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Journal Name

Microliter ultrafast centrifuge platform for size-based
particle and cell separation and extraction using novel
omnidirectional spiral surface acoustic waves†

Naiqing Zhang a, Juan P. Zuniga-Hertz b, Elizabeth Yan Zhang d , Tilvawala Gopesh a,
Mckenzie J. Fannon b, Jiaying Wang c, Yue Wen a, Hemal H. Patel b, and James Friend∗a

Asymmetric surface acoustic waves have been shown useful in separating particles and cells
in many microfluidics designs, mostly notably sessile microdroplets. However, no one has suc-
cessfully extracted target particles or cells for later use from such samples. We present a novel
omnidirectional spiral surface acoustic wave (OSSAW) design that exploits a new cut of lithium
niobate, 152 Y-rotated, to rapidly rotate a microliter sessile drop to ∼10g, producing efficient multi-
size particle separation. We further extract the separated particles for the first time, demonstrating
the ability to target specific particles, for example, platelets from mouse blood for further integrated
point-of-care diagnostics. Within ∼5 s of surface acoustic wave actuation, particles with diameter
of 5 µm and 1 µm can be separated into two portions with a purity of 83% and 97%, respectively.
Red blood cells and platelets within mouse blood are further demonstrated to be separated with
a purity of 93% and 84%, respectively. These advancements potentially provide an effective plat-
form for whole blood separation and point-of-care diagnostics without need for micro or nanoscale
fluidic enclosures.

1 Introduction
Surface acoustic wave devices have become popular as a prac-
tical and effective tool for fluid manipulation, particle and cell
sorting and separation, and fluid jetting and atomization in
various acoustofluidics and biomedical applications in recent
years1–4. They offer substantial energy density in 40–100 MHz
high-frequency, short-wavelength acoustic waves, providing use-
ful acoustofluidic effects when coupled with liquid5–7. Due to
various acoustic radiation forces exerted on particles and cells of
different sizes and properties, rapid separation of particles and
cells in liquid media using SAW has been one of the most popular
and effective methods in microscale acoustofluidics applications
for biomedical diagnostics8,9. SAW-based separation in enclosed
channels has produced high throughput needed in practical appli-
cations10. Traveling surface acoustic waves (TSAW) and stand-
ing acoustic waves (SSAW) have both been used to continuously
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separate particles and cells based on their size and mechanical
properties11–16. However, the need for a microchannel fabrica-
tion process and a syringe pump to complete the separation and
provide a method of extraction complicates the system and ren-
ders its use in a clinical setting problematic, especially when the
cost of single-use sterile microchannels are considered. Another
SAW-based separation technique is to place a sessile microliter
liquid drop on top of the piezoelectric substrate where SAW is
generated, passing sound into the drop, in turn producing rapid
separation of particles and cells within17,18. This simple method
does not require an external pumping system nor a sophisticated
channel fabrication and bonding process. Since only a microliter
sample is required—a mere pinprick of blood, for example—the
method is potentially quite convenient for clinical use. The po-
tential for sterile sample testing using a superstrate19 improves
the likelihood of eventual clinical use.

Importantly, none of these past approaches have actually ex-
tracted the separated components from the sessile drop after cen-
trifugation, a key problem in the technique’s future use. Bourquin
et al. 20 presented enrichment of malaria-infected red blood cells
at periphery of the droplet based on density difference using SAW-
induced separation in sessile drop, enabling effective detection
directly from the droplet, and many of the references in this in-
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troduction describe various methods for separating particle and
cell components in a sessile drop in a similar way. However, after
shutting off the acoustic wave, diffusion slowly recombines the
components, destroying the separation.

For most point-of-care diagnostics and biomedical applications,
further analysis and integrated tests of separated samples are nec-
essary. There remains a need to centrifuge a sessile drop, separate
cell or particle components in that drop based on size, acoustic
properties, or both, and enable an efficient extraction of target
cells or particles from the sessile drop sample. In this paper, a
method for centrifugation of a sessile drop and extraction of par-
ticles and cells from that drop is described.

It is important to first, however, point out an important part of
piezoelectric material choices and electrode design to enable ses-
sile drop centrifugation. In the last decade, straight interdigital
transducers (IDTs) with a sessile drop asymmetrically located at
the edge of the SAW propagation (aperture) producing spinning
of the drop and particle concentration and separation within17,21.
Different acoustic radiation and centrifugal forces based on par-
ticle sizes and mechanical properties have been utilized to per-
form temporary separation in this arrangement. Destgeer et al. 18

suggested in a later study that four distinct regimes of particle
concentration exist in a sessile drop under asymmetric SAW actu-
ation. Focusing IDTs have been used to locally enhance the SAW
intensity to improve sessile drop spinning, with some consider-
ation of the focused shape of the IDT22. However, anisotropic
substrates, the difficulty in repeatedly and accurately placing ses-
sile drops, and large energy losses because of the offset position
reduce the attractiveness of this approach with straight or focus-
ing IDTs.

For a rather different purpose, an annular IDT has been demon-
strated to generate focusing SAW from all directions to a sin-
gle, diffraction-limited spot23. The IDT finger shape was de-
signed based on the slowness curve of SAW propagating across
anisotropic LN so that the generated surface acoustic waves con-
verge to a small spot at the center of the transducer, limited only
by diffraction. However, this IDT design simply focuses energy at
one spot, without the necessary asymmetry to generate fluid spin-
ning in the droplet and consequent particle separation. There has,
in the past few years, been a flood of interest in locally generated
torsional waves in fluids by either an array of radially placed IDTs
or weak spiral IDT structures to produce particle entrapment24.
While all these works are excellent, they do not address the fact
that, in the most widely used cut of LN today in acoustofluidics
and telecommunications, 127.86 Y -rotated LN, the piezoelectric
coupling is an order of magnitude less along the Y axis of the sub-
strate compared to the X axis, producing a far weaker SAW in the
Y direction. Other choices are possible, including zinc oxide25

and aluminum nitride26, but these thin-film materials are gen-
erally limited to 2 µm or less thickness and have relatively poor
piezoelectric coupling coefficients, making them poor by compar-
ison to single crystal, bulk LN.

Rather than relying on an asymmetric technique, arguably a
better approach to spinning a sessile drop would be to have SAW
propagate inwards from all directions, tangentially converging to
a circle of defined diameter equal to or smaller than the drop size

to produce a net moment about a vertical axis. Using this idea,
we conceive an axisymmetric, omnidirectional spiral SAW to in-
duce planar recirculating acoustic streaming in a droplet, causing
its rapid rotation. We exploit a recent discovery of a different
cut of LN, 152◦ Y -rotated LN27 that is able to support SAW in
an arbitrary direction with nearly the same piezoelectric coupling
and other relevant material properties. Combining the choice of
this material and our unusual IDT design produces a result that
enables rapid sessile drop rotation sufficient to produce centrifu-
gation superior to past results.

2 Concept and Design
A unique spiral IDT design underpins our effort to generate rota-
tional symmetric SAW in a central circular region so that energy
can be efficiently transferred into the sessile drop for improved
fluid spinning and consequent particle and cell separation. The
SAW at any point generated by the spiral IDT is designed to prop-
agate along a constant offset angle relative to its radial direction,
α, into the middle circular region. The spiral equation in polar
coordinates (r,θ) to produce the spiral IDT of the OSSAW is (see
details of the derivation in the Appendix):
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where R0, R1, and R2 are the radii of circles that define the tan-
gent circle for the inward propagating SAW, the outer edge of the
spiral IDT, and the inner edge of the spiral IDT, respectively, as
illustrated in Fig. 1.

The omnidirectional spiral design is obtained by azimuthally
shifting and duplicating a single finger pair to produce the com-
plete set of IDT fingers (see Fig. 1). The number of duplications
required in this simple IDT format is determined by an equality
between the finger width, the gap between them, and one quarter
of a wavelength. We have

R2
2π

n
sinα =

λ

4
=

v
4 f

, (2)

where R2 is the inner radius of the spiral IDT; n/2 is the number
of spiral IDT fingers; α is the offset angle for SAW propagation;
λ , f , v are wavelength, frequency, and phase velocity of surface
acoustic wave propagating on LN respectively. This simplifies to

n =
8π f R2 sinα

v
(3)

where the number of spiral lines n are dependent on the wave
frequency f , radius of inner circle of spiral IDTs R2, SAW offset
angle α, and SAW phase velocity v.

Crucially, in this concept the in-plane anisotropy of the piezo-
electric substrate is not considered. We are able to make this
remarkable assumption by using a new cut of LN, the 152◦ Y -
rotated (152Y) LN cut, instead of the conventional 128◦ Y -rotated
cut. This new cut has been shown through an exhaustive analy-
sis to be an optimal choice to simultaneously minimize in-plane
anisotropy and maximize electromechanical coupling for omnidi-
rectional surface acoustic wave propagation27. The combination
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Fig. 1 The (a) omnidirectional spiral surface acoustic wave (OSSAW) device concept for centrifugation and separation of samples, based on (b) the
use of a spiral interdigital electrode structure defined in detail in the Appendix, an extraction syringe, and a 152◦ Y -rotated cut of lithium niobate to allow
SAW to be generated along the substrate surface. The bold spiral line represents the spiral IDT finger; the red arrow represents the SAW it generates
from the outer end of the finger, propagating inwards. The outward propagating SAW is absorbed with polymer absorbers (not shown for clarity). The
SAW propagating direction is orthogonal to the spiral line and tangent to a defined circle of radius R0. The IDT fingers are defined between the outer
and inner radii R1 and R2. A closer view (c) of the OSSAW electrode with a µ`-order droplet within shows the spiral IDT, the bus bars that connect,
independently, the inner and outer fingers of the IDT, with an independent connection from the outside to the inner bus bar at left in the closeup, and
the (X) location of the laser-drilled hole used for extraction after centrifugation.

of this cut with the spiral design facilitates the type of azimuthally
distributed SAW important in enhancing the sessile drop rotation
through more intense acoustic streaming and acoustic radiation
force via coupling from all propagation directions. An alterna-
tive approach would be to reshape the spiral electrode pattern in
order to match the “slowness curve” and best make use of an ex-
isting anisotropic cut of lithium niobate like the 128◦ Y -rotated
cut23. However, this does not overcome the poor electromechan-
ical coupling of any acoustic wave away from the X axis in that
cut, and indeed in most other cuts of LN.

3 Device fabrication and functionality

3.1 Device fabrication

Equation (1) was discretized into points, equally spaced at 1 µm,
along a single spiral line (MATLAB, Mathworks, Natick, MA USA),
and formed into a complete array using computer-aided drafting
(AutoCAD, Autodesk, San Rafael, CA, USA) according to the num-
ber of spiral lines, n in Eqn. (3), as defined and fabricated for

three different operating frequencies of 40 MHz, 56.5 MHz, and
100 MHz, later shown to be useful for choosing the threshold size
for particle separation within the sessile droplet. An operating
frequency of 56.5 MHz was chosen to produce a ∼5 µm parti-
cle/cell separation threshold, taking into account particle com-
pressibility28–30, by designing the spiral IDT electrode to operate
with a wavelength of λ ∼ 70 µm (from f = v/λ). A polymer mask
was produced (CAD/Art Services, Inc., Bandon, OR USA) from
this result. Standard UV photolithography (using AZ 1512 pho-
toresist and AZ 300MIF developer, MicroChem, Westborough, MA
USA) was used alongside sputter deposition and lift-off processes
to fabricate the 5 nm Cr/ 400 nm Au IDT upon a 500 µm-thick,
double-polished 152Y LN substrate (Jiaozuo Commercial FineWin
Co., Ltd, Jiaozuo, Henan, China)1,31,32. The whole wafer was
diced into fifteen 26.7 mm × 12 mm LN chips (Disco Automatic
Dicing Saw 3220, Disco Corporation, Tokyo, Japan). Absorbers
(Dragon Skin, Smooth-On, Inc., Macungie, PA USA) were used at
the periphery of the device to prevent edge reflections and spu-
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rious bulk waves. SAW was generated by applying a sinusoidal
electric field to the IDT at resonance using a signal generator
(WF1967 multifunction generator, NF Corporation, Yokohama,
Japan) and amplifier (ZHL–1–2W–S+, Mini-Circuits, Brooklyn,
NY USA). The instantaneous voltage and current were measured
and used to compute the true power input on an oscilloscope
(InfiniiVision 2000 X-Series, Keysight Technologies, Santa Rosa,
CA USA). The spatiotemporal variations of the SAW displacement
and velocity amplitude along the underlying substrate were mea-
sured using a laser Doppler vibrometer (LDV, UHF–120, Polytec,
Waldbronn, Germany).

3.2 Wave morphology

Surface acoustic waves propagating inward from the OSSAW spi-
ral structure may pass through the center and outward to in-
terfere with SAW from the opposite side, unless a fluid droplet
is present to “leak” and absorb the acoustic wave in the sub-
strate33 before this can happen. This is a key design param-
eter in selecting the frequency of the SAW and the inner di-
ameter of the OSSAW structure, R2. In our case, the attenu-
ation length of the SAW in the substrate underneath a fluid is
α−1 = (ρsvRλSAW )/(ρ f c f )∼0.9 mm, where ρs and ρ f are the den-
sity of LN and water, vR is the velocity of the SAW on the LN sub-
strate, and c f is the sound velocity in water7, respectively. Upon
positioning a microliter drop in the middle of the device with ra-
dius of 1 mm, SAW from the opposite direction is absorbed by
liquid, eliminating possible interference.

To confirm this concept, a diced OSSAW device including a spi-
ral IDT of inner radius R2 = 0.5 mm was scanned via LDV. A small
drop of Dragon Skin was placed and cured in the middle of the
inner region of the device as a substitute for a fluid droplet. This
absorbs the SAW propagating from the opposite side of the device
in a manner similar to a water or other fluid drop, but does not
evaporate nor change shape during the scan. The spatial phase
distribution is plotted in Fig. 2(a) while being driven at 2.6 W
and 56.5 MHz. The phase pattern indicates an inward propagat-
ing SAW at an oblique angle as desired, though exhibits some mi-
nor discrepancies due to the remaining anisotropic nature of the
substrate despite the optimized 152◦ Y -rotated cut of LN27. The
rather broad resonance frequency exhibits a peak at 56.5 MHz as
shown in the frequency response plot in Fig. 2(b).

Fig. 2 (a) An LDV phase scan of the OSSAW inner annular region, show-
ing inward, obliquely propagating waves (Scale bar: 0.5 mm). (b) The
OSSAW device exhibits a resonance at 56.5 MHz according to the LDV-
measured frequency spectrum. Note: the peculiar “notch” at the top of
each image is due to a strange limitation in the LDV software: a measure-
ment cannot be made in a complete annular region; it must be broken.

3.3 OSSAW Droplet Spinning Functionality
The key purpose of the OSSAW design is to enhance the abil-
ity to spin sessile microliter-scale fluid droplets, as investigated
here. A method to form an aligned and precisely sized wetting
region has been devised for this purpose. It is important to ac-
curately place the droplet at the center of the OSSAW structure
with cylindrical symmetry. Doing so without surface modifica-
tion, whether by hand or machine, is difficult. The entire surface
of the OSSAW substrate was coated with a hydrophobic submi-
cron film (Aquapel, Pittsburgh, PA USA). A precise circular region
of R2 = 0.5 mm radius was etched by an excimer (exciplex) laser
(λ = 189 nm, firing rate of 40 Hz, power of 0.16 W, and 5 shots,
LaserShot, Optec, Frameries Belgium). The weak and brief laser
machining acted to remove this coating from the region, returning
it to the naturally hydrophilic state of bare, polished LN without
damage. This enables repeatable and precise droplet placement—
even by hand with a standard pipette.
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Fig. 3 A comparison between (a) OSSAW and (b) traditional offset
droplet spinning using a straight IDT configuration may be made from
(a1,b1) vector velocity, (a2,b2) velocity magnitude, and (a3,b3) particle
streamlines for a 1.5 µ` DI water droplet. The average eccentricity of
0.28 and 0.81 based on (a3, b3) streamlines for OSSAW device and tra-
ditional straight IDT device are calculated via custom MATLAB process-
ing codes respectively, showing much better axisymmetric property of
droplet spinning via OSSAW device. (c) The result shows a greater aver-
age angular velocity (rpm) versus applied power. The maximum possible
rotation speed from the traditional design at any power is 3180 rpm; the
droplet is ejected from the surface at greater input powers. However, with
OSSAW, a speed of 4670 rpm may be achieved. The error bars represent
the standard deviation.

It is important to examine how the acoustic streaming-driven
flow evolves when using the OSSAW device, and a useful com-
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parison is the traditional placement of a fluid drop on a stan-
dard SAW IDT aperture’s edge as illustrated in Figure 3. Fluo-
rescent polystyrene 1 µm particles (PolyBead Microspheres, Poly-
sciences, Inc., Warrington, PA USA), a size less than the transition
threshold to be influenced by direct acoustic forces, 5 µm, were
mixed into a deionized (DI) water suspension for tracking acous-
tic streaming immediately prior to placing a 1.5 µ` fluid drop of
the suspension onto the OSSAW device (Fig. 3a). Due to the hy-
drophilicity in the central region and the hydrophobicity outside
it, the droplet remains in the hydrophilic region, the center of the
OSSAW device. A similar approach was used for the traditional
SAW droplet concentrator configuration with straight IDTs as a
benchmark control (Fig. 3b). The concentration of the particles
was 4×109 particles/m`. Microparticle image velocimetry (µPIV)
was performed while viewing the sessile drop from above, using
a high-speed camera (K2 DistaMax lens, Infinity Optical, Centen-
nial, CO USA and Fastcam Mini UX, Photron, San Diego, CA USA).

From the µPIV velocity and streamline plots in Fig. 3a-c, the
OSSAW device clearly produces a more axisymmetric stream-
ing pattern in the sessile drop than the traditional offset design.
To quantify this for the reader, consider the eccentricity of the
streamlines traced out by the particles as the flow rotates in the
drop (see Fig. 3(a3, b3)); an eccentricity of zero is ideal, repre-
senting a circular path, while an eccentricity of one is a line. With
OSSAW, the average eccentricity of the streamlines is 0.28, sub-
stantially more “circular” than an eccentricity of 0.81 from a tradi-
tional straight IDT-based design. The distortion in the traditional
approach has long been known to lead to instability that limits
its maximum rotation speed22. The OSSAW provides uniform en-
ergy input, reducing interfacial deformation due to asymmetry in
the acoustic streaming that can grow to eject the droplet. While
other methods have been proposed to spin droplets using straight
and curved IDT structures22, fundamentally those approaches do
not offer the symmetry of incident SAW provided by OSSAW.

Further, the OSSAW produces greater rotation speed at the
same applied power, and can perform fluid spinning up to about
4600 rpm, representing about ∼10 g (98.7 m/s2) of acceleration
(Fig. 3(c)). By tracking the particle motion about the center of the
drop, it is possible to determine the average drop rotation speed.
Nearly uniform throughout, the drop rotation speed is 59% faster
on average per unit power for the OSSAW device versus the tradi-
tional approach. It is important to note the presence of an Ekman
layer adjacent the substrate of about 50 µm in depth,34 and in
this region the flow is slower, as it is with all acoustofluidic de-
vices.

4 Size-based particle separation via OS-
SAW

4.1 Separation mechanism

OSSAW appears to concentrate larger objects at the center of the
droplet and smaller objects at the periphery, consistent with other
sessile drop rotation devices from the past17,18,34. As the domi-
nant force at the length scale of objects greater than a threshold
particle size, Rth, the acoustic radiation force overwhelms the ra-
dial inertia due to centripetal acceleration, often and erroneously

referred to as centrifugal forces. Taking a balance between the
acoustic radiation force and the centripetal acceleration-induced
radial force, it becomes possible to determine this threshold par-
ticle size. Based on analysis from King28 and later Doinikov29

concerning the acoustic radiation pressure on a sphere in a plane
progressive wave,

FAR = 2πρ f
(2π f )4

c6
f

R6
ξ̇

2
1+ 2

9 (1−
ρ f
ρp
)2

(2+ ρ f
ρp
)2

∝ R6 (4)

for f R/cSAW � 1, where ρp is the particle density, f is the fre-
quency of the acoustic wave, c f is the sound velocity in fluid
medium, R is the particle radius, and |ξ̇ | is the fluid particle ve-
locity. The radial force produced by their inertia in countering the
centripetal acceleration that would be required for them to follow
the circular path as the drop spins may be depicted as

Fc = ω
2r(ρp−ρ f )

4
3

πR3
∝ R3, (5)

where ω is the instantaneous angular velocity of the particle and
r is the instantaneous radius of the particle trajectory. When the
particle’s radius R is large relative to the threshold Rth defined by
the equality of FAR = Fc,

R3
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) (
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ρp

)2

ρ f

(
1− ρ f

ρp

)2 , (6)

the acoustic radiation force overwhelms the inertial motion of
the particles. Because of the strongly nonlinear sixth-order de-
pendence of FAR upon R in eqn. (4), the transition from acoustic
radiation force-dominated particle motion to motion governed by
the hydrodynamics as the particle size increases is very rapid. Par-
ticles smaller than the threshold Rth will radially cross streamlines
to the periphery of the drop due to their inertia—if the OSSAW
is sufficiently powerful to cause the particles’ inertia to be signifi-
cant in comparison to other local effects such as shear migration.

In principle, it is straightforward to identify the appropriate
frequency to set the threshold particle radius Rth to produce sig-
nificant acoustic forces on particles larger than the threshold that
are nearly absent on particles smaller than this threshold. But
this is true only if the sessile drop rotation velocity, ω is always
the same. When switching from water to blood, for example, the
viscosity changes as well, and this affects the drop’s rotation ve-
locity. One could try to compensate by changing the input power,
which changes the droplet rotation speed, ω. However, this will
also change the particle velocity in the fluid |ξ̇ |. Careful study of
eqn. (6) shows that R3

th ∼ ω2/ξ̇ 2 ∼ Pin/Pin ∼ 1, where Pin is the
input power, implying that the threshold particle size is not de-
pendent upon the power input. This arises because ω2 ∼ Pin from
Fig. 3 (to a coefficient of determination R2 ≈ 0.9)—as expected
because the square of the streaming velocity scales with the input
power—and ξ̇ 2 ∼ Pin from numerous places in the literature2.

Consider two cases, the first polystyrene particles in water, and
the second murine blood cells in plasma, diluted to 6% hemat-
ocrit. These two cases are tested later, but let us consider what
would be appropriate here in the context of frequency selection.

Journal Name, [year], [vol.],1–10 | 5



Suppose we wish to separate 1 µm PS particles in water from
larger PS particles. It is possible to spin a 1.5 µ` droplet of water
at ω = 4000 rpm using 1 W into the OSSAW device, nearly inde-
pendent of the frequency choice. At f = 100 MHz this would set
the threshold particle size at Rth = 1.23 µm. Choosing f = 40 MHz
gives Rth = 4.17 µm. Either choice works, but the former likely
would produce more selective results.

More importantly, notice the effect of now switching to blood.
Even diluted, the viscosity is significantly increased and the ro-
tation velocity of a 1.5 µ` droplet of this fluid is much lower
at ω = 1800 rpm with the same input power, Pin = 1 W. This
causes the threshold particle size to be only Rth = 0.72 µm at
f = 100 MHz, and Rth = 2.45 µm at f = 40 MHz.

In reality, the desire to perform the separation as quickly as
possible, paired with the need to avoid local interparticle effects
that manifest over longer periods of time, encourages one to seek
the fastest drop rotation speed possible for the fluid under study.
While a detailed analysis is possibly instructive, it is easier to sim-
ply fabricate and test a number of devices to search for the one
arrangement that produces the quickest separation results.

4.2 Multi-size particle separation

Polystyrene (PS) particles (Polysciences, Inc., Warrington, PA,
USA) with diameters of 1, 5, and 43 µm were selected to demon-
strate size-selective microscale separation via the OSSAW device.
These particles were mixed into DI water with concentrations, re-
spectively, of 4×109, 6.3×107, and 1×105 particles/m`. A 1.5 µ`

droplet of this suspension was immediately transferred by pipette
onto the hydrophilic circular region at the center of the OSSAW
device (Fig. 4a). An operating frequency of 40 MHz was chosen
to produce a threshold separation particle size of Rth = 4.17 µm
for ω = 4000 rpm using 1 W, just slightly smaller than the inter-
mediate PS 5 µm particle size.

After applying ∼1 W input power to the OSSAW device, the
particles separated and concentrated at different locations in the
droplet in ∼1 s (Fig. 4(b)). The smallest particles (1 µm), rel-
atively unaffected by the ARF, collected at the periphery of the
droplet; the intermediate particles (5 µm) collected as an annu-
lar ring in the droplet; and the largest particles (43 µm) collected
at the center of the droplet. This marks the first time rings of par-
ticles have been consistently seen, and may indicate the benefit
of using axisymmetric acoustic waves in manipulating the droplet
and particles within. It also indicates that there is a possibility of
obtaining, reliably, an intermediate result between concentration
at the drop’s center or edge when the particle size is approxi-
mately the same as Rth.

4.3 Blood cell separation

The utility of OSSAW is best examined through a potential ap-
plication, and blood cell separation was considered a potential
clinical use of the technology. Fresh whole blood was extracted
from live mice (strain C57BL/6J, Jackson Laboratories, ME USA)
and kept in an ethylenediaminetetraacetic acid-coated microtube
(EDTA–K3, Becton Dickinson, Franklin Lakes, NJ USA) to pre-
vent clotting prior to use. The blood was diluted with phosphate

 (a) (b)

 (c) (d)

Fig. 4 A (a) 1.5 µ` drop with 1 µm (red), 5 µm (green), 43 µm (green)
polystyrene (PS) particles randomly distributed within. (b) After OSSAW
separation, showing 1 µm, 5 µm, 43 µm PS particles separated from
periphery to center of the droplet. (c) 1.5 µ` diluted mouse blood before
separation. (d) After OSSAW separation, red blood cells and the occa-
sional white blood cell appear at the drop’s center, while platelets and
smaller components of blood appear at the drop’s periphery The bright
dots on the droplets are specular reflections of externally placed lights
from the droplet surface (scale bar: 0.5 mm).

buffered saline (PBS) to a ratio of 1:5, representing a hemat-
ocrit of 6%, with bovine serum albumin (BSA) added (1.6% by
weight). Murine red blood cells are biconcave, spherical, and
about 4–7 µm in diameter, similar to human blood, and num-
ber about 7–13 ×106 particles per µ` of whole blood.35 Murine
platelets, however, are smaller at 0.5 µm in diameter and are
more numerous (730,000/µ`)36 and heterogeneous than their
human counterpart (1-2 µm in diameter)37. White blood cells
(WBCs) are rare in small blood samples.

Based on the lower drop rotation speed of ω = 1800 rpm at
Pin = 1 W into the OSSAW device, we selected f = 40 MHz to pro-
duce a separation threshold of Rth = 2.45 µm between the platelet
and RBC diameters. After depositing a 1.5 µ`-sized droplet onto
the OSSAW device and operating it for 5 s, the larger cells (RBCs
and WBCs, latter very rare) were found concentrated in the mid-
dle of the drop, while the platelets were found at the periphery
(Fig. 4(d)).

5 Extraction and Isolation Platform
5.1 Experimental setup
An extraction platform was devised to extract separated portions
of particles or blood components from the center of the droplet to
perform true size-based separation and isolation for further ana-
lytical and biological analysis. As shown in Fig. 1(a,c), a 100 µm
hole was drilled at the center of the OSSAW device from the back
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side of the LN chip using an excimer (exciplex) laser at a wave-
length of 189 nm, a firing rate of 300 Hz, and an instantaneous
power of 100 W for each “shot”. The hole was drilled using 120
groups of ten repeated shots, refocusing the laser’s focal plane
into the hole between groups as it progressed by 50 µm incre-
ments (LaserShot, Optec Laser Systems, Brussels, Belgium). Glass
capillary tubes, 80µm outer diameter (OD) and 50 µm inner di-
ameter (ID), were introduced into the hole for extraction after
separation (see Fig. 8(a)). A 1 m` syringe was attached to the
glass capillary tube using hot glue (see Fig. 8(b)). The complete
extraction platform is provided in Fig. 8(c), showing components
necessary for system alignment, tube insertion, particle extrac-
tion, and tube extraction.

5.2 Extraction results and separation performance

The as-separated portion of the blood sample at the droplet’s cen-
ter was extracted from the hole using the glass capillary tube
placed into the underside of the OSSAW device (Fig. 5). The other
portion at the drop periphery was collected using a fine pipette tip
from the top of the OSSAW device. It is possible to extract sam-
ples using either method, and depending on the reader’s ability to
introduce holes into LN and the desired extraction workflow, one
or the other choice may prove more suitable. In the latter case,
with extraction from above, it is important to note that leaving
the acoustic wave on as supplied from the SAW prevents cell ad-
hesion to the substrate and consequently improves the extraction
results. In extracting particles from below, this is less of a prob-
lem.

For particle separation, we discarded the 43 µm PS particles
and selected only the 1 µm and 5 µm PS particles. The larger
43 µm particles tend to clog the 50 µm extraction capillary tube.
The 5 µm and 1 µm PS particles were mixed in equal numbers in
the sample (i.e., the quantity ratio was 1:1), with a concentration
of 4×105 particles/m`. Due to this smaller particle pair, we chose
the 100 MHz OSSAW to produce Rth = 1.23 µm. This frequency
is higher than the initial 56.5 MHz OSSAW device in Figs. 2 and 3
and the 40 MHz used for the PS particle and murine blood sep-
arations in Fig. 4. Separation was initially performed using the
OSSAW at 1 W for 1 s on a 1.5 µ` fluid sample.

As-separated particles were then extracted with fluid from the
center and edge, and the two extracted fluid-particle samples
were analyzed using flow cytometry (Attune NxT Flow Cytome-
ter, ThermoFisher, Waltham, MA, USA), distinguishing the parti-
cle size by forward scatter and side scatter. The numerical purity
of 5 µm beads at the drop center was 83%, while the numeri-
cal purity of the 1 µm beads at the drop periphery was 97% (see
Fig. 6(a,b)). Numerical purity in this context is defined by the
number of target particles divided by the total number of parti-
cles in the extracted sample.

For blood cell separation, the OSSAW was operated at 1 W
and a frequency of 40 MHz in order to place the separation size
threshold Rth = 2.45 µm between the platelet and RBC diame-
ters. Two 0.75 µ` samples were extracted from the periphery and
center of a 1.5 µ` diluted (6% hematocrit) and OSSAW-separated
mouse blood droplet were transferred into individual wells of a

96-well assay plate (Fisher Scientific, Waltham, MA, USA) with
staining buffer (PBS + 1.6% BSA) to assess cell viability, per-
form antibody staining, and minimize non-specific binding. An-
tibodies targeting TER119 (Fluorescein isothiocyanate (FITC)),
CD45 (Alexa Fluor 594), and CD41 (Alexa Fluor 700) (all Biole-
gend, San Diego, CA, USA) were used to stain RBCs, WBCs, and
platelets, respectively. Incubation was performed for 30 min at
4◦C in the dark after introducing the antibodies. Flow cytometry
(ZE5 Cell Analyzer, Bio-Rad, Hercules, CA, USA) was then per-
formed to identify the cell separation performance of OSSAW. As
shown in Fig. 6(c,d), OSSAW isolates platelets at the drop periph-
ery and RBCs at the drop’s center with 83.8% and 92.7% numeri-
cal purity, respectively. This simple method appears to be a quick
and useful method for blood separation and cell extraction using
OSSAW.
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(a) (b) (c)

(d) (e) (f)

 Before separation After separation After extraction

Fig. 5 (a–c) Separation and extraction of 5 µm (green) polystyrene par-
ticles from 1 µm (red) polystyrene particles in a 1.5 µ` DI water droplet
(a) Before separation: droplet with 1 µm and 5 µm randomly distributed
particles. (b) After separation: 5 µm particles concentrate in the middle
of the drop, while 1 µm particles are at the periphery of the drop. (c)
After extraction: 5 µm particles are extracted through a glass capillary
tube from the middle hole of the device; the 1 µm particles are extracted
from a pipette and glass capillary tube introduced at the drop periphery
from above (not shown). (d–f) Separation and extraction of red blood
cells (RBCs) from mouse blood. (d) Before separation: 1.5 µ` mouse
blood on OSSAW device (e) After separation: RBCs concentrate in the
middle of the drop, while platelets appear at the periphery. (f) RBCs are
extracted via a glass capillary tube from a hole through the middle of the
OSSAW device. Scale bar: 0.5 mm.

6 Conclusions
In this paper, we demonstrated a novel omnidirectional spiral
SAW design—OSSAW—and presented the utility of efficient ax-
isymmetric fluid spinning at up to ∼10g, producing effective sep-
aration of particles and cells in a microliter drop. The maximum
rotation speed of 4500 rpm is roughly twice the speed of classic
configurations like the common offset straight IDTs arrangement,
and OSSAW offers this advantage at lower input powers. By us-
ing OSSAW, particles of different sizes and mouse blood may each
be separated. We also demonstrated the unique appearance of
rings for particles of size similar to the threshold size Rth, sug-
gesting a possible means to produce greater discretion in sepa-
ration of mixed particle samples. The importance of considering
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Fig. 6 Separation performance via OSSAW after separation and extrac-
tion by flow cytometry. By providing 100 MHz OSSAW into a microliter
scale fluid drop, (a) 5 µm PS particles concentrate at the center, while
(b) 1 µm PS particles migrate to the periphery. With diluted murine blood
(6% hematocrit), 40 MHz was used instead to separate (c) murine RBCs
concentrated at the drop’s center, while (d) murine platelets migrated to
the periphery.

the fluid viscosity was illustrated through a comparison of water
and blood-based samples, through its effects on the drop rotation
speed, not, counterintuitively, due to any changes in the acoustic
phenomena.

Furthermore, we devised an extraction platform to withdraw
concentrated particle and cell samples composed of either spe-
cific particle sizes or mouse blood components after using the
OSSAW, for the first time in a sessile-drop based device. The
approach provides a separation purity above 80% according to
flow cytometry. With further work, this simple approach provides
yet another acoustofluidic tool to deliver on the promise of true
lab-on-a-chip diagnostics.
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7 Appendix

7.1 Derivation of the equation to describe the OSSAW IDT
finger pattern

The derivation of the equation to describe a spiral pattern for the
OSSAW’s interdigital transducer (IDT) finger electrodes is pro-
vided as follows, referring to Fig. 1(b). It is important to note
here that, to our knowledge, this spiral structure is not repre-
sented by a defined spiral from the literature. It is neither an
Archimedian spiral of r = a+ bθ , Fermat spiral r = a

√
θ , nor a

Doyle spiral r = θ +
√

θ .

Using polar coordinates (r,θ) with unit vectors er and eθ in
a standard right-handed coordinate system with ez pointing to-
wards the reader, we seek to generate SAW from every point on
the IDT to propagate into the inner r ≤ R2 region such that the
SAW is always tangent to a circle of radius R0. Due to circular
symmetry, we restrict our consideration to one spiral finger, and
enforce the condition r(θ = 0) = R1. The position vector for a
point, B, somewhere on a finger of the spiral IDT as defined from
the center, O, is r = r(θ)er, with r(θ) indicating that the radial
position r explicitly depends on the azimuthal angle θ . Note that
er serves as the unit vector along the coordinate direction θ . Tak-
ing a time derivative of this vector produces the “velocity” of the
point B,

dr
dt

= ṙ er + rθ̇ eθ , (7)

where the dots over r and θ are shorthand for a time derivative.
Of course the point B is not moving, but this helpfully indicates
the tangent direction to the IDT finger, et = ṙ/ |ṙ|. The inward-
propagating SAW travels, therefore, from B in a direction perpen-
dicular to et , along eSAW = ez×et . Explicitly writing eSAW in terms
of the orthogonal unit vectors er and eθ , we find

eSAW =−cosγ er + sinγ eθ . (8)

We may also write from eqn. (7)

eSAW = ez×
ṙ
|ṙ|

= ez×

(
ṙer√

ṙ2 + r2θ̇ 2
+

rθ̇eθ√
ṙ2 + r2θ̇ 2

)
, (9)

producing

eSAW =
−r dθ

dt er +
dr
dθ

dθ

dt eθ√(
dr
dθ

dθ

dt

)2
+ r2

(
dθ

dt

)2
=
−rer + r′eθ√
(r′)2 + r2

, (10)

by eliminating dθ/dt and defining r′ = dr/dθ .

Note that sinγ = OA/OB = R0/r. Using this and equating like
terms from eqns. (8) and (10) along the eθ direction by using
eθ · eSAW for both expressions, we find

sinγ =
r′√

(r′)2 + r2
=

R0

r
, (11)

producing, with a little algebra,

dθ =

√
1

R2
0
− 1

r2 dr. (12)
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Equation (12) is an ordinary differential equation that relates r
and θ . We integrate it from (r,θ) = (R1,0) to (r,θ), producing

θ =
∫ r

R1

√
1

R2
0
−ξ−2 dξ

=

√
r2

R2
0
−1− tan−1

√
r2

R2
0
−1−

√
R2

1
R2

0
−1+ tan−1

√
R2

1
R2

0
−1.

(13)
This expression relating the radial coordinate r to the azimuthal
coordinate θ may then be used to produce the spiral IDT of the
OSSAW, as explained in the main text.

7.2 Extraction platform with OSSAW

OSSAW IDT

Fluid drop

LN

For inner
bus bar

For outer
bus bar

OSSAW IDT

Fluid drop

LN

For inner
bus bar

For outer
bus bar

Fig. 7 A 56.5 MHz OSSAW device with a microliter sessile drop on the
inner circular region, showing the fingers and electrode connection to
produce a suitable spiral SAW. The connection to the inner bus bar is
via a single finger in this particular design to preserve the IDT design (at
right: for inner bus bar), while the connection to the outer bus bar is at
left. This device lacks the central extraction hole. Scale bar: 0.5 mm.

Fig. 7 is a photograph of a functioning OSSAW device with a
deionized water droplet placed at the center, while Fig. 8 illus-
trates the basic procedure for fabricating and testing the OSSAW
concentration and extraction devices.

7.3 Detailed protocol for antibody-stained mouse blood cell
flow cytometry

The separated portions of blood samples were first transferred
into a 96-well, V-bottom plate (Sigma-Aldrich, St. Louis, MO,
USA) with 100 µ` phosphate-buffered saline (PBS, 1X, pH 7.4,
Thermo Fisher Scientific, Waltham, MA, USA) and 1.6% bovine
serum albumin (BSA, Thermo Fisher Scientific, Waltham, MA,
USA). Antibodies conjugated with red blood cells (FITC anti-
mouse TER-119/Erythroid Cells Antibody, Biolegend, San Diego,
CA, USA), white blood cells (Alexa Fluor® 594 anti-mouse CD45
Antibody, Biolegend, San Diego, CA, USA), and platelets (Alexa
Fluor® 700 anti-mouse CD41 Antibody, Biolegend, San Diego,
CA, USA) were added into subsequent wells, each with a volume
of 0.5 µ`, 0.1 µ`, and 0.2 µ`, respectively. The samples were
then incubated at 4 ◦C for 30 min in the dark. The 96-well plate
was centrifuged at 500g for 5 min. Supernatant was extracted

Fig. 8 (a) An 80 µm outer diameter glass capillary tube is inserted into
a 100 µm diameter hole in LN substrate for the extraction platform. (b)
A luer lock connector is attached to the glass capillary tube using hot-
melt adhesive to facilitate syringe attachment. (c) Image of the extraction
platform, including lab-based components for system alignment.

from the centrifuged samples. Another 100 µ` fresh PBS with
1.6% BSA was added and resuspended in each well. The sample
was centrifuged and washed for a second time with the same pro-
cedure as described above. The samples were finally analyzed via
flow cytometry (ZE5 Cell Analyzer, Bio-Rad, Hercules, CA, USA
and Attune NxT Flow Cytometer, ThermoFisher, Waltham, MA,
USA).
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