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Liquid manipulation is the foundation of most laboratory processes. For
macroscale liquid handling, both do-it-yourself and commercial robotic sys-
tems are available; however, for microscale, reagents are expensive and sam-
ple preparation is difficult. Over the last decade, lab-on-a-chip (LOC) systems
have come to serve for microscale liquid manipulation; however, lacking
automation and multi-functionality. Despite their potential synergies, each has
grown separately and no suitable interface yet exists to link macro-level
robotics with micro-level LOC or microfluidic devices. Here, we present a
robot-assisted acoustofluidic end effector (RAEE) system, comprising a
robotic arm and an acoustofluidic end effector, that combines robotics and
microfluidic functionalities. We further carried out fluid pumping, particle and
zebrafish embryo trapping, and mobile mixing of complex viscous liquids.
Finally, we pre-programmed the RAEE to perform automated mixing of viscous
liquids in well plates, illustrating its versatility for the automatic execution of

chemical processes.

Liquid manipulation is the foundation of laboratory processes that are
widely used throughout chemistry and biology research, the pharma-
ceutical and cosmetic industries, diagnostic centres, and clinical
laboratories. Numerous applications such as polymerase chain reac-
tion (PCR), immunoassays, combinatorial assays, drug screening and
discovery, and genomic research require repetitive sample prepara-
tion steps, typically involving micro pipetting by manual operators'™*.
These procedures, prone to human error and often time-consuming,
have become expensive in terms of skilled personnel, operating cost,
and reagent use>™®. In fact, sample preparation has become a significant
bottleneck for experiments, particularly in genomic research and
clinical laboratories; consequently, an increasing number of labora-
tories are considering realizing a more cost-efficient and effective
workflow through robotics and automation®. Currently, there exist
several do-it-yourself (DIY) and commercial robotics systems for liquid
handling, particularly at the macroscale’™. While the future of
laboratory robotics is very exciting, with great potential in the com-
bination of computer vision, machine learning, and artificial intelli-
gence, most extant robotics technologies predominantly perform
automated pipetting for handling liquids and furthermore primarily
focus on mimicking the function of a human operator, such as in

opening a vial, handling solid and liquid specimens, etc**""°. Many
still consume large quantities of expensive biochemical reagents dur-
ing their operation and lack the capacity for sample preparation at the
microscale. Consequently, the development of an effective robotic
platform to assist and augment common laboratory functionalities
remains a work in progress.

To address this unmet need, recent research has proposed the use
of an end effector, which is tethered to a robotic arm and can mimic
certain functionality of a human hand to execute specific tasks with
high precision in a repeatable manner. Current strategies include
electrostatic’®*, magnetic***, and the widely-popular pneumatically
controlled soft end effectors'®***, which are typically designed for
grasping or manipulating macroscale objects measuring millimetres to
centimetres in size. As of now, very little has been achieved in the area
of effectively manipulating microscale objects with a robotic
arm®"2?"?°_In contrast, for micromanipulation in general, ultrasound-
based techniques leveraging several physical principles have been
developed to trap and manipulate particles in the micro- or millimetre
size range. For example, devices have been developed to trap micro-
particles at the pressure nodes of standing bulk®® and surface acoustic
waves®, as well as at the nodes of Chladni’s plate® and on the surfaces
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of oscillating sharp edges®, ciliary arrays”, and microbubbles®"*,

However, these methods operate within a limited working environ-
ment and lack the flexibility offered by a robotic arm. Consequently,
the combination of an acoustic field with a robotic arm has the
potential to leverage acoustic-based fluid and particle manipulation
techniques, while simultaneously offering unprecedented flexibility,
yet acoustic-based end effectors have received little attention to
dateé,IS,Z(rZ()'

Furthermore, trapping of microparticles using an external
acoustic wavefield is typically static; when particles are to be dyna-
mically manipulated, the resonance frequency of the wavefield must
be adjusted manually. Such acoustic fields are generated with
commercially-available piezo transducers, which have limited band-
width, and so the acoustic microtraps can only be operated over lim-
ited distances'®*®. Additionally, three-dimensional (3D)
manipulation*”” and selective trapping®* and manipulation of
microparticles*®* via acoustic methods have all proven extremely
difficult to implement. Dynamic manipulation in a large working
environment has recently been achieved by connecting acoustic
devices to a manipulation stage. For example, a novel acoustic trap-
ping device was implemented by depositing spiral electrodes on a
piezoelectric substrate to pick and manoeuvre single cells using tightly
focused radiation force*. In another endeavour, a multi-layered piezo
actuator was connected to a micropipette, which produced a whirling
flow able to trap and rotate a cell spheroid®. Notably, while these
recent acoustic devices employed micromanipulators, the combina-
tion of acoustics and robotics for diverse laboratory functions (e.g.,
fluid pumping, particle trapping, droplet merging, etc.) is yet to be
demonstrated®. Robotic arms offer a variety of unique advantages,
including more than five axes of motion, the ability to programme
complex paths, real-time motion planning, automation, repeatability,
and the ability to operate in considerably broader working volumes.

Although microfluidics technologies offer great precision, con-
trol, and manipulation of liquid at the microscale, there is a pressing
need for automation and multifunctionalities to advance the field
considerably. In addition to enacting automation capabilities, the
combination of robotics and microfluidics can also facilitate exciting
new applications and multifunctionalities. Despite the initial symbiosis
between robotics and microfluidic systems, each field has grown
separately and independently, which could be attributed to the lack of
a suitable interface between the macro-level (robotics) and the micro-
level (lab-on-a-chip (LOC) devices)****. To date, only limited integra-
tion of robotics and microscale liquid manipulation methods exists,
such as in digital microfluidics*>***’, do-it-yourself (DIY) modified or
commercially available inkjet printer heads, and robot-assisted elec-
troporation devices to deliver a low volume of genetic materials*®,
More recently, a pipette-free microfluidic cap-to-dispense device
connected to a robotic arm, which could dispense multiple droplets
along user-defined trajectories was demonstrated**. In this article, we
present a robot-assisted acoustofluidic end effector (RAEE) system
combining both robotics and acoustofluidics functions. Our system
comprises a robotic arm combined with an acoustofluidic device as an
end effector. The new capillary-based acoustofluidic device, driven by
ultrasound, creates oscillations within the capillary body and exhibits
controlled flow profiles or microstreaming when the capillary is
immersed in liquid. The acoustofluidic end effector yields two unique
microstreaming profiles: (i) a helical vortex or a corkscrew-type fluid
motion generated along the long axis of the capillary and (ii) and a
frequency-dependent 3D microstreaming produced at the tip of the
capillary. We showcased the RAEE’s multifunctional capabilities by
executing liquid pumping, droplet merging, selective microparticle
trapping, and mobile viscous mixing of complex viscous liquids. We
further demonstrate the trapping of a zebrafish embryo by our
acoustofluidic device. Finally, we pre-programmed the RAEE to per-
form automated mixing of viscous liquids in well plates,

demonstrating that it can provide a powerful and versatile platform for
achieving efficient, rapid, and automatic execution of the chemical
processes typically desired in most modern laboratories.

Results

Working principles of robot-assisted acoustofluidic device
Figure 1a shows our robot-assisted capillary-based acoustofluidic
device. Our acoustofluidic device, i.e., the end effector comprised a
hollow borosilicate capillary with an outer diameter of 1500 pm at the
base, tapering to ~-3-10 um at the end (tip), coupled with a piezo
electronic transducer (see also Supplementary Movie 1). The piezo
transducer generated acoustic waves based on input from an elec-
tronic function generator that regulated frequency and amplitude,
thereby controlling the oscillation of the capillary. The excitation fre-
quency of the acoustic waves was modulated from 5 to 300 kHz while
maintaining an applied peak-to-peak voltage of 1-20 Vpp. The acous-
tofluidic device was connected to a custom-built 3D-printed holder via
a syringe to a five-axis robotic arm. The entire set-up was positioned
adjacent to an inverted microscope and the system was studied
through fluorescent microscopy. The device was characterized by
immersing it into a liquid chamber containing 2.0 and 5.0 um tracer
particles (Fig. 1b) and capturing the experimental results using light-
sensitive and high-speed cameras.

Helical acoustic streaming along the capillary

When the immersed acoustofluidic end effector was subjected to
ultrasound, it produced asymmetric oscillations that created intricate
vortices in liquid, a phenomenon often referred to as acoustic micro-
streaming. Two distinct steady-streaming profiles developed at dif-
ferent locations along the capillary: (i) helical streaming at the tapered
region of the capillary shaft and (ii) frequency-dependent 3D stream-
ing at the tip of the capillary (Fig. 1c). The streaming generated by the
acoustofluidic device combined with the robotic arm allowed the
execution of various applications, such as performing liquid pumping,
selective particle trapping, and viscous mixing, as shown schematically
in Fig. 1d.

In this section, we will describe the streaming developed along the
shaft, i.e., the long axis of the capillary. When the submerged device
was activated at an excitation frequency of 50 kHz and amplitude of
20 Vpp, its oscillations attracted the tracer particles, which then fol-
lowed the trajectories of the flow field, executing an out-of-plane
vortex around the capillary (as depicted in Fig. 2a). A closer inspection
reveals that the tracer particles not only exhibit a circular motion but
also execute a spiral motion along the long axis of the capillary; this
effect is imaged from in Fig. 2b, ¢ (see also Supplementary Movies 2
and 3). The spiralling velocity of the tracers rapidly increases as the
particles move forwards in the narrower tip region of the glass capil-
lary, likely due to larger oscillations of the narrower tip region. The
capillary device was then rotated by 90° to visualize the overall
streaming flow profile (Fig. 2a). Figure 2b shows the velocity field of the
capillary as viewed from the x-y plane (top view), confirming the cir-
cular flow field exhibited by the tracer particles. The Reynolds number
of our acoustofluidic device was estimated as Re=uD/v=0.07, where
u=2.0mm/s is the streaming velocity, D=2.07 pm is the diameter of
the tracer particles, and v=10"®m?2/s is the kinematic viscosity of
water at room temperature. This value suggests that the system is
viscous-dominated, which was further confirmed by the tracers com-
ing to a halt instantaneously when the acoustic wavefield was turned
off, suggesting a lack of inertia.

The strength of the circular flow field produced by the capillary is
determined by the intensity of the ultrasound, which we demonstrated
by adjusting the voltage applied to the piezo transducer (as seen in
Fig. 2¢). The acoustic streaming is a time-averaged (second-order)
response of the fluid systems that is driven by force and mass sources
arising out of (first-order) acoustic response of the fluid. The driving
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Fig. 1| Experimental set-up and working principle of the robot-assisted

acoustofluidic end effector (RAEE) device. a The RAEE device is comprised of a
glass capillary and piezo-electronic transducer connected to a five-axis robotic arm.
The whole set-up was mounted on an inverted microscope using a capillary holder.
The inset illustrates the overall experimental set-up. b An enlarged view of the RAEE
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device when submerged in liquid with a focus on streaming profiles, especially the

out-of-plane streaming. ¢ The acoustofluidic device generated two distinct flow

profiles: (i) circular-flow fields along the shaft of the capillary, and (ii) frequency-

dependent 3D streaming at the tip of the glass capillary. d We have applied the

RAEE to execute pumping, selective trapping, and viscous mixing.

force and mass sources depend quadratically on the first-order pres-
sure and velocity, which in turn depend linearly on the applied
voltage®. Consequently, the streaming velocity, u is expected to scale
quadratically with applied voltage, Vpp (i.€.  ~ V,?P). We characterized
tracer velocity as a function of acoustic power at a distance of 500 pm
from the centre of the capillary, indicated by the black box in Fig. 2b.
The velocities of tracer particles were measured using a custom-built
PIVIab MATLAB script. Figure 2c shows that the tracer particles cir-
culate with velocities in the range of a few mm/s, and the plot suggests
that the expected quadratic relation is reasonably well-satisfied by the
acoustofluidic device. Next, we investigated the scaling of streaming
velocity with distance from the centre of the glass capillary. Figure 2d
shows scaling of streaming velocity versus radial position at 1.0 and
1.5 Vpp, indicated by black and blue dots, respectively. When close to
the tip, the angular velocities are largest and scale with the inverse
square of the distance from the tip (i.e. streaming velocity, oc ~1/r?).
The relatively large standard deviation in each data point in Fig. 2d can
be attributed to the difficulty in estimating tracer velocities close to the

tip, which arises from the poor fluorescent sensitivity of the high-speed
camera. We observed a counter-clockwise circular flow field for most
acoustic excitation frequencies, which could be attributed to the piezo
transducer being bonded on one side of the capillary.

Frequency-dependent streaming at the capillary tip

Numerous objects produce nonlinear acoustic streaming in the sur-
rounding liquid environment when exposed to ultrasound; examples
include gas-filled microbubbles®*>*°-* and solid structures”*°. For
both microbubbles and solid objects, the precise nature of the
oscillation (e.g., lateral, radial, or a combination thereof) is crucial in
determining the ensuing flow patterns. While numerous bubble-
based streaming systems have been reported previously for a variety
of microfluidic applications, harnessing the oscillations of a solid
object remains an attractive alternative due to the inherently
unstable nature of bubble-based systems. Here, we subjected a
capillary to ultrasound to develop frequency-specific 3D streaming
flow profiles at its tip.
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Fig. 2 | Characterization of the circular streaming in an acoustofluidic device.
a Randomly distributed tracer microparticles were attracted towards the capillary
and exhibit out-of-plane circular streaming along the shaft of the glass capillary in
the z-axis. The red arrow depicts the direction of movement of microparticles. See
Supplementary Movie 2. Scale bar: 30 um. b The acoustofluidic device generated a
circular-flow field in the liquid surrounding its body, indicated by the PIV-generated
velocity fields. The PIV was generated using MATLAB code and the blue arrows
represent the velocity and direction of the microparticles. The green dot represents
the position of capillary tip. See Supplementary Movie 2. Scale bar: 500 pm.
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c Average velocities of the tracer particles at the site indicated by the square box in
b versus the voltage applied. Particle velocities were proportional to the square of
the voltage used, thus satisfying the quadratic relation, as demonstrated in the log
plot (inset). d Average velocities of tracer particles versus distance from the
capillary boundary. Velocities scale to the power of negative two with distance.
Each data point represents the average velocity measured from at least eight tracer
particles. Error bars in both graphs ¢, d represent standard deviation (s.d.) as n<5.
See Supplementary Data Files 2 and 3 for the source data for both graphs.

Referring to Fig. 3, the frequency-dependent 3D streaming pro-
files observed at the capillary tip. These profiles comprise a varying
number of clockwise and counter-clockwise streaming patterns, as
shown in Fig. 3 (see also Supplementary Movie 4). Figure 3a, b
demonstrate the intricate, butterfly-like vortex flow patterns consist-
ing of four counter-rotating vortices that resulted when the capillary
was exposed to ultrasound at frequencies of 64.6 and 140 kHz,
respectively. The magenta circle indicates the capillary tip, while the
yellow arrows mark flow directions. In contrast, excitation frequencies
of 69.5 and 269 kHz, depicted in Fig. 3c and d respectively, yielded only
a pair of counter-rotating vortices that were symmetric about the tip.
Although these two streaming profiles are similar, the one in Fig. 3d is
transformed rotationally by 135° relative to that in Fig. 3c. Interestingly,
while most of the developed flow patterns were symmetrical around
the tip, some exceptions were also observed. For example, Fig. 3e, f
demonstrate the streaming flow profiles that resulted at excitation
frequencies of 158 and 239 kHz, respectively. These counter-rotating
vortices are still symmetric, but not about the tip; that is, the tip
position is -100 um off-centre in the direction of the left vortex (in
Fig. 3e) or top vortex (in Fig. 3f), the second profile being rotationally
transformed by ~90° relative to the first. The strength (i.e. the velocity
and size) of the streaming profile was observed to scale with the
applied power, but the streaming pattern or signature remained con-
sistent for a given frequency.

We hypothesized that these varying vortex flow patterns arise due
to the capillary tip oscillating in different patterns. Since direct ima-
ging of those oscillations is challenging when applying high-frequency
ultrasound, we employed lower frequencies and used a high-speed
imaging camera to capture the oscillation of a capillary tip in air. We,
therefore, investigated the oscillation of the capillary from the front
and side. When a capillary was exposed to ultrasound in air, a standing
wave was observed with a noticeable oscillation amplitude at the free
capillary tip. Figure 3g, h show two representative oscillation patterns
where the tip was observed to oscillate in an elliptical (f= 6.8 kHz) or
translational pattern (f=7.8kHz), respectively (Supplementary
Movie 5). These results point to the oscillation profile of the capillary
tip being frequency-dependent, which further results in frequency-
dependent streaming flow patterns (see also Supplementary Note 1
and 2 and Supplementary Figs. 1 and 2). Overall, these observations
highlight the ability of the RAEE to generate controlled streaming
patterns of varying strengths near the capillary tip, affected by mod-
ulating the actuation frequency and acoustic power (see also Supple-
mentary Fig. 3).

Robot-assisted acoustofluidic manipulation system

Combining the on-demand controlled vortex generation of the
acoustofluidic device with a robotic arm for discretionary posi-
tioning promises to open up exciting novel possibilities for a 3D
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Fig. 3 | Frequency-specific vortices or streaming produced by the tip of the
acoustofluidic device in water containing tracer particles. The acoustofluidic
device produced steady 3D vortex flow patterns comprised of counter-rotating
vortices (The pink circle represents the capillary tip position and yellow geometry
represents the direction and path of motion of particles.) (see Supplementary
Movie 4): a butterfly-like pattern of four vortices at a 64.6 kHz and b 158 kHz; a pair
symmetric about the tip at ¢ 69.5 and d 269 kHz; and a pair ~-100 pm off-centre from
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the tip at e 69.5kHz and f 269 kHz. The direction of flow is marked with yellow
arrows, and the capillary tip indicated by a magenta circle. The symmetry axis is
indicated in blue for images where the capillary tip does not represent the centre of
symmetry. Dotted magenta lines indicate tip oscillation of the acoustofluidic device
(see Supplementary Movie 5), which undergoes g elliptical motion at excitation
frequency 6.8 kHz and amplitude 20 Vpp and h translational motion at 7.8 kHz and
20 Vpp. Scale bars: 50 um.

mobile platform with applications in mobile micropumps, micro-
mixers, selective particle trapping, and droplet merging. We first
demonstrated a mobile micro vortex generator of the acousto-
fluidic end effector and investigated its control capabilities. The
robot-assisted acoustofluidic device can be manipulated to trace an
arbitrary, user-defined shape in both 2D and 3D space. We pro-
grammed the robotic arm’s control unit with automated patterns
such as a rectangle (Fig. 4a and Supplementary Movie 6), an hour-
glass (Fig. 4b and Supplementary Movie 6), and moved along a path
to write “ETH” (Fig. 4c and Supplementary Movie 6). The positioning
of the robotic arm utilized inverse kinematics. The speed and tar-
geted end-effector positions were controlled using trajectory con-
trol, with the trajectory tracked as red dots. The initial positions,
i.e., the capillary and the corresponding vortex, were indicated by a
red dot in the first frame of each image sequence. To ensure the
precision and accuracy of movements, the robotic arm was
manipulated at a low velocity of 1 mm/s; and to ensure continuity of
motion through sharp corners, a delay of 1s was programmed
before executing a turn. The flow pattern can further be manipu-
lated in a 3D space with excellent accuracy and precision, con-
tributing to fast and reliable manipulation. Ultimately, the position
and velocity of the mobile micro vortex generator can be manipu-
lated by controlling the robotic arm, and the strength of the micro

vortex; the latter is determined by the voltage applied to the
transducer connected to the acoustofluidic device (see Fig. 2c).

Liquid pumping

Pumping of viscous liquids at the micro- to nanoscale is essential in
sample processing, bioanalysis, diagnostic, and therapeutic applica-
tions. To date, several microfluidic pumping mechanisms have been
developed that employ surface tension®, electric fields*, magnetic
fields®, optical tweezing®, thermal effects”, periodic volume
displacement®®, and acoustics’. Nonetheless, despite the advances in
this field, many challenges still remain, including achieving particle
independence, microfluidic channel deformation, and high-
throughput pumps for viscous fluids****. Acoustic fluid pumping
methods based on breaking the symmetry of acoustic streaming pat-
terns have solved some of these issues, but such approaches require
fabrication of special structures inside the microchannels (e.g., sharp-
edged structures) and therefore difficult to achieve liquid pumping in
arbitrary microchannels. The current method circumvents the need
for such specialized fabrications and so can perform pumping within
any microfluidic enclosure, as demonstrated for a spiral channel in
Fig. 4d. Furthermore, the fluid pumping rate can be easily controlled
by adjusting the applied voltage to control tip oscillation. This capacity
for operational control, together with precise robotic control of tip

Nature Communications | (2022)13:6370
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Fig. 4 | Arbitrary controlled motion of the mobile microvortex generator and
design of the liquid pump. Image sequences depicting the robot-assisted acous-
tofluidic device executing automated patterns (here the red marking represents the
path of the capillary tip and yellow concentric circles represents the vortex gen-
erated) (see Supplementary Movie 6): a a rectangle, b an hourglass, and c letters
creating the acronym “ETH.” d Photograph showing the RAEE-based microfluidic
liquid pump, comprised of an acoustofluidic device and a 3D-printed PDMS-based
fluidic channel (see Supplementary Movie 10). d Transformation of the mobile
microvortex into a LOC micropump upon immersion of the acoustofluidic device

Capillary tip

into a 3D-printed spiral fluidic channel. e The vortices produced at an excitation
frequency of 134 kHz and amplitude of 10 Vp generated liquid pumping in the left-
to-right direction (the magenta circle represents the capillary tip position and
yellow arrow represents the liquid pumping direction) (see Supplementary

Movie 10). The top inset demonstrates the pumping mechanism (here the red
arrow represents the direction of particle motion in that region). The bottom inset
illustrates the COMSOL simulation of fluid pumping when the capillary tip was
introduced adjacent to the wall. Scale bar a-c: 400 um, scale bar d: 10 mm, scale bar
e:200 um.

position, positions our micro-acoustofluidic end effector to potentially
serve as an easy and versatile technique for achieving pumping in
routine microfluidic workflows.

We transformed our RAEE-based micro vortex generator into a
micropump by immersing the acoustofluidic end effector into a 3D-
printed spiral fluidic channel (see Fig. 4d). In general, the acoustic
energy from tip oscillations dissipates both in the bulk fluid and in the
boundary layer regions adjacent to the oscillating surface within the
fluid domain. Based on the high frequency of oscillations (resulting in
large wavelengths compared to the tip length scale) in the current
work, we believe that acoustic streaming is primarily driven by
boundary layer dissipation (see also Supplementary Note 2)*. The
boundary-layer dissipations then cause outer streaming flows as
shown in Fig. 4. In the case of pumping fluids, we break the symmetry
of the problem by employing the interactions between the acoustic
streaming vortices and the channel walls. We position the oscillating
tip closer to one side of the wall to achieve liquid pumping, as shownin
Fig. 4e. As a result, the circular streaming pattern around the tip pro-
duces a net unidirectional liquid motion. Thus, when the acoustically-
activated capillary (excitation frequency 134 kHz, amplitude 10 Vpp)
was brought close to the channel’s wall by the robotic arm, the vortex
symmetry normally present in the helical streaming around the capil-
lary was broken. As a result, the RAEE initiated a net liquid flow or
pumping in the order of mmy/s, illustrated by the 6 pm tracer particles
in Fig. 4e (see also Supplementary Movie 10). Pumping occurred from

left to right, which is attributed to the acoustofluidic end effector
producing CCW streaming and the capillary being brought towards the
top sidewall of the channel. Furthermore, the flow rate can be actively
controlled by altering the voltage applied to the piezo transducer,
which scales quadratically with the applied voltage. As the flow was
viscous in nature, the pumping ceased immediately when the acoustic
field was turned off. In light of the precise robotic control of the
acoustofluidic end effector, RAEE represents an affordable and versa-
tile method for liquid pumping without requiring any specialized
fabrication®>°®,

Selective trapping of microparticles

Trapping and transport of microparticles and cells has significant
applications in biological micromanipulation, cell assays, and cell-cell
interactions®. Several acoustic-based trapping mechanisms have been
developed to trap and manipulate microparticles, such as using
surface™ and bulk®® standing acoustic wavefields to trap micro-
particles in their pressure node arrays. However, achieving selective
and dynamic manipulation has always been a challenge. An acoustic
trapping device capable of picking and moving single cells was
developed by depositing spiral electrodes on a piezoelectric substrate;
however, this method has no specificity in terms of what particles it
traps. Methods using acoustically activated microbubbles and sharp-
edged structures have also been demonstrated to trap microparticles,
and an array of acoustically activated gas-filled microbubbles has been
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activated glass capillary. a Schematic illustrating the selective trapping of
microparticles along the acoustofluidic capillary system. Large patrticles, illustrated
in red, relocate and get trapped along the shaft of the glass capillary due to the
radiation force (Fg). Small particles, shown in blue, follow out-of-plane circular
streaming (Fs) around the capillary shaft. b (Left panel) The acoustic streaming
force dominates for particles with diameter a < a. (Right panel) The radiation force
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the movement of microparticles) ¢, d Image sequence demonstrating circular
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excitation voltage of 100 kHz and amplitude 3 Vpp (blue arrow represents the
direction of the movement of microparticles and red arrow shows the trapped
particles) (see Supplementary Movie 7). e Superimposed time-lapse images illus-
trating trapping of polystyrene microparticles along the shaft of a glass capillary at
120 kHz and 10 Vpp. The image series zooms in on the area marked with a blue box
and shows the trapping of a single 15 um microparticle. f Trapping of 10 um beads at
the pressure nodes of a glass capillary at an excitation frequency of 270 kHz and
amplitude 10 Vpp (see Supplementary Movie 7) (here the blue arrow shows the
location of particles). All scale bars: 100 um.

used to manipulate microparticles. However, these systems suffered
from the instability of microbubbles, are harmful to living cells, and
offer only limited manipulation capability as they are not easily
translated to settings other than microfluidic chambers. Here, we
demonstrate a capillary-based acoustofluidic system with the new
functionality of selectively trapping microparticles based on their size.
Furthermore, since the system is attached to a robotic arm, we can
programme the device to follow any trajectory in 3D.

Microparticles such as polystyrene, cells, organisms, and small
animal models placed near an acoustically activated glass capillary
experience predominantly acoustic radiation force (Fg) and acoustic
streaming-induced drag (F,s), as shown in Fig. 5a. The scattering of
incident acoustic waves by the oscillatory capillary causes an acoustic
radiation force to act on particles. While the exact acoustic radiation
force field depends on a variety of factors, including the geometry and
dimensions of the capillary and its vibration profile, the acoustic
radiation force on the particle can be expected to scale with the
volume of the particle, as suggested by prior reports® (see also Sup-
plementary Note 3). In addition, viscous attenuation of the scattered
capillary-generated acoustic waves results in acoustic streaming in the
surrounding liquid. The streaming-induced drag force can be scaled as
the Stokes’ drag since the Reynolds number (Re=auvp/u=0.01, where
a and v are the particle’s diameter and velocity, respectively, and p and
u are the liquid’s density and dynamic viscosity, respectively) is small
due to the small dimensions of the microparticle. As a result, the

acoustic streaming force scales with particle diameter. By taking the
ratio of the two forces, we can predict what sizes of particles will
migrate to the surface of the capillary. For example, streaming dom-
inates when the ratio of acoustic radiation force to streaming is less
than 1, i.e., Fr/Fas<1, and the particles do not become trapped but
rather undergo helical streaming (Fig. 5b, left panel). And, the radiation
force dominates when the ratio of acoustic radiation force to stream-
ing is greater than 1, i.e., Fx/Fas>1, and the particles are trapped
(Fig. 5b, right panel).

We studied the particle-capillary interaction by injecting
different-sized polystyrene microparticles into the liquid bath con-
taining the capillary. When a solution containing 2- and 10-um poly-
styrene microparticles was dispersed in the liquid bath and the
capillary activated at 120 KHz and 10 Vpp, the microparticles under-
went helical streaming (Fig. 5c, d and Supplementary Movie 7). When
we injected microparticles with a diameter of 15um, those larger
microparticles did not execute continuous helical streaming in
response to acoustic activation. Instead, the microparticles acceler-
ated towards the wall and became trapped at the capillary wall within
seconds, as illustrated in the image sequence of Fig. Se (see also Sup-
plementary Movie 7). Shown in Fig. 5e is the trapping of a high con-
centration of 15-um polystyrene particles, which are distributed
unevenly over the surface of the capillary. We found our analysis to be
consistent with our experimental results, i.e., the 2- and 10-um poly-
styrene microparticles executed out-of-plane streaming, while the 15-
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Fig. 6 | Trapping of a zebrafish embryo using the RAEE. a Image sequences
demonstrating the trapping of a zebrafish embryo (120 hpf) containing an air-filled
swim bladder by the acoustofluidic end effector, activated at an excitation fre-
quency of 80 kHz and voltage of 20 Vpp (see Supplementary Movie 9) (the green
arrow depicts the swim bladder). Scale bar: 200 um b A magnified micrograph of a
trapped zebrafish embryo. Inset: plot of embryo translation velocity versus dis-
tance from the capillary tip. Error bar represents that the standard deviation (s.d.)
n=14. See Supplementary Data File 4 for source data for the graph. Scale

bar 200 um.

um particles were trapped. Since there is no analytical solution for the
radiation force of a vibrating capillary, it is difficult to determine the
cut-off size above which microparticles become trapped. The mini-
mum diameter of a particle that can be trapped can be estimated by
setting Fr = Fs.

Interestingly, when we increased the voltage applied to the pie-
zotransducer, i.e., the amplitude of the ultrasound, we observed
smaller 10-um microparticles to become arranged in bands almost
equidistantly spaced along the capillary, Fig. 5f. Interestingly, these
microparticles are not stationary, but execute circular motion around
the circumference of the capillary at fixed locations. The micro-
particles were grouped in regions where the vibrational amplitude was
at minimum, i.e., pressure nodes. The separation between each band
was measured to be ~270 +42 um. These trapping points thus further
suggest that a standing wavefield is developed along the capillary.
Such a wavefield becomes prominent when the capillary is acoustically
activated in air; see also Supplementary Movie 8.

Trapping of zebrafish embryo

Precise and controlled trapping and manipulation of mm-sized model
organisms such as C. elegans, zebrafish, and Drosophila embryos is a
challenging but essential requirement for applications in high-
throughput drug screening®®’°, imaging”’?, and sorting”>’*. Zebrafish
embryos are excellent substitutes for higher mammalian models. They
are used frequently to understand the molecular mechanisms involved
in human diseases and identify cures widely used for pharmaceutical
purposes’”. However, routine positioning of zebrafish embryos cur-
rently requires a skilled operator and is very tedious, involving multi-
step manual manipulation using micropipettes on agarose gel.
Moreover, the embryos are often damaged by this technique because
uncontrolled handling exposes them to excessive stress®”.

Accordingly, recent advances in trapping zebrafish embryos have
generated a great deal of interest. These include vacuum, hydro-
dynamic, and capillary-suction methods, gravity-induced docking on
microfluidic wells, electrowetting on a dielectric-based device, and
applications of ultrasound acoustics**”. Ultrasound in particular has
recently emerged as an exciting strategy for trapping zebrafish
embryos due to its safe operation at moderate levels of acoustic
pressure, non-invasiveness, ability to generate large trapping forces on
the order of micronewtons, ease of miniaturization, and low cost of
fabrication For example, Chen et al. developed an interdigitated sur-
face acoustic wave device to trap a zebrafish embryo using a vortex®.
Also, an acoustic levitation device has been developed to trap a zeb-
rafish embryo (5 hpf) in mid-air for fluorescent light sheet microscopy?®.
Here, we have designed a trapping device based on the acoustic
radiation force emitted from an oscillating glass capillary. The inte-
gration of this device with a robotic arm allows us to trap and
manipulate an embryo according to any pre-programmed trajectory in
2D and potentially in 3D. We demonstrate the RAEE’s versatile nature
by trapping an anaesthetized 120 h post-fertilization (hpf) zebrafish
embryo. The acoustofluidic end effector was brought near the embryo
and activated when the distance between the capillary tip and the fish
was approximately mm. We observed the embryo to be strongly pulled
to the acoustofluidic device, i.e., it became trapped at the capillary tip,
as shown in the image sequence in Fig. 6a. Figure 6b shows a magnified
micrograph of a trapped zebrafish, highlighting the specific attraction
of the swim bladder to the capillary tip (see also Supplementary
Movie 9). The inset depicts the rapid increase of the embryo’s trans-
lational velocity as it approaches the capillary tip; specifically, the
embryo’s speed varies with the fourth power of distance. Terminating
the applied acoustics releases the trapped embryo from the tip with-
out visible harm. Embryos lacking swim bladders are also attracted to
the capillary tip (see also Supplementary Movie 9). As discussed ear-
lier, when a solid microparticle is near an acoustically activated object
such as a microbubble, the particle experiences both radiation and
streaming forces; the radiation force scales with the volume of the
particle, while the streaming force scales with its diameter’. Since the
size of the zebrafish embryo is on the order of millimetres, the radia-
tion force is expected to dominate and, responsible for trapping. We
can selectively trap and manipulate embryos according to their size,
shape, and age by incorporating a microscopic visual feedback system.
Thus, our method supports capturing zebrafish in an automated
fashion, reducing the need for manual handling, and the robotics also
allow better manoeuvrability.

Pre-programmed high-throughput mixing of viscous liquids

The development of mixing technologies that can achieve uniform and
rapid mixing of viscous liquids at the microscale will open new avenues
in food processing, the pharmaceutical industry, and additive
manufacturing’. Although recent reports describe mixing viscous
liquids at microscales’, most existing micromixers have limitations in
handling viscous liquids. Injecting liquid is already a challenging task at
the microscale; mixing viscoelastic liquids remains an even greater
challenge because of the lack of inertia associated with extremely low
Reynolds numbers. As a result, there exist very limited micromixers
that can mix viscous fluids and to date most existing systems utilizes
acoustics. The acoustic microstreaming of microbubbles in micro-
fluidic devices, for example, was used to mix DI water with a glycerol
solution” and DI water with PEG-700’%. A micromixer has been
developed that leverages bubble inception and inertial cavitation from
the surface roughness of a channel’s sidewall to mix two viscous
liquids. An acoustic microstreaming method that uses oscillations
generated by sharp edges built into the microfluidic devices was uti-
lized to mix water and sputum, a biospecimen that is 10 times more
viscous than water’”. In addition, active microscale mixing is achieved
by rotating an impeller in the nozzle of a 3D printer to mix multiple

Nature Communications | (2022)13:6370



Article

https://doi.org/10.1038/s41467-022-34167-y

Capillary tip

%

Glycerol

'

Glycerol * \ A Rhodamine
1

Rhodamine

\ Capillary tip
P
.

20s

jef wellplate

Move to

F Move tipin a

figure-8

Move to next

well

Fig. 7 | Pre-programmed high-throughput mixing of viscous fluids in a 96-well
plate using the RAEE. a Conceptual schematic showing the merging of two dro-
plets (left). Image sequences demonstrate the merging of glycerol (black) and
rhodamine solution (red) droplets. Dotted white lines indicate droplet contours.
Scale bar: 500 um b Schematic showing the mobile mixing of rhodamine and gly-
cerol droplets. MAEE was utilized to achieve mobile mixing of rhodamine solution
ina glycerol droplet. Dotted white line indicates the contour of the glycerol droplet.
c The RAEE system in the initial position above the plate, prior to mixing. d Device

trajectory for the mixing process, indicated by blue dots and arrows. Movement
that occurs while mixing inside a well is indicated by yellow lines (see Supple-
mentary Movie 13). Scale bar: 20 mm. e Mixing procedure in a representative well,
where the frame at O's indicates the unmixed state and that at 45 s indicates the
mixed state. The yellow line indicates the path of the RAEE system inside the well
while mixing (see Supplementary Movie 13). f The schematic illustrates the algo-
rithm used by RAEE to achieve homogenous mixing in a 96-well plate.

inks while 3D printing"*°. Current micromixers are constrained by
unstable microbubble, random siting of microbubble initiation; fur-
thermore, mixing is developed in enclosed systems, thus, greatly lim-
iting its application in life sciences that require operation in open
systems, such as well-plates.

Our developed micromixer is unique in that it has two distinct
regions for mixing: (i) single or multiple frequency-specific counter-
rotating vortices at the capillary tip, and (ii) streaming developed
around the capillary shaft. The streaming at the tip can be used for
mixing droplets and mixing in open microfluidic devices, while the
combination of tip streaming and eddies around the shaft promotes
the mixing of viscous fluids in 3D deeper microwells. Additionally, as

the capillary-based acoustofluidic device is connected to a robotic
arm, we are able to programme arbitrary mixing paths in order to
achieve a high level of micromixing and automate high-throughput
mixing processes.

Here, we demonstrate an active, mobile method for mixing vis-
cous liquids. Figure 7a shows a pair of droplets, one containing rho-
damine solution (right) and the other glycerol (left), separated by
~100 um apart on a glass slide. The acoustofluidic device was initially
positioned on the rhodamine droplet. Notably, glycerol has a viscosity
that is six orders of magnitude larger than water (6.48 vs.
1.004 x10°m?s). The interface between glycerol and rhodamine
droplets remains almost intact even after hours, indicating negligible

Nature Communications | (2022)13:6370



Article

https://doi.org/10.1038/s41467-022-34167-y

diffusion-based mixing (see also Supplementary Fig. 4). The acousto-
fluidic device was initially positioned on the rhodamine droplet. As the
robotic arm translated from right-to-left (from the rhodamine to the
glycerol droplet) with the piezo transducer turned on, the rhodamine
solution became trapped within the tip vortices and subsequently
transferred into the glycerol droplet, upon which the two droplets
merged and initiated vigorous mixing. As the capillary translated fur-
ther right-to-left through the glycerol droplet, a halo-like mixed region
of rhodamine solution in glycerol was produced (Fig. 7b, see also
Supplementary Movies 11 and 12). The boundary between the mixed
and unmixed parts was distinct, indicating a sharp interface, i.e.
between mixed red and unmixed black. We executed active mixing at
an excitation frequency of 44.9 kHz and amplitude of 20 Vpp, which
produced uniform mixing in milliseconds (see also Supplementary
Fig. 4). All told, when mounted on a robotic arm, our acoustofluidic
device enables the mixing of viscous liquids through arbitrary and
predefined paths, and potentially the local mixing of liquids in a
3D space.

A 96-well plate was filled with glycerol and placed next to the
robotic arm, aligned such that the coordinate axes of the arm corre-
lated with the long and short sides of the plate. The robotic arm was
equipped with the acoustofluidic device, which was in turn connected
to a function generator and initialized. After all joints were homed, the
robot was programmed to approach the 96-well plate. The acousto-
fluidic device was placed 10 mm above the centre of the first to-be-
mixed well, as seen in Fig. 7c. Glycerol was dispensed into the wells of a
96-well plate, followed by the careful addition of 20 ul rhodamine
solution to prevent any immediate mixing of the two substances.
Subsequently, the piezo transducer was turned on and the robotic arm
lowered the acoustofluidic device into the first well, then proceeded to
move it in a “figure-8” pattern (each loop being 1 mm in diameter), as
illustrated in Fig. 7d. The motion and the applied acoustics stirred the
surrounding liquid, resulting in efficient mixing of the viscous fluids
(Fig. 7e). After 40 s, the motion was terminated and the acoustofluidic
device lifted to 10 mm above the well. The robot then proceeded to
relocate the device above the next to-be-mixed well, where the pro-
cedure was repeated. Once all wells were mixed, the robot moved the
device back to the initial position and terminated the mixing proce-
dure (Supplementary Movie 13). Figure 7f illustrates the algorithm
used by RAEE to achieve homogenous mixing. Because the vibration of
the acoustofluidic device increases towards its tip, the best stirring
occurs at the bottom of the well instead of the surface. This prevents a
solid-body rotation of the viscous liquid and ensures mixing. While the
mixing of samples in well-plates is a routine procedure in laboratories,
common vortex mixer cannot handle viscous fluids. Our device can be
integrated in a laboratory workflow as a viscous mixing station.

Discussion
This article introduces the first acoustofluidic end effector for a
robotic arm, thereby enacting an interface between macroscale
robotics and microscale liquid and particle manipulation technology.
The RAEE is a versatile platform that can find utility in a wide range of
applications in chemistry, biology, and the life sciences. This new
capillary-based acoustofluidic device yields two distinct steady-vortex
flow profiles: (i) helical streaming or corkscrew-like motion along the
capillary and (ii) frequency-dependent 3D streaming at the capillary
tip. To demonstrate the system’s versatility and multifunctionality, we
carried out pumping, droplet merging, selective microparticle trap-
ping, and mobile mixing of viscous liquids. We further demonstrated
trapping of zebrafish embryos. Finally, we preprogrammed the RAEE
to perform automated mixing of viscous liquids in well plates, illus-
trating its versatility for the automatic execution of chemical
processes.

The present work aimed at combining acoustofluidic physical
principles with macroscale robotics to demonstrate a range of

common laboratory functionalities; specifically, it exploits nonlinear
acoustic streaming phenomena to achieve controllable fluid motion
patterns. The frequency-dependent streaming flow profiles are pro-
duced from the oscillations of a glass capillary attached to a robotic
arm, and this implementation is conceptually attractive on account of
capillary oscillations being extremely stable and repeatable. Future
work will provide a detailed investigation of the 3D nature of the
produced flow profiles at the tip. We also aim in future to develop
comprehensive numerical models pertaining to oscillation modes and
corresponding streaming profiles.

We will further investigate 3D microparticle manipulation using
our developed technology. Manipulating microparticles in three
dimensions poses a fundamental challenge™®. We already showed
microparticles can be selectively trapped using capillary-based
acoustofluidic device, and since it is attached to a robotic arm, it is
possible to programme the device to follow any trajectory, i.e., to
manipulate microparticles arbitrarily. Using such a method to pre-
cisely position cells in a 3D architecture will allow for novel functions in
tissue engineering®’. We also plan to use our technology to induce
poration, which can lead to selective transfection through time-
varying stress generated by acoustic streaming with high-throughput
capability. And, we will also investigate the compound streaming
profiles that result when using multiple capillaries. Since each capillary
is paired with its own piezo transducer, programmable streaming
profiles can be attained by selectively activating and deactivating
specific capillary devices. This concept can be further developed into
modular acousto-capillary fluidics, where multiple capillary-based
fluidics can perform individually specialized sequences.

The current study demonstrates liquid pumping only in one
direction. Achieving bi-directional motion, i.e., infusing and retracting
liquid, could benefit various microfluidics and liquid manipulation
methods. The RAEE could provide bi-directional pumping by con-
trolling the direction of the generated vortices, which can be accom-
plished by tuning the exciting acoustic frequency. Alternately,
manipulating the acoustofluidic device towards the bottom wall can
switch the direction of pumping. Consequently, the RAEE offers an
easy and versatile alternative to current liquid pumps. It also supports
selective pumping among multiple open channels by simply manip-
ulating the acoustofluidic device to a specific channel. Finally, we also
demonstrated the trapping of a zebrafish embryo using the acousto-
fluidic device. We plan to expand on this by trapping a zebrafish
embryo while swimming, and by incorporating computer vision for
automated size-dependent sorting, which can be used in the classifi-
cation or phenotyping of zebrafish embryos.

Finally, our simple acoustofluidic device, which costs under $20 to
manufacture, can be connected to any commercially available robotic
arm for automation and to introduce multifunctionality—although it
merits note that the precision of manipulation depends on the robot
arm. Nonetheless, with its ease of construction, the versatile RAEE
could become valuable in basic or translational research that calls for
repetitive sample preparation steps, particularly those involving
micropipetting and typically performed by manual operators.

Methods

Experimental set-up

Dynamic acoustic device. The robot-assisted acoustofluidic manip-
ulation system (Fig. 1a) consists of a robotic arm (Dorna robotics, USA)
(code to control the Dorna Robotic arm is mentioned in Supplemen-
tary Data file), a piezoelectric transducer, and a glass capillary. The
piezoelectric transducer (Steminc, USA) had dimensions of
7.0x8.0x0.2mm and a resonance frequency of 240 kHz (see also
Supplementary Fig. 3). The glass capillary had a 1.5 mm outer diameter
at its base and was pre-pulled, creating a narrow tip of only a few
micrometres in diameter at its other end. Most of the results shown in
this work are obtained using a closed capillary with no liquid inside the
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capillary; see Supplementary Note 4 for preliminary results for a case
with liquid inside capillary. The piezoelectric transducer was bonded
using a two-component epoxy (UHU Plus Sofortfest) at -2 cm above
the tip of the capillary, and was connected to a function generator
(Tektronix AFG 3011C) and activated with square waves having
amplitudes in the range of 0-20volt peak to peak (Vpp) and fre-
quencies in the range of 5-300 kHz. The capillary-based acoustofluidic
device was connected to the robotic arm via a custom-built 3D printed
gripper and is illustrated in Fig. 1a. The robotic arm was installed
adjacent to an inverted microscope on an air-dampened table. The
capillary tip was immersed in a cylindrical liquid chamber containing
Dragon Green fluorescent tracer particles (Bangs Laboratories, Inc.)
with a mean diameter of either 2.0 or 5.0 um, mixed with de-ionized
water in a volume ratio of 1:10 (Fig. 1a). The tip was positioned at the
chamber’s centre to ensure minimum boundary effects during its
characterization with the program PIVIab.

Static acoustic device. The acoustic device was set up as described
above. A static gripper replaced the robotic arm; it was custom-made
and 3D printed (Form3, FormLabs) using clear resin (see also Supple-
mentary Fig. 5).

Imaging. The acoustofluidic device was placed on the sample stage of
an inverted microscope (Axiovert 200M, Zeiss, Leica), and images and
videos were recorded using a high-sensitivity camera (CoolSNAP EZ
Monochrome, Photometrics by Hamamatsu) and a high-speed camera
(Chronos 1.4).

Preparation of polydimethylsiloxane (PDMS) channel

The PDMS spiral channel used for acoustic pumping in Fig. 4d was
fabricated from a 3D-printed mould. The base (Sylgard 184 Silicone
Elastomer Base, Dow Europe) and the curing agent (Sylgard 184 Sili-
cone Elastomer Curing Agent, Dow Europe) were mixed at a 10:1
volume ratio and put under vacuum for degassing. Afterwards, PDMS
was poured over the mould, then put back under vacuum. Finally, the
channel was heated in an oven for 2 h at 85°C to get the final PDMS-
based channel.

Preparation of the zebrafish embryo

Zebrafish (Danio rerio) were maintained under a 14:10 h light/dark
cycle at 28 °C'. Embryos from pairwise crosses of WIK wild-type fish
were raised in E3 medium (5 mM NacCl, 0.17 mM KCIl, 0.33 mM CaCl,,
0.33 mM MgSO0,) at 28 °C. Larvae were used at 5 days post fertilization
(dpf) in E3 medium. Experiments on larvae until 5 dpf do not fall under
animal welfare regulations. Husbandry and housing was approved by
local authorities (Kantonales Veterindgramt TV4206).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are available for Figs. 1-7 and Supplementary Figs. Notes
and Movies in the associated Source data file. Data that support the
findings of this study are available within the paper, Supplementary
Information and Supplementary data files. Source data are provided
with this paper.

Code availability
The MATLAB code to control the DORNA robotic arm is added in
Supplementary Data file 1.
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