have developed a “trap and transfer” approach, which combines passive microfluidic
trapping and active acoustic forces to transfer cells from a high-shear microfluidic trapping region into low-
shear, spacious chambers that allow the outgrowth of each clone to be individually tracked over time. Figure
1 provides a general overview of the approach. Cells are first captured in microfluidic constrictions (Fig.
la). Next, they are transferred to the opposite corner of the flow channel by reversing the flow rate and
activating a piezoelectric transducer mounted underneath the chip (Fig. 1b). The corner position is in a flow
stream that allows cells to be moved into the larger partition (Fig. 1c-d) under slow laminar flow. The
density of the array elements shown in Fig. 1 allows up to 3,840 single cells (approximately 4/mm?) to be
arranged in devices size of a typical glass slide. We have also designed higher density chips having more
than 10,000 apartments on a glass slide.

We tested the acoustic transfer step on both polystyrene beads and a human lung cancer cell line of PC9
cells, which is a good model system for EGFR-inhibition based drug resistance mechanisms. An acoustic
sweep shows that the transfer efficiency is optimal around 1.40MHz, but varies slightly for each array
element. Thus, an acoustic sweep from 1.35 -1.42 MHz was found to work best with excitation voltage of
40V for the beads and 140V for the cells. As shown in Fig. 2, a single cell array with an efficiency of ~70%
is achieved in a typical experiment. Cell organization efficiency can be improved by functionalizing the
surface of the chip with a non-fouling brush and by limiting the number of pre-existing cell clumps.

One of the key advantages of the “trap and transfer” approach is that the microfluidic trap is reset after
each step, which allows the process to be repeated to organize multi-component cellular patterns, including
pairs of cells, as well as small communities of cells. Since this technique does not require cell labeling, is
independent of cell type, and can be conducted directly in cell culture media, it can be used to organize a
wide range of cell types as well as unique biological reagents, such as biosensing beads. Our current work
is focusing on maintaining the cells inside the microfluidic chips for sufficient time, such that rare events of
interest can be identified and more deeply probed and profiled with next generation genomic methods.
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Figure 1: Optimization of acoustic switching mechanism. Cells are loaded into microfluidic traps (black arrows),
shown in (a), next fluid flow is reversed and acoustic forces are used to attract cells to corner adjacent to the entryway
into the partition and switched into flow fields entering the compartment region, shown in (b). Forward flow then
pushes cells into the partitions as shown in (c¢) and (d). COMSOL calculations show that time-averaged acoustic force
field when driven at 1.35 MHz. Scale bar represents 200 pm.
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Figure 2: Generation of a single cell array. (a) Image of single cell array. Scale bar, 200 um. (b) Distribution of cells in
n=223 compartments in the acoustofluidic chip. (c) Acoustic transfer efficiency as a function of frequency and voltage.
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Introduction

Bulk acoustic wave-based (BAW) transversal resonator is one of the most commonly used configurations in
acoustofluidics. In these systems, acoustic standing wave is generated between the two sidewalls of the
microfluidic channel by exciting a piezoelectric transducer (PZT) attached to the bottom of the microchip
[1]. However, this configuration has limited material choice in fabricating the microdevices since high
characteristic acoustic impedance is needed for generating acoustic resonance field. Recently researchers
have reported that some soft polymers such as (PDMS) can also be utilized in these systems. Leibacher et al.
presented that stacking a PDMS layer to the sidewall in BAW-based acoustofluidic system can provide
separated fluidic boundary and acoustic boundary [2]. This is because PDMS has similar characteristic
acoustic impedance to water, and thus the acoustic wave transmits continuously across PDMS-water
boundary [3]. However this modification to BAW-based devices using PDMS blocks in the lateral direction
is of no help to provide active fluidic control such as switching different solutions on-chip, and also is unable
to perform cell culture due to low gas permeability. In this research, we constructed a silicon/glass
acoustofluidic microsystem that integrates a PDMS membrane to enable cell culture, with pneumatically
actuated PDMS microvalves to provide the capability of fluidic control. This can be a milestone that may
lead to a complete acoustofluidic lab-on-a-chip system more capable of performing biological and
biomedical experiments using bulk acoustic wave.

Experiments

In this work we designed a prototype acoustofluidic device with integrated PDMS microvalves that has a
long straight channel and a circular trapping chamber for characterization. Acoustic particle alignment and
particle trapping were demonstrated with this design. The experiments were conducted by flowing 10 pm
diameter polystyrene (PS) beads (Life technologies CA, USA) through the channel using a syringe pump
(Fusion 400, Chemyx, Stafford, TX). Fabrication steps for the acoustofluidic device with integrated
microvalves are summarized in Fig.1 and can be explained as follows: The top glass layer was fabricated
using standard wet etching of borofloat glass (Silicon Quest International, CA) and the bottom layer was
fabricated using wet etching (KOH) of silicon. The bottom silicon layer had a channel width of 375 pm, and
the circular trapping chamber had a diameter of 2000 pm. Fluidic and pneumatic access holes were drilled in
the top glass layer using a benchtop drill press (DP101, Ryobi Ltd, SC). The PDMS (Sylgard® 184, Dow
Corning Corp., MI) membrane (thickness: ~30 pm) was fabricated by spin-coating liquid-phase PDMS at
3800 rpm for 40 sec on a transparency film (CG7060, Apollo) taped to a PMMA substrate, and pre-cured at
80°C for 30 min. Then the transparency film was separated from the PMMA substrate and the thin PDMS
membrane was bonded to the top glass layer using oxygen plasma (Expanded plasma cleaner, Harrick
Plasma, NY). Fluidic inlet/outlet holes were punched in the PDMS layer with a tweezer. This partial
assembly was then post-baked for another 6 hr at 80°C, and connected to Tygon® tubing (Saint-Gobain
Performance Plastics, OH) via flat-bottom ferrules (P-200N, Upchurch Scientific, WA). Then the partial
assembly was bonded to the bottom silicon layer using oxygen plasma. Since the valves are normally closed,
vacuum was applied to the top pneumatic valve layer by a syringe to prevent the PDMS layer from bonding
to the silicon substrate at the microvalve region during the bonding process. Curing of the complete structure
was done at 80°C for another 30 min. A piece of PZT (PZ26, Ferroperm Piezoceramics A/S, Denmark) was
bonded to the bottom of the device by applying a thin layer of cyanoacrylate glue (Loctite Super glue,
Henkel, Rocky Hill, CT).

= Figure 1: Summary of the
> 7 / — i fabrication steps
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Figure 2: a) Illustration of an example acoustofluidic microsystem with integrated PDMS pneumatic valves. b)
Fabricated device image. ¢) The microscopic image of the trapped polystyrene beads inside the trapping chamber when
first harmonic frequency (0.75 MHz) is applied.d) The microscopic image of the focused polystyrene beads inside the
straight channel when the channel width is 375 um and first harmonic frequency (1.96 MHz) is applied.

Results

The device was characterized for its particle trapping efficiency compared to that of a typical silicon/glass
device to understand the impact of the PDMS membrane. When trapping 10 pm diameter polystyrene (PS)
beads (see Fig. 2.c) that flowed at a rate of 50 pl/hr at the 2000 pm diameter circular trapping chamber, the
applied voltage through a 50 dB power amplifier (2100L, Electronics & Innovation, Ltd., NY) had to be 80
mV as the minimum required voltage. On the other hand, acoustic alignment of PS beads to the acoustic
pressure node in the microchannel was evaluated using 10 pm PS beads flown at a rate of 500 pul/hr. As can
be seen in Fig. 2.d, PS beads were aligned in the middle at an applied voltage of 100mV through the 50 dB
power amplifier. Using these results and previous works it is possible to say that although higher power is
required when using PDMS/glass as the top cover of a microchannel compared to an anodic bonded glass
cover, acoustofluidic manipulation and trapping of particles can still be achieved at a reasonable applied
voltage level.

Conclusion

Here we proposed a novel method by adding PDMS membrane and microvalves to an acoustofluidics system
for providing fluidic control capability. This shows the possibility that acoustic microsystems can benefit
from proper integration with PDMS as structural material. Using the PDMS membrane will provide gas
permeability which is essential for long-term cell culture. Further work will outline the effect of PDMS
membrane to the cell viability.
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Introduction

Electromechanical transducers, such as bulk acoustic wave resonator (BAW) and surface acoustic wave
resonator (SAW), have been employed in stimulating acoustic streaming, trapping particles even molecules
at special position in microfluidic platform [1-4], due to their small size, convenient driving, low
consumption, excellent biocompatibility, and easy integration. In this work, we studied the acoustic
streaming effects of multiple Lamb wave resonators (LWRs) in liquid. A novel device array which consists
of 4 LWRs was designed and fabricated on a 1.5*1.5 mm? silicon die. A 3D finite element model was built
to simulate the distributions of multiple micro-vortexes induced by the LWR array. Experimentally, we
demonstrated the LWR array can efficiently drive multiple cylindrical vortexes in a 1 puL drop above the
device and further trapped the bioparticles at the center of the vortex, which shows a great potential for
biomolecular manipulations and biosensing applications.

The structure of the Lamb wave resonators

The structure of the LWR in this system is schematic drawn in Fig. 1(a). The piezoelectric film formed
by 1.5 um aluminum nitride (AIN) is sandwiched by bottom and top electrodes, and each of the electrode
layer is 0.2 um molybdenum. When the LWR working in liquid at its resonant frequency, the So mode of
Lamb wave can be excited in the resonator and then propagate to liquid from each side of boundaries. The
attenuation of the acoustic wave in fluid induces a constant force, which motivate a directional flow, i.e.
acoustic streaming. On the basis of the above analysis, we design and fabricate an LWR array to trigger
microvortices and concentrate the particles in liquid. Four 384 MHz LWRs are designed on the same silicon
die as shown in Fig. 1(b). Fig. 1(c) shows the scanning electron micrograph (SEM) image of the device
consisting of four LWRs and metal connecting wires. The die size of the LWR array device is 1.5*1.5 mm?
in square.

(a) (b) Figure 1: (a) Schematic
illustration of the structure of an
LWR in liquid. (b) Schematic
illustration of the LWR array on
the silicon chip with a drop of
liquid. (c) The SEM images of
the single LWR and the LWR
array on the silicon chip.

Si Mo AIN Au liquid

Numerical simulation method

A commercial finite element analysis software COMSOL, is used to simulate the vibration of the LWR
and the acoustic streaming in liquid. This model involves in four modules coupling, including solid
mechanics, electrostatics, acoustic pressure, and laminar flow. The first three modules can be synchronously
solved in frequency domain to calculate the vibration in piezoelectric film and liquid. As is shown in Fig.
2(a), the simulation result of acoustic wave in liquid is cylindrical with a spindle-shaped pressure distribution

p:
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Next, the laminar flow module is coupled by adding the body force f, obtaining by the vibration of the
acoustic wave vi. f is set as a domain condition to compute the flow field under the vibration of device:

f= —[(v1oVVl +v1Vo\71) + c.c.}

The simulation result of the acoustic streaming generated by the LWR array device is demonstrated in
Fig. 2(b). The liquid is pushed away from both sides of each LWR by the driving force, in the same direction
with the wave propagation. The negative pressure of the fluid above each LWR leads to the convergence of
two flows along the electrodes. An anticlockwise horizontal cylindrical vortex (main vortex) dominates the
flow in the center of the field, accompanied by eight secondary vortices in the surrounding.
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Figure 2: (a) Simulation results of the displacement distribution of the Lamb wave in solid and the pressure distribution
of the cylindrical acoustic wave in liquid. (b) Simulation result of the 3D acoustic streaming induced by the LWR array.

Experimental results

A 40 mW, 384 MHz alternating current signal was applied to the device, and 1 pL solution of 5 um
polystyrene particles was dropped on the device and covered the whole area of the LWR array. The image of
the particle trajectories at the initial moment, when signal source was turned on, is shown in Fig. 3(a), and
the main vortex with eight secondary vortices can be seen. In 2 minutes, most of the particles were trapped
into the main vortex and the cluster reached to the maximum radius of 200 um (Fig. 3(b)).

Figure 3: (a) The image of the
particle trajectories at the initial
moment. (b) Microscope images
of the distributions of the
polystyrene particles 2 min after
the power of the driving signal
turning on.

(b)

Conclusion

We have investigated the behavior of the Lamb wave resonator in fluid by theoretical analysis and
numerical simulation. An AIN MEMS device consisting of 4 LWRs which structured on a 1.5*1.5 mm?
silicon die, has been designed, simulated, fabricated, and applied to stimulate nine vortices in a 1 pL drop.
The experiment results that 5 um polystyrene particles can be trapped in the center of the main vortex, shows
the potential of the LWR based microfludic platform for biosensing applications.
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