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Abstract We demonstrate controlled guiding of nanoliter
emulsion droplets of polar liquids suspended in oil along
shallow hydrophilic tracks fabricated at the base of micro-
channels located within microfluidic chips. The tracks for
droplet guiding are generated by exposing the glass surface
of polydimethylsiloxane (PDMS)-coated microscope slides
via femtosecond laser ablation. The difference in wettability
of glass and PDMS surfaces together with the shallow step-
like transverse topographical profile of the ablated tracks
allows polar droplets wetting preferentially the glass surface
to follow the track. In this study, we investigate guiding of
droplets of two different polar liquids (water/ethylene glycol)
with and without surfactant suspended in an oil medium
along surface tracks of different depths of 1, 1.5, and 2 pm.
The results of experiments are also verified with computa-
tional fluid dynamics simulations. Guiding of droplets along
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the tracks as a function of the droplet composition and size
and the surface profile depth is evaluated by analyzing the
trajectories of moving droplets with respect to the track cen-
tral axis, and conditions for stable guiding are identified. The
experiments and numerical simulations indicate that while
the track topography plays a role in droplet guiding using
1.5- and 2-pm deep tracks, for the case of the smallest track
depth of 1 pm, droplet guiding is mainly caused by surface
energy modification along the track rather than the pres-
ence of a topographical step on the surface. Our results can
be exploited to sort passively different microdroplets mixed
in the same microfluidic chip, based on their inherent wet-
ting properties, and they can also pave the way for guiding
of droplets along reconfigurable tracks defined by surface
energy modifications obtained using other external control
mechanisms such as electric field or light.

1 Introduction

Digital microfluidic systems using chemical microreac-
tors based on isolated liquid droplets represent an attrac-
tive platform for carrying out routine reactions and screen-
ing tests in clinical, biological, and chemistry laboratories.
Since micron-sized droplets have high surface-to-volume
ratios, they offer reduced sample requirements and enable
rapid mixing of reagents with precision and homogeneity
impossible to achieve with conventional macroscopic liq-
uid-dispensing methods, thus allowing new applications in
a broad spectrum of analytical and screening assays (Hum-
mer et al. 2016; Rakszewska et al. 2014). When the droplets
containing target reagents are placed within an appropriately
designed microfluidic chip, a large number of independent
operations can be programmed and applied sequentially
to each droplet; hence, chemical reactions of interest can
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be performed in a highly parallelized, flexible manner at
reduced reaction times (Abbyad et al. 2010).

In order to fully exploit the potential of digital micro-
fluidic systems, it is crucial to be able to manipulate selec-
tively individual droplets moving in a continuous stream,
as this allows controlled fusion and mixing of the droplet
contents and sorting of the droplets on the basis of their
chemical composition, size, or mechanical properties. In
recent years, several droplet manipulation techniques have
been proposed and demonstrated for droplet-based micro-
fluidic systems. In general, these techniques can be divided
into two broad classes: active manipulation methods such as
optical (Pit et al. 2015), magnetic (Chetouani et al. 2006),
acoustic (Franke et al. 2009), and electrokinetic (Ahn et al.
20006) that require a suitable external force to be applied to
the target droplet and passive manipulation methods that
rely on modifications of the droplet surface energy during
its interaction with prepatterned features and structures in
the microfluidic environment (Pit et al. 2015).

Active manipulation allows flexible on-demand control
of droplets by an external user-controlled mechanism which
can reliably and accurately target any selected droplet in
the stream. An example of active droplet manipulation is
the work by Fradet et al., where laser light was used for
localized droplet heating for obtaining surface tension gra-
dients within the droplet surface. Induced Marangoni-type
flows then resulted in a “pushing” force repelling the droplet
from the laser spot location. In addition, laser light could be
used to merge the contents of chemically distinct droplets,
thus triggering a chemical reaction of interest (Fradet et al.
2011). Lee et al. controlled the motion of biological cells
attached to magnetic beads inside a microfluidic channel
via external magnetic field. Because of spatially patterned
microscopic magnetic fields produced by a microcoil array,
biological cells were trapped and guided actively in micro-
fluidic channel (Lee et al. 2006). Ahn et al. performed active
dielectrophoretic manipulation of emulsion droplets using
AC electric field created between planar microelectrodes
integrated into a microfluidic chip. By turning the AC elec-
tric field on and off, they could switch the stream of flowing
droplets between collect and waste channels with different
hydrodynamic resistances, thus achieving droplet sorting
with an effective rate of more than 1.6 kHz (Ahn et al. 2006).

Active manipulation techniques are attractive since they
can be combined with the detection of the droplet contents
preceding the actual manipulation step. Subsequent manipu-
lation can then be guided by the results of this analysis, thus
allowing maximal flexibility in controlling the droplet fate.
However, external control and sensing mechanisms increase
the complexity and limit the use of such techniques only
to sophisticated systems. In contrast, passive manipulation
schemes are more straightforward and offer autonomous
solutions for microfluidic systems. As a downside, they are
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generally fixed and cannot be altered once they are imple-
mented. Passive manipulation can be achieved by creating a
gradient of surface interaction energy E between the droplet
and its environment via suitable patterning of the environ-
mental chemical and/or mechanical properties. The pres-
ence of such a gradient then results in an effective force that
drives the droplet so as to minimize its interaction energy.
Typically, this is associated with alternations of the droplet
shape which lead to minimization of the overall droplet sur-
face energy E = yA, where y is the interfacial tension and A
is the area of interaction surface (Baroud 2014).

Abbyad et al. achieved guiding and trapping of droplet
microreactors of nanoliter volumes contained within a thin
microchannel (a Hele-Shaw flow cell) by etching patterns
into the top surface of the microchannel (Abbyad et al.
2010). Since the height of main flow channel of the cell
(35 pm) was much smaller than the free-droplet diameter of
180 pm, the droplets were forced into a flattened pancake-
like shape with big surface area and correspondingly high
surface energy. Upon contacting a surface-etched pattern
(either a hole or a channel) of depth comparable to the height
of the main channel, the droplets entered partially into the
hole/channel, thus decreasing their surface area and surface
energy. This change of droplet surface energy upon entering
the pattern then provided an effective confinement mecha-
nism for droplet guiding and trapping (Dangla et al. 2014).
Xu et al. performed fusion and sorting of microdroplets
using railroad-like guiding rails. In this demonstration, the
droplets were moving along two parallel rails which came
closer to each other at the fusion region. At this region, an
additional fusion rail started, located symmetrically in the
middle between the two original guiding rails. Two droplets
moving along the two guiding rails and meeting simultane-
ously at the fusion region were merged together electrically
and guided along the fusion rail toward the fusion outlet. In
contrast, droplets arriving at the fusion region individually
did not undergo fusion and proceeded to the waste outlets
of their corresponding rails. The droplets were squeezed in
a 50-pm deep main channel and guided along a 15-pm deep
rail (Xu et al. 2012). As compared to the previous work
by Abbyad et al., this configuration caused less deforma-
tion due to smaller rail depth, resulting in a smaller surface
energy modification. Yoon et al. performed passive sorting
of droplets using variations in their sizes and/or capillary
numbers (Yoon et al. 2014). In their approach, droplets
guided along a groove in a Hele-Shaw cell similar to the one
used by Abbyad et al. encountered another parallel groove
displaced laterally from the original guiding rail. The pres-
ence of this additional groove resulted in the appearance
of hydrodynamic forces in both axial (along the rail) and
transverse (perpendicular to the rail) directions. Depend-
ing on the droplet size and surface tension, the transverse
hydrodynamic forces could eventually deform the droplet,
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overcome the Laplace pressure keeping the droplet in its
original rail, and move it to the parallel rail.

Another possibility for guiding emulsion droplets along
a solid surface relies on selective patterning of the surface
wetting properties. In fact, such controlling of the motion of
water droplets along surface heterogeneities is an everyday
phenomenon experienced on rainy days on glass windows.
This phenomenon has also found many technological appli-
cations including cleaning and coating technology. In addi-
tion, with carefully designed systems, wetting defects can be
externally controlled. As an example of such active control,
guiding of conductive water droplets has been demonstrated
recently along electrically switchable guides fabricated on
an inclined plane (Mannetje et al. 2014).

In this article, we demonstrate passive manipulation and
guiding of emulsion droplets of polar liquids suspended in
an oil-based host liquid. The droplets are forced to move
along wetting and topographical defects represented by
hydrophilic tracks obtained by removing thin (thickness:
1-2 pm) hydrophobic polydimethylsiloxane (PDMS) coat-
ings spun on glass surfaces. Because of the shallow track
depths, droplet deformation is much smaller than observed
previously (Abbyad et al. 2010; Xu et al. 2012; Yoon et al.
2014; see Fig. 1a for illustration).

In order to obtain the droplet guiding tracks, localized
ablation of PDMS layer with focused femtosecond (fs) laser
pulses is used. Selective removal of PDMS layer serves
two purposes: (a) It exposes hydrophilic glass surface sur-
rounded by hydrophobic PDMS areas, and (b) it generates a
topographical feature (a shallow trench) which further forces
the droplet to stay within its boundaries. Ablated PDMS-
coated glass substrates are then plasma-bonded onto PDMS
blocks containing microfluidic channels that are fabricated
by standard soft lithography methods. Figure 1a, b provides
a schematic diagram of our droplet guiding system.

The height of the main fluidic channel % is 40 pm, similar
to the previously reported works (Abbyad et al. 2010; Xu
et al. 2012). In contrast, the depth of the guiding track ¢ is
kept at 1-2 pm, i.e., approximately an order of magnitude
smaller than that used by Abbyad et al. Shallow depth of the
guiding track used in our experiments increases the relative
importance of surface chemistry over surface topography
in determining the outcome of the interaction between the
droplet and the patterned surface. Experiments performed
with two different droplet compositions (water/ethylene gly-
col) with and without surfactant and the smallest track depth
of 1 pm show that droplet guiding is indeed caused mainly
by the modification of the channel surface energy along the
tracks rather than the presence of topographical steps on
the surface.

The paper is organized as follows. In Sect. 2, materials
and methods used in the experiments are described together
with the numerical model used for computational fluid
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Fig. 1 Microfluidic chip used in droplet guiding experiments. a
Mlustration of the channel cross section with big (top) and small
(bottom) guided droplets. C =400 pm, & = 40pm, ¢ = 1-2pum and
w = 62.4—70.8 pm. b Schematic overall diagram of the chip. ¢ Sche-
matic diagram of T-junction device. d Snapshot of an actual device.
T-junction for the generation of emulsion droplets is visible in the left
part of the chip, and the actual guiding track of sinusoidal shape fab-
ricated in the main fluidic channel is visible in the central to right part
of the chip. Scale bar: 200 pm

dynamics (CFD) calculations. The assumed geometries for
droplet generation and guiding in a microfluidic chip and the
results of numerical control experiments are also described
here. In Sect. 3, results of experiments performed using dif-
ferent guiding track depths and different droplet liquids are
described together with their numerical simulations. Finally,
conclusions are drawn in Sect. 4.
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2 Materials and methods

2.1 Preparation of microfluidic chips with droplet
guiding tracks

Glass slides (dimensions: 76 mm X 26 mm X 1 mm) were
initially cleaned by dipping in Hellmanex II (Hellma GmbH
& Co.) with 2% concentration in distilled water for 70 min.
Hellmanex II is an alkaline liquid detergent which is sim-
ply mixed with water to yield an effective cleaning solution
for quartz and glass slides. Since the aqueous solution of
Hellmanex II reduces significantly the surface tension of
water, its good wetting action ensures the efficient removal
of dirt particles from the glass surface. At the same time,
its high emulsifying and dispersing capabilities prevent the
redeposition of the loosened particles. These glass slides
were then spin-coated with PDMS (Sylgard 184; Dow Corn-
ing) diluted in toluene at different concentrations in order to
obtain the desired film thickness (Wang et al. 2011). In par-
ticular, three PDMS-to-toluene weight mixing ratios of 1:4,
1:3, and 1:2 were used, producing 1-, 1.5-, and 2-pm-thick
layers, respectively. PDMS solution was prepared by mix-
ing its base and curing agents at 10:1 weight ratio and then
keeping the mixture in vacuum to remove air bubbles. After
mixing the PDMS with toluene, cleaned glass slides were
spin coated with the mixture at 6000 rpm for 2 min. The
coated glass slides were cured in an oven at 75 °C for 2 h.
Droplet guiding tracks were fabricated by laser ablation
of the coated glass substrates using a fs-pulsed laser beam
(s-Pulse; Amplitude Systemes; Gaussian beam diameter:
1 mm, pulse duration: 550 fs, wavelength: 1030 nm, repeti-
tion rate: 1 kHz, and average power: 130 mW). The actual
beam power used for ablation could be controlled by a com-
bination of a half-wave plate and a polarizing beam splitter.
Precise two-dimensional steering of the beam across the
sample necessary for creating the tracks was achieved by a
pair of scanning galvo-mirrors. In order to focus the ablation
beam on the sample surface, a scan lens with effective focal
length of 39 mm (LSMO03-VIS; Thorlabs) was placed in the
optical path. The beam was sent through the glass substrate
and focused at its rear surface that was coated with PDMS.
This geometry enables self-focusing of the laser beam within
the glass substrate and increases selectivity in removing
the PDMS coating without damaging the bulk of the sub-
strate (Jonas et al. 2014). Approximately 20-pm-wide tracks
were ablated in a single pass over the surface. By expos-
ing the substrate to the laser beam repeatedly five times,
displacing the laser focus by 10 pm after each beam pass,
ablated channels with a total width of around 60 pm could
be produced. The actual pattern used for droplet guiding had
a sinusoidal shape with peak-to-peak amplitude of 300 pm
and length of 7 mm (see Fig. 1c, d). After laser ablation, sur-
face profiles of the produced guiding tracks were determined

@ Springer

by a surface profilometer (Dektak 150; Veeco). Exemplary
profilometry measurements are shown in Electronic Sup-
plementary Information (ESI) (Fig. S2).

Microfluidic devices based on PDMS elastomer were fab-
ricated using conventional soft lithography technique (Unger
et al. 2000). Negative mold of the chip with fluidic channels
of height & = 40 pm was prepared from SU-8-50 photore-
sist (Microchem) spin-coated on a silicon wafer. T-junction
geometry shown in Fig. 1c was selected for droplet gen-
eration. The widths of the channel segments A, B, and C
were 50, 100, and 400 pm, respectively. After PDMS curing
at elevated temperature, PDMS chips and the laser-ablated
PDMS-coated microscope slides were exposed to oxygen
plasma and the two parts were aligned with each other such
that the sinusoidal guiding tracks were centered on the axis
of channel section C and then immediately bonded together
by firmly joining them. Experimental parameters for the oxy-
gen plasma exposure are summarized in ESI. After bonding,
microfluidic devices were kept in an oven at 120 °C for 72 h
in order to hasten the recovery of the hydrophobic nature of
the PDMS surfaces, required for successful droplet genera-
tion (Wu et al. 2008). An actual ablated glass slide bonded
with a T-junction chip is shown in Fig. 1d. The pictures of
various sections of the T-junction chip were taken by a CCD
camera, combined, and subsequently processed to remove
background. Here, we report results obtained using three
different microfluidic chips. These chips will be referred to
as Chip A, Chip B, and Chip C throughout the article. Wet-
ting track depths and track widths for Chips A, B, and C are
1/1.5/2 pm and 70.8/62.4/69.3 pm, respectively.

2.2 Emulsion systems used in droplet guiding
experiments

In this article, we study surface-assisted droplet guiding with
two different emulsion systems, in particular, polar drop-
lets of (1) water and (2) ethylene glycol with and without
surfactant suspended in olive oil serving as the host liquid.
Droplets with added surfactant were prepared by mixing
sodium dodecyl sulfate (SDS) with either deionized water
or pure ethylene glycol to the final SDS concentration of
10 mM which is more than the critical micelle concentra-
tions of SDS in both droplet liquids (Cookey and Obunwo
2015). Thus prepared droplets are called water/SDS and
ethylene glycol/SDS droplets throughout this paper. The
presence of surfactant in the droplet liquid serves three pur-
poses. Firstly, it makes droplet formation easier. Secondly,
it prevents fusion or merging of neighboring droplets flow-
ing in the stream with one another (Tullis et al. 2014). Most
importantly, upon adding surfactant, contact angle of water
droplets with a glass surface immersed in olive oil increases
with respect to the contact angle of pure water on glass in
oil. On the other hand, contact angle of ethylene glycol/SDS
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droplets with glass immersed in oil does not increase signifi-
cantly with respect to that of pure ethylene glycol at the same
surfactant concentration. This allows us to investigate the
effect of contact angle and interfacial tension on the stability
of droplet guiding.

In the experiments, olive oil forming the continuous phase
of the flow was injected from the top inlet of the chip (see
Fig. 1c), using a syringe pump operating at a flow rate of 20
or 30 pL/h. The dispersed (droplet) phase was then injected
from the lower inlet of the chip using another syringe pump
at a flow rate of 1 pL/h, and emulsion droplets were gener-
ated at the T-junction (Garstecki et al. 2006). Subsequently,
the droplets entered the channel section C which contained
the sinusoidal guiding track.

2.3 Computational fluid dynamics study

There are various reasons for conducting numerical simula-
tions of microfluidic experiments. Among the most impor-
tant motivations are independent verification of experi-
mental results, reduction of the number of experiments and
test parameters, and investigation of system configurations
whose direct experimental study and evaluation are not fea-
sible. Since the capabilities of numerical simulations have
evolved considerably due to the developments in computer
science and technology, the number of numerical investi-
gations reported in the literature dealing with modeling of
microfluidic devices in chemical and biological engineering
applications has increased dramatically in the last few dec-
ades (Teh et al. 2008).

The choice of a particular computational method suitable
for modeling a specific examined fluid dynamics problem
depends heavily on the involved space and timescales that
can lie anywhere between subatomic scale to the continuum
concept. In this study, the problem of interest is a two-phase
flow of immiscible fluids in a microfluidic device; for mod-
eling this class of fluid dynamics problems, the continuum
concept and lattice-Boltzmann methods are well suited
(Worner 2012). There are many available numerical meth-
ods to model such a problem depending on the thickness
of the interface between the considered fluid phases. While
the arbitrary Lagrangian—Eulerian formulation (Ganesan
2012) and level set methods (Choi and Son 2008) assume
zero interface thickness, the phase field (Menech et al. 2008)
and the volume of fluid (VOF) (Gupta et al. 2009) methods
operate with a continuous interface of finite thickness. In the
literature, various flow solvers have been used to tackle such
kind of fluid dynamics problems: These include in-house
developed source codes (Karapetsas et al. 2016), commercial
software such as Ansys Fluent (Gupta et al. 2009) or COM-
SOL (Lim and Lam 2014), and open-source codes such as
OpenFOAM (Malekzadeh and Roohi 2015).

2.3.1 Solver settings

In order to investigate the multi-phase flow of immiscible
liquids, Ansys Fluent commercial flow solver based on
cell-centered finite-volume computational algorithm was
used. To track the interface between the phases, volume
of fluid (VOF) method was applied. Continuum surface
stress model was selected for modeling surface tension
effects. In addition, PISO (Pressure Implicit with Split-
ting of Operator) algorithm was used for pressure—velocity
coupling where the first-order approximations were used
for both spatial and temporal discretizations.

2.3.2 Governing equations for fluid flow

VOF method was used to track the shape and position of
the interface between the immiscible dispersed and host
fluids. In the VOF model, the volume fraction of each
fluid in each discrete cell of a fixed mesh is computed
and tracked at each time step. Volume fraction « of each
phase can be calculated using the continuity equation
given as

%(alpl) + V(aypi) =0 (1)

where the subscript / indicates the phase of interest (/ = host,
dispersed), ; is the volume fraction, p, is the density, and #
is the flow velocity (Ansys Fluent Theory Guide 2013). The
right-hand side of Eq. (1) equals to zero since the mass trans-
fer between the phases and mass source terms are absent in
our problem. The continuity equation was not directly solved
for the host liquid phase; instead, the constraint

Fhost + adispersed =1 (2)
was used to determine the volume fraction of the host liquid
@0 from the calculated volume fraction of the dispersed
liqUid ®dispersed:

In order to calculate the velocity field, a single momen-
tum equation was shared by both fluids. This momentum
equation in vector form is given as:

2 (i + Vi) = =p+ V [u(Vii+ Vi + ig +F. (3)

Here, p = Y, p, is the density of the mixture, u = Y, a4
is the dynamic viscosity of the mixture (I = host, dispersed),
p is the pressure in the fluid, g is the acceleration due to
gravity, and Fis the density of all additional volume forces.
The solution of Eq. (3) then gives the velocity field # of both
phases. From the definition of p and , it follows that Eq. (3)
depends on the volume fraction of each phase through cou-
pled continuity equation Eq. (1) and constraint (2).
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2.3.3 Computational domain and boundary conditions

The geometry of chips used in the experimental part of the
study consisted of a T-Junction followed by a larger chan-
nel where a single period of a sine wave-shaped track was
ablated into the channel base (see Fig. 1c, d). The main goal
of the numerical study was to investigate droplet guiding
along the ablated tracks. As the guiding can be observed
starting from the beginning of the ablated pattern, only the
first quarter of the pattern was included into simulations in
order to reduce the computational cost. Figure 2a, b shows
a schematic of the computational domain.

Since in the experiments, the droplets are created in a
T-junction, most of the flow parameters such as the droplet
velocity, droplet diameter, and distance between the droplets
are dependent on each other and also on the fluid properties
(in particular, fluid viscosity and surface tension). In order to
control the flow parameters independently and also to reduce
the computational cost, the length of the inlet channel was
reduced from 1800 to 600 pm by excluding the first two-
thirds of the channel with the T-junction from the simulation
domain. Instead of the T-junction, the simulated droplets
were generated by changing the inlet volume fraction of the
dispersed fluid between O and 1 periodically. The desired
distance between the neighboring droplets and the droplet
size was then controlled by changing the period of the dis-
persed fluid feed and the duration of the dispersed fluid feed
relative to the feed period, respectively.

The whole computational domain was initialized with
zero velocity magnitude, water volume fraction, and effec-
tive pressure. Constant velocity and constant pressure
boundary conditions were applied at the inlet and outlet
channel boundaries, respectively. No-slip boundary condi-
tions with experimentally obtained values of contact angles
were applied at the walls. Since the T-junction was excluded
from the simulation, the inlet velocity was calculated using
the total mass flow rate of the host and dispersed fluid. The
inlet volume fraction of the dispersed fluid phase was kept at
zero for 1 s before the first droplet was sent into the channel
by changing the inlet volume fraction to 1.

2.3.4 Mesh dependency

In our numerical studies, we investigated the effects of the
pattern depth and contact angle of the dispersed fluid with
the pattern on the stability of droplet guiding. In order to
verify the numerical results and find the proper number
and size of the cells that do not lead to computational
artifacts, a mesh dependency test was conducted. To this
end, we carried out simulations of droplet guiding along
a 2-um deep track using block-structured meshes with
different total numbers of cells. In order to capture the
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Fig. 2 Microfluidic chip geometry used in computational fluid
dynamics simulations. a Full chip including the T-junction and drop-
let guiding region. b Reduced geometry containing only the droplet
guiding region. ¢ An overall top view of the whole computational
domain including the mesh. d Detail of the channel expansion region
(top view). e Side view of the channel outlet. f Detailed side view of
the region near the track within the area denoted by orange rectangle
in part (e). L-shaped mesh domain represents the edge of the guid-
ing track. g Schematics showing the droplet trajectory, guiding track
center, perpendicular distance d, and angular analysis of droplet guid-
ing

strong gradients of the flow characteristics, the cells of the
mesh were finer near the channel walls, region of expan-
sion from thin to wide channel, and around the sinusoidal
guiding track. In these test simulations, we found that a
mesh with 2.9 million cells reproduced well the observed
experimental results and increasing the number of cells
did not lead to further changes in the simulated droplet
trajectories. Thus, we used 2.9 million cell mesh in all
simulations reported in this article. The actual structure
of the mesh is shown in Fig. 2c—f.
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3 Results and discussion

The results presented and discussed in this article are based
on eight sets of experiments performed with different guid-
ing chips and different droplet liquids. Table 1 shows a sum-
mary of material parameters and experimental conditions
studied in these experiments. In particular, Exps. I-III study-
ing the influence of the track depth on the stability of droplet
guiding are introduced in Sect. 3.1, whereas Exps. IV-VIII
dealing with the guiding of emulsion droplets formed from
different polar liquids are described in Sect. 3.2. Detailed
information on the contact angle and interfacial tension
measurements is provided in ESI. Normalized cross-corre-
lation-based tracking algorithm has been employed for track-
ing the positions of moving droplets (see ESI for details).
This algorithm has been widely used in the literature for its
high efficiency and robustness in tracking moving objects of
micrometer size (Sidram and Bhajantri 2015).

3.1 Droplet guiding with different depths of the wetting
track

In this subsection we summarize the results of droplet guid-
ing experiments performed with water/SDS droplets in
Chips A, B, and C, corresponding to Exps. I, II, and III
shown in Table 1, respectively. We also present the results of
numerical studies simulating guiding experiments in Chips
A and C (Exps. [ and IIT in Table 1).

3.1.1 Droplet guiding experiments

In these experiments, water/SDS droplets of different
sizes and speeds were employed. Droplet sizes and speeds
ranged between 70-148 um and 199-244 pm/s for Chip A,
71-146 pm and 193-277 pm/s for Chip B, and 55-151 pm
and 215-288 pm/s for Chip C, respectively. Figure 3a—c
shows the trajectories obtained by image analysis for all

droplets studied in the particular set of experiments with
a single chip. (Corresponding example videos of droplet
trajectories can be found in ESI.) Trajectories followed by
unguided, partially guided, and completely guided droplets
are shown by red, yellow, and green colors, respectively,
and the edges of surface-ablated tracks are indicated by
blue curves. For each chip, three still images recorded dur-
ing the motion of an exemplary droplet are also provided.
For Chip A with the shallowest track depth of 1 pm, all
droplet trajectories are parallel to the walls of the fluidic
channel; they follow the direction of the flow and not the
ablated track. Hence, none of the droplets are guided for
this case. In contrast, for Chip C with the deepest 2-um
track, all the droplets are guided. For the intermediate
track depth of 1.5 pm fabricated in Chip B, partial droplet
guiding (15 guided out of 31 studied droplets) is observed.

In order to compare quantitatively the stability of
guiding for droplets of different sizes, a convention was
adopted such that the droplets were divided into three size
categories labeled small, medium, and big. For each stud-
ied chip, the classification was done so as to yield similar
number of droplets in each size category. In particular,
small, medium, and big refer to droplet sizes smaller than
90 pm (Chip A)/87 pm (Chip B)/85 pm (Chip C), between
90-110 pm (Chip A)/87-98 um (Chip B)/85-103 pm (Chip
C), and larger than 110 pm (Chip A)/98 um (Chip B)/103 p
m (Chip C), respectively.

Guiding performance of individual chips was then char-
acterized by evaluating the perpendicular distance between
the track center and the droplet trajectory and the angular
deviation between the track axis and the droplet trajec-
tory for each video frame acquired along the route of the
tracked droplet. This was done by comparing each droplet
path coordinate with the center of the guiding track in
terms of distance ‘d’ and angle ‘@’ as shown in Fig. 2g.

Coordinates of the ith point along the droplet trajectory
and jth point along the ablated track center are represented by

Table 1 Parameters of microfluidic systems used in different sets of droplet guiding experiments

Exp# Dropletliquid  Track depth (0 Contact angle Interfacial ten-  Droplet size Droplet speed  Oil/droplet Guiding
m)/chip on PDMS/glass  sion (mN/m) (um) (um/s) liquid flow rate  (yes/no/
in oil (°) (uL/h) partial)
1 Water/SDS 1.0/Chip A 163.3/111.2 2.5 70-148 199-244 20/1 No
1I Water/SDS 1.5/Chip B 163.3/111.2 2.5 71-146 193-277 20/1 Partial
1 Water/SDS 2.0/Chip C 163.3/111.2 2.5 55-151 215-288 20/1 Yes
v Water/SDS 1.0/Chip A 163.3/111.2 2.5 72-82 267-280 20/1 No
v Water 1.0/Chip A 171.3/47.7 16.4 (Than et al. 75-89 394-440 30/1 Yes
1988)
VI Ethylene glycol 1.0/Chip A 164.4/44 4 12.0 (Mei 2008) 96-106 203-245 20/1 Yes
VII Water 1.0/Chip A 171.3/47.7 16.4 100-117 267-286 20/1 Yes
VIII  Ethylene glycol/ 1.0/Chip A 160.8/51.8 - 96-103 228-265 20/1 Yes
SDS
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F(a)

- (b)

L (¢)

Fig. 3 Droplet guiding as a function of the track depth. Experimen-
tal trajectories observed for water/SDS droplets in a Chip A with 1 p
m depth, b Chip B with 1.5 pm depth, ¢ Chip C with 2.0 pm depth,
(Exps. 1, II, and III, respectively). Red, green, and yellow lines rep-
resent unguided, guided, and partially guided (guided or unguided)
droplet trajectories, respectively, and blue lines represent boundaries
of the guiding track. Droplet guiding movies of these experiments can
be seen in ESI (Movies S1, S2, and S3, respectively). All scale bars
are 200 pm

(7 s r,-’y) and (sj,x, sj,y), respectively. Here, subscripts x and y
refer to the horizontal and vertical directions in a two-dimen-
sional image, respectively. For each position (r; ,, ;) along
the droplet trajectory, the corresponding position (sj,x’ Sj,y) on
the track center was found that minimizes the perpendicular
distance d; between the droplet trajectory and the track center.
} indicates the index number along the ablated track center
minimizing the distance with the ith point along the droplet
trajectory. The value of d; is then given by:

d; = \/(r[,x =507+ (riy = 55.)% 4)

@ Springer

Local directions of the droplet trajectory at point
(r;x 1;y) and of the center of the ablated track at point
(s;.x, s]-.y) with respect to the channel side walls are charac-

terized by angles ® o i» Py, ; defined as:
. -7
Dy — Ty
q)droplel,i =arctan [—] ’ (5a)
Tt = Tix
S - — 5=
_ G+Dy iy
Py j = arctan [ﬁ] ’ (5b)
G+1).x JX

Angular deviation between the droplet trajectory and the
track center at a given pixel is then obtained as:

A(I)i = |q)drop1et,i - (Dtrackjl‘ (6)
The same analysis is done for all the droplets, and the results
are combined to evaluate the overall quality of guiding for
the studied system. The values of d; and A®; obtained for
all trajectory points of all droplets within individual chips
have been combined and are shown as histograms in Fig. 4.
The distance histograms reveal the confinement of the drop-
lets within the track, while the angle histograms reveal their
guiding.

The results obtained for Chip A (track depth: 1 pm),
plotted in Fig. 4a, d, clearly show that droplets of all sizes
are neither confined in the track nor following the track
direction. All distance histograms of Fig. 4a are virtually
flat, indicating no fixed separation between the track axis
and the droplet center. In addition, the angle histograms
of Fig. 4d are also quite broad, reflecting a wide range of
angles between the droplet trajectory and the track axis
that is parallel to the sinusoidal contour of the track. This
stems from the fact that the droplets are moving predomi-
nantly in the direction of the flow, ignoring the presence
of the ablated track. Overall, the data show no guiding
for Chip A, which results from insufficient depth of the
ablated track.

The histograms plotted in Fig. 4b, e correspond to Chip
B (track depth: 1.5 pm). In this case, due to the interplay
between the flow direction and position of the topographical
step, guided droplets tend to stay away from the center of
the guiding track and follow its downstream edge. There-
fore, all the distance histograms of Fig. 4b peak at nonzero
positive values of d. However, the average separation dis-
tance d between the track axis and the droplet center visibly
decreases with increasing droplet size. Since Chip B only
enables partial droplet guiding, the effect of droplet size is
not too pronounced because the droplets are confined only
loosely within the track. Despite this, the angle histograms
of Fig. 4e are shifted to significantly smaller values relative
to the data obtained with Chip A (compare with Fig. 4d),
thus showing better guiding caused by a deeper track.
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Fig. 4 Guiding performance of surface-ablated tracks of different
depths. a—c Distance histograms observed for Chips A, B, and C
for different droplet size groups. d—f Angular deviation histograms
observed for Chips A, B, and C for different droplet size groups.

Finally, the histograms plotted in Fig. 4c, f correspond to
Chip C (track depth: 2 pm). Similarly to the previous case of
Chip B, small droplets tend to stay near the track edge so that
the peak of their distance histogram shown in Fig. 4c (black
bars) is located at a relatively large value of d. However, with
increasing droplet size, the peaks of the distance histograms
shift strongly toward the zero value of d. Because the droplet
confinement is almost complete for this case, the effect of
droplet size is much more pronounced than for Chip B. As
seen in the angular deviation histograms of Fig. 4f, Chip
C enables almost perfect guiding of droplets of all sizes.
Thus, the peaks of the angular deviation histograms have all
shifted toward the zero value of A®.

3.1.2 Numerical simulations of droplet guiding

In order to gain more insight into the mechanisms of droplet
guiding, the effect of ablated region depth has been inves-
tigated numerically. In this CFD study, the depth of the
sinusoidal guiding pattern was chosen to be either 1 or 2 p
m, corresponding to the two extreme experimental cases of
Chip A and Chip C (Exps. I and III in Table 1). We assumed
that the guiding track was formed by a clean glass surface,

AD (°) AD (%)

Mean values of the separation distances and angular deviations for
different droplet size groups are indicated in figure legends. Total
numbers of small/medium/big droplets studied are 10/10/10 for Chip
A, 11/9/11 for Chip B, and 14/16/15 for Chip C

whereas the region surrounding the track was formed by
PDMS surface. Both surfaces were characterized by their
static contact angles which were determined experimentally
for droplets of water/SDS mixture immersed in olive oil. In
addition, dynamic behavior of immiscible fluids in the two-
phase flow was described by their interfacial tension which
was measured for an interface between water/SDS and olive
oil by the Wilhelmy plate method as in Aas et al. (2013).
The details of contact angle and interfacial tension measure-
ments are provided in ESI. Measured interfacial tension and
contact angles are summarized in Table 1; these values were
applied in the simulations in order to make them as realistic
as possible. In all numerical results presented in the article,
droplet colors indicate different fluids where red, green, and
blue colors are used for water/SDS, pure water, and pure
ethylene glycol, respectively.

The simulations of droplet guiding yielded video files
showing water/SDS droplets flowing in oil toward the chan-
nel outlet; these video files can be found in ESI (movies S9
and S10). The last frames of the simulated videos produced
for 1-pm and 2-pum deep tracks, with six droplets present
simultaneously in the channel, are shown in Fig. Sa, b,
respectively. It is evident that majority of the droplets are
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Fig. 5 Numerical simulation of guiding of water/SDS droplets in a
Chip A (track depth: 1 pm) and b Chip C (track depth: 2 pm) corre-
sponding to Exps. I and III. See also Movies S9 and S10 in ESI. All
scale bars are 200 pm

not guided for the shallow track (Fig. 5a), whereas all the
droplets moving along the deep track are guided (Fig. 5b).

3.2 Droplet guiding with different droplet liquids

In this subsection, we present the results of Exps. IV-VIII
described in Table 1, obtained using Chip A and two dif-
ferent droplet liquids with different wetting properties on
the glass surface immersed in oil. In particular, the studied
liquids include water and ethylene glycol, both used either
with or without surfactant. In addition, the results of numeri-
cal studies performed for parameters corresponding to Exps.
IV-VII are also presented here. All the parameters relevant
to experimental and numerical studies [V—VIII are summa-
rized in Table 1.

Contact angles measured for all studied droplet liquids on
PDMS and glass surfaces immersed in olive oil are shown
in Table 1. On the PDMS surface, contact angles for pure
water and pure ethylene glycol were found to be 171.3° and
164.4°, respectively. These values are similar to the contact
angles measured on PDMS for water/SDS droplets (163.3°)
and ethylene glycol/SDS droplets (160.8°). The difference
between contact angles of individual liquids becomes much

Fig. 6 Droplet guiding experi- (a)

more prominent when the surface is changed to glass. On
the glass surface, contact angles were measured to be 47.7°,
44.4°,111.2°, and 51.8° for pure water, pure ethylene glycol,
water/SDS, and ethylene glycol/SDS droplets, respectively.
Consequently, the contrast between the contact angles meas-
ured on PDMS and on glass is much smaller for water/SDS
droplets, in comparison with water, ethylene glycol, and eth-
ylene glycol/SDS droplets.

Experimental and simulated trajectories determined for
water/SDS and pure water droplets in Chip A (Exps. IV and
V) are shown in Fig. 6. In order to obtain similar droplet
sizes in both experiments, oil flow rate of 30 pL/h was used
in Exp. V with pure water droplets, whereas in Exp. IV with
water/SDS droplets, oil flow rate was kept at 20 pL/h. This
difference in the applied flow rates is due to almost seven-
fold difference in interfacial tensions for both cases. Conse-
quently, the droplet speed in Exp. V is considerably higher
than the droplet speed in Exp. IV because the size and speed
of moving droplets are interrelated (Garstecki et al. 2006). In
particular, for the data presented in Fig. 6a, droplet size and
speed ranged from 72-82 pm to 267-280 pm/s, respectively.
In contrast, for the data presented in Fig. 6b, droplet size and
speed ranged from 75—-89 pm to 394440 pm/s, respectively.
Despite the higher droplet speeds, all droplets are observed
to be guided in Exp. V (water), while in Exp. IV (water/
SDS), no single droplet is guided.

From the comparison of Exp. IV (water/SDS) and V
(water), we conclude that the main mechanism enabling
droplet guiding is the modification of interfacial energy
between the droplet surface and the surface of the guid-
ing track rather than the topography of the track. In other
words, due to a higher contrast of contact angles between
the PDMS and glass surfaces for pure water droplets as
compared to water/SDS droplets (see Table 1), pure water
droplets are much more strongly attracted to the laser-
ablated track. These experimental results have also been
verified by numerical simulations whose outcome is shown

ments performed with a water/
SDS and b pure water droplets
in Chip A (Exps. IV and V).
Parts ¢ and d show the simula- —
tion results for the experiments 7

presented in parts a and b,

respectively. Droplet spreading ——

in part d of the figure results
from the low contact angle of
pure water on the clean glass
surface which is actually not
achieved in the experiments (see

discussion in the text.) All scale
bars are 200 pm. See also Mov- (©)
ies S4, S5, S9, and S11 in ESI

(b)
e A Pt
(@ [
e o6 o o ———
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in Fig. 6c, d. In the simulations, material constants provided
in Table 1 for Exp. IV and V were used. In agreement with
the experimental results shown in Fig. 6a, b, no droplets
are observed to be guided in Fig. 6¢, while all droplets are
strongly guided in Fig. 6d. In Fig. 6d, the simulated droplets
are observed to be strongly deformed and flattened as they
are guided along the track; this behavior was not observed
in the experiments presented in Fig. 6b. This difference in
the droplet behavior can be attributed to incomplete removal
of PDMS from the laser-ablated tracks. In the experiments,
some residues of PDMS are left on the glass surface after
laser ablation. This is indicated by the roughness observed in
the surface profiles of the ablated tracks shown in Fig. S2 in
ESI. In order to fully characterize the presence of residual
PDMS on the laser-ablated surfaces, we performed scanning
electron microscopy (SEM) and Raman spectroscopy of a
clean glass substrate, a PDMS substrate, and the ablated
track region. The results of these experiments provided in
ESI (Figs. S3-S6) clearly indicate the presence of residual
PDMS on the surface of the laser-ablated sinusoidal track.
Residual PDMS remaining on the track surface then renders
this surface less hydrophilic which results in a higher contact
angle of pure water on this surface and, consequently, lower
wetting of the surface by the droplets of pure water. Thus,
the size of the contact area between the droplet and the track
decreases, resulting in more spherical droplets observed in
the experiments, in contrast to the simulated droplet shape.

Experimental and simulated trajectories observed in Chip
A for pure ethylene glycol and pure water droplets are shown
in Fig. 7 (Exps. VI and VII). Pure water and pure ethyl-
ene glycol have different polarity and interfacial tension in
olive oil, but they display similar contact angles on glass
and PDMS when immersed in the oil (see supplementary
Fig. S7). Similarity of the results obtained for pure water
and pure ethylene glycol then shows that the main guiding
mechanism taking place is due to the increased wettability—
or reduced contact angle—in the central ablated region. The

Fig. 7 Droplet guiding experi- (a)

flow rates of oil and droplet liquid in both cases were kept
at 20 pL/h and 1 pL/h, respectively, yielding similar droplet
sizes. In particular, droplet size and speed ranged between
96-106 pm (100-117 pm) and 203-245 pm/s (267-286 p
m/s) in Fig. 7a (Fig. 7b), respectively. For both ethylene
glycol and water droplets, complete guiding is observed in
Fig. 7a, b. Full videos of guided droplets can be found in ESI
(movies S6 and S7). These results have also been verified
by the numerical simulations shown in Fig. 7c, d. Similarly
to the simulation result of Fig. 6d, simulated droplets in
Fig. 7c, d are observed to be deformed due to strong wetting
of the guiding tracks. Such deformations were not observed
in the experiments because of the residual PDMS left on the
guiding track surface after the laser ablation, resulting in
decreased wettability of the track surface with polar droplet
liquids.

Finally, experiments with ethylene glycol/SDS droplets
were carried out in chip A (Exp. VIII). In these experiments,
flow rates of oil and water were kept at 20 pL/h and 1 pL/h,
respectively. Resulting size of the droplets then varied from
96 to 103 pm, and the speed of the droplets varied from
228 to 265 pm/s. Experimental trajectories of the droplets
are shown in Fig. 8. The contact angle of ethylene glycol/
SDS droplets on a glass surface immersed in olive oil was
measured to be 51.8°, very similar to the cases of pure water
and pure ethylene glycol droplets surrounded by oil. Conse-
quently, due to the relatively good wetting of the glass sur-
face, ethylene glycol/SDS droplets display complete guiding,
just like the droplets of pure water and pure ethylene glycol.
This finding is in strong contrast with the results obtained
for water/SDS droplets under similar operating conditions
(droplet size and speed) as shown in Fig. 6a where no guid-
ing is observed for water/SDS droplets. Comparison of the
results obtained for both water and ethylene glycol droplets
without and with the surfactant suggests that the organiza-
tion of the surfactant layer at the droplet surface represents
a major factor determining the stability of droplet guiding.

(b)

ments performed with a pure
ethylene glycol and b pure
water droplets in Chip A (Exps. a0
VI and VII). Parts ¢ and d show
the simulation results for the
experiments presented in parts

a and b, respectively. All scale

bars are 200 pm. See also Mov-
ies S6, S7, S12, and S13 in ESI
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(d)
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Fig. 8 Droplet guiding experiments performed with ethylene glycol/
SDS droplets. Scale bar is 200 pm. See also Movie S8

Specifically, while the addition of the surfactant causes a
dramatic change in the guiding behavior of water droplets,
no such change is observed for ethylene glycol droplets upon
adding the surfactant. These results also indicate that the
polarity of the bulk droplet liquid plays only a marginal role
in the guiding, which is almost completely controlled by the
droplet interfacial energy given by the complex physico-
chemical interactions between the droplet liquid, the sur-
factant layer, and the host medium.

4 Conclusions

We have presented a comprehensive study of guiding of
emulsion microdroplets along surface tracks obtained by
laser ablation of PDMS films of micrometer thickness
deposited on glass slides; these guiding tracks are defined
by topography and wettability of the patterned surface. We
have analyzed the stability of droplet guiding for different
polar liquids with different interfacial properties with respect
to the host liquid formed by olive oil. Following conclu-
sions have been drawn from the results of experiments and
numerical simulations:

e Experiments with water/SDS droplets moving along 1-,
1.5-, and 2-um deep guiding tracks revealed no guiding, par-
tial guiding, and complete guiding, respectively, in the three
considered cases. These experiments show that for constant
chemical properties of the surface, surface topography plays
an important role in the stability of droplet guiding, espe-
cially for track depths larger than 2 pm. Experimental results
have been verified by numerical simulations showing the
presence and absence of guiding of water/SDS droplets
along 2- and 1-pm deep tracks, respectively.

@ Springer

Experiments with guiding of water/SDS droplets along
tracks of different depths indicate that large droplets
(diameters larger than ~ 100 um) display the highest
sensitivity of the confinement—characterized by the dis-
tance of the guided droplet center from the track center—
to the depth of the guiding track. This is a direct result of
the capacity of these bigger droplets to interact physically
with both sides of the track and benefit from additional
surface support. With increasing depth of the track, the
differences in confinement of droplets of different sizes
become more pronounced. This size dependence of the
droplet confinement can be potentially used for sorting
droplets with different sizes.

Analysis of guiding of droplets of pure water, pure ethyl-
ene glycol, water/SDS, and ethylene glycol/SDS mixtures
along a 1-um deep guiding track indicates complete guid-
ing for water, ethylene glycol, and ethylene glycol/SDS
cases and no guiding for water/SDS case. Guiding of
water, ethylene glycol, and ethylene glycol/SDS droplets
is ensured by their low contact angles on the glass surface
immersed in oil (close to 50°). In contrast, water/SDS
droplets exhibit higher contact angle on glass in oil (more
than 110°) which prevents their efficient guiding. These
experiments show that for the shallowest guiding track
of 1 pm depth, modification of the interfacial interaction
energy rather than the topographical step on the surface
is the main mechanism responsible for droplet guiding.
This dependence of guiding stability on the interfacial
energy can be potentially used for droplet sorting accord-
ing to their surface energy.

For the droplets of pure water and pure ethylene glycol
moving along a 1-um deep track, numerical simulations
have revealed stronger confinement than observed experi-
mentally. This difference is attributed to the residual
PDMS remaining on the track surface after laser ablation
which results in a decreased wettability of the guiding
track by polar liquids in the experiments.

The presented novel technique for surface-assisted droplet

guiding along laser-ablated tracks can be exploited for pas-
sive sorting of microdroplet mixtures flowing in the same
microfluidic chip based on their inherent wetting properties
and/or size. This study also paves the way for autonomous
solutions for integrated lab-on-a-chip biological screening,
therapeutic agent delivery, diagnostic chips, drug discovery,
and isolation of dissolved chemical compounds. The fact that
the droplet guiding can be achieved purely on the basis of
surface energy modifications can also inspire other droplet
guiding schemes that would enable defining reconfigurable
tracks by surface energy modifications obtained using other
external control mechanisms such as electric field (Mannetje
et al. 2014) or light (Lim et al. 2006).
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S Supporting information available

Guiding movies of exemplary droplets for all the experi-
ments and simulations.
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