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Periodic oscillation of a colloidal disk near a wall in an optical trap
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Colloidal disks can be stably trapped using optical tweezers. However, when the tweezers press the disk
against an opposing wall, we observe an instability leading to periodic motion which we model using coupled
nonlinear equations. The resulting “switchback” oscillation involves combined orientational and translational
motion of the disk. This observation reveals a new degree of freedom in colloidal architectures, that is, the
ability to drive translational motion from a static light field energy source.
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The dynamics of a dielectric object in a strongly focusedmolecules facilitates an in-plane isotropic surface energy that
Gaussian laser beam has been intensively studied. One of thermits a circular perimeter. The microdisks have radii rang-
important discoveries is the existence of a stable focus solung from 0.2 to 10um and aspect ratios ranging from 2 to 10
tion to the differential equations governing the motion of theWith p=5 typically. Attractive depletion forcef], induced
object. This is the well-known optical trapping technique, orPY raising the sodium dodecyl sulfat€DS concentration

laser tweezer§1—4]. In previous work we have demon- above the critical micelle concentration, are repeatedly used

. “ B to preferentially segregate the disks from other spherical ob-
st.rate_d that .d'SkS can be_ stably trapped edge-pn to thejects. The shape selectivity is possible due to the much larger
direction of light propagatiortflat surface perpendicular to

. . excluded volume between two disks oriented face-to-face as
the objective lens Moreover, we found that the disk could compared to the much smaller volume between a disk and a
b_e rotationally _plnne_d or controllf’;\bly rotated in linearly or sphere. Under differential interference contré®IC) mi-
cwcglarly polarlzgd |.Ight, respectively. We ajso observed acroscopy, the disks appear to be birefringent.
“switchback” oscillation when the trapped disk was forced  Qur laser tweezers consist of an inverted microscope with
against a wal[5]. an expanded laser beam that enters the microscope through
In this paper we continue the study of an optically trappecthe epifluorescence port and is bounced upward into the
disk in linearly polarized light when the trapping point is 100X 1.4 NA oil-immersion objective by a dichroic mirror.
shifted toward the opposing cover slip in the microscopeGreen illumination passes through the condenser lens in the
This effectively pushes the edge-on disk against the wall. Aslirection opposite to the laser beam. We use either a 15-mW
we increase the pushing force an instability occurs whichHe-Ne laser at a wavelength af=633 nm, or, for addi-
first tilts the disk face from perpendicular to the wall and attional power, a 10-W solid state Nd:YA@ttrium aluminum
larger tilts, leads to periodic translation-tiforientational ~ garne} laser ath =1064 nm. Both lasers are linearly polar-
motion. We present a simple dynamical model of the instaized. Strikingly, all disks are trapped stably in three dimen-
bility where the main elements are translational force fromsions, regardless of radius or aspect ratio even for those ap-
photon pressure on the tilted disk and a coupling torquéroaching the microscope’s resolution limit of Qun. They
which results from dragging the disk along the cover slip.2lign edge-on with their faces parallel to the beam axis,
The model can semiquantitatively explain the instability andthereby maximizing the disk’s volume in the region of high-

its dependence on proximity to the wall and the laser powe@St electric ﬁeld’ Fig. 1 The linear polarized laser b_ea[n cre-
The ability to induce and control periodic translational ates a harmonic restoring torque that causes the disk’s faces

motion, as well as rotation, with static light fiel@ise., with- t(r)](allgo?;cr)ig%titgre\ é)i(r)éac?izﬁtl?l’r\]eﬁlr:iﬁgﬂ[fSrligﬁtgt)ilofmh;r}?sins%/m-
?nuict:rrgr?vslggléh?nzzshei;(ta\g%ﬁizvirﬁht?;Ig Sﬁgg (ne r:wt;l:'gr&?czf metry axis can be controlled. Disks can be manipulated in
. . o . " thez direction without disturbing their orientation by adjust-
The microdisks were made by crystallizingeicosene ., the focus. Thermal fluctuations cause higher amplitude
wax [CHs—(CH,)17—CH=CH,] aqueous emulsion par- yansjational excursions of the center of the disk along its
ticles. The right circular cylindrical disks arise when the gqge as compared to its symmetry axis. For small laser pow-
cooled wax enters a lamellar liquid crystalline rotator phaseyrs at which the disk is barely trapped translationally, the
that occurs at 29.8 °@5]. The lamellar planes lie parallel to disk also exhibits significant rocking orientational fluctua-
the flat faces, and the in-plane orientational disorder of waxions, causing its symmetry axis to deviate from the focal
plane so that it is not always oriented completely edge-on.
For details and the technique using scattering light to mea-
*Present address: ESL 202, DEAS, Harvard University,sure the rotational motion of the disk, please refer to our
40 Oxford St., Cambridge, MA 02138. previous publicatior5].
Email address: zcheng@deas.harvard.edu We focus here on the interesting dynamic Hopf bifurca-
"Present address: Department of Chemistry and Biochemistry anion and resulting switchback motion. A confining wall can
Department of Physics, University of California—Los Angeles, 3040alter the stability of a disk in the linearly polarized tweezers.
Young Hall, 607 Charles E. Young Dr. East, Box 951569, LosWhen a disk is moved in the direction so that it becomes
Angeles, CA 90095-1569, USA. perturbed by the glass wall, the disk tilts and begins to trans-
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FIG. 1. (Color online Schematic diagram of a dielectric disk % 02 |

trapped “edge-on” in the focussed light field of an optical tweezer. 2 0']
late in the direction perpendicular to the polarization direc- 0 ‘ ' ' ' '
tion, Fig. 2. We attribute this escaping motion to the driving o 02 04 06 08 1
force originating from the scattering of the laser from the height (/1)

tilted surface of the disk. As the disk moves there is a drag
force on the edge closest to the wall. This introduces an FIG. 3. (Color onling (a) Lissajou pattern fox(t) and sine(t)
additional torque increasing the tilt. As the disk moves fromfrom numerical integration and experimental measurement (
the beam center there is a lateral restoring force from the 0.2). (b) Disk-wall separation dependence of the “switchback”
electric field gradient. At the far end of the traverse, thefrequency.(There are no oscillations fa>z.~0.64".) Note that
velocity decreases, the viscous torque arising from wall-disghe frequency jumps discontinuouslyztcharacteristic of a super-
interaction decreases and the alignment torque of the twe&!itical Hopf bifurcation.
zers causes the disk to again align edge-on. In this configu- ) )
ration there is no longer a lateral scattering force and the diskocal plane is~1 um away from the slide surface; frames
is drawn back toward the beam center by the field gradientdr® one-sixth of a second apart. Figute)Zshows a cartoon
(the usual trapping forge The reverse motion causes a re- Of the motion viewed perpendicular to the motion and the
verse tilt via the wall-disk interaction torque and the disklight beam. This type of oscillation, where the orientation of
accelerates in the opposite direction through the beam centdh€ disk plays a key role, does not occur for the trapped
This process repeats creating a coupled translationamicrospheres near glass surfaces for the reasons of symme-
orientational “switchback” oscillation. try. The frequency of the microdisk’s switchback oscillation
The successive micrograpks—6) in Fig. 2@ show the is prqportipnal to the laser power, inv_ersely proportional to
oscillation of the diskradius 1.5xm) in a linearly polarized the viscosity, and depends on the position of the focal plane

laser tweezer at a He-Ne laser poweiPoé 8 mW when the ~ 'elative to the glass surface. The frequency increases linearly
with laser power,fs~P, and it becomes smaller near the

glass slide due to increased viscous forces and a reduction in
the volume of the disk in the region of highest electric field
intensity. The amplitude of the translational excursion and
the tilt angle diminish as the distance between the slide and
focal plane increases.

To extract quantitative information, the projections of the
circular surfaces of the disk on the focal plan were measured
by processing these micrographs. IDResearch Systems

(b) |
was used to define the projection and calculate the coordi-
— nates of the disk’s centex(y) and projection area was used
g A 2 4 & to measure the orientation anghe Figure 3a) shows the

scatter plot of siM vs x The solid line is the calculation
FIG. 2. (Color online “Switchback” oscillation of a short- according to the model presented below. The model gives a
cylindrical disk in the optical tweezers, near an opposing wall. ~ reasonable interpretation of the experimental observation.
Time sequence imageé4—6) with one-sixth of a second apatb) We propose the following equations for the positioand
Schematics of the motion 1-2-3-4-5¢6). tilt angle 6 of the disk near the glass slideote thatd here is
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with a,p proportional to the stiffness of the trapping force.
The termag is the viscous damping term proportional to the
disk radius and the fluid viscosity.

The second equation describes the torque equilibrium in a
horizontal direction that is perpendicular xo The terma,
comes from the force with which the tweezers push the disk
into the wall. If the disk is tilted, there is a lever arm for this
force and hence a torque. This term is necessarily zero when
the disk is not touching the wall. The coefficieamfp is pro-
portional to the trapping force constant in thdirection. The
termag is from the torque of the tweezers which causes the
symmetric axis of the disk to align horizontally, disk edge-on
to the objective, Fig. 1. The coefficieat depends on the
shape anisotropy of the disk. The teanis from the viscous

FIG. 4. (Color onling Geometry used for modelling the switch- damping of the rotation in the tilt direction. The coefficient
back motion. As the focus is shifted toward the opposing wall thea; is proportional to the disk radius cubed. The texgns the
disk tilts, photons scatter from the disk surface and initiate a lateramost interesting. Without this term the orientation and trans-
force and motion. lation are decoupled and there is no oscillation. The coupling

results from the different viscous stress on the region of a
different from the rotation angl® that we defined in our particle close to a wall as opposed to far from the wall as the
previous publication particle translates parallel to the wall. The edge-on disk,

moving near a wall, will have more drag along the almost
) dx touching edge. The result is a torque which increases the tilt.
a;p sing cosé—a,px—az 5 =0, It is similar to the torque which would result from friction of
a touching edge on the wall. Although the torque resulting
a,rp sin6(r cosf—z) — asp sin f coso from this edge-wall interaction is a complex function of the
distance from the disk center to the wall, we take an approxi-
dx dé mate simplified form, proportional to the distance between
+apc0os6(r cost—2z) w—arr =0, (D the wall and disk centems depends on the viscous drag
coefficient of the disk.
wherep is the laser power. The geometry for these calcula- The force generated by the laser beais proportional to
tions is shown schematically in Fig. 4. The first equationthe power. We adopt units such thats measured in pNa
describes the force equilibrium in the horizontal direcion 1-mW laser generates a force-l pN), and definer
The terma, is from the radiation force originating from the ~1 um as the disk radiu®,~1 um as the half width of
scattering of the light when the disk tilts. The coefficient  the laser beam at focud),~1 um as the characteristic
is proportional to the area of the disk and its reflectivitys  length for the intensity gradient alorm The coefficients of
the angle between the symmetric axis of the disk and theach term are theal~(7rr2/7-rD§), a2~D;l, az~6myr,
vertical z direction. The terma, is the gradient force that a4~D;1, as~r, ag~6myr, anda;~8mwyre.
traps the disk horizontally. We use a harmonic approximation We rewrite the equations as

a,p siné cosfd—a,px

dx a
dt 3 |
= . ) a;psinfcosf—a,px | . 2)
% aurp sind(r cosé—z)—agp sind cosé+ ag(r cosd—z)cosé a
dt 3
az

For any periodic solution of this equation, the frequency will be proportional to the laser powerpsippears in all but
the viscous damping terms. This is consistent with our experimental observations. We linearize this set of equations around its
equilibrium point &, 8)=(0,0).

dx —a,p pa;
dt X a, ag X
Al . 3
de 0 —ayag(r—2Z)plag aurp(r—2)—asp+2pa;ag(r—2)/as 0
dt ay ay
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The eigenvalues of the matrix are 2
2 15189
. =
M=a+ip, g 1 i
1=atip 3 05 !'%
No=a—ip, (@ = ) AUALAMALN
,é: -0.5
w -l5
a=pal2,
B=pVlAl/2, 5
with

a=a,ag(r—2z)t+asas(r—z)—asaz—ayag(r—2),

(B2, [asmaur(r=2)] 2
ag ay azas 0 t(s) o
L% [as—ayr(r—2)] _ ajag(r—2) FIG. 5. (Color onling (a) Numerical integration of the equations
as a asas of motion show coupled oscillations of displacemen(idark blue
line) and tilt @ (light purple line for parameters just inside instabil-
2a,84(r —2) 3 6) ity regime. (b) Observed disk displacement as a function of time
a;ag as’ ( also shows anharmonic behavior, close to the critical disk-wall
separation[Time lapse image of the central section as indicated by
The solution to Eq(3) is the dashed line in Fig.(3).]
X R,cod Bt— &,) To see yvhgther the model suffici_ently captures the' nature
—eot , (7) of the oscillation we have plotted in Fig(s, a Lissajou
¢ Rocog Bt — 63) pattern, sird as a function of displacement, for the disk. The

data is for a disk pressed closer to the wall than for Fig. 5
and the numerical integration is calculated #o+0.2r. The
data were obtained from images as in Fi¢g) 2analyzed for

(3) is determined by the sign af. Whena<0, the factor  position from the centroid and tilt angle from the elliptical
e”! dictates that oscillating orbits decay with time. When  shape of the projection. The data and model are in quite good
>0, static orbits are unstable and spiral away from the origilmgreement. Note, however, that better agreement could be
as for early times. Eventually the nonlinear terms becomebtained by adjusting the many coefficients in Fk), a task

important and we may have stable oscillating solutittld.  which is uncalled for given the crude nature of the model.
Since we are after the characteristic behaviors and insta- Since our experiments did not concentrate on detailed

bilities rather than a detailed fit of our experimental observameasurements of the disk-wall separatiowe do not have

tions we have chosen the following “reasonable” values forquantitative data on the oscillation frequency as a function of
the coefficients in Eq(1) in our numerical studiesa;=2,  z We did note that the frequency decreased as the disk was
a,=02um %  az=1pN/(um/s), a,=1um ! as pushed closer to the opposing cover slip. This tendency is
=1 um, ag=1 pNs, a;=1 pN—s/(um)3, d=1 um, and also reflected in the numerical integration from which we
p=10 pN. With this choice of coefficients, the only control obtain the plot in Fig. ). We note that, as in other super-
parameter is the distanaeof the center of the disk from the critical Poincare-Andronov-Hopf bifurcatons, the oscillation
“wall,” the upper cover slip. From Egs(5) and (6) we see amplitude is continuous through the bifurcation poiatr(
that the instability occurs wher<0.643 =0.643um. In =0.643), while the frequency discontinuously jumps to a
Fig. 5@ we takez=0.57 and plot the displacement and tilt finite value.

angle which result from numerical integration of the equa- In summary, we have demonstrated experimentally and
tions of motion(1) with a small initial displacement and tilt. theoretically the onset of oscillatory dynamics for a dielectric
The oscillations grow and quickly saturate to a periodic or-object in optical tweezers. We expect that, with the develop-
bit. Numerical and analytic solutions far>0.643 at arbi- ments in optics of laser tweezef®r example, Refs[12—
trary initial conditions quickly decay tg=0, #=0. In Fig.  14]) as well as the shape control of colloilee also, Ref.
5(b) we show the experimentally measured disk displacef15]), a variety of complex dynamic phenomena will be dis-
ment for a disk-wall separation of1 um. The image in covered in the near future. The fact that these can be char-
Fig. 5(b) is obtained by plotting the microscope image of theacterized by simple models should enable construction of
disk along the dashed line in Fig(a, frame 4, along the micron scale devices and machines, powered by static light
ordinate axis and time along the abscissa. Note that the disources.

placement in both the experiment and the numerical integra- We thank Matthew Sullivan for help in using of the infra-
tion are nonlinear, i.e., more triangle than the sine wave. red laser tweezers and Xunya Jiang for helpful discussions.

whereR; andR, are not negative.
According to Eq.(7), the portrait of the solutions to Eq.
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