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We demonstrate that holographically generated optical patterns offer greater flexibility for the

thermocapillary control of water droplets than Gaussian spots; droplets can be stopped in faster

flows while using less optical intensity when the surface tension variations are created by line

patterns instead of single spots. Further, experiments are performed making use of variable light

patterns to achieve controlled droplet routing in a four-way cross microfluidic channel. Finally,

multiple droplet storage is demonstrated as well as changing drop order. © 2008 American Institute

of Physics. �DOI: 10.1063/1.2952374�

Microfluidics and optical manipulation are two indepen-

dently maturing technologies that enable advanced comple-

mentary studies of objects at the micron scale. In the case of

optical manipulation, specifically optical tweezers, one of the

major developments in recent years has been that of dynamic

holographic optical trapping.
1,2

These advances are currently

providing increasingly complex possibilities in the control of

droplets in the micrometer range.
3,4

In parallel, microfluidics

technology promises to provide automation through the min-

iaturization of biological and chemical systems. Many ap-

proaches are being explored toward this goal, of which the

manipulation of droplets in microchannels is one of the most

promising routes.
5–7

In this “digital microfluidics,” each

droplet can be thought of as containing an independent reac-

tion and one may want to perform either many copies of the

same reaction, for example in the case of controlled chemical

synthesis,
8

or, instead, vary the parameters between droplets

in order to explore a large number of combinations.
9

The success of the latter case depends crucially on the

ability to actively manipulate individual droplets as they flow

through the microchannel network. Two main technologies

have surfaced recently that allow the manipulation of these

droplets. The first is based on application of an electric field

to produce a force on the drop due to the dielectric contrast

between the two liquids. This approach has been shown to

work in sorting
10

and merging droplets.
11,12

The second tech-

nique varies the surface tension of the droplets locally,

through the use of a focused laser beam. The flow that is

generated by the thermocapillary effect was recently shown

to produce a net force on the drop, experimentally and

theoretically.
13

This effect may be used to block the forma-

tion of drops, carry out simple routing,
13

fuse them, synchro-

nize them, or control their division.
14

In this letter, we demonstrate how the combination of

microfluidics with optical holographic techniques can be

used to extend the possibilities of droplet manipulation. By

taking advantage of the contactless nature of optical manipu-

lation, we show how the use of different laser patterns allows

the implementation of complex operations, which are not

possible using the current electrical forcing methods or

single beam thermocapillary forces. Furthermore, the cou-

pling between optical energy and thermocapillarity �opto-

thermal forces� extends the possibilities of optical manipula-

tion to drop sizes that are not accessible through optical

forces alone. We begin by exploring the effect of the shape of

the laser focus on the blockage of droplets. Indeed, the abil-

ity to vary the shape of the laser beyond a simple Gaussian

beam provides an additional degree of freedom which can

extend the limits of the technique.

Holographic beam shaping was employed to generate

the desired patterns of light.
15

The Gaussian beam from a

532 nm 4 W Laser Quantum Finesse continuous wave laser

was expanded using a Keplerian telescope to entirely fill the

short axis �768 pixels� of a Holoeye LCR-2500 spatial light

modulator �SLM�. Power was controlled with a polarizing

beam cube and � /2 plate, while a second � /2 plate rotated

the polarization to achieve optimal diffraction efficiency

from the SLM. Two 4f imaging systems demagnified the

reflected beam such that the SLM was conjugate with the

microscope objective’s back aperture while slightly under-

filling the pupil. Two objectives were used over the course of

the experiments; the first was a Nikon 10� �numerical aper-

ture �NA�=0.25� and the second a Mitutoyo 10� �NA

=0.26�, both of which focus the beam into the prefabricated

microfluidic channels positioned on a three axis translation

stage above the objective. The two objectives, in conjunction

with custom built Köhler illumination and appropriate tube

lenses, were also used to image the channels onto a Basler

A602f firewire camera.

The phase of the beam incident upon the SLM was

modified by displaying phase-only holograms whose optical

Fourier transform gives the desired intensity pattern in the

plane of the microfluidic channel. To produce the holograms,

we implemented an adaptive-additive algorithm
16

in custom

written LABVIEW software, allowing the user to input an ar-

bitrary 8 bit grayscale image of the desired intensity pattern.

Aberration correction was combined with the hologram to

remove the large amount of astigmatism inherent in the

SLM.
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The microfluidic chips were fabricated with molded

PDMS �Sylgard 184, Dow Corning� using standard soft li-

thography techniques and sealed against a glass microscope

slide. The dimensions of the channels ranged from

75 to 200 �m in width and were 50 �m in height. Oil

�Hexadecane+span80, 2% w/w� and an aqueous solution

�water+ink 2% v/v� are injected into the channel using sy-

ringe pumps. Dark blue Parker pen ink was added to the

water in order to absorb the 532 nm light. Other absorbing

dyes, or no dye, could be used depending on absorption re-

quirements and the laser wavelength used.
14

In order to investigate the effect of different light pat-

terns on drops, we investigated the minimum optical power,

Pmin, required to block the advance of a drop, for three dif-

ferent shapes: a Gaussian spot with a 1 �m waist, a straight

line aligned with the flow direction, and a straight line per-

pendicular to the flow direction. Both lines were 2 �m in

width and 200 �m in length. In these experiments, the chips

had two oil inlets and one for the aqueous solution. Droplet

size is determined by the ratio between the first oil flow rate

Q
oil

�1�
and the water flow rate Qwater, which were both kept

constant. The second oil flow rate Q
oil

�2�
was used to tune the

total flow rate Qtot=Q
oil

�1�
+Q

oil

�2�
+Qwater, keeping the size of the

droplets constant while their velocity varied with Qtot.

The first observation, as the drops reach the laser beam,

is that the water-oil interface adapts to the laser forcing, as

seen in Figs. 1�a� and 1�b�. When the line is parallel to the

direction of flow, the front interface is flattened and the drop

stops after advancing through a significant portion of the

line. In the case of a line perpendicular to the flow direction,

the surface of the drop is even flatter than in the previous

case, taking on the shape of the line.

For each optical pattern used, the oil flow rate was var-

ied from Qtot�1 to 11 nL /s in increments of 0.17 nL /s. For

each flow rate, we started from a high laser power and re-

duced it for successive drops, until the minimum power Pmin

that still held the drops was reached. The maximum flow rate

studied for each pattern was not limited by the laser no

longer blocking the droplets, but rather by the water in the

drops boiling.

The minimum laser power for each of the laser distribu-

tions is plotted as a function of the total flow rate in Fig. 1�c�.
It scales approximately linearly with the total flow rate but

the slopes of the curves and the values of Pmin differ for the

three cases. The use of a line perpendicular to the flow al-

lows the blocking of drops at higher flow rates, up to more

than 10 nL /s. Conversely, even though a lower laser power

is necessary to hold the droplets in the case of a Gaussian

spot, it was not possible to hold droplets for flow rates higher

than about 5 nL /s. This was also the case for the line parallel

to the flow.

Moreover, if the pattern intensity is studied instead of the

total laser power, the minimum intensity Imin necessary to

block a drop is found to be several times higher for a Gauss-

ian spot than for a line distribution �Fig. 1�d��. The perpen-

dicular line is found to block the drop for the lowest value of

Imin. Note that in the case of line patterns, the image is only

fully formed in the focal plane of the microscope objective,

i.e., measuring a few microns in depth. For the Gaussian

spot, however, the pattern propagates through the whole

sample.

We now consider how holographic beam shaping can

extend single beam applications.
13

The first application is

droplet routing, actively sending droplets into different direc-

tions at a trifurcation. This is a precursor of sorting, one of

the major applications in microfluidics. Making use of the

ability to both dynamically switch the optical patterns pro-

jected into the microfluidic channel and the ability to create

extended patterns �in this case four spots�, we can deflect

droplets through large angles and send them into preferred

channels. This is shown using a four-way cross channel in

Figs. 2�a�–2�c�,
17

which shows the droplets being moved to

the left, straight, or to the right, respectively. The switching

time of the droplets into a given channel is limited only by

the update speed of the SLM, which ranges from

30 to 60 Hz. It would be straightforward to extend this tech-

FIG. 3. Image sequence �left column followed by right column� showing

how the drop order can be changed: The initial drop is sent down and held

stationary, then successive droplets are sent up. The dashed lines overlay the

position of the laser patterns.

FIG. 1. Blocking a drop with different laser patterns: �a� a line parallel to

the flow or �b� a line perpendicular to flow. �c� Minimum laser power and

�d� minimum laser intensity required for blocking a drop.

FIG. 2. Four light spots are aligned to sort droplets into either �a� the

left-hand channel, �b� the center channel, or �c� the right channel. The insets

show the positions of the holographically generated multiple Gaussian foci

within the channel.
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nique to active sorting, by including some video processing

and combining it with the hologram switching �the holo-

grams are precalculated and are merely changed based on

which direction the droplets need to move in�. One could

imagine the sorting being based on droplet size, chemical

composition, fluorescence measurements, or simply the con-

tents of a drop.

The second example uses line patterns to store droplets

at a given point in the channel while rerouting other droplets

to move past the stored droplet. The first line upstream is set

to move a droplet into one side of the larger channel. The

droplet is then stored by the downstream line further along

the channel. The first line is then changed so as to move

subsequent droplets in the flow past the first droplet, as

shown in Fig. 3.
17

Thus we can store and could interrogate

the first droplet without the need to stop the flow, which is

important in order to obtain longer interrogation times. Note

that the ability to focus the laser to a small area on the drop

allows real droplet-level manipulation, contrary to electrical

fields which produce a uniform forcing on a region of the

microchannel.
11

This is what allows the drop order to be

inverted in this case.

The third example, shown in Fig. 4,
17

is an extension of

the second. Here we are able to trap several droplets at once,

first one, then two, and finally three using three lines of light.

Again this is in the presence of droplets flowing through the

channel. We are then able to shuttle the droplets through the

pattern, by turning the whole pattern on and off, so the first

droplet is lost and the second droplet takes its place and so

on. This allows large scale storage and controlled movement

of many droplets simultaneously which may be useful for

off-line analysis of many droplets, droplet reordering, or

droplet “memory” applications.

In conclusion, we have shown that holographic beam

shaping techniques have a number of advantages over con-

ventional methods of inducing thermocapillary forces on

droplets. In addition, extended patterns of light allow signifi-

cant additional functionality over techniques using a single

spot, which can lead to enhanced optical control in droplet

microfluidics devices. Future extensions of our techniques

include droplet sorting and droplet reordering, as well as

more advanced studies into the role that extended optical

patterns play in the forces induced.
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See EPAPS Document No.E-APPLAB-92-041826 for movies of droplet
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FIG. 4. A drop treadmill holds up to three droplets and can function as a

first-in-first-out buffer memory. The triangle marks the same droplet in the

different images �sequence is left column followed by right column�, indi-

cating its movement. The dashed lines overlay the position of the laser

patterns. Total power in the sample plane is �475 mW.
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