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Abstract We demonstrated the induced coalescence of
droplets under a highly accurate optical force control. Opti-
cal scattering and gradient forces were used to push and
trap the droplets prior to coalescence within a microfluidic
channel. The behavior of the droplets under the influence
of an optical force was predicted using an analytical model
that agreed well with the experimental data. The opti-
cal gradient force accelerated and decelerated the droplet
within the laser beam region, and the drag force acting on
the droplet was thoroughly characterized. A description of
the optical trap was presented in terms of the momentum
transfer from the photons to the droplet, effectively restrict-
ing droplet motion inside the microfluidic channel prior to
coalescence. A phase diagram was plotted to distinguish
between the three regimes of droplet coalescence, includ-
ing the absence of coalescence, coalescence, and multiple
coalescence events. The phase diagram permitted the laser
power input and the net flow rate in the microfluidic chan-
nel to be estimated. This technique was applied to the syn-
thesis of biodegradable gel microparticles.
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1 Introduction

Numerous microfluidic platforms have been developed to
enable chemical and biological investigations on the micro-
scale (Whitesides 2006). Droplet-based microfluidic sys-
tems, for example, have been extensively studied and used
for such experiments (Song et al. 2006; Teh et al. 2008;
Baroud et al. 2010). These systems utilize immiscible fluids
to generate picoliter-to femtoliter-volume droplets that can
isolate chemical reagents. The monodisperse microscale
droplets provide a useful experimental tool that prevents
sample diffusion, cross-contamination, or evaporation.
As other advantages, reagent consumption is minimized
and the miniaturized devices are inexpensive and suitable
for bulk manufacturing (Song et al. 2006). A variety of
research outcomes using droplet-based microfluidics have
been reported, such as clinical diagnostics (Srinivasan et al.
2007), PCR enrichment (Tewhey et al. 2009), nanomaterial
synthesis (Hoang et al. 2011), rapid screening of antibiotic
toxity (Churski et al. 2012), single cell studies (Um et al.
2012), and combinatorial synthesis (Theberge et al. 2012).
The synthesis of biodegradable particles in a microfluidic
system was demonstrated by diffusing cross-linking agent
from the continuous phase to the droplets of an aqueous
alginate solution (Chang and Su 2010). The particle syn-
thesis process can be made simpler and more efficient by
encapsulating the desired solutions within separate drop-
lets and later coalescing these droplets to rapidly mix and
cross-link the polymer.

Controlling the merging of droplets on a microfluidic
chip is essential for conducting complex chemical or bio-
logical reaction procedures. A variety of methods for coa-
lescing droplets have been developed based on the chan-
nel geometry (Hung et al. 2006; Tan et al. 2006; Niu et al.
2008; Christopher et al. 2009), thermo-capillary effects
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(Baroud et al. 2007; Luong et al. 2012), and electro-coa-
lescence (Ahn et al. 2006; Abate et al. 2010). Droplet coa-
lescence can be achieved by introducing a laser beam into a
microfluidic system. Such approaches are compatible with
commonly used laboratory microscopy setups and are easy
to implement. Optofluidic systems, known as an optical
tweezer, have been used to manipulate microscale objects,
including polymer beads, cells, and droplets (Ashkin and
Dziedzic 1971; Grier 2003; Dholakia and Cizmar 2011).
Several researchers have described the achievement of
optofluidic droplet coalescence via optical vortex traps
and laser-induced thermal gradients (Kotz et al. 2005; Lor-
enz et al. 2007). The facile manipulation of droplets was
achieved in a variety of applications using optical trapping
approaches. Microfluidic synthesis and diagnostics plat-
forms require high-throughput assays that can process large
amounts of data. A microfluidic system that can rapidly and
continuously generate and coalesce droplets is in demand
for use in parallel with other microfluidic operations.

This paper describes the development of an optofluidic
platform that can control and continuously coalesce drop-
lets. Unlike previously reported techniques, our system is
composed of a simple experimental setup, requires low-cost
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chip fabrication, and achieves the highly controlled merg-
ing of droplets. The optical trapping and coalescence steps
were modeled theoretically and demonstrated experimen-
tally. Droplet generation and trapping were realized in a
microfluidic channel simultaneously at two separate loca-
tions. Droplet coalescence was investigated over a range of
carrier fluid flow rates and laser intensities. The experimen-
tal results agreed well with the theoretical models. A bio-
degradable gel microparticle was continuously synthesized.
The microbiodegradable particles offer a useful technology
in medical and drug delivery applications (Sugiura et al.
2005). Calcium alginate has been the most frequently used
in those applications for its usability in fabrication pro-
cess. The present results may be implemented in a variety
of transparent microfluidic chips, such as polymers, glass
capillaries, and polydimethylsiloxane, which permit rapid
prototyping for the development of biological assays.

2 Experimental

Figure la shows a schematic diagram of the optofluidic
droplet coalescence system. Two types of droplets were
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directed toward an optical trap: The first droplet stopped
at the center of the laser beam under the optical gradient
force, which pulled the transparent object to the center
of the beam in the radial direction. The second droplet
approached and coalesced with the first. The high-refrac-
tive index droplet in the low-refractive index medium
was forced to remain trapped within the laser beam focal
volume.

The Gaussian optical trap was formed using the beam
of a Nd:YAG 1,064 nm laser (Advanced Optowave), with
a power measured using a laser power meter (PHIR, Nova
Display), as shown in Fig. 1. The light path and an objec-
tive lens were carefully aligned using an IR imaging card
(Melles Griot Inc.). An infrared light pass filter (Edmund
Optics, Inc.) and a dichroic mirror (Thorlabs, Inc.) were
inserted to direct the optical ray path in the microscopy
system (Olympus IX71). The dichroic mirror was used
to deflect infrared wavelength light only. The laser beam
was subsequently focused using an objective lens (Olym-
pus, NA = 0.45, 20x). The motions of the droplets were
recorded using a sSCMOS camera (Neo sCMOS, Andor)
at 100 frames per second. A multiport syringe pump
(Nemesys Centoni GmbH) was used to control the flow
rates of the working fluids.

Figure 1b shows a schematic diagram of a microfluidic
chip bearing five fluidic ports (four inlets and one outlet)
with mechanical filters after the inlet ports to prevent chan-
nel clogging. Two types of droplets were generated at a
cross-shaped fluid junction and were directed to the test
region. The width of the cross-shaped junction was 20 pm,
and the height was 50 wm. The test region was 500 pm in
width, and the microchannel height was 90 pwm to lower the
drag force on the droplets. In this study, the droplet coales-
cence conditions were varied by tuning the droplet veloc-
ity and laser intensity to map out a coalescence phase dia-
gram. The flow rate of the carrier fluid was adjusted via the
sheath flow rate through a microbridge structure to adjust
the interval between droplets. The droplet size remained
constant as the net flow rate was adjusted by changing the
sheath flow using the microbridge (Lee et al. 2011). The
droplet coalescence regimes were explored by holding the
droplet size constant as the drag force and optical gradient
force were varied.

A transparent PDMS microfluidic chip was fabricated
using standard soft lithography processes. The polymer
was formed by mixing a PDMS base and a curing agent
(Sylgard 184, Dow Corning) at a weight ratio of 10:1 and
pouring onto the already developed photoresist pattern
(Su-8 2050, Microchem) after UV exposure on a silicon
wafer. The water-in-oil droplet formation required that
the inner surface of the microfluidic chip be hydropho-
bic. Silane containing fluorocarbon liquid (EGC-1720,
3M) was gently flowed through the flow cell and dried

at room temperature to render the surface hydrophobic.
The droplet stability was increased by using HFE-7500
(C,FsO0C,Hs, n = 1.29, 3M) with 40 v/v% 1H,1H,2H,2H-
perfluoro-1-octanol (CgHsF 50, n = 1.313, Sigma Aldrich)
as the continuous phase fluid. Heavy water (D,0O, Sigma
Aldrich) containing 4 M CaCl, (n = 1.4234) was used as
the dispersed phase fluid to prevent light absorption from
the Nd:YAG 1,064 nm laser (Lee et al. 2012). We found
that the absorption rate from the laser beam was very small
since the residence time of the droplet in the illumination of
the laser beam was the order of few hundreds of millisec-
onds (Dholakia and Reece 2006). An alginic acid sodium
salt solution (3 wt%, Sigma Aldrich) in heavy water was
used as the dispersed phase fluid that, in the presence of
the calcium chloride (CaCl,) in a second set of dispersed
phase droplets present in the device, formed particles. As
an application of the droplet coalescence method, Ca-alg-
inate beads were synthesized using the experimental setup.

3 Results and discussion

The droplet coalescence procedure is schematically illus-
trated in Fig. lc. The droplets passed through the light
beam, and the optical gradient force pulled the droplet
toward the beam center along the radial direction. If the
optical force acting on the droplet were sufficient to over-
come the drag force, the droplet was trapped. The subse-
quent droplet then came into contact with the trapped drop-
let and merged with the optical trap through collisions. The
coalesced droplet escaped the optical trap once the drag
force began to dominate the optical gradient force as the
droplet size increases.

The droplet behavior was investigated numerically
by estimating the forces acting on the droplet. Several
hydrodynamic forces (inertial, lift, buoyancy, gravity,
drag, etc.) and external forces (optical scattering and gra-
dient) acted on the droplet within the microfluidic chan-
nel. Among these forces, the drag and optical forces were
dominant. The inertial migration and wall lift forces negli-
gibly affected the droplet migration because the Reynolds
number was not sufficiently high. Apart from the optical
and drag forces, the buoyancy force was not taken into
account for the theoretical characterization of the droplet
motion. The droplets were assumed to remain a spherical
shape during the trapping and coalescence. Each droplet
had a radius of 25 wm, much larger than the wavelength of
the laser beam (1,064 nm). For this reason, the ray optics
regime could be used to calculate the momentum transfer
from the light beam to the droplet. Kim and Kim (2006)
have analyzed the optical forces that act on a particle in a
microfluidic channel. The optical gradient and scattering
forces can be expressed as
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where F, is the optical gradient force, and Fj is the opti-
cal scattering force, respectively. Here, ¢ denotes the speed
of light in a vacuum, n, is the refractive index of the fluid
medium, and r, is the droplet radius. I(p, z) is the beam
intensity profile, where p and z are the radial and axial dis-
placements, respectively, from the beam center to the center
of the droplet. Q, and Q; are defined as dimensionless coet-
ficients of momentum change for a single photon along the
radial (gradient force) and axial (scattering force) directions.
On the other hand, the droplet size was not small enough
to ignore the flow profile around the droplet. The Stokes
drag force, which has been used to estimate the drag force
exerted on a particle, was modified (Jung et al. 2014) as

Fg = 6 ¥ rq(kiuco — kpuq), (3)

where F is the drag force, u* is the effective viscosity, and
U, 1s the velocity of the fluid at the same streamline in the
absence of the droplet. u, is the droplet velocity, which is
calculated at every time step. The effects of the two viscous
fluids (a water droplet in oil) flowing together inside the
microchannel were estimated by considering the viscosity
of the dispersed and continuous phase fluids. The effective
viscosity could be represented as
* 1+ 2pc/310d

S R @
where , is the continuous phase fluid viscosity, and g is
the disperse phase fluid viscosity, respectively. k; and k, in
Eq. (3) are the drag coefficients and depend on the droplet
size, displacement, and geometry of the microfluidic chan-
nel (Jung et al. 2014). The coefficient k; accounts for a sta-
tionary droplet in a uniformly flowing carrier fluid, whereas
k, represents a moving droplet in a quiescent fluid. The
coefficients may be derived using the analytic solutions
described in a previous study of the drag forces acting on a
droplet near a single plate and extrapolated those solutions
to the system of droplets flowing inside the microchannel
(van der Sman 2010).

By calculating the optical and drag forces, the behaviors
of the droplets could be predicted according to

dug
my—* + Fa=Fy, ®)
where my is the droplet mass. The droplet behavior is
shown in Fig. 2. The 25 pm droplet flowed through the
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microchannel with a total flow rate of 155 wL/h. Figure 2a
shows the displacement of droplets in the x-direction for
laser powers of 2, 3, and 4 W. The droplets accelerated
at around 20 ms and decelerated a few ms later under the
optical gradient force. A laser power of 2 and 3 W decel-
erated the droplets within the optical trap, but did not
trap the droplets. For an input power of 4 W, the droplet
was successfully trapped at a specific position along the
x-direction. The red curve corresponds to a trapped droplet,
whereas the black and blue curves correspond to droplets
that escaped the optical trap. Note that the escaped droplet
formed under the former conditions (black curve) dwelled
longer in the optical trap compared with the later condi-
tions (blue curve).

The moving droplets’ momentum (p = mgus;) Was
defined by multiplying the droplet mass (m4) and veloc-
ity (#). The droplets were trapped by bringing the net
momentum of the droplets to zero as the droplet reached
a standstill position in the optical trap. The magnitude of
the momentum decrease (Ap = p; + p2) was equivalent
to the integral over the net force (drag plus optical) with
respect to time. The change in momentum should be equal
to this value but opposite in direction to the momentum of
the moving droplet prior to entering the optical trap. This
essential condition for droplet trapping and later coales-
cence may be stated as:

15}

Moo = / (Fa+ Fg)dt = —(p1 + p2), (6)

n

where p, and p, are the momentum added to the droplet in
the acceleration and deceleration zones (where p, is nega-
tive). For droplet trapping, it is important that the momentum
sum (p; + p,), such that Ip,| > Ip,|, should be equal and oppo-
site to mgusc. The droplet momentum change may be quan-
titatively estimated by plotting the optical gradient force and
drag force over time, as shown in Fig. 2b, c. The force dis-
tributions are shown as a function of time, and the inset fig-
ure shows the force distribution as a function of the droplet
displacement along the flow direction. The positive peak in
Fig. 2b immediately prior to 20 ms indicated that the droplet
accelerated prior to approaching the laser beam center. A dip
in the curve immediately after 20 ms indicated that the drop-
let decelerated as it flowed past the light beam center. At this
stage, the droplet could escape or remain in the optical trap,
depending on the laser intensity. At laser powers of 2 or 3 W,
the optical force on the droplet decreased dramatically as the
droplet was moved away from the beam center. For a laser
power of 4 W, the intensity was sufficiently high to trap the
droplets, and the optical and drag forces were balanced.

The drag force acting on the droplet over time and the
displacement in the x-direction are shown in Fig. 2c. The
drag force resisted the acceleration and deceleration of the
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Fig. 2 Numerical predictions of the droplet positions and force dis-
tribution. A flow rate of 155 pwL/h and laser intensities of 2, 3, and
4 W were used with droplets of radius 25 wm. The droplet position
change in the x-direction (fluid flow direction) (a), the calculated
optical gradient force (b), the drag force on the droplets in the micro-
fluidic channel (c), and the net force acting on the droplets (d) versus
time are plotted. The force on the droplet was specified as positive
when aligned along the flow direction. The optical beam pulling the
droplets toward its center accelerated + the droplet as it approached

droplets in the fluid flow. The magnitude of the drag force
was comparable to the optical gradient force and acted to
oppose the optical force. The droplet carried some momen-
tum before entering the laser beam. The net momentum
transfer from photons to the droplet should be equal oppo-
site to the flow direction to ensure droplet trapping. The
optical gradient force was responsible for the droplet accel-
eration and deceleration in the optical trap and produced an
indirect drag force that acted on the droplet. The net force
could be reasonably calculated by summing up the optical
gradient force and the drag force. The net force acting on
the droplet, a direct result of optical trap, was plotted as a
function of time in Fig. 2d. The positive values of the net
force corresponded to droplet acceleration, whereas the
negative values suggested deceleration. The area under the
curves could be regarded as the momentum transferred to
the droplet from the optical laser beam. The area associated
with the positive net force indicated momentum added to
the droplet along the flow direction, whereas the opposite
was true for a negative net force.

In the trapped droplet case (red curve), the magnitude
of the first local maxima of the net force exceeded the
magnitude of the local minima; however, the momentum
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the center and decelerated the droplet as it moved away. The local
maxima of the net force that pushed the droplets along the flow direc-
tion exceeded the net force that pulled the droplets along the oppo-
site direction. The time during which the droplet resided within the
deceleration region was much longer than the time during which the
droplet resided within the accelerating region due to droplet decelera-
tion. The total momentum transfer applied to the droplets trapped the
droplets. The inset graphs in b and ¢ show the optical gradient force
and the drag force verses the x-axis droplet position

added along the flow direction was much lower than the
momentum transferred opposite to the flow direction, as the
deceleration time was much longer than the acceleration
time. The area under the curve in the droplet acceleration
zone (12—-15 ms) was lower, as was the momentum addi-
tion (p;), than the corresponding area in the deceleration
zone (15-53 ms) [and the oppositely directed momentum
addition (p,)]. It could be inferred that Ip,| > Ip||, and the
net momentum addition from the photons was sufficient
to counterbalance the initial momentum (p) of the drop-
let. The initial droplet acceleration and deceleration in the
cases of the escaped droplet (black and blue curves) were
similar to the profiles of the trapped droplet case; how-
ever, the net momentum addition could only slow down the
droplet, which eventually yielded to the drag force imposed
by the fluid flowing past the droplet. The secondary maxi-
mum offered an explanation for why the droplet escaped
the trap at 53 ms and 100 ms for input powers of 2 and 3 W,
respectively. At 2 W (blue curve), the droplet resided for a
short time in the optical trap compared with the case when
the input power was 3 W (black curve). The escaped drop-
let acquired the lost momentum (p) by acquiring the flow
velocity u.,. The calculation results revealed that trapping
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Fig. 3 Representative images of the droplet trapping and coalescence processes in the microfluidic channel. The droplet coalescence regimes
could be categorized as: a no coalescence, b coalescence, and ¢ multiple coalescence. The laser intensities were 3, 4, and 5 W, respectively

was possible if the laser power exceeded 4 W under the
experimental conditions used here.

The experimental results are shown in Fig. 3 and the
ESI movie I. The droplet coalescence regime was evaluated
using only one type of droplet. Particle synthesis was dem-
onstrated using two different types of droplets. The water
droplet flow rate was 0.5 pL/h, and the oil flow rate was
50 wL/h. The total flow rate was controlled by varying the
sheath flow rate through the microbridge channel from 75
to 180 wL/h while holding the laser power at 2, 3, 4, or
5 W. Three cases of droplet coalescence under a total flow
rate of 155 wL/h, and 3, 4, and 5 W laser powers are shown
in Fig. 3 and the ESI movie 1. The droplets were trans-
ported to the right and trapped by the laser beam marked as
ared circle.

Experimentally, the droplet coalescence process could
be categorized according to three regimes: no coalescence,
coalescence, and multiple coalescence events. The droplet
trajectories were recorded using a sSCMOS camera while the
droplet passed through the laser beam. The droplets slowed
down under the optical gradient force. Figure 3a shows that
the droplet escaped from the optical trap before reaching a
complete stop because the sum of the momentum transfer
from the photons did not exceed the kinetic momentum of
the droplet. Figure 3b shows the droplet coalescence induced
by the optical trapping. The droplet stopped within the opti-
cal trap, while another droplet approached to coalesce upon
collision. Coalescence was achieved without emulsification
stabilizers. The larger droplets generated were dominated by
the drag force and escaped the optical trap after merging.

@ Springer

These results agreed well with the numerical predictions
illustrated in Fig. 2. The merged droplets remained station-
ary as the laser power was increased to 5 W (Fig. 3c). The
already trapped coalesced droplets merged again with the
upstream droplets. These results enabled us to estimate the
input power for a specific flow rate in the microchannel so
as to avoid the undesired conditions that led to multiple coa-
lescence events.

Figure 4 shows a phase diagram of droplet coales-
cence, generated to characterize the droplet trapping and

r Multiple
5 E coalescences a o O o o X
= [A VAN (0} @] O X X
E : Coalescence
a4 (o) X X X
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g o X X X X
=
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Fig. 4 A phase diagram showing the droplet coalescence under the
optical forces in the microfluidic channel, under various conditions.
The symbols in the figure represent the experimental results: no coa-
lescence (cross), coalescence (circle), and multiple coalescence (tri-
angle) (color figure online)
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Fig. 5 Production of the
biodegradable calcium alginate
gel microparticles via the
optofluidic droplet coalescence
system. The channel height
was 80 pm, the laser intensity
was 5 W, and the total flow rate > O
used to generate and transport

the droplets was 240 pL/h. A
4 M CaCl, solution in heavy
water (0.2 pL/h) and an alginic Flow
acid sodium salt solution in —_—>
heavy water (0.2 pL/h) were
used as the droplet contents. a
The CaCl, droplet was trapped
by the optical trapping. The
CaCl, droplets and Na-alginate
droplets were generated in
pairs. b The droplets came in
contact. ¢ The droplets success-
fully merged and mixed. d The
merged droplet escaped from
the optical trap, and another
droplet was trapped again

(a) t=0ms

(¢) t=40ms

coalescence properties experimentally. The droplet coa-
lescence regimes were classified and marked as no coa-
lescence (cross), coalescence (circle), and multiple coales-
cence events (triangle). The experimental results indicate
that transition lines could be drawn to identify the droplet
merging regime. The phase diagram revealed that the num-
ber of droplets to be coalesced in a microfluidic channel
could be controlled precisely by varying the laser intensity
or flow rate.

Biodegradable calcium alginate gel microparticles were
synthesized using the optofluidic droplet coalescence
method proposed above. The synthesis procedure is illus-
trated in Fig. 5 and shown in the ESI movie . In this exper-
iment, the microfluidic channel height was 80 wm, the oil
flow rate was 240 pL/h, and the laser intensity was 5 W.
A 4 M CaCl, solution in heavy water (0.2 pL/h) and an
alginic acid sodium salt solution in heavy water (0.2 wL/h)
were used as two different dispersed phases to generate the
droplet. The two types of droplets were generated in pairs
in the same microfluidic channel and were later coalesced.
Figure 5a shows that the droplet containing CaCl, was
trapped by the optical force, and the Na-alginate-containing
droplet followed behind. After 30 ms, the droplets came
in contact and exerted pressure against the droplet surface
(Fig. 5b). Figure 5c shows that the droplets successfully
merged after colliding. After coalescence, the two reactive
components that had been encapsulated within separate
droplets mixed under the secondary flow inside the drop-
lets to form gel microparticles. The large merged droplet
escaped the optical trap under the high drag force imposed

/_ was trapped
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ginate

O®

(b) t=30ms
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Contact each other

50 um

(d) t=90ms
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Droplet was trapped
coalescence \

, O
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by the continuous phase fluid (Fig. 5d). It is important to
note that only the CaCl,-based droplets were characterized
by a refractive index that differed sufficiently from that of
the oil medium to permit trapping by the optical gradient
force. The Na-alginate-based droplet alone was not cap-
tured by the trap because it was characterized by a lower
refractive index difference. These results were obtained
several times, and the gel microparticles were synthesized
continuously.

4 Conclusions

The present study demonstrated droplet trapping and coa-
lescence under the optical forces in the microfluidic chan-
nel. The droplets were generated using a cross-shaped junc-
tion and were carried to the test section. The laser beam
was incorporated within the microscopy setup to manipu-
late the droplets in the microchannel using an optical trap.
As the optical trap captured the first droplet, the upstream
droplet approached to collide and coalesce with the trapped
droplet, generating a larger droplet. After coalescence,
the drag force acting on the merged droplet increased due
to the larger droplet size. A drag force that exceeded the
optical force pushed the droplets out of the optical trap
and transported them to the outlet. The droplet behavior
was examined using a theoretical model of the droplets
as a single rigid sphere. The numerical predictions agreed
well with the experimental results. The experimental con-
ditions were varied to identify conditions that led to no
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coalescence, coalescence, or multiple coalescence events
among droplets. The flow rate and laser intensity could be
adjusted to readily control the droplet coalescence. This
technique was used to continuously synthesize the biode-
gradable gel particles by merging CaCl, droplets and the
alginic acid sodium salt droplets.
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