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1
DROPLET DEFORMATION

CROSS-REFERENCE TO RELAT.
APPLICATIONS

T
.

This application 1s a U.S. national stage filing under 35

U.S.C. §371 of PCT Application No. PCT/GB2007/000282
filed on 25 Jan. 2007/, currently pending, which claims foreign

priority to GB0601503.6, filed 25 Jan. 2006.

INTRODUCTION

The present invention relates to method and apparatus for
deforming droplets, for example microscopic droplets 1n an
emulsion, and also to methods and apparatus for forming
correspondingly shaped particles.

DISCUSSION OF THE PRIOR ART

There are many applications where microscopic particles
and structures having particular shapes and properties are
required. For example, Micro-electromechanical systems
(MEMS), surface coatings, photonic waveguides etc. The
manufacture of such microscopic particles 1s difficult and
expensive.

Colloidal structures which are particularly important in the
paint and food i1ndustries are also studied using very small
scale technologies. The control of particle morphology 1n
these applications 1s limited to particles and spherical drop-
lets.

Moreover, 1n the field of photonics, surface coatings are
often essential to the properties of light carrying structures.
Certain features within these device can be very difficult
manufacture.

A current method of manufacturing microscopic parts 1s
the SUS process. This begins with a gel block which 1s hard-
ened to form a shaped object. The hardening/shaping process
can be achieved by many methods including irradiating with
laser light. Once 1rradiated the gel solidifies and any regions
not 1rradiated can be removed to form the desired shape.

The present invention seeks to provide an improved
method of fabricating very small scale or microscopic par-
ticles and devices.

The present invention also provides a method of deforming
droplets that may be useful 1n a variety of applications.

SUMMARY OF THE INVENTION

Accordingly, the invention provides a method of shaping a
droplet by varying the geometry and/or positions of one or
more optical traps directed at the droplet. In particular, there
1s provided a method of shaping a droplet comprising: gen-
erating a plurality of optical traps focussed on the droplet; and
manipulating the optical traps to change the shape of the
droplet. The optical traps are translated 1n controlled direc-
tions to change the shape of the droplet.

Alternatively or in combination with the above method, a
droplet may be deformed by the following method: generat-
ing at least one variable geometry optical trap; directing the at
least one varniable geometry optical trap at the droplet; and
adjusting the geometry of the optical trap to deform the drop-
let.

The droplet may typically comprise or be formed of a first
fluid, suspended directly within a second, surrounding tluid.
The first and second fluids will therefore typically be immis-
cible, and may form at least part of an emulsion system such
as an oil-in-water based emulsion. However, other systems
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may also be used, for example, the method could be used to
change the shape of a bead, such as a bead of a gel or other
flexible matenal suspended 1n a surrounding medium.

A surfactant may be added or used to lower the surface
tension between the droplet and the fluid around the droplet,
for example by including 1n the above mentioned emulsion
system. Preferably, the interfacial tension between the droplet
and surrounding fluid is arranged to be less than about 10~*
Nm™', and more preferably below about 10~ Nm ™', because
optical trap forces are typically around 10™ to 107° Nm™".
Typical oil-water interfacial tensions, without using a surfac-
tant, are around 0.05 Nm™".

The optical traps may be focussed to be incident within the
droplet. However, the droplet may also be shaped 11 the opti-
cal traps are incident outside the droplet in the surrounding
medium adjacent to the droplet, thereby exerting a force on
the adjacent medium to change the shape of the droplet.

Accordingly, the invention also provides a method of form-
ing a shaped droplet, comprising: providing a droplet of a first
fluid suspended within a second fluid, along with a surfactant
acting to reduce the surface tension at the interface between

the droplet and the surrounding second fluid, forming a plu-
rality of optical traps (or one or more variable geometry traps)
at the droplet; and moving the optical traps (or varying trap
geometry) to deform the droplet.

The mvention also provides a droplet (or bead) deforma-
tion apparatus comprising: a sample space for holding at least
one droplet suspended 1n a fluid; a trap generator arranged to
generate a plurality of optical traps directed at the droplet; and
a controller arranged to manipulate the optical traps to change
the shape of the droplet.

The apparatus may further comprise at least two cameras
for imaging the droplet from at least two aspects. These
aspects may be arranged orthogonally, or 1n any other way so
as to provide 1mages showing the three-dimensional shape of
the droplet.

The invention also provides a method of making a polymer
particle shaped by optical tweezers, comprising: generating a
plurality of optical traps directed at a droplet contaiming
monomers; translating the optical traps to shape the droplet;
and 1mitiating polymerisation of the droplet.

The droplet may be suspended 1in an emulsion also con-
taining an initiator. The mitiator may be a photo-initiator.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the mnvention will now be described, by
way ol example only, with reference to the accompanying
drawings of which:

FIG. 1 1s a representation of an optical tweezer generation
and sample monitoring system of the prior art;

FI1G. 2a illustrates the technique of the prior art of directing,
multiple optical traps in a sample;

FIG. 256 illustrates the shape of a beam waist of an optical
trap of FIG. 2;

FIG. 3 (a)-(d) shows the stretching of a droplet using two
optical traps;

FI1G. 4 (a)-(c) illustrates the deformation of a droplet into a
triangle using three optical traps;

FIG. 5 (a)-(c) illustrates the deformation of a dropletinto a
square using four optical traps;

FIG. 6 (a)-(b) illustrates how four optical traps are used to
deform a droplet 1n three dimensions to produce a tetrahe-
dron:

FIG. 7 shows apparatus for viewing the shaped droplet
from a side elevation;
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FIG. 8 shows an optical tweezer system modified to
include photo-initiator means; and

FIG. 9 shows a needle structure formed using two optical
traps.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a typical system 100 for generating optical
traps. The system 100 includes a laser 110 which supplies a
high intensity beam 115 to the trap optics 120. The trap optics
convert the beam into multiple beams, 11 required, and pro-
cess the beam(s) 1n manner suitable for producing an optical
trap. Typically, the conversion into multiple beams 1s per-
formed using acousto-optic deflectors (AODs) which tempo-
rally divide the light into the required number of beams. The
beam or beams output from the trap optics then pass through
a beamsplitter 130 and are focussed by a microscope objec-
tive or other high NA lens 140. In the focal plane of the beams
a sample stage 150 1s provided, such that the trapping region
of each beam 1s formed near the top surface of the sample
stage. A sample 145 1s placed on the stage 150. A lamp 160
illuminates the sample for viewing.

Optionally, a camera (170) and 1maging system (which
may include parts of the optical system already described)
can be used to provide feedback to a trap control (180) to
adjust the position of the traps.

Specifically, the laser 1s a Nd: YAG operating at 1064 nm
and commonly lasers operating in the infra-red are used,
although other wavelengths may be used. The effectiveness of
other wavelengths will depend on the optical properties of the
object to be constrained 1n the optical trap. The beam output
power Irom the trap optics 1s around 30 mW. The microscope
objective has a numerical aperture of 1.2 and a 63x magnifi-
cation.

However, as will be appreciated by the person skilled 1n the
art, the method and apparatus described above 1s by way of an
example. There are many other techniques for generating
multiple beams. The laser and microscope characteristics are
also examples and different devices may be used.

The technique of creating optical traps 1s described in
detail 1n “Creating Multiple Time-Shared Laser Traps with
Simultaneous Displacement Detection Using Digital Signal
Processing Hardware”, Analytical Biochemistry 326, 153
(2004), Guildiord et al.

FIG. 2a 1llustrates schematically one way in which mul-
tiple traps generated using the set up of FIG. 2 can be directed
at the sample 145. The figure shows the microscope objective
140 with three beams incident on the sample. The edges of the
beams (which may be considered to be the 1/e” intensity
levels) are represented by straight lines. Beam 1 1s repre-
sented by lines 201, beam 2 1s represented by lines 202, and
beam 3 1s represented by lines 203. Of course, contrary to the
schematic representation of the figure, the diameter of the
beams at the waist 1s finite as represented in FIG. 2b6. Typi-
cally beam waists and optical traps are in the order of 0.2-10
um. The schematic illustration in FIG. 2a shows how multiple
beams may be arranged through a single objective and pro-
vide beam waists and hence optical traps 210 1n the sample
plane.

Typically, optical traps are used to manipulate particles up
to around 10 um 1n diameter, although particles may some-
times be larger than this. Optical traps to manipulate particles
are olten called optical tweezers.

Optical tweezers may also be used on specialised emulsion
systems to deform the shape of droplets within that emulsion
system.
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The sample 145 of FIG. 1 may consist of a shallow bath of
emulsion. This 1s placed on the sample stage 150. Typically,
the emulsion system consists of heptane droplets suspended
in a sodium chloride solution (typically 0.05 M). The bath
may contain a 100 um deep bath of emulsion.

Normally, the interfacial tension between the o1l and water
1s around 1000x the magnitude of any force that may be
provided by optical tweezers. However, the surface tension
between the two species may be reduced by adding a surfac-
tant to the emulsion. For example, the surfactant Aerosol OT
may be used, with a region of ultra low interfacial tension
(<3%x107° Nm™") being found around 20~23° C., in the pres-
ence of the NaC(l salt.

FIG. 3 shows two optical traps incident on an o1l droplet
suspended 1n the described solution of sample 145. In FIG. 34
the two optical traps are directed to the same position within
the droplet and trap the droplet at that point. In FIG. 35 the two
traps have been moved in opposing directions. However, they
are still positioned so closely that the traps are overlapping,
and little deformation of the droplet will occur. Moving to
FIG. 3¢ the two traps are incident on separate regions of the
droplet and are beginning to deform the droplet shape. In FIG.
3d the traps are at the edges of the droplet providing a force to
stretch out the droplet resulting in the droplet having an
clongated shape.

By increasing the number of optical traps incident on a
droplet the complexity of the droplet shape can be increased.
FIG. 4 shows a droplet that has been stretched using three
optical traps to produce a triangular shaped droplet. As
described above 1n relation to FIG. 3 the droplet 1s stretched
by moving the optical traps away from each other. To produce
an equilateral triangle shaped droplet the direction of move-
ment of the traps 1s 120° apart. The traps start and move
within a single plane. FIGS. 4a and 46 show the final posi-
tions of the optical traps 120. In particular, an optical trap 1s
positioned near each apex of the triangle (FI1G. 4b6). FIG. 4c¢
shows a photograph 610 of a triangular droplet that has been
produced by the above-described method. The starting drop-
let diameter 1s around 5 um but deformation of droplets in the
range 2 to 10 um has also been demonstrated. The volume of
a deformed droplet 1s unchanged compared to the volume of
the original droplet. In FIG. 4¢ 1t can also be seen that surface
tension causes the sides of the triangle to curve 1n slightly.

The above method can be extended to four optical traps to
produce a square, trapezoid or rhombus shaped droplet. FIG.
5 shows a square droplet produced by four traps 120 1n a
single plane 700. FIG. 3¢ shows a photograph 710 of a 5 um
square droplet that has been produced.

The above method may be extended by the use of more
traps to produce even more detailed and complex shapes.
However, as the complexity of the shape increase the
demands on the ultra low surface tension requirements of the
emulsion increase.

The droplets shown 1in FIGS. 4¢ and 5¢ are deformed by
moving optical traps within a single plane. Nevertheless, the
droplet 1s a 3-dimensional body and the technique can be
further extended to produce droplets deformed in three
dimensions, for example, producing tetrahedrons or cubes.
This extension of the technique requires optical traps to apply
forces 1n directions out of single plane. For example, FIG. 6
shows the location of optical traps to produce a tetrahedral
droplet. The main difference between deforming the droplet
into a tetrahedron and the two-dimensional shapes described
above 1s the need to produce an optical trap 1n a second plane
to provide depth to the droplet shape deformation.

Apparatus suitable for three-dimensional deformation may
be similar to that described in relation to FIG. 1. Additionally,
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the laser beam may be split into two separate beams. The first
beam may be directed to the standard trap optics 120 and the
AODs, as mentioned above, to produce the traps in the first
plane. FIG. 6 shows traps located 1n two planes, Z=0 and 7Z=1.
The traps 1n the first plane 810 are identical to those 1n FI1G. 4
and can be moved in the x,y directions (1.e. within the plane)
to deform the base of the droplet. The second beam forms a
trap 820 the position of which 1s controlled 1n a z-direction,
out of the x,y sample plane. Stretching of the droplet 1n the z
direction 1s achieved by translation of the position of the
optical trap produced by the second beam. This translation 1n
the z-direction may be achieved by translating the position of
the final beam expansion lens 1n the optical system. A limited
amount of movement would be required as the focal point of
the beam and hence the optical trap would need around 4-10
um of movement. As shown in FIG. 6 the final arrangement of
traps 1n three dimensional space will be a fixed apex above a
base of three traps. FIGS. 6a and 65 show a tetrahedron
produced with three traps 1n a first plane (Z=0) and a single
trap (Z=1) 1n a second plane.

Clearly the technique may be extended to produce many
different shaped droplets by using more optical traps
arranged 1n a plurality of different planes.

The apparatus shown 1n FIG. 1 only allows the droplet to be
viewed from above. Any deformations to the droplet orthogo-
nal to this viewing plane will be ditficult to see. In the appa-
ratus of FIG. 7 an additional lens 840 and camera 850 are
provided. The lens 840 1s a long working distance microscope
objective. In this case a 20x magnification 1s used. The lens
840 1s located 1n the plane of the sample and collects light
deflected by the droplet. The light collected by the droplet can
then be viewed using the camera 850 to provide side elevation
image of the droplet. This extra direction of viewing 1s desir-
able when deforming droplets 1n three dimensions.

The above method of deforming droplets 1s not limited to
forming droplets having two, three or four apexes, but can be
extended to use any number of optical traps 1n many different
planes to produce a wide variety of shaped droplets.

In the above described embodiments the optical traps in the
/=0 plane are mcident normal to the plane of the sample.
However, the method 1s not limited to such an arrangement.
The traps 1n the Z=0, Z=1 or any other planes may be incident
on the sample from other directions.

The emulsion-surfactant system described above 1s exem-
plary and many other emulsion-surfactant systems may be
used not limited to o1l and aqueous solutions. For example,
gel droplets may be trapped 1n a liquid.

Moreover, although 1n the above described embodiments
the optical traps are incident within the droplet, by changing
the emulsion system, the optical traps could be incident 1n the
solution just outside the droplet and squeeze the droplet from
outside.

In a variation of the above described embodiments, mul-
tiple optical traps may be generated using diffractive optical
clements (DOEs), spatial light modulators (SLMs), or other
techniques. Such devices typically, use an addressable holo-
graphic element to divide one laser beam into multiple beams
using diffraction. These techniques divide the light spatially,
rather than temporally using AODs as described in the
embodiment above. The DOEs can be addressed at video
rates which allows multiple traps to be created and moved
rapidly and easily. This techniques 1s sometimes known as
Dynamic Holographic Optical Tweezers, and more informa-
tion can be found 1n “Optical tweezer arrays and optical

substrates created with diffractive optical elements™, E. R.
Dufresne and D. G. Grier, Rev. Sci. Instr. 69, 1974-1977

(1998).
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In a further variation, diffractive optical elements, or other
techniques, are used to generate multiple beams to produce a
single optical trap of controllable geometry. The separate
beams are manipulated to change the shape of the trap and
hence the shape of a droplet held within the trap. Of course, a
combination of any of the techniques described herein may
also be used.

The above described droplet deformation technique can be
extended to produce a range of shaped particles, for example,
by using a controlled process of polymerisation of monomers
in the droplet. A compatible initiator may also be included 1n
the emulsion formulation.

Again, the emulsion system may use heptane, Aerosol OT
and sodium chlornide solution. Added to the system are the
monomers and an 1nitiator. A suitable monomer 1s styrene
which 1s initiated by using dibenzyl-ketone (DBK). An alter-
natrve monomer may be methyl methacrylate which 1s 1niti-
ated using 2,2'-azobis(2-1sobutyromitrile) (AIBN). These 1ni1-
tiators are o1l-soluble and will therefore reside 1n the droplet.
Alternatively, a water-soluble 1nitiator such as 2,2'-azobis(2-
amidinopropane) may be used. However, this will reside out-
side the droplet and 1s likely to be less effective than an
initiator located inside the droplet.

The above mitiators are activated by the action of light of a
particular wavelength (photo-initiators). For DBK and ABAP
a wavelength of 313 nm 1s used to 1mtiate the polymerisation
process. For AIBP a wavelength o1 366 nm 1s used. Generally,
UV wavelengths in the range 300-370 nm are used with
photo-initiators to start polymerisation.

Another polymer-initiator system that may be used 1s an
acrylate based system (e.g. 1sobornyl acrylate and dipen-
tacrythritol pentacrylate) for which the photo-initiator 1s
2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butan-
1-one.

Alternatively, inmitiators activated by heat, radiation, ultra-
sound or other means may be used.

Polymerisation of the deformed droplets described above
preferably occurs rapidly to avoid loss of shape of the droplet.
Depending on the formulations used, the interfacial tension at
the droplet surface may increase significantly during poly-
merisation. Therefore, if the polymerization process takes
place slowly, the balance between the laser trapping force and
the mterfacial tension may result 1n the droplet attempting to
revert to a sphere. This problem can also be overcome by
causing polymerization in the core of the droplet before the
surface so that the low interfacial tension 1s maintained for as
long as possible.

The apparatus shown 1n FIG. 1 for shaping the droplets
may be modified to include means for activating photo-ini-
tiators and commencing a polymerisation process. An
example of the modified apparatus 1s shown 1n FIG. 8. The
apparatus 1s substantially similar to that described 1n FIG. 1
except for the following additions. An extra beamsplitter 901
and an mitiator light source 902 are added. The beamsplitter
901 1s placed 1n the optical trap generating laser beam before
the objective 903. The mitiator light source provides a beam
of light incident on the beamsplitter 901 and 1s deflected by 1t
to pass through the objective lens.

The objective lens focuses the light from the initiator light
source onto the droplet. The whole droplet may be 1llumi-

nated at once to ensure polymerisation commences through-
out the droplet at the same time. Hence, the size of the
focussed mitiator beam incident on the droplet should be
larger than the trap size.
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During polymerisation the forces inside the droplet may be
large enough to eject the droplet from the optical traps. This
can be overcome by increasing the strength of the trapping
beams.

Further information on the use of emulsions and micro-
emulsions with monomers to facilitate polymerisation is a
described in “Micro-emulsion polymerisation of methyl
methacrylate photoinitiated by symmetrical azocompounds
of different hydrophobicity”, Encinas et al, Langmuir 14 (20),
5691-5694, 1998.

Of course, the shapes that can be produced are not limited
to those described above but are any that can be formed using,
any number of optical traps. A device that may be particularly
uselul 1n the medical field might be an ultra fine needle. This
could be used for probing cells. Such a device could be
formed using two traps as described in FIG. 3. By moving the
traps Turther and further apart as shown 1n FIG. 10, a dumb-
bell shape may be aclhueved. After polymerisation the body
may be cleaved at the middle to provide a fine needle. Simi-
larly many other tools for microscopic analysis of cells could
be made, and also tools for manipulating or aggregating col-
loids.

Experiments have demonstrated that 1t 1s possible, using
the described techniques, to separate a single droplet into two
or more smaller droplets, or to pull multiple daughter droplets
from a single larger droplet. These droplets remain connected
by a thin thread of droplet fluid. We have demonstrated
threads with lengths of around 1 to 20 um, and diameters of
about 1~1000 um. The droplet fluid 1s able to flow along or
thorough the threads, transforming fluid between the drop-
lets. Polymerization of the thread fluid can be effected to form
ultrafine structures such as needles and probe tips. Other uses
for the deforming droplet are found 1n microfluidic applica-
tions, for example 1n creating, in situ, solid, shaped valve
structures internal to a microflmidic device at a point where
only fluids can access, and 1n lab-on-chip applications for
fluad tlow.

The solidification of the droplets 1s not limited to the poly-
merisation technique described above but may use liquid
droplets which by the action of heat, an initiator, or both may
solidify the droplet. Alternatively, the liquid may be solidified
by rapid freezing.

Other vanations to the described embodiments will be
apparent to the skilled person.

The mvention claimed 1s:
1. A method of deforming a droplet comprising:
generating a plurality of optical traps;
directing the plurality of optical traps at the droplet; and
moving at least one of the optical traps to deform the shape
of the droplet,
wherein the droplet 1s formed of a first liquid, the droplet
being suspended within a second, surrounding liquid,
and the interface between the droplet and the surround-
ing liquid comprises a surtactant to lower the surface
tension between the droplet and the surrounding liquid.
2. The method of claim 1 wherein the optical traps are
moved relative to each other to deform the shape of the
droplet.
3. The method of claim 1 wherein the optical traps are
incident within the droplet.
4. The method of claim 1 wherein the optical traps are
incident outside the droplet.
5. The method of claim 1 wherein the first liquid and the
second liquid form an emulsion.
6. The method of claim 5 wherein the emulsion 1s an
oil-in-water based emulsion.
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7. The method of claim 5 wherein the emulsion contains
Aerosol OT, heptane and sodium chloride.

8. The method of claim 1 further comprising the step of
solidifying the droplet.

9. The method of claim 1 turther comprising causing poly-
merisation of monomers included within the droplet.

10. The method of claim 9 further comprising optically
triggering an initiator to cause polymerisation.

11. The method of claim 10 wherein the imtiator 1s
included in the droplet.

12. Droplet deformation apparatus comprising:

a sample space for holding at least one droplet formed of a
first liquid, the droplet being suspended 1n a second,
surrounding liquid, and the interface between the drop-
let and the surrounding liquid comprising a surfactant to
lower the surface tension between the droplet and the
surrounding liquid;

a trap generator arranged to generate a plurality of optical
traps incident on the droplet; and

a controller arranged to manipulate the optical traps to
deform the droplet.

13. The apparatus of claim 12 further comprising:

1imaging apparatus arranged to view the droplet from two or
more aspects.

14. The apparatus of claim 12 wherein the first liquad and

the second liquid form an emulsion.

15. The apparatus of claim 13 wherein the droplet contains
monomers and the droplet or the surrounding liquid contains
an 1nitiator.

16. The apparatus of claim 15 wherein the initiator 1s a
photo-iitiator.

17. The apparatus of claim 16 further comprising:

a trigger generator arranged to 1lluminate the droplet and

cause polymerisation of the droplet.

18. The apparatus of claim 17 wherein the trigger generator
1S COMPrises:

a laser to generate light suitable to activate the photo-

initiator; and

optical components arranged to direct the laser light at the
droplet.

19. A method of fabricating a shaped polymer particle from
an emulsion containing an initiator and droplets containing
monomers, Comprising:

generating a plurality of optical traps directed at the drop-
let, wherein the droplet 1s formed of a first liquid, the
droplet being suspended within a second, surrounding
liguid, and the interface between the droplet and the
surrounding liquid comprises a surfactant to lower the
surface tension between the droplet and the surrounding,
liquad;

moving the optical traps to deform the shape of the droplet;
and

inmitiating polymerisation of the droplet.

20. The method of claim 19 wherein the mitiator 1s a
photo-initiator.

21. The method of claim 20 polymerisation 1s initiated by
irradiating the whole droplet simultaneously.

22. The method of claim 19 wherein the droplet contains
the monomer styrene and the mitiator dibenzyl ketone.

23. The method of claim 19 wherein the droplet contains
the monomer methyl methacrylate and the mitiator 2,2'-azo-
bis(isobutyronitrile).

24. The method of claim 19 wherein the initiator 1s 2,2'-
azobis(2-amidinopropane).
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25. A method of deforming a droplet comprising:

generating at least one variable geometry optical trap;

directing the at least one variable geometry optical trap at
the droplet; and

adjusting the geometry of the optical trap to deform the
droplet,

wherein the droplet 1s formed of a first liquid, the droplet

being suspended within a second, surrounding liquid,
and the mterface between the droplet and the surround-
ing liqud comprises a surfactant to lower the surface
tension between the droplet and the surrounding liquad.
26. The method of claim 25 wherein the variable geometry
optical trap 1s formed using multiple beams.
277. The method of claim 25 wherein the variable geometry
optical trap 1s incident within the droplet.
28. The method of claim 25 further comprising the step of
solidifying the droplet.
29. A method of forming a shaped droplet comprising:
providing a droplet of a first liquid suspended within a
second, surrounding liquid, with a surfactant to lower
the interfacial surface tension between the droplet and
the surrounding second liquid;
forming a plurality of optical traps at the droplet; and
manipulating the optical traps to deform the shape of the
droplet.
30. The method of claim 1 wherein the surface tension at
the interface between the droplet and the surrounding liquid 1s

less than 1x10~* Nm™'.
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31. The apparatus of claim 12, wherein the surface tension
at the interface between the droplet and the surrounding liquid
is less than 1x10™* Nm™".

32. The method of claim 19, wherein the surface tension at
the interface between the droplet and the surrounding fluid
liquid is less than 1x10™* Nm™".

33. The method of claim 25, wherein the surface tension at
the interface between the droplet and the surrounding liquid 1s
less than 1x10™* Nm™".

34. The method of claim 29, wherein the surface tension at
the interface between the droplet and the surrounding fluid
liquid is less than 1x10™* Nm™".

35. The method of claim 1, wherein the surfactant lowers
the surface tension between the droplet and the surrounding
liquid by three orders of magnitude or more.

36. The method of claim 1, wherein the surfactant lowers
the surface tension between the droplet and the surrounding
liquid to a level which 1s comparable to an optical trap force.

37. The apparatus of claim 12, Wherein the surfactant
lowers the surface tension between the droplet and the sur-
rounding liquid by three orders of magnitude or more.

38. The apparatus of claim 12, wherein the surfactant low-
ers the surface tension between the droplet and the surround-
ing liquid to a level which 1s comparable to an optical trap
force.
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