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We show experimental evidence of the acoustically-assisted micromanipulation of small objects like solid
particles or blood cells, combining rotation and translation, using high frequency surface acoustic waves.
This was obtained from the leakage in a microfluidic channel of two standing waves arranged perpendicu-
larly in a LiNbOs piezoelectric substrate working at 36.3 MHz. By controlling the phase lag between the
emitters, we could, in addition to translation, generate a swirling motion of the emitting surface which, in
turn, led to the rapid rotation of spherical polystyrene Janus beads suspended in the channel and of human
red and white blood cells up to several rounds per second. We show that these revolution velocities are
compatible with a torque caused by the acoustic streaming that develops at the particles surface, like that
first described by [F. Busse et al., J. Acoust. Soc. Am., 1981, 69(6), 1634-1638]. This device, based on stan-
dard interdigitated transducers (IDTs) adjusted to emit at equal frequencies, opens a way to a large range
of applications since it allows the simultaneous control of the translation and rotation of hard objects, as
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1 Introduction

Non contact methods to manipulate small particles or cells
are of major importance due to the increasing need to per-
form elementary operations like moving, assembling or
sorting objects in microfluidic devices. One strategy is to gen-
erate at the scale of these objects forces that counterbalance
viscous effects' caused by the surrounding fluid, namely
Stokes' force. These include dielectrophoretic,” diamagnetic®
or acoustic® effects and, at smaller scale, electric gradients to
trap dielectric particles.” It has for instance been demon-
strated that acoustical tweezers based on the emission of
standing surface acoustic waves (SSAW) on piezoelectric wa-
fers can be used to move particles, cells and even living
microorganisms like C. elegans®’ in strong analogy with opti-
cal tweezers but with forces of larger amplitudes. Such labs
on chips combine the advantages of size reduction due to the
high acoustic frequency employed and transparency and bio-
compatibility offered by PDMS micro channels. Pushing for-
ward the analogy between acoustics and optics, one may won-
der if one could also generate acoustic torques in such
devices. On the one hand, an acoustic wave being scalar in
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well as the investigation of the response of cells to shear stress.

nature, there is no equivalent of the circular polarisation and
spin angular momentum carried by an electromagnetic wave.
On the other hand, it has been shown by Lord Rayleigh that
radiation pressure can induce torques.*™® More recently, it
has been shown that light and acoustic waves can both carry
orbital angular momentum in particular if the beam's phase
fronts are not perpendicular to the propagation direction'*™*
and rotations have been obtained from particles that absorb
light'® or that are birefringent.'®

We show in this article the rotation induced from leaky
SAW generated on a LiNbO; substrate. Its origin is the acous-
tic streaming that develops at the surface of the particle if
the surrounding fluid particles are imposed an elliptical mo-
tion due to the unique nature of the acoustic wave (see Fig. 7
in Lee et al'’). In addition, it is shown that the high fre-
quency used in the experiment (above 35 MHz) allows tenths
of micron size particles to be simultaneously put in motion
in the same minute volume. These characteristics open new
perspectives for labs on chips since torques used up to now
to manipulate objects were obtained under action of bulk
acoustic waves (BAW)'® or evanescent waves' in the MHz
range. Compared to optical tweezers, the transfer of momen-
tum from acoustic streaming is an additional tool to generate
torques for particles of various compositions and shapes and
which have no equivalent in optics.

To investigate this phenomenon, we designed an experi-
mental setup where four interdigitated transducers (IDTs)
emitting at the same frequency generate two pairs of

This journal is © The Royal Society of Chemistry 2017
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orthogonal SAW that leak in a microfluidic volume. By dex-
terously adjusting the phase between emitters, we could,
firstly, control the acoustic minima in which particles are
trapped and impose a position, and, secondly, their rota-
tion. These rotations are evidenced on spherical objects like
semi-metalised spherical polystyrene beads (hereafter
designed as Janus beads) and blood cells. The angular veloc-
ity is seen to depend on the sine of the phase lag between
the two orthogonal SAWs and on the product of the pres-
sure amplitudes. For particles with positive acoustophoretic
factors,”® the torque appears to be maximum at the pres-
sure nodes, ie. in the locations where the particles are
trapped, with alternate clockwise and anti-clockwise direc-
tions of rotation.

2 Working mechanism

The principle of acoustic torque generation using SSAW re-
lies first on the forcing of circular orbits of fluid particles in
the microfluidic channel plane, around pressure nodes col-
umns in which solid particles accumulate. Acoustic stream-
ing develops at the surface of a solid particle due to viscous
effects and, if the stress distribution is not symmetrical, a to-
tal torque on the particle is produced inducing its rotation.**
This mechanism is also responsible for the observation of
strong recirculations in thin liquid films deposited on piezo-
electric substrates.”>** In recent works aiming at developing
acoustic tweezers®>*® it has been shown that vortex beams
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Fig. 1 a) Scheme of the 3D model under consideration: 2 orthogonal
SSAW are generated on the crystal surface with a time phase lag ¢.
The waves emitted in the liquid are perfectly reflected at the channel
top located at z = h and propagate parallel to the lower surface with
wave vectors k, and k,. b) and c) Scheme of the time evolution (T is
the period) of the pressure field in the plane of the source in the case
of: b) four emitters with a phase lag ¢ = n/2 between the two
orthogonal directions. Cell extension /s x As. ¢) A vortex beam of order
1. The radial extension is 1 since it has been normalized by the first
zero of the Bessel function.
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Fig. 2 Scheme of the propagation of a leaky SAW and of the
suspension of rotating objects. Surface acoustic waves are emitted
from left and right from the piezo surface, with wave vectors in the
solid denoted ki and k;. In contact with the liquid, a leakage occurs of
the sound waves with wave vectors in the fluid ki and k; emitted at
the Rayleigh angle 6r from the normal. The presence or absence of a
reflector may lead to total or partial reflection of the wave at the
upper boundary leading to the creation of a total or partial standing
wave in the channel height.

produced from the swirling surface waves created on piezo-
electric substrates can indeed force such circular orbits. In
addition, the mechanism by which acoustic torques are gen-
erated from acoustic streaming has been shown at macro-
scale.'”?® However, there was not yet evidence that small
solid particles could be put into rotation. A reason is that
the high frequency (>30 MHz) used for SAW leads to a vis-
cous length 4, as small as 0.1 pm, questioning the ability of
acoustic streaming to produce significant torques. In the
present experiment, the acoustic field is generated by four
IDTs exciting the piezoelectric surface of a LiNbO; substrate
(see Fig. 1a and 4) along its two perpendicular main axes.
The swirling of the surface is obtained by introducing a tem-
poral phase lag ¢ between the two standing waves, leading
to a complex pressure field just above the active surface of
the form

Pin(x),t) = [Pox sin(kex) + poy sin(kyy)exp(ip)]exp(-iwt) (1)

with po, and py, the pressure amplitudes along axis e,
and e, and k, and k, the wave numbers, which are gener-
ally different due to the crystal anisotropy.”” > Since the
wave velocities at the surface are larger than that in the
liquid (supersonic regime), the surface waves will propa-
gate and attenuate in the fluid volume, building a 3D
pressure field of standing waves more complex that the
2D model associated to eqn (1), and importantly with in-
terferences between the two orthogonal directions due to
the phase lag term. This role of ¢ is illustrated in Fig. 1b
where we show the time evolution of the pressure field
emitted at the surface of a piezo material in the ideal case
¢ = m/2, at different times of the period T, creating a
swirling evolution of the wave front around the central
pressure node. For comparison, we show the same pres-
sure field corresponding to a Bessel beam of order m = 1
in Fig. 1c, which general expression for the spatial part of
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pressure field in cylindrical coordinates and for a isotropic
material with k = k, = k; is

p(p’a’z) = puJ,,, (kp)e’(’"“"":l) (2)

with J,, the Bessel function of radial order m. Similarly to
orthogonal waves, a screw dislocation®**' is observable
around the origin, though the overall shape is different at
some distance from the center. To further illustrate this
mechanism, we show on Movie S1 (see ESI}) the oscilla-
tions of a surface of lateral extent one wave length i
considering for simplicity A, = /4, for various amplitude ra-
tios and phase lags between the two waves: Lissajous fig-
ures are observed close to each pressure node. Remark-
ably, while the distance between pressure nodes is A4/2,
the helicity is alternatively left and right, leading to a total
period As.

Let now consider the position of particles in a 3D micro
channel. A first approximation of the pressure field in the vol-
ume of the acoustic cavity is to see it as an extension of a 2D
in-plane problem. If one considers hard particles in water, of
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the z direction. At the same time the particles are trapped, the
pressure wave oscillation will also be responsible for the acous-
tic streaming, developing tangentially to the particle surface.
To evaluate the subsequent stress on the particles, one can no-
tice that in a x-y levitation plane, this situation indeed resem-
bles that considered by Lee et al.'” of two orthogonal waves
with a phase lag ¢. However, instead of considering macro-
scopic objects and a viscous penetration length 4, in the milli-
meter range associated to kHz frequency, it will be of the order
of 0.1 um while r, is in the 10 um range. Eventually, in order to
evaluate the amplitude of the rotation velocity of a particle of
given diameter, one should compute the viscous torque oppos-
ing the driving acoustic torque. For this purpose, we consider
for simplicity a sphere of radius r, at the center of an orthonor-
mal frame so that the zenithal direction is along e, while e,
and e, are aligned with the standing wave directions. We then
define a spherical coordinate system of polar angle ¢ and azi-
muth y. According to ref. 17 and 26, the components of the
streaming velocity u;, immediately outside the boundary layer
are tangent to the sphere, with components along directions ey
and e, equal to:

x |:(p0x2 cos’ (k,x)cos’ (w)+ p,,” cos’ (kyy)sin2 (t//))sin (0)cos(0) (3)

+2 Py, Poy €05(@) cos (k,x)cos(k, v )sin(€)cos(6)sin (u/)cos(u/)}

radius r, small respective to the wavelength in the fluid (r, <
), their acoustophoretic factors being positive, they would
tend to be trapped in columns above the pressure nodes in the
liquid channel by the partially reflected wave, but also to be
pushed against the to wall. The introduction of a reflector leads
to similar results, with particles now clearly separated by /¢/2 in
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Fig. 3 Illustration of the action of the acoustic streaming developing
at the surface of a small sphere due to two orthogonal waves with
phase lag ¢ assuming similar pressure amplitudes pox = po,. a) Velocity
field at a distance d, from the wall,"”” for three different values of the
phase ¢ = 0, 7t/2. b) Acoustic streaming stress field components. The
color code reflects the amplitude of the horizontal component of the
vector field (i.e. along the azimuth).

2472 | Lab Chip, 2017, 17, 2470-2480

and

45

F T Teonpe)
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(4)

where p, is the fluid density, ¢, the sound velocity in the fluid,
o the circular frequency of the time harmonic fields. The veloc-
ity amplitudes corresponding to streaming are of second order
respective to the acoustic field, and can be expressed as a func-
tion of the first order velocity v,. Assuming poy = poy = po, We
get vy ~ polpoco and
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Accordingly, the components of the surface stress experi-
enced by the particle are given by:

(Buz ) 9 I,
lu ~ == 2
or r=r, 16/)(,0“ i
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m s, aligned along x) and Z (K> = 5.00%, celerity ¢ = 3481
m s, aligned along y). The IDTs, made of fifty finger pairs

x [(pt,x2 cos’ (k,x)cos’ () + p,,” cos® (k).y)sin2 (l//)) sin(8)cos(0) (©)

+2py, Py, cos(@)cos (k,x) cos(k},y) sin(@)cos(0)sin (l//)COS(l//)i|

and

()., i
H| —— = 2
8r r=r, 16pl)cl) r(l

x |:(pw2 cos’ (k,x) - p,,’ cos® (kyy)) sin(@)cos(y)sin(y) @)
— PoPoy cos((/))cos(kxx)cos(k“,y)sin(9)003(21,//)

+2py, Py, Sin ((p)cos(kxx)cos(kv‘,y)sin(ﬁ)}

As shown by Lee et al.,'” only the last term of eqn (7) con-
tributes to the total torque on the sphere, and its amplitude
in the case of a 2D standing wave depends on its position in
the channel. For a particle at coordinates (x,y,z) where z is a
levitation plane, this driving torque is expressed by:

3’0 )
. PosPoy (:os(kxx)cos(kv‘,y)sm((p)eZ (8)

rslreaming _

0~0

These streaming velocities and surface stresses are repre-
sented in Fig. 3. As expected, when ¢ = 0, the effective torque
is null from symmetry consideration, while its amplitude
reaches a maximum when ¢ = +r/2. More generally, we expect
the particle to rotate at a velocity given by u, modulated by a
term proportional to sin(g). To continue the analogy with
acoustical vortex beams,*' the previous situation can be
treated as having four emitters arranged on a cross shape,
that are spatially turned by n/2, while their relative phases are
also increased by n/2 when turning around the center,
explaining the swirling of the surface and the physical origin
of the torque.

3 Materials and methods
3.1 Device fabrication

The high frequency acoustic setup used to generate the si-
multaneous translation and rotation of particles is sketched
in Fig. 4a. It is obtained by assembling a soft PDMS micro-
fluidic channel onto a LiNbO; wafer on which thin electrodes
have been evaporated to make interdigitated transducers
(IDTs). Since the properties of a piezoelectric LiNbO; crystal
are highly anisotropic,®* a X-cut*”**** is chosen as it gives
high electromechanical coupling coefficients in the two crys-
tal directions Y (Ky* = 3.58%, Rayleigh wave celerity c§ = 3750

This journal is © The Royal Society of Chemistry 2017

with respective pitches 4, = 100.0 um and 4, = 93.9 um and a
minimal metallization ratio of 50% (up to 80% for the best
results), have been designed to have their maximum emis-
sion at the same resonance frequency of 36.3 MHz when
loaded with water with impedances close to 50 Q. The experi-
mental chamber is made by soft lithography techniques, by
pouring PDMS on a 150 pm thick resin pattern correspond-
ing to the 1.2 x 1.2 mm microfluidic chamber, inlet and outer
channels and four pads that will located above the IDTs in
order to leave voids. These IDTs have an aperture of 1.6 mm
(total width 1.9 mm), covering the physical size of the acous-
tic chamber, with a distance between opposite pairs of IDTs
of 2.6 mm (see Fig. 4c). In most experiments, a thin micro-
scope circular coverslip is used to cover the microfluidic
chamber and the pads. This prevents the collapse of the
PDMS over the IDTs and allows one building a reflector for
the acoustic cavity. After curing, the thin PDMS between the
acoustic chamber and the glass coverslip is peeled off and
the microfluidic channel is assembled on the LiNbO; using
an oxygen plasma bonding (see Fig. 4d). Since the voids in
the PDMS exceeds the IDTs dimension by 100 um, the SAW
travel a distance of PDMS of about 600 pum before reaching
the acoustic cavity leading to a decrease in amplitude of
about 15%, according to the attenuation coefficient of 290
m™" we measured with a network analyzer (HP Model 4195A).
Additional transmission measurements show that a 5 mm
thick PDMS entirely covering the IDTs distant by 3.5 mm
leads to a tenfold attenuation of the transmission compared
to the unloaded wafer. We show in Fig. 5a the electrical re-
sponse measured on a 3" wafer with electrodes made of alu-
minum: a mechanical resonance is clearly present close to 37
MHz, with additional rapid oscillations due to the existence
of bulk acoustic waves of less amplitude (but which become
dominant above 50 MHz). With a PDMS micro channel de-
posited on top of the wafer (but an empty acoustic chamber),

Lab Chip, 2017, 17, 2470-2480 | 2473
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Fig. 4 Typical microfluidic setup. Legend: 1 - X-cut LiNbOz wafer, 1
mm thick, diam. 2”. 2 - 10 nm Ti-100 nm Au IDTs. 3 - 100 m x 200 m
micro channel. 4 - PDMS. 5 - Voids in PDMS. 6 - @25 mm, 150 um
thick borosilicate coverslip. 7 - Connecting pads. a) Scheme of the
acoustic device geometry. The acoustic chamber is 1.2 mm wide and
100 to 150 pum high. b) Photograph of the final experimental device
showing the piece of PDMS assembled to the piezo substrate
supported by a piece of plexiglass. One distinguishes the acoustic cav-
ity in the middle of the IDTs and the glass coverslip on top. The electri-
cal connections are obtained by connecting the IDTs to the pins of
SMC connectors that stick out from a PCB. The additional IDTs at the
left are not used in the experiment. c) Top-view of a dirty acoustic
chamber and IDTs. d) Crosscut image with a zoom showing the void
imprint left after molding the PDMS. The thin remaining PDMS layer is
peeled off from the glass coverslip before assembly to fabricate the
acoustic cavity.

these BAW modes are attenuated, and we mostly observe the
typical response of SAW emitted by the IDTs. The electrical

2474 | Lab Chip, 2017, 17, 2470-2480
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transmission is illustrated by Fig. 5b which shows that by
adjusting the pitches and number of fingers of the IDT pairs
along the weak Y and strong Z axis one can obtain similar
electromechanical responses despite the strong crystal aniso-
tropy for the same electrical voltages.

3.2 Methods

Depending on experiment, the microcavity is either filled
with @10 um Janus particles suspended in a water/surfactant
solution (see Movie S27 for illustration), or blood cells. Janus
particles are half metalised yellow-green fluorescent carboxyl-
ate polystyrene microspheres (Fluoresbrite, Polysciences
Inc.). They are obtained by diluting the microbeads in etha-
nol (3% in weight), and by further depositing 100 pL of this
solution on a glass coverslip first exposed to 5 minutes to a
O, plasma. After drying, 12 nm of titanium and then 38 nm
of gold are evaporated on the sample, and beads are de-
tached by dilution in water or ethanol using sonication. The
suspended beads are then collected by centrifugation and

pdms microchannel
bonded to crystal

bare LiNbO,
crystal

34 35 36 37 38 39
Frequency (MHz)
b) Y axis

Y axis

.30} Pdms microchannel
bonded to crystal

A
S

&
<]

Transmission S12 (dB)

34 35 36 37 38 39
Frequency (MHz)

Fig. 5 Electrical characterization of IDT pairs obtained by depositing
10 nm of Ti + 100 nm of Al on X-cut LiNbO3z samples and designed to
compensate for crystal anisotropy, with a mechanical resonance close
to 37 MHz. Weak Y axis: pitch A, = 100 um, 84 finger pairs. Strong Z
axis: pitch 4, = 93.9 um, 50 finger pairs. a) 3", 1 mm thick wafer. Blue
curve: measurement of |Sy;| along the Y-axis for a bare sample. Green
curve: |Sy;| along the Y-axis for a sample with a PDMS microfluidic
channel containing a glass reflector on top. b) @2”, 500 um thick wa-
fer. Measured transmission |S;,| between receiver and emitter along
axes Y (green curve) and Z (red curve) with a PDMS microfluidic chan-
nel containing a glass reflector on top.
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0 05

Fig. 6 Contour plot of Gor'kov's acoustic potential for PS beads in
water. The minima are in blue while the maxima are in red. The same
scale is used for all plots. Top: pox = poy (@) ¢ = 0, (b) ¢ = /2, () p = mand
(d) ¢ = 3n/2. Bottom (p = 0): (e) poy = 2Pox (f) Pox = 0, (9) Poy = Pox/2 and
(h) poy = 0. The white crosses show pressure nodes that have been
shifted from center to show a field size of dimensions g x /s.

used for experiments (see also ref. 35). Qualitative measure-
ments on blood cells are performed using whole blood, re-
moving platelets by centrifugation at about 1000 g for 10
minutes and by diluting RBCs and WBCs in PBS. Quantita-
tive measurements on RBCs are obtained after centrifuga-
tion and dilution 100 times in an isotonic and isodensity so-
lution of PBS and Optiprep (Axis-Shield, Norway). The
particle rotations are observed under an inverted microscope
(Olympus, IX70) using a x20 or x40 magnification objective
and are recorded with a high speed camera (Miro 4 or Miro
310, Vision Research), at 100 to 300 frames per second
allowing 10 to 40 s recordings in order to average rotation
speed over tenths of turns. The four IDTs are connected to
the SMC panel mounts using ©80 um copper wires using
silver paste and tin solder (see Fig. 4b), and are excited by
two synchronized dual channels arbitrary waveform genera-
tors (AFG3102C, Tektronix).

Initially, the efficiency of the IDTs is generally tested by
applying a moderate voltage on one pair of IDTs, along e,
for instance, setting the frequency close to the resonance for
the first (f,” = fo), while we impose a slight frequency modu-
lation of typ. 1 Hz on the other (f; = fo + df). This allows
one to observe the organisation of small suspended particles
due to radiation forces within the channel as well as to cali-
brate acoustic forces against Stokes drag.® A similar opera-
tion is performed on the second pair of IDTs until acoustic
pressures po, and p,, are balanced. Under such conditions,
well organized square or triangular lattices of aggregated
particles can be observed in the acoustic cavity, with some
distortions due to diffraction effects in the near field emis-
sion of the IDTs. Eventually, voltages as low as 4 Vpp (16.0
dBm) can be used along the weak (Y) axis and 3 Vpp (13.5
dBm) for the strong (Z) direction, therefore requiring no
power amplifier. Interestingly, these amplitudes are much
less than that reported for the viability assays of ref. 7 indi-
cating that the acoustic field is likely to be compatible with
living material. Rotation experiments are then performed by
controlling the individual phase lag of each IDT, respective
to ¢;. In practice, a lot of efforts were devoted to obtain a

This journal is © The Royal Society of Chemistry 2017
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1.2 mm

Fig. 7 Phase contrast images of a microfluidic cavity of dimensions 0.1
mm x 1.2 mm x 1.2 mm filled with ethanol and observed with a phase
contrast microscope (the four IDTs are located sideways, as illustrated in
Fig. 4, and the view is from the top). (a) Emission along e,, (b) emission
along e, and e, ¢ = 0, (c) emission along e, and e, ¢ = /2.

system for which the amplitudes of the waves emitted by the
IDTs in a given direction pair are only weakly dependent on
the electrical phase. The reason is the electromechanical
reflections that exist between each pair of IDTs, which can
or cannot amplify the individual emission of each IDT,
depending on their relative position. A simulation of this ef-
fect is presented in ESLf

4 Rotation of acoustically trapped
objects
4.1 Location of suspended particles

Like in large scale experiments,*® the observation of stream-
ing induced rotation of particles is preferentially observed at
the pressure nodes of the acoustic field, and is maximum
when the two orthogonal standing waves are in quadrature.
However, the position itself of the particle depends also on
this phase lag, as we further show.

According to Gor'kov's derivation,””*® for small enough
particles respective to the sound wavelength (see ref. 24 and
37 for the generalization to arbitrary particles), the acoustic
force derives from an acoustic potential which writes:

rad
U%/ =%-fi’(()<gi|1z>_%.f2p() <Xinz> )

with 7 the particle volume and where we have introduced
the acoustophoretic coefficients f; = (ko — #p)/ko and f, =
2(pp = po)/(2pp + po) with xp and p, (resp. x, and p,) the
particle (resp. fluid) compressibility and density and where
the brackets represent time averages of the sound wave.
Considering two orthogonal waves with a phase lag ¢, the
velocity field associated to the pressure field given in eqn
(1) writes

—iot

[ Posk, cos(k.x)e, + p, k, cos (ky y)ei"’ey, J (10)

!in

ip,@

and the total potential becomes:
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U—rad=£(p 2sin® (kx)+ p ,Zsinz(k ,y)+ 2Py, sin(k x)sin(k ,y)COS(p)
K()%/ 4 0x X 0y v 0xF0y X v (11)
3
- 81‘({;22 (xD()xzkx2 C052 (kx'x) + p()yzkyz C052 (kvy))

As a consequence, the acoustic potential between two
orthogonal SSAW also depends on its phase lag ¢ via the
pressure term of eqn (9) which is responsible for interfer-
ences. Note that according to the construction of Fig. 2,
the ratio k,/k, that appears in eqn (11) is due to the dif-
ference in sound velocities along directions e, and e,. It
simplifies for an hypothetic isotropic piezo material for
which we would have k. = k, = k; with k; the surface
wave wavenumber. If in addition the acoustic amplitudes
are set equal (pox = poy = Po), €qn (11) reduces to:

ac™s" 0

F* = —AnE, k1’ K(bsm(zkxx) + 2Tf'cos(kxx)sin (kv‘,y)cos((p)]ex

+ (@ sin (Zk",y) + %sin (kxx)cos(k.‘,y) cos((p)]e"}
(

12)

where we have introduced the acoustic energy E,. = xopo /4
and the acoustophoretic coefficient @ = % A +% f,- For Janus

particles in water, f; = 0.44, f, = 0.03 so that & ~ 0.162,**
while for red/white blood cells in PBS f; = 0.11, f5 = 0.05 so
that @ ~ 0.062.>>° Since @ is positive in both cases, the par-
ticles are always attracted to the pressures nodes. These loca-

I

%5,
My

A

\
\
x =M

n /2 /2 n

0
¢(rad )

Fig. 8 Normalized rotation velocity of 10 um Janus beads. Red and
green symbols: measurements of two different beads in a device with
a glass reflector. IDTs along e, and IDTs along e, are connected to the
same channel of the generator and the same phase lag is applied to
IDT,ﬁ and IDT], relative to IDT,” and IDT, . Green diamonds: IDT,” and
IDTy: 4 Vpp, IDTy and IDT): 6 VPP, @max = 5.4 rps. Red crosses: IDT,”
and IDT,: 6 Vpp, IDTL and IDTL: 7.5 VPP, @max = 7.7 rps. Black squares:
linear interpolation of continuous measurements. Yellow symbols:
measurements obtained from translation measurements of section 5.
Dashed line: theoretical prediction.
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tions correspond to the crosses in Fig. 6 where we have plot-
ted the relative 2D potential amplitude of a levitation plane
in the microchannel for different values of the phase lag.
Due to interference terms, the potential is seen to have elon-
gated minima with a period /2 in the case ¢ = 0, and evolves
toward a regular diamond structure square lattice structure
for ¢ = +m/2, as visible in Fig. 7.

In the case the two orthogonal waves are not of the
same amplitude, the potential shows some preferred direc-
tions for particle alignment. By contrast, acoustic torques
have a A periodic structure, since the rotation alternates
left and right every As/2. This can be seen by seeding a
water flow with micron-size particles which will form
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0 - °o0
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Fig. 9 Rotation velocity of RBCs clusters in a device with a glass
reflector at fo = 37.1 MHz. Measurements performed by imposing
constant differences ¢} - ¢,ﬁ and ¢, - ¢, to avoid the motion of the
particles. (a) Rotation velocity normalized to maximum value versus
applied phase measured for 10 different RBC clusters. Dashed line:
model assuming an acoustic viscous torque and a friction due to
acoustic radiative forces on non spherical clusters. Black squares
represent average and error bars are to. (b) Rotation velocity versus
applied voltage for a large cluster (in red) and for an isolated RBC (in
blue). Dashed lines are power law fits with exponents 2 for the RBC
cluster and 2.3 for the single RBC.
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Fig. 10 Upper row: transmission microscope images of RBCs, excited
at 0 = 37.1 MHz and 10 Vpp for all IDTs and for 3 different values of ¢
while keeping ¢, - ¢, and # - ¢ constant (see also Movie S57).
Middle and bottom rows: results of 3D numerical simulations of
acoustic potentials in the horizontal planes (see ESIt SI2) at a height z/

= 0[1/2] or in the levitation planes z/i;, = 1/4[1/2] using f; = 0.11
(ref. 39) and f, = 0.05. The same colormap is used for both plots.

aggregates. This is further evidenced in the case of a co-
acervate solution we obtained by mixing ethyl alcohol,
water, a surfactant and potassium iodine crystal, for which
we observe low density micelles at pressure antinodes (@
< 0) whereas Janus particles rotate in pressure nodes. Of
course, the actual 3D geometry of the acoustic cavity is
more complex than this simple 2D approximation. In par-
ticular, while trapping columns still exist above the dis-
placement nodes, the presence of standing waves in the
channel height is responsible for levitation planes that
build above displacement antinodes. These aspects are
discussed in ESIL}

4.2 Torques measured on Janus beads

In order to validate quantitatively the previous model, we
show in Fig. 8 the rotation velocity of @10 pm Janus beads,
normalized by their maximum velocity obtained for ¢ = w/2.
The red and green data have been obtained by counting the
rotations observed at different ¢ every 10°, and the error is
typically 1 turn. Black squares are interpolated values
obtained by continuously sweeping the phase, and we show
mean and standard deviations. Comparing these data with
the dotted blue line which is obtained by equating the vis-
cous torque and the acoustic torque of eqn (8) (stationary ro-
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Fig. 11 a) Sketch of the total effective acoustic potential (2U™¢ +
ystreaming) /e ¢/ for two spheres of radii @ = 4 um separated by a
distance ¢ = 10 um, and put in rotation via acoustic streaming. For ¢ =
0, we show the two preferred orientations of the oblong particle. For ¢
> 7/8, rotations are possible. Parameters: pox = poy, = 10° Pa, f; = 0.11
and f, = 0.05. b) Scheme of the radiative and the streaming acoustic
torques on an elongated object represented by two distant spheres. c)
Green curve: streaming torque 7°"*@™"9 calculated for a single sphere
of radius a = 4 um at the center according to eqn (8). Red curve:
amplitude of the acoustic torque ™ create by radiative forces. Blue
curve: effective torque obtained by subtracting the absolute value of
the radiative torque from the torque due to acoustic streaming. The
plateau is the region where rotations are hindered by shape effects of
the particle.

tation assumption), we observe a very good qualitative agree-
ment. However, for some reason, we observed on the green,
orange or red symbols an asymmetry between left and right
rotation directions, which happens to be the case for most
beads, with no statistically preferred direction in average.
Typically, rotation velocities Q up to 50 rad s are measured
for an applied voltage of only 20 dBm. Since the expression
for the resistive viscous torque on a sphere at low Reynolds
number®' is I’ w = 8myry°Qe,, one can relate the rotation veloc-
ity to the acoustic pressure by projecting the angular momen-
tum equation along e,:

J% — ]—strcaming _ ]—vﬂ (13)

with J the moment of inertia of the particle. In steady
state, the acoustic torque and the friction torque balance
each other and using eqn (8), one obtains an estimate of
the rotation velocity. Taking = 0.1 um, and considering a
Janus bead in water, one obtains 2 = 36,po.PoySine/
8ropoCo’n = 3 % 107° DPoxPoy- Reciprocally, the measured ro-
tational velocities of order of 10 rps shown in Fig. 8
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involve pressure field amplitudes pg,
which is rather intense.

~ Poy ~ 1.4 bar,

4.3 Torques observed on cells

While the previous example concerns solid objects, the appli-
cation of a torque on living cells may also induce their rota-
tion. Movie S471 is a first illustration of this possibility with
the rotation of a WBC observed in a microfluidic device
containing no reflector, surrounded by other RBCs rotating
at a lower velocity. Other measurements performed on single
and clusters of RBCs are shown in Fig. 9. While the overall
trend is reminiscent of a sine function, rotations are only
observable when ¢ is sufficiently different from 0 and m,
suggesting that a minimum shear stress is required to induce
a rotation. When comparing these results with those obtained
with solid Janus beads, we evidence a systematic threshold for
the rotation to occur. To complement these data, we recorded
the arrangements of large collections of RBCs under acoustic
excitation, shown in Fig. 10. From these images, and thanks
to the field depth of the microscope, we see that two arrange-
ments of RBCs are possible. Those that appear darker and fo-
cused on the images correspond to RBCs that can preferen-
tially rotate and that, we think, are trapped in planes with
forces similar to those on the emitting LiNbO; surface. The
other RBCs form thin clusters one cell thick that are trapped
in levitation planes in which the radial forces are much
weaker according to numerical simulation presented in the
same figure. In practice, the distance between these two
planes is no larger than 11 pum. To confirm this, we observed
that under reduced flow and for a distance between the glass
slide and the LiNbO; of about 110 + 10 um, four levels of levi-
tation clearly builds up, suggesting a height closer to 100 pm
for O = 22° and A¢, = 22 pm. This suggests the following inter-
pretation: RBCs trapped in mid-planes are in region where ra-
diation forces are particularly strong and anisotropic. As a
consequence, shape effects are particularly important and sin-

(@100 F T I o4 (b)
t
375F =
+
] m
g 50 —Ha
g o
© | _
225
0
8 5 I

-2n  -m T 2n -2n  -m T 2%

+0 v +0 \J
¢x-¢x ¢x_¢x
Fig. 12 Measurement of the rotation of a @10 um Janus bead at the
frequency f, = 36.3 MHz on IDT}, IDT,, and IDT;, and f, = fo + f with
5f = 0.05 Hz on IDT,. Excitation voltage 8 Vpp for IDT pair along axis
e, and 6 Vpp along axis e, in a cavity without glass reflector. (a)
Position of the bead after each turn as a function of the phase
between emitters ¢, — ¢x. Error bars are typically 4 um per point. (b)
Instant velocity after each rotation as a function of the phase between
emitters.
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gle particles and clusters tend to align along the minima of
the acoustic potential.

To make this idea quantitative, we propose a naive model
that compares the viscous torque to the torque induced by ra-
diation forces on an elongated object made of two spheres of
radii a separated by a distance 2¢ and making an angle «
with axis e, (see Fig. 11b). At the same time the spheres are
attracted to the central pressure node, the anisotropy of the
potential well is responsible for forces being alternatively
negative and positive and therefore for a total torque.
Expanding eqn (11) for small values of ks assuming p,, = po,
= po and an isotropic substrate leads to the following approxi-
mation for the potential:

U™ = B,V {-3f, + k0*(fisin(2a)cos(p) + 3P)} (14)

while the torque is

i Urade7
oa : (15)

=4E, 7'k’ f,cos(3a)cos(p)e,

™ =2E7

For the torque due to streaming, we introduce a fictitious
potential US"*™"¢ guch that

. P )
streaming __ P streaming
r = E 7 — U™

oa

‘ (16)
=9E, 7 —Lsin(p)e,

0

in agreement with eqn (8), leading to (s = Eac%/i—"sin (p)a-

Then, plotting the reduced acoustic potential (2U™! +

ystreamingyp ¢/ like in Fig. 11a for different values of the
phase, we get a qualitative explanation. When ¢ is small, the
driving torque due to streaming is not strong enough to
overcome the radiation forces and oblong particles tend to
align along the acoustic potential which, according to Fig. 6,
corresponds to o = *m/4. When ¢ increases, the driving
torque gets stronger while the acoustic potential becomes al-
most anisotropic. The oblong particle starts to rotate with a
solid like friction, and almost freely when ¢ = +n/2. This pic-
ture clearly agrees with the shapes observed in Fig. 10 of
elongated clusters of RBCs for values of ¢ different from +r/
2. With the parameters of Fig. 11, the rotation velocity is
expected to be or order of 1 rps for pressure amplitudes of
10° Pa, a typical value in these experiments. Since both radia-
tion forces and acoustic streaming are proportional to E,,
we predict the same for the rotation velocity, as confirmed
from measurements of Fig. 9, which shows dependencies
close to square laws between 2 and applied voltages. How-
ever, there is no hint that the amplitudes of the torques due
to both mechanisms should be similar in general.
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Fig. 13 Simulation of the potential map for a Janus bead in translation
in a microfluidic chamber.

5 Simultaneous control of particle
translation and rotation
5.1 Principle

In this last section, we want to illustrate the potential of the
present work to control simultaneously the rotation of trans-
lation of particles. For this purpose, we consider the vibration
amplitude of the crystal surface due to two counter propagat-
ing waves, say along e,, as sketched in Fig. 2. The total com-
plex amplitude of the displacement is:

&) = oxsin(kex + (¢ = go)/2)exp(-i(wt - (¢ + $:)/2))  (17)

Eqn (17) shows that the SSAW depends spatially on (¢ —
¢#:)/2, while its temporal phase is set by (¢ — ¢1)/2 along di-
rection ey, and correspondingly along e,. Thus, a clever ad-
justment of IDT individual phase can advantageously open a
control of both the translation and rotation of particles. In
this respect, the case considered by Busse et al.>® is somehow
trivial, since it corresponds to ¢," = ¢, = 0 and o= ¢t =0,
leading to a constant spatial phase shift, meaning that the
beads stay in the position they have reached, while the total
phase lag is (g1 + ¢1)/2 — (¢y + ¢,7)/2 = ¢ corresponding to a
rotation with total phase ¢. This is consistent with Fig. 8,
with the minima of acoustic potential and the maxima of the
torques coinciding whatever the value of ¢ is, with in practice
some slight fluctuation of beads positions that may be due to
imperfectly matched amplitudes.

Another interesting situation is that employed in ref. 6
and reproduced here, in which the phases are initially equal
(¢, = ¢, and ¢, = ¢}), while a small frequency shift 5f is im-
posed on IDT, . After a time ¢, the position of the particle ini-
tially located in x, is:

x(£) = xo + (4 — p)iu/an  with  (¢i — i) = 2nSft  (18)

As a consequence, the particle drifts linearly with time
along direction e,, at a velocity 5f./2.° Accordingly, we get
for the phase lag for the stationary wave along axis e, respec-
tive to e, ¢ = cst — wdft. Thus, while the particle is moving in
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the lab frame, it also rotates along an axis perpendicular to
the channel plane, at a rotation velocity which depends on
the local value of ¢.

5.2 Measurements

We present in Fig. 12a the measurement of the successive po-
sitions of Janus beads in an acoustic device without acoustic
reflector and plot the trajectory of its center of mass in
Fig. 12b. As follows from a comparison with the linear fit
shown in blue, the bead translates almost linearly with time
(see Movie S67 showing the displacement of the bead and
Movie S7t corresponding to the numerical simulation), with
small deviations. At the same time, while the bead is moving,
it keeps on rotating, alternating clockwise and anti-clockwise
directions. Plotting in Fig. 12b the rotation speed, we observe
a characteristic sine behavior as a function of ¢, with slightly
higher peaked valued near ¢. — ¢, = +n that we attribute to
undesired reflexions between electrode pairs.

5.3 Discussion

To further exemplify the previous approach, we show in
Fig. 13 the potential field phase obtained from eqn (11) and
(18) and its time evolution (see also Movie S7t). As ¢ evolves,
we see the continuous deformation of the potential land-
scape, and the progressive displacement of a fictitious
trapped bead symbolized by the white disk, provided the dis-
placement is not hindered by the drag force exerted on the
bead. A more complex situation is illustrated by Movie S31 in
which we observe the behavior of multiple beads trapped in
the same potential minimum. When a triplet of 3 beads forms
in a plane parallel to the substrate, a rotation is observed, at a
speed comparable to that of a single bead. For a doublet, this
rotation is impossible or irregular. This suggests a common
phenomenology for clusters and single objects: When the vis-
cous torques are strong enough, objects tend to rotate under
the action of viscous acoustic torques (see Hahn et al.** for
recent computations of the viscous torque for non spherical
objects), while shape effects tend to make them align to the
anisotropic potential wells. Such effect had already been
evidenced and used by Zeng et al.*’ to oriente carbon nano-
tubes aggregates along preferred directions while varying the
respective amplitudes between the two orthogonal directions.
Now, the case of living cells is more interesting in this re-
spect, since the objects may also be deformable and could
adapt their shapes to the potential created by radiation forces
at the same the viscous stress imposes a torque. This may pro-
vide a unique tool to probe their viscoelastic properties but
the present study is too early to draw such conclusion. The
recent work by Riaud et al.** is another important step in the
same direction, since it allows the manipulation of individual
objects, which is not possible in the current geometry.

6 Conclusion

We have described a new non contact handling principle
allowing for the simultaneous translation and reorientation
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of microparticles based on acoustic forces and torques. The
working mechanism is shown to be very general and to hold
for a large range off frequencies and geometries. The ampli-
tude of forces involved (pN and more) suggests that this tool
may be used to manipulate objects in the micrometer range
or larger, and opens the possibility to combine micro me-
chanical assembly, positioning and rotation, including for
biological material. We have obtained experimental evidences
of this principle using for the first time the emission of sur-
face acoustic waves emitted by a single LiNbO; sample. De-
veloping the analogy with optical tweezers, we think we have
obtained a new functionality similar to an optical rotator,*
opening the way to a large set of applications.
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