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1. Changes in bubble diameter with laser power and time 

The bubble-generating process was further quantified by analyzing bubble 

diameters using ImageJ software. Figure S1 shows the change in bubble diameter 

with time when the laser power, measured on the sample plane, was 31, 37, and 45 

mW, respectively. The bubble diameter increased rapidly in the first 100 ms and grew 

at a slower rate afterwards, as shown in Figure S1. Meanwhile, a higher power 

resulted in a surface bubble with a larger diameter. The minimum power that was 

required to generate a bubble was 31 mW in this experiment. No bubble formation 

was observed when the laser power was below 31 mW. 
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3. Dropping off a particle at high speed 

The drag force on the particle increases when the bubble moves at high speed. 

The increased drag force broke the balance between the surface tension force and the 

pressure force. Therefore, the motion of particles on the bubble’s surface was affected. 

Figure S3 shows that one particle (indicated by a red arrow in Fig. S3) was dragged 

off the surface bubble by the drag force at high (bubble) speeds (greater than 500 

μm/s), indicating that the drag force had increased sufficiently to break the force 

balance and detached the particle from the bubble. This was also the maximum 

velocity for particle manipulation that we achieved in our experiments. 

 

Figure S3: A particle drops off the bubble when the bubble moves at high speed. 

 

  

Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2014



4. S

top 

mic

surf

simu

mar

the 

alon

Figu

the 

 

5. C

part

dete

effe

15 μ

be t

Simulation 

of the cham

In this si

cro-particle 

face of the 

ulations in 

rked by a b

bottom of 

ng the botto

ure S4: Sim

top surface 

Control exp

In order t

ticle touche

ermined tha

ect. 

A chambe

μm PS bead

trapped wit

of the drag

mber 

imulation, 

was fixed n

chamber). A

Figure 3 in

lack arrow 

the chamb

om surface. 

mulation res

of the cham

periments to

to check w

d the optica

at we do n

er consisting

ds. We focu

th the laser 

g force on a

a circle w

near the top

All other ex

n the main t

in Figure S

er and the 

sults of the d

mber. 

o exclude t

whether ther

al field, we 

not need to 

g of two cov

used the lase

beam. It d

a particle w

with diamet

p of the cha

xperimenta

text. The di

S4. This dra

particle wa

drag force o

the “optical

re is a net

conducted

 take into 

ver glasses 

er on one P

did not follo

when the pa

ter of 15 

amber (at a 

al parameter

rection of t

ag force fin

as recapture

on the partic

l tweezers”

t optical tw

the followi

considerati

without a g

PS bead and

ow the mov

article is loc

μm which 

10 μm dist

rs were the 

he calculate

nally pushed

ed by the c

cle when it i

” effect 

weezering e

ing control 

on the opti

old coating

d found the P

vement of th

cated near 

represents

tance to the

same as in

ed drag forc

d the partic

convective 

 

is located n

effect when

experiment

tical tweeze

g was filled 

PS bead ca

the laser. In

the 

the 

e top 

n the 

ce is 

le to 

flow 

near 

n the 

t and 

ering 

with 

annot 

n our 

Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2014



opto

film

effe

Hen

trap

num

Figu

effe

othermal tra

m on the cov

ect. This w

nce, there w

pping force,

merical aper

ure S5: Dia

ect. 

apping expe

ver glass. T

was expected

was no eno

, the laser b

rture, as is ty

agram of the

eriment, the

Therefore w

d since the

ough force 

beam neede

ypically use

e control ex

e laser pow

we do not ne

e laser was

to trap a p

ed to be fo

ed in an opt

xperiment fo

 

wer was furt

eed to consi

 loosely fo

particle. In 

ocused by a

ical tweezer

or testing th

ther decreas

ider the opt

ocused in o

order to g

an objective

r setup. 

 

he “optical tw

sed by the 

tical tweeze

our experim

generate eno

e with a hi

tweezers” 

gold 

ering 

ment. 

ough 

gher 

Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2014



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


