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Abstract. Stable 3D micromanipulation by light requires that gradient force overcome axial
scattering force introduced by an objective lens. Although high numerical aperture (NA)
objective lenses in conventional optical tweezers could match the requirement, the dramatic
limited axial working range and a narrow view field draw back the application seriously.
With purpose to improve the application of micromanipulation, we succeed in the three
dimensional (3D) trapping of polystyrene microspheres with a low-numerical-aperture
(NA=0.40) objective releasing a long working distance (WD=5.89mm) by utilizing the
Laguerre-Gaussian beams. A series of rotating manipulation through modulating the
asymmetry of Laguerre-Gaussian beams are presented. This work offers an extended axial
trapping range for 3D manipulation and a delicate hand-actuated rotating system for optical
manipulation.

1. Introduction
Optical trapping [1] has been widely used in physics, biologyand other fields [2-6] with the
development of laboratory techniques, but the trapping performances vary with different wave-front
modulation methods [7]. Optical tweezers [1,8] with a single Gaussian beam for 3D trapping
requires that the gradient force overcomes the scattering one, which needs a high numerical aperture
microscope objective (typically NA>1) to satisfy. However, high NA brings a series of
disadvantages such as large spherical aberrations, small field of view, high local heating of trapped
sample and short working distance, crippling the potential for optical tweezers to perform relevant
innovative biophysical measurements [9]. For the purpose of axial trapping with low NA objective
lenses, different approaches have been demonstrated to date. Surface tension, as an additional force,
was introduced to balance intensive scattering force [10,11]. Annular laser beam generated by two
axicons was focused to get a long-distance axial trapping [12]. Single focused-Bessel light beam
was employed to obtain 3D optical manipulation [13]. Laguerre-Gaussian (LG) beams was focused
with a nonimmersion objective (NA=0.8) to achieve an axial trapping range of less than 300µm
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[14]. These contributions were significant, but more longer axial trapping range 3D trapping
systems are needed for experiments, such as trapping objects at free liquid surface, reducing the
influence of substrate while studying the nucleation of crystals and some other special processes.
Our single optical trap of long axial trapping range and low-injury required power would be more
convenient and flexible in some special biophysical experiments: the translocation of a protein,
sensitivity study of protein-mediated DNA loops, single molecule fluorescence techniques [9,15,16].
In this letter, we demonstrate the stable 3D trapping and manipulation of polystyrene microspheres
with diameter of 8m, using a single LG light beam focused through a microscope objective with
low numerical aperture (NA=0.40), long working distance (WD=5.89mm) and low required
trapping power (P=3.3mW).
2. Experiment
The experimental layout of our trapping system is shown in Figure 1 (a). A semiconductor laser
(Excelsior-532-300-CDRH, Spectra-Physics, Japan) working at wavelength of 532nm is expanded
by a telescope formed by Lens 1 and Lens 2, which holds a focal distance of 38.1mm and 200mm
respectively. After beam expanding, the collimated beam passes through the spiral phase plate (SPP)
to be transformed into the LG beam. Then LG beam is reflected by a dichroic mirror (short-pass
532nm) into the back aperture of a long working distance 20 objective (L Plan, NA 0.40,
5.889mm working distance, Daheng Optics Inc., China). The sample is mounted on a motorized
XYZ stage (DRVER Model, New Focus Inc., USA) that can be driven manually or by a
programmable software interface. A condenser was used to converge the red light produced by the
illumination (GCI-0604 LED, wavelengh 621nm, Daheng Optics Inc., China) into sample cell. A
USB CCD camera (MC20-C, 6.45×6.45µm pixel size, Micro-shot Technology Inc., China) is
employed to record the trapping process. The CCD camera allows imaging speed as high as 15 fps
at a resolution of 1360×1024 pixels. A long-pass filter (long-pass 550nm) is inserted in front of the
CCD camera to block the trapping laser beam. The maximal laser power delivered on the sample is
about 10mW. Polystyrene microspheres (8um in diameter, DAE Scientific Inc., China) immersed in
water in a sample chamber are used for optical trapping and manipulation. In order to verify the
reliability of our SPP, the interference pattern of LG beam (topological charge =2) and the plane
wave as shown in Figure 1 (b), Figure 1 (c) shows the interference pattern of LG beam (topological
charge =2) and the spherical beam.
To analyse trapping stiffness of our optical tweezers system, we calculate the escape force of 3D
trapped beads based on Stokes’ law. Then, we considered a series of generalized LG laser beams by
moving SPP perpendicular to the direction of beam propagation (laterally). In this situation, the
output modulated LG beams lose axial symmetry, and we performed a set of rotation manipulation
based on this precisely controlled asymmetry, proving that the rotation rate of polystyrene
microspheres increases with increasing the asymmetry parameter in a certain range. Because of
sufficient working distance and a large lateral stiffness, the particles can be fully controlled in three
dimensions and, moreover, it can be moved across the entire sample cell at the trapped situation.
Our work offers an advanced mechanical rotating system for optical manipulation and a long axial
trapping range for 3D optical manipulation, a large field of view, low local heating of trapped
samples, and reduced spherical aberrations compared with typical high NA 3D trapping systems.
All measurements were carried out at room temperature.
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Figure 1 (a) Experimental layout of the 33D trapping and manipu
ulation syste
tem. (b) Inteerference
pattern of plane waave and LG beam with topological charge of =2. (c) Inteerference paattern of
sph
herical beam
m and the saame LG beaam.
3. Results and discu
ussion
3.1.

Trapping

As we kknow, LG beam
b
has special opticaal vortices, which
w
can be
b interpreteed as its eigen mode off
the paraxiaal Helmholttz equation:
,

1

√
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(1))

where
is a generalized
d Laguerre polynomiaal with rad
dial index , is the topologicall
charge, annd is the beam radiu
us [17]. Thee =0 modes used in our experim
ment form a series off
single annuular rings with
w differen
nt topologiccal charges, which relaated to the nnumber of 2π
2 cycles inn
azimuthal phase arounnd the ring and give riise to the raadius of peaak intensityy of our sin
ngle annularr
ring. In ouur trapping system,
s
laseer beam are expanded to
t match thee SPP and ffit the back aperture off
objective leens. The miinimal required force
to trap a particle iss given by [[18]
(2))
where is the dennsity of a particle,
iis the densiity of the su
urrounding fluid, is this
t particlee
diameter, is the gravvitational acceleration,
a
, and is th
he ambient temperaturre. The seco
ond term off
this equatiion relates to
t the forcee required tto conquer the Browniian motion. To obtain 3D opticall
trapping, thhe gradient force produ
uced by foccused LG beeam has to be
b large enoough to oveercome bothh
Brownian motion andd the scatterring force iin axial direection, and only Brow
wnian motio
on in laterall
direction, w
which guidded our whole experim
ment processs. We achiieved stiff 3D trappin
ng and longg
axial maniipulation caapabilities of
o focused LG beam for polystyrene micro spheres witth differentt
topological charge att low numeerical apertuure. In ordeer to elimin
nate the inffluence of sample
s
celll
bottom, w
we started trrapping pollystyrene m
microspheress with a baalanced pow
wer at an equilibrium
e
m
position w
which is aboout 10µm distance
d
aboove the botttom layer. To find thee balanced power, wee
adjusted thhe beam attenuator and
d realized thhe most cleearly imagin
ng of the traapped particcle in CCD
D
system. Annd then, wee moved sam
mple stage sideways and
a along th
he vertical axis, showiing that thee
trapped paarticle kept its spatial position cconstant. Here,
H
we sh
how that traapped partiicle can bee
manipulateed in three dimensions.
d
. An assumeed geometriic point adh
hered to thee bottom of sample celll
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was used aas referencee origin of three
t
dimennsional Carrtesian coordinates andd unit coord
dinate valuee
equals 1m
m. Trappedd particles surroundedd by white doughnut in Figure 2 kept shaarpness andd
position unnaltered. Thhe first row
w labelled bby trapped particle
p
x coordinate
c
vvalue of 0,10, and 20,,
respectivelly, shows trapped
t
sph
here kept iits sharpnesss and spattial positionn invariablle in the x
direction w
when samplle stage waas moved aalong x axiss. Similarly
y, the seconnd row sho
ows trappedd
particle keppt its sharpness and sp
patial positioon fixed on
n y axis. Herre, lateral trrapping of focused
f
LG
G
beam was demonstraated fully. The
T third rrow demonstrates stab
ble axial traapping proccess and iss
labelled byy trapped particle
p
z co
oordinate vaalue of 0, 30,
3 and 60, which is tthe key for 3D opticall
trapping. IIn the axiall direction, namely z axis, a trap
pped bead was
w in equuillibrium condition off
gravity, flootage, scatteering force and gradiennt force. Th
he flotage and scatterinng force kep
pt the samee
direction aabsolutely. Gradient
G
force pointedd to the focu
us of objecttive lens, annd its size or
o directionn
depended on equilibrium positio
on of trappeed particle, associating
g with the ppower and topologicall
charge of iincident LG
G beam.
Figure 3 shows 3D
D trapping power
p
distribbution of LG
L beam wiith topologiical charge varies
v
from
m
2-16, and llaser powerr was all meeasured in thhe plane of sample celll. To be 3D trapped, beead must bee
in an equilibrium rangge of optical trap in axiial direction
n especially. Therefore,, balanced power
p
has a
closed scoppe of valuee, which is marked by error bar in
n Figure 3 for differennt topologiccal charges..
Real pointts indicate the
t most ap
ppropriate bbalanced power, and trapped parrticle kept the highestt
resolution in CCD syystem. Witth the increease of top
pological ch
harge, balan
anced poweer increasess
approximaatively lineaarly. The reeason is thaat with incrreasing topo
ological chaarge value, the size off
bright annnulus in LG
G modes in
ncreases, wiith fewer scattering
s
liight ray hoolding the bead
b
and a
smaller fraaction of ligght field interacts with the trapped
d sphere off diameter=
=8μm [19]. In
I addition,,
closed rangge of balanced power value decreease, this is due to the fact that axxial thickness of brightt
annulus in LG modes,, or axial traapping well , decreases with increaasing topoloogical charg
ge.

Figure 2 Polystyrenne sphere off 8µm diam
meter trapped
d by the focused LG m
mode with to
opological
charge =2 and fixxed power P=3.3mW
P
w
while samplee stage is moved
m
alongg coordinatee x, y, z.
Spheres resting at the bottom of sample cell
c providee a visual refference.
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Figure 3 Comparisoon between the experim
mental meassurements and
a linear annalysis for stable
s
3D
trapping.

Figure 4 Lateral escape
e
forcee for individdual 3D trap
pped bead (8
8µm diametter) as a fun
nction of
differentt topologicaal charge.
To evalluate laterall trapped stiiffness of diifferent LG
G modes, wee drive the m
motorized stage
s
in x-yy
plane in a certain veloocity when 3D trappedd individual bead escap
ped along laateral directtion exactlyy
correspondding to requuired powerr in Figure 33. We got th
he escape velocities
v
foor different topologicall
charges annd calculatedd the escapee force from
m Stokes’ laaw [20]
6
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(3))

where is the viscosity of solution, is tthe radius of bead, and is the draag velocity. The laterall
escape forcce was founnd to increaase with toppological ch
harge showed in Figurre 4. The av
verage lightt
force generrated by ourr optical tw
weezers systeem in lateraal direction was
w calculaated to be 2..06pN/mW,,
which show
ws a well trrapping perfformance thhough it worrks at an extremely low
w numericall aperture.
3.2. Spann
ner
Like sttandard LG
G mode, th
he asymmeetric LG beam
b
(aLG-beam) hass transversse intensityy
distributionn consists of
o a finite number
n
of liight ring, but the inten
nsity distribuution along
g the ring iss
not uniform
m, which has
h a cresceent shape annd rotates while
w
propaagating andd can be useed to rotatee
large asym
mmetrical microparticle
m
es [21,22]. IIn particulaar, the norm
malized orbittal angular momentum
m
(OAM) off aLG-beam
m depends on
o the beam
m topologiccal charge linearly
l
andd on asymm
metry indexx
parabolicallly [22].
To realiize a simple mechaniccal transmisssion opticaal spanner, we generatted aLG-beaam throughh
steps of shhifts in Cartesian coord
dinates comp
mpared with convention
nal LG modde. The aLG
G-beam wass
generated bby misplaceed SPP with
h a shift bettween the SPP centre and
a incidentt Gaussian beam.
b
Thenn
we achieveed differentt rotational velocity maanipulation in focus off the aLG-b eam throug
gh changingg
the shift. W
We show that the velocity of miicrospheress increases within limiit with incrreasing thiss
special asyymmetry inddex and inv
variable top ological ch
harge, which
h coincides with Ref. [22].
[
Figuree
5 shows rrotation fraames of tw
wo particless in focus of the aLG
G-beam witth 0.75mm
m shift, =22
topological charge of SPP and 3.3mW laser power. Thee average ro
otation veloccity of partiicles equalss
0.22±0.03 µm/s. Figuure 6 show
ws experim
mental rotation angularr (dash linne) and corrrespondingg
d line). Wheen the shiftt is 0.75mm
m, rotation aamplitude and
a rotationn
average anngular veloccities (solid
velocity acchieve the maximal
m
vallue. Therefoore, we coulld precisely
y control thee rotation manipulation
m
n
of trapped particles byy manually controllingg the spatiall positon off SPP. It is a simple an
nd effectivee
means to im
mplement optical
o
rotation manipuulation.

Figure 5 Rotation manipulation
m
n of two 8µm
m diameter particles with
w asymmeetric LG mo
ode whose
topoloogical charg
ge =2.
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Figure 6 The rotattion angle and average rotation velocity of tw
wo trapped saamples at different
d
asyymmetry ind
dex.
4. Conclu
usion
We havve presenteed a feasib
ble stable 33D trappin
ng and man
nipulation ssystem witth a singlee
Laguerre-G
Gaussian beam focused by a l ow numeriical aperture of NA=
=0.40 comp
pared withh
conventionnal optical tweezers for
f 3D trappping. Baseed on the long axiall trapping distance
d
off
WD=5.89m
mm and higgh modulatio
on index off SPP, the trrapped particles can be moved thro
oughout thee
whole sam
mple cell annd be hold
d for severral hours sttiffly, whicch facilitatees the calib
bration andd
operation oof 3D opticcal trapping
g. Our expeerimental seetup was freee from thee complicateed trappingg
beams, SL
LM, or otherr external forces,
f
withh only the SPP.
S
Such an
a optical tw
weezers miight find itss
significant applicationns, since it offers
o
a largger field of view,
v
and lo
ower sphericcal aberratio
ons.
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