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Mono-disperse droplet formation in microfluidic devices allows the rapid production of thousands of identical droplets and has
enabled a wide range of chemical and biological studies through repeat tests performed at pico-to-nanoliter volume samples.
However, it is exactly this efficiency of production which has hindered the ability to carefully control the location and quantity
of the distribution of various samples on a chip - the key requirement for replicating micro well plate based high throughput
screening in vastly reduced volumetric scales. To address this need, here, we present a programmable microfluidic chip capable
of pipetting samples from mobile droplets with high accuracy using a non-contact approach. Pipette on a CHip (PoaCH) system
selectively ejects (pipettes) part of a droplet into a customizable reaction chamber using surface acoustic waves (SAWs). Droplet
pipetting is shown to range from as low as 150 pL up to 850 pL with precision down to tens of picoliters. PoaCH offers ease
of integration with existing lab on a chip systems as well as a robust and contamination-free droplet manipulation technique in
closed microchannels enabling potential implementation in screening and other studies.

1 Introduction

Microfluidics, the study of fluid flow at the microscale, has
revolutionized the way in which laboratory procedures can
be performed. There are many examples in which the need
for expensive and bulky equipment, as well as the amount of
wasted chemicals, have been decreased significantly over the
last two decades through the implementation of microfluidic
devices. However, frequently lab on a chip (LOC) devices are
designed to carry out a laboratory specific work-flow and fail
to exhibit cross compatibility and modular integration. Here,
we start with mimicking the most universal of laboratory tools,
the pipette, with a modular approach. The pipette allows the
user to extract, transport and dispense precisely measured vol-
umes of media into another vessel. It is of paramount im-
portance in the creation of controlled mixtures and initiating
reactions which form the basis for numerous studies such as
high throughput screening (HTS).

To this end, a non-contact method to pipette a specified por-
tion of a droplet into a secondary channel selectively using
surface acoustic waves (SAWs) is proposed. Mono-disperse
droplets generated by a fixed-volume droplet generator1 are
detected using a capacitive sensor and SAWs are excited in or-
der to pipette the specified volume. Pipette on a chip (PoaCH)
is capable of pipetting from multiple droplets of different con-
stituents, in the system we present, these ejected droplets are
then hydrodynamically merged in the secondary channel to
form a mixture of two or more chemicals with specified con-
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centrations.
PoaCH is driven by two distinct techniques; the sensing and

manipulation of droplets in microfluidic channels. In regards
to droplet sensing within closed microfluidic channels, two
primary methods exist; optical and electrical detection. While
optical detection can achieve high throughput, it usually re-
quires expensive and bulky equipment to operate. Electrical
detection, on the other hand, can be achieved via deposition of
electrodes onto the desired chip, and as such can easily be ex-
tended to multiple sensing sites across a chip. Some examples
of electrical detection are microwave sensing2, multiplexed
electrical sensing3, conductive sensing4 and capacitive sens-
ing5–7. Resistive and conductive methods offer superior sensi-
tivity but require contact with the droplets which increases the
risk of cross-contamination. In contrast, capacitive sensors are
fabricated with the use of a passivation layer eradicating issues
associated with cross-contamination at the expense of sensi-
tivity. Here, methods from Elbuken et al.’s capacitive sensor6

were adopted due to their robustness, ease of integration and
readily available, affordable components.

Existing droplet detection methods were implemented,
however, to meet the second requirement and create the abil-
ity to selectively pipette fluid from a moving droplet, a new
approach is required. Whilst passive interaction methods exist
for droplet generation8,9, trapping10–12, splitting13,14, merg-
ing15,16 and mixing17, offering high speed, these actions lack
selectivity, they happen to each and every droplet.

For selectivity, active methods are required. For exam-
ple, electric forces have been used for trapping and merging
droplets in microfluidic chambers18, for sorting droplets19,20

and inducing electrocoalescence of adjacent droplets21,22.
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Mechanical forces have been used to generate, trap and fuse
droplets23,24. Ultrasonic vibration in the form of bulk acous-
tic waves (BAWs) have been used to manipulate25, trap and
sort droplets26 whereas SAWs have been used to generate27,
merge28 and sort droplets29. Finally, SAWs have also been
used to steer droplets; when the steering is incomplete, split-
ting is also observed due to acoustic radiation forces30. In
this previous study by the authors, splitting occurred at a Y-
junction, at which the pressure differences in the adjoining
channels were naturally balanced, a feature which would be
lost when multiple junctions are desired on the chip, hence the
system lacks modularity and integrability.

In this work, we demonstrate the ability to pipette small
quantities from a moving droplet as it passes a channel branch
which forms a closed loop with the main channel, thus, the
pressure difference at the branch is dictated by geometry, and
modularity is retained. This new manipulation concept, which
uses acoustic streaming to alter the flow profiles at the branch,
has the capability of removing sub-samples from selected
droplets as they pass through the main channel. Through repli-
cation on a chip, this offers the potential for the user to create a
droplet matrix of desired individual content. SAWs have been
preferred as the active method because they offer enhanced
independent control and power for localized energy transfer
when integrated to specific locations on the microfluidic chip.

Although the use of acoustics in droplet microfluidics is rel-
atively recent, it is a well established technique in the broader
field of microfluidics31,32. For example, BAWs find numerous
applications in particle and/or cell manipulation33–35, separa-
tion36,37 and trapping38 as well as microfluidic mixing39,40.
SAWs have also been used for manipulating cells41,42, parti-
cle concentration43,44, trajectory control45 and sorting46,47.

Here, we present an automated microfluidic platform,
pipette on a chip (PoaCH), capable of selectively pipetting
droplets for further manipulation and observation. The system
utilizes acoustic forces, is well characterized, modular and in-
tegrable; therefore, allowing ease of modification to fulfill re-
quirements and integration with existing LOC devices. More-
over, its ability to generate an ordered droplet matrix while
making use of readily available and affordable components
without the need for moving parts or a microscope makes it
compelling. The proposed system initially detects an incom-
ing droplet using a capacitive sensor; thereafter triggers the
onset of SAWs along a secondary channel, which couple into
the continuous phase inducing acoustic streaming that aug-
ments the flow in the secondary channel. The augmented flow
siphons the incoming droplet into the secondary channel. De-
pending on the duration of the applied excitation, a predefined
volume can be pipetted from the main droplet in a non-contact
approach.

In this paper, detailed experimental and numerical analy-
sis of the governing physics are presented considering the ef-

fects of SAW excitation duration and amplitude. Numerous
biological and chemical studies will benefit from switching
the conventional pipette with a PoaCH device due to its un-
paralleled volume precision, improved throughput and costly
reagent waste reduction.

2 Experimental

2.1 Experimental Methods

2.1.1 Fabrication

The proposed chip is comprised of a capacitive sensor,
inter-digital transducers (IDTs) and fluid confining channels.
The fabrication techniques used are highly standard and
widely used in typical surface acoustic wave (SAW) based
microfluidic devices28,30.

Both the sensor and the IDTs are fabricated in the same
manner; a masking layer of photoresist was patterned on
lithium niobate, LiNbO3 (LN), substrate of 500 µm thickness
(single side polished, 128°Y-cut, X-propagating) using stan-
dard lithography techniques. This is followed by physical va-
por deposition of a thin adhesion layer of chromium (10 nm),
200 nm of aluminum and an additional 250 nm thick layer of
silicon dioxide, SiO2, as a passivation layer. This final layer
not only enhances the bond between the substrate and poly-
dimethylsiloxane (PDMS) but also shields the electrodes from
shorting as well as droplets to prevent cross-contamination.
The capacitive electrodes for sensing droplets were adapted
from the designs tested and optimized for a fringing field ca-
pacitive pH sensor48.

The channel structure, however, was fabricated using a deep
reactive ion etched (DRIE) silicon mold and PDMS imprint-
ing. PDMS surface was activated by exposure to air plasma
(Harrick Plasma PDC-32G) and bonded to LN chips irre-
versibly.

2.1.2 SAW Specific Parameters

A set of focused IDTs (FIDTs) with a wavelength of 30
µm were utilized in this study. FIDTs are a specific type of
IDTs which concentrate the acoustic energy along a narrow
band such as the 50 µm wide channel used in this study.
30 µm FIDTs are energy efficient for generating acoustic
streaming and highly compact thereby allowing integration
of multiple sets of FIDTs on a single chip. The FIDTs
patterned onto lithium niobate, LiNbO3 (LN), substrate were
excited with an AC signal of 122 MHz frequency resulting in
traveling SAWs (TSAWs) which coupled into the continuous
medium inducing acoustic streaming. The electrical power
available to FIDTs did not exceed 0.25 W during experiments.
Increase in temperature was measured by a thermal imaging
infrared camera (FLIR i7, FLIR Systems, Inc.) at 100% duty
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cycle to be less than 5°C. Duty cycle was kept low (< 10%)
during experiments in order to avoid heating related effects
such as changes in fluid properties.

2.1.3 Setup

The fabricated microfluidic chip was positioned beneath
a microscope (Olympus BX43, Tokyo, Japan). While the ac-
tuation IDTs are interfaced with an amplifier (AR 25A250A,
Amplifier Research) which modulates the output signals from
a programmable RF-Synthesizer (HAMEG 8135, HAMEG
Instruments GmbH, Germany) controlled by a PC; the sens-
ing IDTs were connected to a capacitive-to-digital converter
microchip, AD7746, which has built-in excitation sources
and filtering/amplifying circuits49 (Fig. 1). The AD7746’s
measurement range is reported as ±4 pF with a precision of 4
fF6. The microchip signals were detected by a programmable
micro-controller (Arduino Uno R2) and relayed to a PC via
USB.

Micro�uidic Chip Ampli!er

Signal 

Generator

AD7746

Arduino

Uno

PC MATLAB

Sensing ActuationManipulation

Signal Processing

Fig. 1 Schematic diagram of the microfluidic system showing the
sensing, signal processing, actuation and manipulation cycle.

An in-house built MATLAB GUI was employed to com-
municate with the capacitive sensors and the RF-Synthesizer
allowing users to input and alter the required parameters;
‘Threshold (T)’, ‘Droplet Skip (DS)’, ‘Delay Time (DT)’,
‘Pulse Time (PT)’and ‘Voltage (V)’. The GUI is programmed
such that if the capacitance reading surpasses the defined ca-
pacitance T; an RF pulse is triggered every DS number of
droplets, after DT has elapsed, for the duration of PT, apply-
ing voltage V to generate SAWs. It should be noted that all
these parameters can be updated in real-time during operation.
Furthermore, the working code could be easily modified to ac-
commodate more controls or parameters to carry out specific
studies.

Microfluidic inlet ports were connected to Microfluidic
Flow Control System (MFCS™-EZ, Fluigent) through poly-
tetrafluoroethylene (PTFE) tubing. The dispersed phase used
was Milli-Q water whilst an engineered fluid (3M™ Novec™

7500) stabilized by 2% surfactant (Pico-Surf™ 1, Sphere Flu-

idics, UK) was mixed (50%-50% v-v) with Pico-Break™

(Sphere Fluidics, UK) and used as the carrier fluid through-
out the experiments.

The videos and images were recorded by a parfocal mi-
croscope camera (5MP, Dino-Lite AM7023B, New Taipei
City, Taiwan). In order to carry out the analysis, the videos
were processed using “Droplet morphometry and velocime-
try”(DMV) software50. DMV is a post-processing tool that
identifies and tracks droplets to report properties such as area,
velocity, location, etc. Herein, DMV was used to gather size
and velocity information about the droplets using the same
settings across the range of recorded videos. While DMV
extracts droplet velocity directly from measuring the distance
traveled by the centroid across successive frames, it calculates
droplet area by counting the number of pixels occupied by the
droplet scaled using ’microns to pixels’ (µm/px) ratio. Droplet
volumes were approximated using this area multiplied by the
height of the fluidic channel, ignoring edge shape effects.

2.1.4 Particle Image Velocimetry (PIV)

The averaged velocity field and velocity vectors were
obtained from 10 successive frames analyzed by PIVlab51

for MATLAB. 500 nm fluorescent polystyrene particles from
Magsphere Inc. (USA) was diluted 1 : 20 (v/v) with DI-water
mixed with 2% (w/w) polyethylene glycol (PEG) granules
(Sigma-Aldrich Co. LLC.) to obtain the mixture that was
introduced into the microfluidic chip for PIV experimentation
via a syringe pump (NE-1000, New Era Pump Systems, Inc.)
driven at constant volumetric flow rate of 5 µL/hr. Successive
frames were extracted from videos recorded during the
absence and presence of SAW actuation. PIVlab’s built-in
smoothing function was used as a post-processing step.

2.2 Numerical Methods

Numerical simulations were developed to understand the un-
derlying physics of the proposed system. A numerical model
representing the physical system allows further investigation
into relevant parameters and limitations of the system. In this
work, the use of SAWs is proposed to induce acoustic stream-
ing within the top section of the closed loop as a result of
a pressure gradient generated by the incident traveling SAW
(TSAW). This pressure gradient is responsible for driving the
flow in the loop, which in turn draws fluid from the main
channel in accordance with conservation of mass and there-
fore, the underlying mechanism enabling non-contact droplet
pipetting. To illustrate this effect, a simplified 2D model cap-
turing the salient features has been developed using COMSOL
Multiphysics® 5.0.

To meaningfully represent the system at hand, a laminar
two-phase flow, level set module was utilized. The two phases
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used in the numerical simulations were assigned the corre-
sponding properties of oil (Fluid 1) and water (Fluid 2) as used
experimentally. Main droplets, exhibiting similar volume as
experiments, were generated upstream using a fluid pinch off
at a flow focusing junction. The generated droplets then tra-
verse a closed microfluidic channel network integrated to the
main channel consistent with experimental designs (Fig. 2).

Fig. 2 Numerical model results of a two phase volume fraction plot.
Red denotes the oil phase (Fluid 1) whereas the blue regions
represent the water phase (Fluid 2).

The oil and water inlets were imposed with corresponding
input flow rate boundary conditions required to produce sta-
ble droplets. At the exit, downstream, the outlet was set to a
zero pressure, no viscous stress boundary condition. It should
be noted, experimentally the droplets were produced using a
T-junction and not a flow focusing junction. However, the
droplet generation method is irrelevant as it does not affect the
pipetting mechanism discussed here. To represent the pressure
gradient induced by SAWs, a volume force domain condition
was imposed on the upper section of the closed loop (i.e hori-
zontal section).

The developed model was used to investigate the duration
of the applied volume force (i.e. PT in experiments). In ad-
dition, the effects of the onset of actuation and the existence
of a droplet blocking the second T-junction are investigated in
order to gain insight into the effect it has on the pressure dis-
tribution within the closed loop, hence, the resultant pipetted
droplet size †.

The resulting extracted droplet volumes were evaluated
using a surface integration function built within COMSOL
Multiphysics® 5.0. The surface integration of the water phase
(i.e. Fluid 2) results in an area that provides information of
the extracted droplet volume produced. These results are later
compared to the corresponding experimental results obtained
from DMV software.

† Electronic Supplementary Information (ESI) available: Movie showing nu-
merical simulation results of pipetting. See DOI: 10.1039/b000000x/

3 Results & Discussion

3.1 Working Principle

Surface acoustic waves (SAWs) are generated by applying an
alternating current (AC) on micro-fabricated electrodes pat-
terned on a piezoelectric substrate. These inter-digital trans-
ducers (IDTs) consist of multiple equidistant electrode pairs,
the pitch of which is matched to half the surface acoustic
wavelength, λ/2, at the desired operation frequency (Fig.
3A). As the resulting waves are mechanical (Rayleigh type)
surface waves exhibiting amplitudes of a few nanometers os-
cillating at MHz frequencies, they are energy efficient, can be
bio-compatible52 and easily interfaced with microfluidic sys-
tems. Additionally, they offer contact-free manipulation and
portability owing to low power requirements.

Rayleigh waves can propagate efficiently on a bare sub-
strate owing to their non-penetrating nature and weak damp-
ening in air. However, as soon as they encounter a solid-
liquid interface, the out-of-plane components couple into the
medium, attenuating the SAW amplitude as energy is con-
verted into a compressional wave in the fluid. The wave
mode changes to Leaky Rayleigh waves and depending on
the acoustic impedance mismatch of the interfacing media,
SAWs refract with a specific angle, known as Rayleigh angle
(Fig. 3A) satisfying wave number matching condition53. The
Rayleigh angle is given by θR = sin−1(cl/cs) where cl and cs
are the speed of sound in the interfacing medium and the sub-
strate, respectively. As a result of the perturbation imposed by
the incident acoustic field within a viscous fluid, a net rate of
momentum transfer, also known as Reynolds stresses, is expe-
rienced by the fluid volume. It is the Reynolds stresses that are
responsible for driving the observed steady streaming flow in
the medium, termed acoustic streaming (Fig. 3A)54. A sim-
plified approach to simulate this complicated phenomenon is
through the introduction of a body force applied on the fluid
volume55, which is employed in our numerical simulation de-
tailed in the methods section 2.2.

SAW couples energy into a fluid placed on the substrate, re-
sulting in a spatial attenuation of the SAW’s amplitude. This
spatial variation, also present in the fluid borne wave due to the
attenuation of the wave in the fluid, gives rise to a body force
which drives acoustic streaming54. Whilst, acoustic streaming
induced by SAWs has found widespread usage in microfluidic
tasks such as mixing56, micro-pumping57 and sorting29, here
we use it to alter the flow in a branched system. Figure 3B
shows the branch, in which a narrower loop channel, which in-
cludes a reaction chamber, branches and then rejoins the main
channel. The pressure drop in a channel can be expressed as
∆P = RQ, where R is the channel resistance and Q the flow
rate through that channel. If we consider the flow balance
between the start and end of the loop channel when just one
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Fig. 3 Working principle of Pipette on a Chip. (A) SAWs
generated by IDTs refract into the fluid medium with Rayleigh angle
and induce acoustic streaming. (B) Droplets are created upstream of
the schematic and pass along the oil filled main channel, acoustic
streaming changes the relative flow in each channel at the branch
within ”View A”, partially siphoning a droplet into the closed loop.
(C) Particle Image Velocimetry results from the T-junction (View A)
showing velocity vectors and magnitude when the IDTs are not
actuated. (D) Pressure variation along the closed loop when the
actuation is off (solid line) and when the actuation is on (dashed
line). (E) Particle Image Velocimetry results from the T-junction
(View A) showing velocity vectors and magnitude when the IDTs
are actuated.

phase is present, the flow rate balance is RmQm = RlQl , where
the subscripts m and l refer to the main and loop channels re-
spectively. As the resistance is considerably lower in the main
channel, the volumetric flow rate will be significantly higher
as shown with Particle Image Velocimetry (PIV) in figure 3C.
The pressure around the loop channel will drop uniformly as
the resistance is constant (ignoring the expansion at the reac-
tion chamber for simplicity), this is shown in figure 3D (data
taken from our numerical simulation). When we actuate the
SAW, a body force acts on the fluid over a length of the loop
channel (denoted Region 2 in figure 3B and D), from the first
bend to a point at which the waves have become highly atten-
uated, this alters the resistance of the channel over this length.
As such the pressure drop around the channel loses its unifor-
mity, also shown in figure 3D. Because of this section of low-
ered resistance, to balance the total pressure drop from start to
end (assuming a pressure driven source), the flow in the closed
loop must rise (R remains fixed for Regions 1 and 3 in figure
3B, but the pressure must drop more rapidly). As such, the
flow balance is altered, and flow in the loop is increased. This
can be seen experimentally in figure 3E, as more flow goes
through the loop less flow goes along the main channel. A
similar technique was employed by Schmid and Franke58 in
order to control the size of droplets forming at a T-junction.

Hence, through the generation of acoustic streaming in the
closed loop, a localized pumping effect is achieved. As the
system implements a closed loop geometry for the secondary
channel, rather than a Y-junction with controlled outlet pres-
sures, there is potential for assembly of multiple loops on a
single microfluidic chip enabling combinatorial studies as well
as rendering this technique modular and easily integrable to
existing lab on a chip (LOC) devices.

When two phases are present in the system, a significant
pressure change over the oil/water interfaces can be observed
due to surface tension, ∆P = RQ+2γH where H is the radius
of the interface and γ the surface tension59. This means that
whilst, without actuation, there is a small flow along the loop
channel in the single phase system, the pressure drop causing
this can be balanced by the interface and its deformation at
the entry to the channel when a droplet is present in oil. As
such, when carefully designed, the droplets do not split at the
junction without external actuation (Fig. 4).

However; when SAWs are directed along the higher resis-
tance branch (Fig. 5A), acoustic streaming boosts fluid flow
creating a suction effect within the closed loop. This draws
the interface between the water and oil phases into the closed
loop for the duration of the applied pulse (450 ms in this case)
(Fig. 5B and C) and dispensing occurs. Once the SAW ac-
tuation is terminated, the droplet interface that has protruded
into the closed loop remains static (the interface in the closed
loop is in the same location in Fig. 5D and E) until the entire
mother droplet passes the junction (Fig. 5D and E). The inter-
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Fig. 4 Timelapse micrographs of a droplet crossing the loop
entrance without splitting in the absence of SAW actuation.

face thins at the edge of the T-junction as it’s sheared by the
oil phase, thus, splitting the droplet into two unequal volumes
- the main droplet and the pipetted sub-sample ‡ (Fig. 5F) .
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t=0.8s

t=1s

Fig. 5 Timelapse micrographs of droplet pipetting with SAW
actuation. (A) SAWs are initiated after the droplet just passes the
T-junction at t=0 s. (B)-(C) The droplet is withdrawn to the closed
loop during the period of actuation (450 ms in this case). (D)-(E)
The interface retains its final position after actuation has stopped
until the main droplet finishes its journey. (F) The droplet splits as
the interface thins and eventually ruptures at the corner of the
T-junction.

With a fixed external flow and using the capacitive sensor
to ensure accurate onset of excitation, the extent of pipetting

‡ Electronic Supplementary Information (ESI) available: Movie showing
pipetting every fifth droplet into the closed loop by using surface acoustic
waves. See DOI: 10.1039/b000000x/

depends on the duration and amplitude of the applied electri-
cal pulse. Extensive experimental and numerical analysis has
been conducted on a looped channel (in the absence of the
reaction chamber) to characterize the final pipetted daughter
droplet volume. Increasing the flow rate, on the other hand,
whilst keeping all the other parameters constant, resulted in a
reduced final volume due to the lesser amount of time avail-
able for withdrawal of the droplet interface into the closed
loop which could be counteracted by increasing excitation am-
plitude. The proposed system is capable of pipetting from
moving droplets with speeds up to 3 Hz §.

3.2 Pulse Duration

One key parameter that influences the final droplet volume is
the duration of the applied SAW pulse. To demonstrate the
role of pulse duration, a set of experiments have been con-
ducted keeping the initial droplet volume, applied SAW power
and system flow rate constant, whilst the pulse duration was
gradually increased. The results from this experimental set are
plotted in figure 6. Mother droplets of 4 nL volume were suc-
cessfully pipetted to yield daughter droplets volumes ranging
from as low as 250 pL up to 900 pL.
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Fig. 6 Experimental and numerical results showing the effects
of pulse duration on the daughter droplet volume. Insets are
embedded images from the numerical simulation at the linked data
points.

The results verify that the pipetted volume increases as the
duration of the excitation is extended. It can be observed from
figure 6 that experimental pipetted volume saturates at higher
pulse lengths and fails to decrease beyond a certain threshold.
While the minimum pipetted volume depends on the splitting

§ Electronic Supplementary Information (ESI) available: Movie showing
pipetting at 3 Hz. See DOI: 10.1039/b000000x/
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limitations (i.e closed loop entrance width and height); the
maximum volume was limited by the width, height and ver-
tical (with reference to the image plane) entrance length of
the closed loop. The later of these is due to the movement of
the interface into the area of the channel at which the SAW
is present. When this occurs there are two counteracting ef-
fects, firstly the streaming still seeks to draw fluid through
the loop, but the acoustic waves also exert acoustic radiation
forces which act on the interface and will prevent it from en-
tering the pressure field. We observe, that this limits the max-
imum pipetted volume, a limit which can be designed to meet
specific requirements.

The ejected droplet size as a function of pulse duration has
been compared to a 2D numerical simulation of the proposed
system (Fig. 6). In this simulation; the initial droplet size,
velocity and actuation amplitude were held constant while a
parametric sweep of the duration of actuation was studied - in
this case the actuation being a body force applied directly to
the fluid. The results are plotted in figure 6 with a dash-dot
line. Due to the nature of the numerical model, the time scale
is not directly comparable to experiments. To make a valid
comparison with experimental results, the pulse lengths have
been normalized by the minimum and maximum time values.

The results from the numerical simulation closely match
the experimental findings with the exception of the satura-
tion towards the maximum pulse length which appears to be
less pronounced. This is attributed to the fundamental dif-
ference between experiments and simulation where the ef-
fect of SAWs was simplified to a volume force, analogous
to Reynolds stresses, that acts on the upper section of the
closed loop. Even though it captures the effect of high pres-
sure maximum volume limitations explained earlier, it fails to
simulate the effect of acoustic radiation forces experienced by
the droplet interface, which become relevant when the length
of the pipetted droplet approaches the length from the closed
loop entrance to the first bend (at which the acoustic waves are
directed).

3.3 Excitation Amplitude

A second key parameter that governs the pipetted volume is
the voltage applied to the IDTs. As the voltage is increased,
the streaming velocity, thus the flow through the closed loop,
increases and the droplet interface is drawn in at a higher rate.
In order to understand how the electrical input amplitude im-
pacts the final droplet volume, another set of experiments were
undertaken where, the flow rate, initial droplet volume and
pulse length are kept constant while the applied voltage is in-
cremented. The results from these experiments are plotted in
figure 7.

As the voltage increases; the acoustic streaming field fol-
lows suit, resulting in a more pronounced suction that draws
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Fig. 7 Experimental results showing the effects of voltage on the
pipetted volume. Insets are embedded experimental micrographs
extracted from the indicated data points.

the droplet interface into the closed loop at a higher rate lead-
ing to enhanced pipetting at fixed pulse lengths. Experimen-
tal results displayed in figure 7 further verify this discussion
where an increasing trend can be observed. Ultimately, the
rate of pipetting or the final droplet volume directly depends
on the flow rate of the closed loop, significantly but not solely
influenced by acoustic streaming. The quadratic relationship
between the voltage applied to IDTs and the Reynolds stresses
induced in a fluid, driving acoustic streaming, was previously
shown53,60. However, the system under consideration is a par-
allel fluidic network of compliant channels housing immisci-
ble fluid media creating pressure discontinuities due to sur-
face tension, therefore, the relationship between input voltage
and pipetted volume is believed to be unsuitable for analyti-
cal simplifications. Nonetheless, the operating regime studied
here indicates a trend which can easily be approximated for
producing values in between.

Overall, we have shown that the flow balance existing be-
tween the main channel and higher resistance loop channel
can be altered by the application of SAWs. When a two phase
flow is used, this can be used to transition between droplet de-
formation and pipetting. Under no actuation, the loop can be
designed such that the droplet deforms into loop channel but
does not split. Whilst under actuation, the alteration of the
flow balance draws additional fluid from the droplet into the
loop causing pipetting to take place, the volume being excita-
tion amplitude and duration specific.

3.4 Application

A hydrodynamic merging section similar to Niu et al.’s61 pre-
vious work has been integrated into pipette on a chip (PoaCH)
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as a benchmark study to further demonstrate the versatility and
compatibility of this system in different applications. In this
study, once a droplet is pipetted into the closed loop (Fig. 8A),
it starts traveling towards the hydrodynamic merging cham-
ber located downstream. In the meantime, another droplet is
pipetted by a second SAW actuation (Fig. 8B). Once the first
droplet reaches the merging chamber, it gets trapped until the
second droplet arrives (Fig. 8C). As this happens, a thin oil
film prevents coalescence at the droplet-droplet interface62,63

(Fig. 8D). This liquid film drains out over a short period of
time and intermolecular forces take over to rupture the inter-
face leading to fusion of the trapped droplets (Fig. 8E). The
merging chamber is designed to contain a maximum volume
of droplet, above which, the larger merged droplet exits the
chamber ¶ (Fig. 8F). The fused droplet travels further within
the loop and goes through a serpentine type mixer17 to facili-
tate mixing (Fig. 3).

t=0s

100μm

A

B

C

D

E

F

t=9s

t=11.5s

t=19.5s

t=21s

t=22s

Fig. 8 Sequential images showing pipetting and merging. (A)
The first droplet is pipetted by SAW actuation and it travels within
the closed loop. (B) A second droplet is pipetted while the first one
travels to the merging chamber and (C) gets trapped there. (D) The
second droplet travels in the loop until it interfaces with the trapped
one. (E) The droplets stay in contact while liquid film drains at the
interface and coalescence takes place. (F) Once merged, the droplet
exits the trapping chamber.

3.5 Outlook

High throughput screening (HTS) is a widely used method
for early drug screening studies carried out by pharmaceutical

¶ Electronic Supplementary Information (ESI) available: Movie showing
pipetting and merging with PoaCH. See DOI: 10.1039/b000000x/

companies. HTS is an empirical method which exhaustively
tests disease-carrying targets (i.e cells and proteins) against
a library of compounds yielding millions of combinations in
the hunt for a positive match. Typically, HTS reactions are
conducted in micro well plates containing a matrix of wells;
reagents are loaded onto the plates by pipettes integrated to
robotic arms; the analysis (i.e mixing, dilution, detection) ne-
cessitates the utilization of bulky and expensive equipment.
Miniaturization of these wells, driven by the need for higher
throughput (reduced reaction times) and lower reagent costs
(reduced volumes), has reached limits imposed by the accu-
racy of robotic pipetting and evaporation in such open sys-
tems64,65.

Lab on a chip (LOC) devices, specifically droplet microflu-
idic devices, in which droplets are dispersed in a carrier
medium, could potentially revolutionize HTS technology65,66

since they offer ultra miniaturization with increased through-
put, lower costs and single-cell analysis capabilities with-
out the need for moving parts. However, the manipulation
of droplets in microfluidic systems poses a great challenge
given the fact that microfluidic systems are enclosed, planar
and driven by continuous flow at higher throughput. A key
challenge is the ordered formation of an m by n matrix of
droplets, this is addressed by the pipette on a chip (PoaCH)
system. We believe that replicating the micro well plate tech-
nology within closed microfluidic systems lies at the heart
of this long-awaited paradigm shift towards microfluidic-HTS
(µHTS).

The formation of a 1 by n vector of droplets has been ac-
complished by using a pre-loaded droplet to form a concen-
tration gradient amongst daughter droplets67 and by using a
robotic setup to reposition the fluid inlet of the device so that
droplets of desired chemical content could be siphoned in a
programmable manner68,69. The latter will be referred to as a
Serial Sample Loading (SSL) system68. A vector of droplets
was also realized by integrating parallel channels within a
multi-layered microfluidic device70 as well as using a cross
junction to collect different droplets streams into a single con-
tainer71.

Nevertheless, creating an m by n matrix of droplets re-
mains a major challenge. Theberge et al.71 proposed to merge
reagent droplets created by an SSL system with various sam-
ple droplets dispersed in a container to form such a matrix in
an unordered manner. Zec et al.68 reports the formation of
an ordered droplet matrix by forming the initial vector using
an in-house built SSL system and crossing them with droplets
from multiple secondary inlets alternated by valves via pneu-
matic PDMS deformation. Similarly, Leung et al.72 designed
a microfluidic system capable of dispensing from eight dif-
ferent reagents into microfluidic storage chambers using inte-
grated micro valves.

PoaCH, on the other hand, offers simplicity, ease of oper-
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ation, scalability and portability. It is empowered by its ca-
pability to pipette from various chemicals while allowing the
user to adjust the final volume on the fly. The desired library
could be generated by an SSL system like Mitos Dropix™ and
loaded to a storage coil. PoaCH can then be used to test for
different combinations with varying volumes specified by the
researcher using the droplets stored in the coil.

To clearly demonstrate PoaCH’s versatility, hydrodynamic
merging and mixing modules have been integrated to the
closed loop. Alternating droplets containing dye and water are
fed through PoaCH where they were pipetted selectively us-
ing SAW actuation and merged within the merging chamber
(Fig. 9). Different example scenarios were investigated and
mixtures of 100% dye droplets (Fig. 9A and B), 50% dye -
50% water mixture (Fig. 9C and D) and 25% water - 75% dye
mixture (Fig. 9E and F) were realized using PoaCH. In this
way, consecutive droplets of various chemicals can be pipet-
ted, merged and mixed on chip in order to study the reactions
between two of more samples. Furthermore, a combinatorial
µHTS study could be performed by replicating and integrating
the closed loop multiple times on a single chip, allowing the
user to create a droplet matrix of desired individual content.

100μm

A

B

C

D

E

F

Fig. 9 Micrographs showing various droplet mixtures formed
by the pipette-on-a-chip platform. (A)-(B) 100% Dye loaded
droplets. (C)-(D) 50% Dye - 50% Water mixture. (E)-(F) 25%
Water - 75% Dye mixture

4 Conclusion

The presented pipette on a chip (PoaCH) platform is capable
of sensing, pipetting and merging droplets with high accuracy.
Droplets are first sensed by a capacitive sensor allowing pro-
grammability and timely application of SAWs. SAWs directed
at a closed loop were shown to drive fluid flow leading to con-
trolled non-contact pipetting from the main channel. It was
shown that the pipetted volume can be precisely controlled
via two different approaches, adjusting the pulse length or the
SAW excitation amplitude. The effects of increasing pulse
length were further backed by numerical simulations.

The PoaCH platform is modular and robust, moreover, it
unveils an easy to adapt non-contact pipetting technique in-

tegrated on a chip, therefore, it’s a strong candidate for re-
placing the conventional pipetting techniques. This way, over-
all chemical waste is further reduced and precious analysis
time saved. PoaCH enables customized work-flows when
combined with existing methods such as droplet merging28,61,
steering30, trapping11 or mixing17. Crucially, it can be uti-
lized to optimize chemical reactions and sample-reagent stud-
ies by virtue of combinatorial analysis. The authors envisage
that PoaCH platform, alongside other systems68–71, will be
amongst the pioneers of a new era, closed channel microflu-
idic high throughput screening (µHTS).
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