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ABSTRACT

We demonstrate and investigate multiple localized ultrasonic manipulation functions in series in micro-
fluidic chips. The manipulation functions are based on spatially separated and confined ultrasonic pri-
mary radiation force fields, obtained by local matching of the resonance condition of the microfluidic
channel. The channel segments are remotely actuated by the use of frequency-specific external transduc-
ers with refracting wedges placed on top of the chips. The force field in each channel segment is charac-
terized by the use of micrometer-resolution particle image velocimetry (micro-PIV). The confinement of
the ultrasonic fields during single- or dual-segment actuation, as well as the cross-talk between two adja-
cent fields, is characterized and quantified. Our results show that the field confinement typically scales
with the acoustic wavelength, and that the cross-talk is insignificant between adjacent fields. The goal
is to define design strategies for implementing several spatially separated ultrasonic manipulation func-
tions in series for use in advanced particle or cell handling and processing applications. One such proof-
of-concept application is demonstrated, where flow-through-mode operation of a chip with flow splitting

Particle image velocimetry
Spatial confinement
Cell handling

elements is used for two-dimensional pre-alignment and addressable merging of particle tracks.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic standing wave (USW) manipulation technology in
microfluidic chips has recently emerged as a powerful tool for,
e.g., continuous alignment, separation, trapping and aggregation
of micrometer-sized particles or cells [1,2]. We have previously
shown that it is possible to generate independent standing wave
fields in different directions inside a microfluidic channel, where
each field is addressed by a specific external transducer [3]. How-
ever, a remaining problem is that USW manipulation technology
has poor spatial localization in comparison to alternative contact-
less manipulation methods such as dielectrophoresis [4] and opti-
cal tweezers [5]. In the present paper, we demonstrate for the first
time multiple spatially separated and confined ultrasonic force
fields by microchannel design, with the aim of developing more
advanced and complex lab-on-a-chip systems based on USW
technology.

One characteristic of the present USW manipulation technology
(that differs from the characteristics of dielectrophoresis and opti-
cal tweezers), is the possibility to generate a uniform force field in
the entire fluid channel in a chip. For example, with USW technol-
ogy it is possible to guide a particle or a cell through a microfluidic
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chip at constant velocity and without any contact with the channel
walls [3], or to separate particles from a suspension at high flow
rates [2]. On the other hand, dielectrophoresis has been used in
more complex particle or cell processing systems where several
manipulation functions are located at different sites along the fluid
channel [4]. Here, different micro-electrode geometries define dif-
ferent addressable manipulation functions, each with high spatial
accuracy in terms of both localization and confinement of the cor-
responding dielectrophoretic force field. Thus, advanced single-
particle handling and processing systems are realized by combin-
ing several consecutive manipulation functions (such as alignment,
parking, sorting, separation, etc.) and a continuous driving fluid
flow. In comparison to dielectrophoresis, USW technology has a
much lower degree of instrumentation complexity [6], and also
better prospects for gentle and long-term handling of sensitive
cells [7,8]. Therefore, it is of interest to investigate if USW technol-
ogy can be used in advanced particle processing systems based on
combinations of several spatially separated and localized manipu-
lation functions.

To date, several different methods have been suggested for cou-
pling of ultrasound from a transducer into a well-defined standing
wave in a microfluidic chip. The standard approach is based on the
one-dimensional resonator that consists of a stack of plane-parallel
layers: a PZT layer, a coupling layer, a fluid layer and a reflecting
layer [7,9,10], or with the reflecting layer exchanged for another
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coupling layer and PZT layer [11,12]. However, it has been shown
that in silicon/glass-based microfluidic chips, it is not of critical
importance how the system is excited. For example, one reported
method is based on exciting the channel perpendicularly to the
outgoing wave from an external transducer [2]. An alternative ap-
proach, developed in our lab, is based on oblique coupling via a
refracting wedge on an external transducer for controlled directing
of the incident wave into the fluid channel [6]. Another reported
method is based on bending vibrations of a glass plate in contact
with the fluid channel [13]. However, all these methods typically
result in a standing wave field that extends along the whole fluid
channel. Thus, it is difficult to confine an ultrasonic field in a chip
by wave propagation from an external transducer only.

We note that by integrating the PZT elements in the fluid chan-
nel, localization and confinement of an ultrasonic standing wave
field can be obtained [14-16]. In such devices, the extent of the
ultrasonic field is similar to the size of the PZT element (typically,
0.5-0.8 mm wide square elements designed for operation around
10 MHz). However, the generated standing wave field has a com-
plicated lateral distribution due to strong near-field effects. Fur-
thermore, the experimental arrangement is more complicated
and less flexible than in similar devices using external transducers
(e.g., in Refs. 2,6). Another restriction with channel-integrated PZT
elements is the limited optical access, which excludes trans-illumi-
nation microscopy techniques. Finally, since the PZT element is in
direct contact with the fluid inside the microchannel, the biocom-
patibility may be reduced due to, e.g., heating (cf. Ref. 8).

In the present paper, we demonstrate for the first time spatial
localization, separation and confinement of multiple ultrasonic
standing wave fields in optically transparent microfluidic chips uti-
lizing remote actuation from external transducers. The method is
based on local matching of the channel width to the transducer fre-
quency in chips with non-uniform channel cross-sections. We
present results from two different chip designs; one for investigat-
ing the dependence of the confinement on small differences in
channel width, and one with flow splitting elements designed for
two-dimensional alignment and addressable merging of particle
tracks. The ultrasonic fields are quantified by the use of microme-
ter-resolution particle image velocimetry (micro-PIV) [17] during
actuation of a single channel segment, or of two adjacent channel
segments simultaneously. The results are important for the under-
standing of how ultrasonic resonances are formed in microfluidic
chips, as well as for developing future particle handling systems
with tailor-made, localized and confined ultrasonic resonances by
microchannel design.

2. Theoretical background

As a basic condition for the design process, we assume that an
ultrasonic resonance can be localized and confined through proper
matching of the width and height (relative to the acoustic wave-
length) of a particular channel segment. Furthermore, we assume
that the total three-dimensional resonant field in a chip is a super-
position of one-dimensional and spatially harmonic resonances in
orthogonal directions, and that each such one-dimensional reso-
nance can be remotely excited by an external frequency-specific
transducer. These conditions are the starting point for the theoret-
ical background presented below. However, we are aware that the
conditions are simplifications. In reality, the resonances in a micro-
fluidic chip should be regarded as full three-dimensional fields that
extend not only in the fluid channel but rather in the whole chip
structure. Therefore, the degree of localization and confinement
of the field into a particular part of the fluid channel is a function
of not only the channel geometry, but also the acoustic impedances
and geometries of all supporting layers to the channel structure,

including the whole fluid channel itself [18]. The validity of our
simplified conditions below is further discussed in Section 5.

2.1. Ultrasonic standing wave manipulation

It has long been known that particles in an ultrasonic standing
wave will be subjected to a primary radiation force Fpg, which at-
tracts suspended particles to the nodes or antinodes of the stand-
ing wave depending on the acoustic properties of the particles
relative to the surrounding medium [19]. Gor’kov has shown that
the force on a particle of volume V in an arbitrary acoustic field
is given by [20]

_ w3 ¢ 02
Fog = VV(ﬁ =3P (1)
where the brackets denote time-averaging and p and c are the den-
sity and speed of sound in the medium. f; and f, are contrast factors
which depend on the speed of sound and the density of the medium
and particle according to
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where the index p indicates “particle”. In the simple case of a one-

dimensional spatially sinusoidal standing wave in the x direction,

Eq. (1) reduces to [20]
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where k is the wavenumber, defined as k=2m/. where / is the
acoustic wavelength. As mentioned above, a microchip containing
a microchannel is a complex resonator. However, to a first approx-
imation, the forces in such a channel can be obtained by simple
superposition of plane-parallel resonators in perpendicular direc-
tions, each with a force field given by Eq. (3) [21]. This approxima-
tion (i.e., assuming no coupling between the orthogonal fields) is
sufficiently accurate if the superposed fields do not operate at fre-
quencies that are multiples of each other [22].

2.2. Force field quantification by micro-PIV

In the present work, the primary radiation force field Fpg is
quantified in two dimensions (x and z, cf. Fig. 1) using the micro-
PIV technique, in which the motion of tracer particles in the form
of velocity vector fields is acquired from consecutive image frames
[17]. Fpr is proportional to the bead velocity given that no other
forces or flows are present, and that the time after activating a
transducer is well above the time constant 7, for reaching force
equilibrium between Fpg and the viscous Stokes drag. The time
constant 7, is given by [23]

Tp = 2p,1%/91 “4)

where r,, is the radius of the particle and # is the viscosity of the li-
quid medium. When representing the relative force fields with
velocity fields, possible sources of error are, e.g., acoustic streaming
[24] and sedimentation by gravity. Acoustic streaming will, through
viscous drag, influence the particles with a force proportional to the
particle radius r. As Fpg is proportional to r*, the streaming will typ-
ically dominate when the particles are small (r ~ 0.5 pm) whereas
Fpr will typically dominate when the particles are larger (r ~ 5 pm),
as in our experiments. The time constant 744 for sedimentation a
(vertical) distance h in a fluid channel is given by
Inh

h
Tsed = =0 5
T Ve 2(p, — p)r38 ®)
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Fig. 1. Photograph (a) and schematic (not to scale) of cross-section (b) of the “Split
Chip” with mounted transducers. The ruler scale is in millimeter. In (b), the dashed
lines represent wavefronts incident at an angle typical for manipulation in the x
direction.

where vgeq is the sedimentation speed and g is the acceleration of
gravity. A typical value of Tsq in our microchannels is 1 minute
(for 5-um-diam. polyamide beads in water, and choosing h as half
the channel height), and is therefore of little importance.

2.3. Combined ultrasonic standing wave manipulation and flow

At the employed flow level (~0.1 pL/s) in our flow-through
experiments (cf. Section 4.2), the flow is laminar in the whole
channel structure (e.g., the Reynolds number is ~1). This means
that once the force from the ultrasonic field has positioned a par-
ticle in a streamline, it will stay in that streamline until subjected
to an external force. In our experiments, we distinguish between a
streamline (path of a fluid element) and a particle track (path of a
suspended particle).

3. Experimental arrangement

In our experiments, we used two different chip designs (de-
scribed in detail in the next paragraph). Fig. 1a is a photograph
of one of the chips used with mounted transducers and Fig. 1b
illustrates the principles of the oblique coupling method (described
in Refs. [3,6]). Both chips are fabricated from 51.4 x 22 mm? glass-

silicon-glass stacks with the microchannel plasma etched into the
silicon layer (GeSim, Germany). The bottom glass plate of both
chips is 200 pm thick, i.e., close to standard microscope coverslip
thickness. This allows investigation of the channel using any kind
of high-resolution optical microscopy, including both trans- and
epi-illumination techniques. The transducers were fabricated by
gluing planar PZT elements (Pz26, Ferroperm, Denmark) to alumi-
num wedges (cf. Fig. 1a) with a cross-section of 5 x 5 mm?, and
driven at peak-to-peak voltages up to 13V by separate function
generators operating at different frequencies within the range
1.5-7 MHz. The aluminum wedges were attached to the chip (cf.
Fig. 1a) using a quick-drying and water-soluble adhesive gel (Ten-
sive, Parker Laboratories, USA).

The channel designs in the two investigated chips are schemat-
ically illustrated in Fig. 2. In both designs, the channel height is
110 pm and the widths are specifically designed to spatially con-
fine resonances to a certain part of the channel by matching of
width and frequency as to fulfill the simplified resonance condition

m m c

where L is the channel width in the relevant direction, m is a posi-
tive integer, A is the acoustic wavelength in the fluid, c is the speed
of sound in the fluid and f is the acoustic frequency. The first chip
(the “Step Chip”, cf. Fig. 2a) has a straight channel with three 15-
mm long sections of different width (643 pm, 600 um and
500 pum). This chip is designed to utilize the fields from four differ-
ent transducers, three of which act to focus particles in the x direc-
tion in each of the segments and one to levitate them in the y
direction against the force of gravity. The second chip (the “Split
Chip”) has a more complex channel structure including two flow
splitting elements, as illustrated in Fig. 2b. This chip is designed
to use the fields from five different transducers operating at differ-
ent frequencies to excite resonances in different parts of the chip, as
indicated in Fig. 2b. Four of these can perform focusing of the par-
ticles in the x direction, and one is used to levitate the beads in
the y direction. Thus, the operator can choose between merging par-
ticle tracks 1 + 2, tracks 2 + 3 or all tracks (cf. Fig. 2b). This principle

L=
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Fig. 2. Schematics (not to scale) top-view of the two employed chips; the “Step
Chip” (a) and the “Split Chip” (b). The horizontal lines in the channels indicate the
pressure node pattern, i.e., the lines to which particles are focused. The thin dashed
lines in (b) mark the boundaries of the spatially confined resonances in each
channel segment. The levitator transducers operating at 7.1 MHz is not shown, but
is placed to the far right in experiments.
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Characterization of the primary radiation force field Fpg in the “Split Chip”

Fig. 4.

Step Chip”

resolution particle image velocimetry (micro-

Characterization of the primary radiation force field Fpg in the

Fig. 3.

(micro-

(cf. Fig. 2b), measured by micrometer-resolution particle image velocimetry

measured by micrometer-

(cf. Fig. 2a)

PIV). Actuation at 2.94 MHz of the lower right channel segment (a), at 2.10 MHz of
the left channel segment (b), and at 2.94 and 2.10 MHz of both channel segments

simultaneously (c). White arrows indicate the relative sizes and directions of the

a), at 3.51 MHz of the right

(

and at 2.62 and 3.51 MHz of both channel segments

PIV). Actuation at 2.62 MHz of the left channel segment

channel segment

b),

(

simultaneously (c). White arrows indicate the relative sizes and directions of the

forces immediately after actuation is initialized. Dark regions indicate the bead
pattern after ~10s of actuation. The length of the coordinate arrows in (a)

corresponds to a velocity of 10 um/s.

forces immediately after actuation is initialized. Dark regions indicate the bead
pattern after ~10s of actuation. The length of the coordinate arrows in (a)

corresponds to a velocity of 10 um/s.

quency was then manually selected via the optimal ability to
position particles quickly and uniformly into the nodes. Micro-

could easily be expanded, and more in- or outlets added, to accom-
modate to the needs of a specific application (cf. Section 5).

PIV measurements were performed at all sites where the channels

change width. To investigate the degree of spatial confinement,

Each resonance frequency was identified by tuning the applied

transducer frequency in small steps around the expected frequency
(according to Eq. 6) and observing the particle manipulation re-

measurements were made with operation of either of the two or
both transducers corresponding to actuation of the channel seg-

ments on each sides of the change in channel width (cf. Section

sponse in the corresponding channel segment. The operating fre-
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Fig. 5. Quantification of the field confinement and cross-talk in the “Split Chip” (cf.
Fig. 4). The diagrams present the x components (cf. coordinate system in Fig. 4) of
the velocity vectors along 31 z-axes equally spaced in the x direction. (a) Shows the
x component of the sum of the velocity fields acquired when actuating the two
channel segments separately (cf. Fig. 4a and b). (b) Shows the x component of the
velocity field acquired when actuating both channel segments simultaneously (cf.
Fig. 4c).

4). We also demonstrate flow-through-mode operation with the
Split Chip operated with up to four independent transducers
simultaneously.

Two different kinds of particles were employed in the experi-
ments;10.4 pm green-fluorescent polystyrene beads (Bangs Labs,
USA) for the flow-through experiments and 5 pm polyamide beads
(Danish Phantom Design, Denmark) for the micro-PIV investiga-
tions. The beads were chosen for their resemblance to cells in both
volume and acoustic properties. The beads were diluted in phos-
phate-buffered saline (PBS), pH 7.4, with 0.05% Tween-20 and
introduced into the system by use of a syringe pump and Teflon
(FEP) tubing.

In the flow-through-mode experiments (cf. Fig. 6), imaging was
performed using an inverted microscope (AxioVert 135 M, Zeiss,
Germany) with a 2.5 x [0.075 NA objective and a CCD camera (AxXi-
oCam HSc, Zeiss, Germany). In order to visualize both the beads
and the microchannel, epi-flourescence and low-level trans-illumi-
nation were used simultaneously. For the micro-PIV measure-
ments performed without flow (cf. Figs. 3 and 4), image frames

Fig. 6. Demonstration of addressable merging of particle tracks in the “Split Chip”.
Panels (a) and (b) show the particle tracks without and with actuation of the upper
left channel segment, respectively. Panel (c) shows merging of the two lower
particle tracks by actuation of the lower left channel segment. The chip site in (a)
and (b) is located at the 2.5-MHz transducer, and the chip site in (c) is located at the
3.0-MHz transducer (cf. Fig. 2b).

were recorded in pairs with a CCD camera (HiSense MKkII, Dantec
Dynamics, Denmark) mounted on an inverted microscope (Axio-
Vert 100, Zeiss, Germany) with a 10 x /0.25 NA objective. The sam-
ple was illuminated in back-lit mode by a light emitting diode (K2,
Lumileds, USA) [25]. The velocity vector fields were generated
using essentially the same protocol as described by Hagsdter
et al. [18]. Before each new micro-PIV measurement, the channel
was flushed and re-seeded to give a homogenous starting distribu-
tion of beads.

4. Results

In this section, we report on micro-PIV results when the two
chips (the “Step Chip” and the “Split Chip”) are operated without
flow during ultrasonic actuation of one or several channel seg-
ments. The micro-PIV results are analyzed in order to quantify
the spatial separation and confinement of the force fields, and pos-
sible cross-talk between two adjacent channel segments. Further-
more, we demonstrate flow-through operation of the Split Chip,
which is designed for two-dimensional alignment and addressable
merging of particle tracks.

4.1. Micro-PIV measurements

Micro-PIV measurements were made at all sites where the
channels change width, both in the Step Chip and in the Split Chip
(cf. Fig. 2). However, in order to minimize the number of figures we
have chosen to present results from one representative site in each
chip, which is sufficient for the important conclusions. The results
are presented as plots of the velocity vector fields (white arrows)
superimposed with images of beads (dark regions) in the micro-
channels (bright regions) (cf. Figs. 3 and 4). Typically, the vector
field plots are averages of 10-15 data sets. The micro-PIV image
frames were recorded immediately! after turning on the trans-

1 “Immediately” means approximately a few tenths of a second after turning on the
transducer(s). This is well above the time constant, 7, for reaching equilibrium
between the radiation force and the viscous drag (t ~1 ms, cf. Section 2.2), and well
below the time to reach a static bead distribution in the channel (~10 s).
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ducer(s), thus representing the initial and transient motion of beads.
In contrast, the bead images were acquired after a few seconds, thus
representing the (near-)steady-state distribution of manipulated
beads. Finally, in order to investigate and compare the radiation
force fields produced by individual transducers, no levitation (in
the y direction) was performed during the micro-PIV measurements.

4.1.1. Micro-PIV measurements in the Step Chip

In Fig. 3, the results are presented from measurements at the
transition region from a 600 um wide channel (left side) to a
643 um wide channel (right side) in the Step Chip. In Fig. 3a the
600-um-wide segment is actuated at 2.62 MHz, in Fig. 3b the
643-um-wide segment is actuated at 3.51 MHz and in Fig. 3c both
segments are actuated simultaneously at 2.62 and 3.51 MHz,
respectively. Ideally, each force field should be confined to its cor-
responding channel segment (cf. Eq. 6). However, in Fig. 3a we see
that the resonance “leaks” over to the adjacent channel segment.
Although the forces are larger in the left segment, they are still sig-
nificant in the right segment (i.e., on average a few times smaller to
the right than to the left). Thus, a 7%-change in channel width is
here not enough for fully confining the resonance to the proposed
channel segment. On the other hand, the performance in Fig. 3b is
much better in terms of confinement. Here, the forces in the left
channel segment are insignificant in comparison to the right seg-
ment, and the transition region (defined as the approximately dis-
tance from maximum to insignificant forces in the z direction) is of
the order of //4. Finally, Fig. 3c shows the results when both chan-
nel segments are actuated simultaneously. Interestingly, we see
here that the “resonance-leakage” into the right segment originat-
ing from actuation of the left segment (cf. Fig. 3a) is quenched by
the actuation of the right segment. We also note that the vector
field in Fig. 3c is not equal to the sum of the vector fields in
Fig. 3a and b. For example, the periodic variation of the force along
the z direction in the right channel segment in Fig. 3¢ can not be
derived from the vector fields in Fig. 3a and b.

4.1.2. Micro-PIV measurements in the Split Chip

In Fig. 4, the results from measurements at one site in the Split
Chip are presented. The sub-figures show actuation at 2.94 MHz of
the lower right channel segment (Fig. 4a), actuation at 2.10 MHz of
the left channel segment (Fig. 4b), and actuation at 2.94 MHz and
2.10 MHz of both segments simultaneously (Fig. 4c). Here, we
see almost no “resonance-leakage” (as seen in Fig. 3a). Instead,
the fields are well-confined and independent, and with a transition
region along the z-axis (cf. Section 4.1.1) of the order of //2. In
Fig. 4c, we also note the occurrence of areas having velocity fields
of rotational character. Such vortices, produced by acoustic stream-
ing, may influence the particle movement in areas with low radia-
tion forces (e.g., in the transition region between two adjacent
channel segments).

In order to quantify more accurately the degree of spatial con-
finement, we have plotted the lateral velocity components (i.e.,
in the x direction in Fig. 4 where the radiation force is strongest)
at different x-coordinates across the channel width, as a function
of the z-position (i.e., along the channel direction). In Fig. 5a, the
lateral velocities during single-segment actuation are plotted (i.e.,
the x components of the fields shown in both Fig. 4a and b). In
Fig. 5b, the lateral velocities during dual-segment actuation are
plotted (i.e., the x components of the field shown in Fig. 4c). Inter-
estingly, we note that the forces are weaker in the central region
(i.e., ~300 pm < z < ~600 pm) of the diagram in Fig. 5b, compared
to the corresponding region of the diagram in Fig. 5a. Thus, a mu-
tual force-quenching-effect is present in the transition region be-
tween the two channel segments during dual-segment actuation.
This effect is even more distinct for the Step Chip, where it is di-
rectly visible in Fig. 3. Thus, for both chips, the cross-talk between

two adjacent channel segments actuated simultaneously seems to
have a character of destructive interference and is limited to a re-
gion of typical length ~2/2.

4.2. Flow-through operation of the Split Chip

In Fig. 6, we demonstrate flow-through-mode operation at
0.1 pL/s of the Split Chip by the use of up to four simultaneously
driven transducers. This chip is designed for two-dimensional
alignment and addressable merging of particle tracks. In contrast
to the micro-PIV experiments (cf. Sections 4.1 and 4.2), the levita-
tor transducer (cf. the uppermost transducer in Fig. 1a) was oper-
ated in all flow-through experiments, resulting in vertical (y
direction) centering of the particles in the whole channel system.
Together with operation of the pre-alignment transducer (cf.
Fig. 2), the result is two-dimensional alignment (i.e., simultaneous
focusing of particles in both the x and y directions), and thus con-
trolled transport of particles in terms of both spatial position and
uniform velocity [3]. In the present proof-of-concept chip design,
all particles are injected through the one and only inlet for easier
fluidic operation. However, depending on the needs from a future
application, splitting of the main channel endpoints in several in-
lets and outlets is straightforward.

Fig. 6a and b shows the effect of actuating the upper left channel
segment in flow-through-mode. In Fig. 6a, only the levitator and
pre-alignment transducers are activated, and all aligned particles
continue in their respective streamline (also in the upper right
un-actuated channel segment). In Fig. 6b, the upper left channel
segment is actuated, resulting in localized merging of the particle
tracks 1 and 2 (cf. denotation in Fig. 2). The images are taken with
a long exposure time, making the particles appear as streaks to bet-
ter visualize their direction of movement. We clearly see that the
particle tracks 1 and 2 merge at a distance longer than the ~//2-
distance after which the force in a channel segment was found to
reach its full value (cf. Section 4.1). This is the result of the fluid
flow giving the particles a considerable velocity component in
the z direction relative the radiation-force-induced velocity com-
ponent in the x direction. Fig. 6¢c shows merging of particle tracks
2 and 3 further down the channel by actuation of the lower left
channel segment (cf. Fig. 2). This experiment was performed with-
out any preceding merging of particle tracks 1 and 2. Finally, all
particle tracks (two or three, depending on whether any of the
above merging steps is performed) can be merged by actuation
of the final channel segment (cf. Fig. 2).

5. Discussion and conclusions

In this section, we will consider channel design strategies for
implementing several localized manipulation functions in series
along a microchannel by the use of ultrasonic standing wave
(USW) technology in a microfluidic chip. Ideally, each manipula-
tion function should be represented by a localized and spatially
confined force field that can be independently addressed by a fre-
quency-specific external transducer. Furthermore, the overlap or
cross-talk between the force fields of two adjacent manipulation
functions should be minimized. Below we outline design criteria
for advanced particle handling and processing chips based on our
experimental observations.

When actuating a single-channel segment in both the Step Chip
and the Split Chip, we may conclude that each primary radiation
force field Fpg is localized to its corresponding segment (cf. Figs.
3 and 4). At the beginning and the end of each segment, there is
an intermediate area of force field gradient (from insignificant to
full value of the forces) with typical length i/4 - 2/2 (where 1 is
the acoustic wavelength in the fluid). However, one exception to
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this degree of confinement is seen in Fig. 3a, where the force field
gradient in the z direction outside the actuated channel segment is
very small. The result is a resonance that “leaks” out into the rest of
the fluid channel. We believe that one reason for this poor confine-
ment could be bad matching between the transducer resonance
and the channel resonance. As a comparison, for a conventionally
designed one-dimensional layered resonator (where the trans-
ducer is an active part of the resonator), the forces are typically
halved if the driving frequency is changed with only 0.5% from a
resonance peak [26]. In Fig. 3, the change in channel width corre-
sponds to a change in resonance frequency of 7%. Thus, given a
similar performance in our chip as in Ref. [26], we would not ex-
pect any forces of significance outside the actuated channel seg-
ment. On the other hand, if the channel segments are considered
separately it is also possible that the wider channel segment in
Fig. 3a is wide enough to be close to another resonance peak than
the peak in the thinner segment. For example, when tuning the
actuation frequency for a certain channel segment there are typi-
cally several resonance frequencies separated with similar (rela-
tive) steps as the relative change in channel width in Fig. 3. Thus,
we believe that similar resonances would be found if we could
“tune” the channel segment width at a fixed frequency (cf. e.g.,
Ref. [27]). One simple design strategy to avoid resonance leakage
is to employ much larger steps in channel width, as demonstrated
in the Split Chip.

When two adjacent channel segments are actuated simulta-
neously by the use of two transducers operating at different fre-
quencies, we conclude that no cross-talk of significance (for the
performance of each manipulation function) occurs in neither of
the two chips. Typically, there is a near-force-free transition region
between the manipulation functions of length ~i/4 in the Step
Chip (cf. Fig. 3c), and ~4/2 in the Split Chip (cf. Figs. 4c and 5).
The reason for the longer transition region in the Split Chip is
due to the gradually (and not stepwise) increasing channel width
in that chip. However, it is important to note that the sum of the
force fields during single-segment actuation is not equal the force
field during dual-segment actuation. Minor field coupling effects
are visible in Figs. 3 and 4, e.g., periodic force variations in the z
direction (along the channel), acoustic-streaming-induced vortices
in low-force regions, and mutual quenching of “leaky” resonances
in the intermediate area between the segments. Neither of these
effects causes any reduction in performance of significance of a
particle handling/processing chip based on several spatially sepa-
rated manipulation functions (as demonstrated in e.g., Fig. 6).

Finally, it should be noted that the radiation forces are not con-
stant throughout the segment (i.e., along the z-axis) to which it is
confined. There will be periodically recurring areas where the
focusing component of the force is very weak, or indeed is almost
equal to zero. Actually, this is a general effect that is visible during
both single- and multi-segment actuation. The reason is that we do
not solely have a simple standing wave in the channel, but rather a
three-dimensional resonance which exists in the whole chip struc-
ture, including all supporting layers to the fluid channel (such as
the silicon layer, the glass layers, the external transducers, and
even the microscope chip holder). While it is possible to design
the system so that the force field is considerably confined, the rest
of the chip will still influence the actual shape of the confined field.
Finite-element simulations on our chips (data not shown) using
the method described in Ref. [18] predict the existence of such
areas, which are confirmed in our experiments (cf. e.g., Fig. 3c)
but also in other reports (see e.g., Refs. 18,22,28). The influence
of the entire chip (in terms of material choices and geometry) on
the resonance shape is the underlying reason for this phenomenon.
For example, a simple and straight half-wavelength channel does
not focus particles into a straight line, but rather into slightly
curved lines and at some places not at all under static (no-flow)

conditions. However, this effect is often not visible in flow-through
applications for several reasons. Firstly, the laminar flow profile
will cause a particle to simply follow its streamline through areas
where the forces are low. Secondly, any effect on the bead move-
ment due to the force asymmetry around curved nodes is typically
cancelled out in flow-through-mode. In our suggested flow-
through application (cf. Section 4.2), these effects will be of little
or no importance for the performance of the chip. However, for a
chip designed for no or very low flow, or designed for retention
of particles in a flow, the effects must be considered as a part of
the design process.
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