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Abstract This contribution presents an optofluidic droplet
router which is able to route and steer microdroplets using op-
tically induced forces created solely by the bulk photovoltaic
effect on a nonlinear substrate. The combination of microflu-
idic tools with the properties of a photorefractive crystal allows
for the generation of dielectrophoretic forces that can be ei-
ther repulsive, leading to virtual barriers, or attractive, creating
virtual rails. The sign of these forces is solely determined by
the electrical properties of the liquid medium under investiga-
tion. Moreover, the induced structures on the bottom of the mi-
crofluidic channel are optically reconfigurable, so that the same
device can easily be adopted for different purposes. Appropri-
ate droplet-generating devices are fabricated by UV illumina-
tion of SU-8 and polydimethylsiloxane replica molding of the
master structures. The bottom of the channels is formed by
an iron-doped lithium niobate crystal, whose internal electric
fields are induced by structured illumination patterns and exert
dielectrophoretic forces on droplets in the microfluidic section.
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1. Introduction

Droplets, as the discretized units of otherwise continuous
fluid media, are of particular interest in the world of mi-
crofluidics, since they enable new concepts and fabrication
techniques in physical, biological, and chemical sciences.
Droplet-based microfluidic systems, also known as digital
microfluidics, allow transferring mixing or synthesis exper-
iments to the micrometer scale, thus reducing both reagent
volumes and reaction times. Potential applications include
the manipulation and analysis of single bacteria [1] and
the continuous and controlled synthesis of semiconduct-
ing nanoparticles [2], polymer microparticles of various
shapes [3], or Janus particles with two separate sides that
feature different optical and electrical properties [4, 5]. In
these devices, the ability to actuate droplets is fundamental.
Various active and passive techniques have been proposed
up to now to manipulate discrete droplets for relevant op-
erations such as mixing, sorting, reaction, and sensing of
discrete droplets [6, 7]. However, these manipulation tech-
niques often rely on a fixed structure with little possibility
to adapt to new manipulation scenarios without changing
the device. A solution is provided by the use of optofluidics.
This field holds the promise of enabling novel devices by
the fusion and mutual interaction of optics and microflu-
idics. It includes the manipulation of light by liquid media,
such as in liquid–liquid (L2) waveguides [8, 9], but also
the opposite direction, where optical or optically induced
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forces actuate fluids [10] or liquid constituents are detected
by optical methods [11].

In particular, the present contribution demonstrates a
flexible method of manipulating microfluidic droplets only
by means of light-induced dielectrophoresis (DEP), com-
pletely realized on a photorefractive crystal substrate. DEP
describes a phenomenon in which strongly modulated elec-
tric fields polarize and attract or repel dielectric matter [12].
Since its first description in the 1950s, DEP has been used
to sort cells or actuate flows, either in a fixed electrode con-
figuration [13–16] or flexibly switched by light, resulting in
optically induced DEP or optoelectronic tweezers [17–19],
which connect fluidics with the optical world. Recently, it
was demonstrated that DEP also occurs on the surface of a
photorefractive lithium niobate (LiNbO3) crystal [20], as
a consequence of a structured illumination which gives
rise to strong electric fields inside the material. Owing
to these light-induced electric fields, which penetrate also
the volume outside the crystal, dielectrophoretic and elec-
trophoretic forces have been used for particle trapping in
air [21–23], and also in microfluidic surroundings [24]. To
the best of our knowledge, this paper describes the first use
of a photorefractive LiNbO3 crystal as an active bottom
layer to route droplets in a microfluidic droplet generator.
The movement of droplets and bubbles generated inside
the microfluidic channel is influenced by dielectrophoretic
forces from virtual electrodes, which are created through
appropriate, arbitrarily configurable illumination of the

C© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ORIGINAL
PAPER

Laser Photonics Rev. 9, No. 1 (2015) 99

underlying LiNbO3 substrate. This original approach en-
ables the realization of two-dimensional structures that are
adaptable merely by changing the illumination pattern. The
use of LiNbO3 provides a unique material for the bottom
substrate that is chemically highly resistant due to its crys-
talline nature and able to generate high electric fields with-
out any external electrodes. It is therefore highly suited for
microfluidic integration and can easily complement or re-
place glass substrates in a multitude of droplet formation
devices.

This paper is structured in the following way. Firstly,
the physical origin of the light-induced forces that create
virtual rails or barriers is explained. The following sections
describe the production of droplet generators by femtosec-
ond laser ablation and replica molding as well as the ac-
tive, nonlinear iron-doped LiNbO3 substrate that transforms
the incident illumination pattern into electric field distribu-
tions. Subsequently, the assembly of the optofluidic droplet
routing device is described and first routing scenarios are
demonstrated and discussed.

2. Dielectrophoretic forces and liquid
selection

The effect used for the manipulation of droplets is the fun-
damental effect of dielectrophoresis. It was demonstrated in
the 1950s by Pohl [12] that strongly inhomogeneous fields
induce a significant polarization inside a dielectric material,
which experiences different magnitudes of electrophoretic
forces on both ends of the induced dipole. The resulting net
forces either attract particles to or repel them from regions
of high field intensity. The magnitude of the force on a
dielectric sphere can be calculated as [25]

FDEP = 2πr3εmε0 K (ω)∇E2 , (1)

where r is the particle radius, εm the relative permittivity of
the surrounding medium, ε0 the vacuum permittivity, E the
electric field, and K (ω) the frequency-dependent Clausius–
Mossotti factor, which for small frequencies ω, such as
those occurring on LiNbO3 substrates [24], simplifies to the
contrast between the conductivities σp and σm of particle p
and surrounding medium m, respectively [25]:

K (ω → 0) = σp − σm

σp + 2σm
. (2)

However, in the current application, the fluid medium
under investigation can hardly be described as a small spher-
ical particle. Therefore a different model that describes the
fluid as a collection of infinitely small dipoles with dipole
moment �p is more suitable [26]. The total force is derived
by calculating an integral over the Kelvin polarization force
density, i.e. all dipoles in the fluid volume [27]

�F =
∫

(Np �p)∇EdV = 1

2
ε0

∫
(εl − εm)∇E2dV , (3)
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Figure 1 (a) T-channel junction and (b) collinear flow-focusing
droplet generators used in this contribution; see text for details.

where Np describes the volume density of individual dipoles
with dipole moment �p and (εl − εm) is the excess po-
larization of a liquid l surrounded by another medium
m [28]. In either description of Eqs. (1) and (3), the force
is attractive if the droplet possesses a higher conductiv-
ity/permittivity than that of the surrounding medium and
vice versa. Thereby, electric field gradients can be used to
deflect droplets in a microfluidic device by light-induced
virtual barriers or to guide them on virtual rails. The
two main constituents of such a device are the microflu-
idic channels, where droplets are generated, and the bot-
tom material sealing the channel, which provides the elec-
tric field to manipulate the droplets. A suitable combi-
nation of fluids is selected, so that one medium is less
conductive and less polarizable than the other. For exam-
ple, in the case of Novec hydrofluorether (3M, St Paul,
MN) droplets flowing freely in tetradecane (TD), the Novec
7300/7500 fluids are more polarizable, with εTD ≈ 2 and
ε7300/7500 = 6.14/5.83 [29,30], as well as more conducting,
with σ7300/7500 = 5.6 × 10−12/4.5 × 10−9 S cm−1 [29, 30]
being much larger than σTD ≤ 1 × 10−15 S cm−1 (own mea-
surement). It is therefore a safe assumption that even in the
case of comparably large droplets, the forces acting on
droplets suspended in a base medium will be attractive for
Novec droplets in TD and repulsive if air or another less
polarizable bubble is immersed in Novec fluid.

3. Droplet generators

In order to demonstrate the light-induced actuation ca-
pabilities of the LiNbO3 substrate, an integrated droplet-
producing device has to be assembled in order to bring
the droplets into close contact with the active bottom sub-
strate. Droplet generation requires two immiscible fluids,
one of them being a low-volume stream which is injected
into a high-volume base stream. Two different generator
geometries were used (Fig. 1), the first being a T-junction
geometry, where the base stream is intersected by a droplet
nozzle, so that droplets are cut off from the nozzle [31].
This geometry has the advantage of being fairly easy to
implement and allowing a straightforward change of the
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ratio between droplets and base liquids by changing the
flow speeds. However, due to the production of the droplets
in immediate contact with the channel, they have a ten-
dency to stick to the channel walls, even if the channel gets
broader (Fig. 1). The adhesion forces can become compa-
rable to the strength of the dielectrophoretic forces, which
impedes droplet manipulation. The second design that can
circumvent the problem of sticking droplets is a collinear
or flow-focusing geometry. Three streams flow collinearly,
with the base streams flowing at a higher flow rate, so that
the middle stream is effectively segmented into discrete
droplets [32]. It has the advantage that the droplets are free-
flowing and ideally do not have contact with the channel
walls. In order to economize as regards additional pumps,
the base stream is split up into two to arrive at the droplet
nozzle from both sides. Although such a simplified setup
does not allow the independent control of the two sides of
the flow, it was found that droplets were still produced with
only little bias to either side. In any case, the implemen-
tation of more pumping devices to allow for even better
droplet control is straightforward and independent of the
presented manipulation technique.

For each geometry, illumination masks were fabricated
by femtosecond laser ablation of aluminum from sputter-
coated glass slides. Using these masks, SU-8 masters for
polydimethylsiloxane (PDMS) replica molding were fabri-
cated by UV illumination with a 405 nm laser. The SU-8 was
spin-coated onto glass substrates to a thickness of 65 μm.
The preprocessing and the developing of the SU-8 masters
were carried out following the usual procedures described in
the literature [33–35]. It should be noted, however, that af-
ter developing, the SU-8 masters were post-baked at 150◦C
for 1 hour, which significantly increased the adhesion of
SU-8 to the glass substrate. The PDMS mixture was de-
gassed prior to the casting process, then poured into the
mold and cured at 100◦C for 45 minutes. The casting mold
further consisted of a metal frame with threads, to which the
microfluidic tubing was attached. During the experiments
the microfluidic flows were driven by PSD/3 micropumps
(Duratec Analysetechnik, Hockenheim, Germany).

4. Virtual electrodes on iron-doped lithium
niobate (Fe:LiNbO3)

The electric fields responsible for droplet manipulation
originate from the LiNbO3 substrate by which the PDMS
channels are sealed. LiNbO3 is a photorefractive material,
which upon inhomogeneous light illumination produces
strongly modulated internal space-charge fields. The main
mechanism of this phenomenon is the bulk photovoltaic
effect [36], which describes the unilateral movement of
photo-excited charge carriers in the substrate, mainly along
its optical axis ẑ. This charge migration leads to a net
charge separation between dark and bright areas, which
in turn gives rise to the so-called space-charge electric
field [37]. Since the photorefractive performance of the ma-
terial strongly depends on the concentration of donor and

Table 1 List of Fe:LiNbO3 crystals used in the experiments re-
ported in this contribution.

sample cFe2+/cFe3+ size (mm)

as-grown AT2 0.039 15 × 10 × 2

reduced 151.7 0.74 13.5 × 10 × 0.6

acceptor atoms, LiNbO3 crystals are often doped with tran-
sition metals, such as iron in the present case. In LiNbO3,
the iron dopant atoms are present in two valence states,
Fe2+ and Fe3+, which act as donor and acceptor of free
charges, respectively. In this way the sensitivity is increased
in the visible region and very high internal fields of up to
107 V m−1 can be created [38].

The Fe:LiNbO3 crystals used in the study described
here were grown at the University of Padua according to
the protocol described in [39]. The crystals used for the ex-
periments must fulfill two criteria: first, they should be fast
so that virtual electrodes can be induced in a reasonable
time frame; second, and even more important, the inter-
nal space-charge fields Esc should be high enough to en-
able the efficient manipulation of droplets and bubbles. The
one-center model [40], which describes the time evolution
and magnitude of light-induced internal electric fields in
Fe:LiNbO3, predicts a linear increase of the photoconduc-
tivity, hence the writing speed, with the degree of reduction
r , i.e. the ratio between the concentration of filled (Fe2+)
and empty (Fe3+) traps. This ratio can be adjusted using the
thermal treatment described in [39]. However, it was found
in a previous study [39] that for degrees of reduction higher
than unity, the saturation field, which enters quadratically in
Eq. (1), decreases disproportionately. Therefore, to ensure
that the electric fields are sufficiently high, a crystal with in-
termediate degree of reduction of r = 0.74 was used, if not
stated otherwise (see Table 1). To compare performances,
a commercial as-grown crystal was used in a single experi-
ment. Although the saturation field for the as-grown crystal
was twice as high as for the reduced one, 3.79 × 107 and
1.85 × 107 V m−1, respectively [39], no significant qual-
itative difference in the dielectrophoretic forces could be
observed in these experiments. This is most likely due to
the fact that the as-grown crystal has a degree of reduction
of r ≈ 0.039, and therefore it is almost 20 times slower and
so the saturation value of the electric field is never actually
reached in the time scale of our experiments [39]. There-
fore, the best sample for this experiment is the reduced
one since it allows a quicker induction and erasure of the
light-induced structures, as is shown later.

5. Integrated optofluidic droplet router
device

The combination of the PDMS droplet generator with
the active LiNbO3 layer forms the droplet router device.
Before sealing the microfluidic circuit with the LiNbO3
substrate, the former was subjected to a UV treatment for
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Figure 2 Photograph of the assembled droplet generator de-
vice, sealed by the 151.7 photorefractive crystal, and a magnified
sketch of a virtual barrier (red), deflecting bubbles by negative
DEP.

20 minutes to improve the adhesion of the crystal to the
PDMS and to render it hydrophilic, which markedly re-
duces swelling when brought into contact with apolar sol-
vents, such as TD [41]. The metal frame (Fig. 2) comprising
the connectors for tubing is integrated into a commercial
Nikon TE2000U microscope, which allows monitoring of
the movements of the droplets in the microfluidic channel
and creation of electric fields in the underlying Fe:LiNbO3
crystal at the same time. In order to induce virtual barriers or
rails in the bottom of the channel, a 532 nm laser illuminates
a high-resolution amplitude spatial light modulator (ASLM;
HES 6001, Holoeye, Berlin, Germany). The ASLM turns
the polarization of the incoming light pixelwise, and a po-
larizer transfers the polarization pattern into an amplitude
pattern. This pattern is demagnified and imaged to the sam-
ple plane. A dichroic mirror in the filter revolver separates
the high-intensity green light for the induction of the inter-
nal space-charge field from the incandescent white light for
observation.

6. Droplet switch and splitter

The prepared device can be used for a multitude of appli-
cations, where the sign of the force only depends on the
electric properties of the fluids and the geometry of the
underlying virtual electrodes can be arbitrarily chosen by
changing the illumination pattern on the ASLM. For ex-
ample, a droplet or gas bubble can be routed by closing an
outlet with a repulsive light-induced electrode.

Figure 3 shows the results of a droplet deflection exper-
iment conducted in the T-channel droplet generator sealed
by the reduced LiNbO3 sample. Air bubbles are generated
in a Novec 7500 flow. The flow ratio between base and flow
layer in this experiment was adjusted to be 4:1. As explained
previously, droplets or bubbles in this geometry have a ten-
dency to stick to the side walls of the channel, which results
in bubbles exiting the device to the right outlet prior to the
induction of virtual barriers. Since air inherently has both
a lower conductivity and dielectric permittivity than Novec
7500 fluid, the forces generated by an electric field gra-
dient will be repulsive. Figure 3a shows that without any

200 μmc-axis

(a)

200 μmc-axis

(b)

200 μmc-axis

(c)

200 μmc-axis

(d)

Figure 3 Air bubble removal by virtual electrodes. Without any
modification of the substrate, air bubbles travel along the chan-
nel undisturbed (a), but can be steered around certain areas by
introducing virtual barriers (red) in the LiNbO3 substrate (b); ini-
tially, droplets exit through the right port (c); after the induction
of a binary stripe, this exit is reliably closed by negative dielec-
trophoretic forces (d). (see video 1: barrierForAirBubbles.avi, in
online supporting information)

modification of the substrate air bubbles flow towards the
exit sticking to the right side of the channel. After writing
a binary stripe pattern at I = 0.56 W cm−2 for 12 s, the
bubbles are removed from the wall and are routed around
the barrier (Fig. 3b). Furthermore, the initial exit port of the
bubbles can be completely closed by a repulsive electrode
written with the same parameters (Fig. 3c,d). Of course, the
repulsive force acts not only to the side but also upwards.
However, the air bubbles cannot travel over the virtual bar-
rier due to the small height of the microchannel of 65 μm.
The high photorefractive phase retardation in the crystal
makes the virtual electrode partly visible even in bright
field illumination (Figs. 3 and 4). The incident intensity of
the writing beam may seem large at first, but considering
that the total size of the barrier is small, the total power
necessary for its inscription is only 0.14 mW. Since the
time constant for the induction of electric fields in LiNbO3
is known to be inversely proportional to the incident light
intensity [40], a more efficient light modulation or use of a
laser with higher power can significantly reduce the writing
time. As a further advantage of the material, it should be
noted that, due to the low dark conductivity of the LiNbO3
crystal, a light-induced electric field remains even when the
laser illumination is switched off, so that the induced optical
routing path persists for an extended amount of time [42].
In our experiments, a decrease in the repulsive force could
be observed approximately 60 s after the green laser had
been switched off. In contrast to other trapping experiments,
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Figure 4 Droplet routing on virtual rails (highlighted by green
lines). On the unmodified 151.7 substrate, droplets of Novec 7300
in a collinear stream of TD flow freely towards the exit (a). After
the induction of virtual rails on the crystal surface, the positive
dielectrophoretic forces guide the Novec droplets towards the
right-hand exit port, where they are immobilized at the end of
rails (b) until released by the next droplet (c). The virtual rails
can be erased with the microscope illumination lamp, after which
the droplets flow to the left (d). Although the virtual rails were
erased near the surface in (d), they are still partly visible due to
the refractive index modification in the volume. Note that due to
the low refractive index difference between TD and PDMS, the
borders of the channel have been highlighted by dark lines. (see
video 2: virtualRails for NovecDroplets.avi, in online supporting
information)

where dielectric matter was trapped in surrounding air, the
discharge of the internal field in our setup occurs not by the
dark conductivity of the crystal, which is negligibly low,
but primarily through the finite conductivity of the liquid
medium flowing over the surface, so the discharge time is
highly dependent on the media conductivities.

By an appropriate selection of materials, it is also pos-
sible to generate forces acting in the opposite direction.
Figure 4 shows the case where positive dielectrophoretic
forces were employed. Droplets of Novec 7300 were gen-
erated in the collinear flow droplet device in a base stream
of TD. The flow rates for a reliable generation of droplets
were 5 μL min−1 for the TD base flow and 0.4 μL min−1

for the Novec 7300 droplet infusion. Since the conductiv-
ity as well as the dielectric permittivity of Novec 7300 are
larger than those of TD, both the Clausius–Mossotti factor
as well as the excess polarization are positive, implying that
the Novec droplets are attracted by electric field gradients.
Therefore, the previous virtual barriers become virtual rails
on which droplets are guided. The virtual rail was inscribed
into the LiNbO3 crystal at an intensity of 0.4 W cm−2 for

approximately 15 s. Before the appearance of the electric
fields on the LiNbO3 substrate, the droplets are flowing
freely towards the exit ports, remaining almost in the mid-
dle of the channel (Fig. 4a). After the inscription of the
virtual rail, droplets at the flow-focusing nozzle follow the
induced field gradient and are directed to the right-hand
exit port (Fig. 4b). Moreover, if the droplet reaching the
virtual rail is not too large, it can even be completely im-
mobilized by the strong attractive forces. In this case, the
retaining force must equal or even exceed the drag force. If
two droplets of the same volume coagulate, the drag force
becomes accordingly larger. It could be seen in the experi-
ments that even if a droplet was immobilized at the end of
a rail, it was removed by the next arriving droplet and was
released towards the exit port on the right (Fig. 4c). This
allows one to generate, by carefully adjusting the trapping
strength, a threshold generator, letting pass only droplets
above a particular size or a logic AND gate for droplets.

A great advantage of using the photovoltaic effect to
manipulate droplets lies in the fact that the virtual rails or
barriers are reconfigurable, since the previous light-induced
electric field modulation can be erased using homogeneous
illumination. Figure 4d shows the droplet movement after
the virtual rail has been erased with incandescent micro-
scope illumination, which has the advantage of a broadband
spectrum, and hence no speckle noise. In principle, the same
effect could be achieved with homogeneous laser illumina-
tion. The reason this light source is not used is aesthetic,
since speckles always introduce a slight refractive index
modulation which is directly visible in the refractive index
pattern. For the experiment shown in Fig. 4, it took 45 s
for the erasure of the modulation, after which the droplets
are no longer guided to the right-hand exit port, but move
towards the left-hand exit. Note that this movement is not
caused by any residual internal electric fields, but is most
likely the result of an obstruction, hence a biased flow. The
high volume base stream in this experiment was formed by
the insulating TD, so that discharge through the medium
conductivity should have a minor influence as compared
to the experiment described in Fig. 3. Moreover, it has to
be mentioned that the time needed to completely erase the
electric fields could be significantly reduced, simply by in-
creasing the intensity of the light source used during this
process.

Of course, more complicated structures, such as a
droplet splitter or a droplet maze, can easily be induced
on the LiNbO3 substrate since the ASLM permits the cre-
ation of arbitrary patterns. For example, in Fig. 5 a mi-
crofluidic channel is shown where a droplet splitter and
a virtual rail are combined, in order to manipulate Novec
7300 droplets in TD. In this experiment, the much thicker
as-grown LiNbO3 crystal was used as the bottom substrate,
which increases the visibility of the virtual rails in phase-
contrast mode. The droplet splitter is positioned at the en-
trance of the channel and its V-shape allows one to split
droplets and route them along different paths: the droplet
on the right-hand side naturally moves with the base flow
towards the port on the same side of the channel, whereas
the droplet on the left-hand side is steered to the same exit
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Figure 5 Droplet routing in complex geometries on crystal sam-
ple AT2. Novec 7500 droplets flowing TD are split near the droplet
nozzle and routed on two different paths as indicated by the green
lines. After the splitting, droplets can be merged again in the right-
hand output section. Note that in order to visualize the electrode
structure, this image has been acquired in Zernike phase-contrast
mode. (see video 3: dropletSplittingNovec7500.avi, in online sup-
porting information)

by a follow-up virtual rail. Apart from this proof-of-concept
experiment, the possible geometries are only limited by the
available output ports and physical space inside the droplet
generator.

7. Conclusion and outlook

In this contribution, it was demonstrated how droplets in
a microfluidic system can be manipulated and routed only
by light, using optically induced evanescent space-charge
fields at the surface of an iron-doped LiNbO3 base layer.
The origin of the force in the case of uncharged droplets
is known as DEP. The structured illumination with a laser
through the photorefractive crystal permits the induction
of virtual electrodes with arbitrary shapes to control the
droplet flow. It has been shown in proof-of-concept ex-
periments that, depending on the electric properties of the
combined fluids, this approach enables either repulsion,
which has been applied to route bubbles to a certain output
port, or attraction, which allows steering on a predefined
path inside the microchannel. Due to the size dispersion of
the dielectrophoretic and drag forces, it is anticipated that
the same mechanism can also be used for sorting applica-
tions aiming at the droplet size. Moreover, the possibility of
reconfiguring the light-induced structures has been demon-
strated, so that the same microfluidic channel can be used
for various purposes, such as droplet splitting or mergers.
It can be foreseen that due to the very good integrability,
the replacement of glass sealing surfaces by LiNbO3 sub-
strates in other droplet synthesis devices is straightforward,

leading the way to novel functional devices such as logical
droplet operations or adaptive devices, which can dynami-
cally adjust reagent ratios in droplets.
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