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A microscope is described that usegum-sized ball lens, which is here termed micro-objective,
manipulated with optical tweezers to image the side view of the arbitrary region of a sample. Since
this micro-objective is small in size, it can go into a concave region to produce a local image of the
inside which the conventional microscope cannot observe. Preliminary results show good lens
performance from the micro-objective when combined with optical tweezers19€Y American
Institute of Physicg.S0003-695(97)03306-§

Conventional optical microscopes have been used due to The position of the image surface and the magnification
their many advantage®.g., easy to handle, noninvasive to are dependent on the geometry of the object and the micro-
samples However, they are poor at investigating the sideobjective. If the object is farther than the focal length, the
surface or inside of a hole or a narrow gap. There are hiddemicro-objective makes a real image, as shown in Fig). 1f
areas since the image is detected far from the sample usingrearer, a virtual image is generated, as shown in Rig).. 1
microscope with a hard and bulky frame. To observe theThe virtual image is opposite in direction to the real image.
inside, a small microscopéor at least imaging elements An eyepiece further projects these images onto the monitor
which can go into the concave region of a sample would be&creen.
useful. For this purpose, the microscope must be positioned Figure 2 shows the experimental setup. The system con-
and fixed stably during the measurement. sists of two coupled microscopes. One is aligned vertically to

Among various manipulation techniques, optical twee-observe a top view of the sample as well as to trap the micro-
zers is one of the promising methods for the damage-fregbjective. The other is aligned laterally to observe a side
position control of micro-particlesand has been applied in view using the micro-objective. The trapping light source is
various research fields® When an incident laser beam is a laser diode(Sony, model SLU303XR, 830 nms 400
strongly focused on a transparent object having a refractivenw). The laser beam is focused by the objecti@ympus,
index larger than that of the surrounding medium, the totaE0x, numerical apertur¢gNA] = 0.55, working distance
force of the radiation pressure acting on the object points in=~9 mm) of the vertical microscope. The trapped micro-
the neighborhood of the focal point, and the object is trappe@bjective is carried close to a specific region of the sample
there. The trapped particles are manipulated easily by scameing observed, and the top view is displayed using a charge
ning a microscope stage. coupled device (CCD) camera and video monitor

In this letter, we report on a microscope that uses a smalimonitor,). The side view is observed simultaneously
lens as the objective. This micro-objective is made of a polythrough the lateral microscope, which uses another CCD
styrene sphere, and controlled to approach a specific areggmera and video monitor (monitdr The eyepiec&Olym-
using optical tweezers. The locally magnifiéal reduced  pys, 20<, NA = 0.40, working distance= ~11 mm is
image of a surface is observed through the micro-objectivegligned to image the viewing plane of the micro-objective by

The micro-objective used here is-a25 um sized poly-  moving the base stage. Each microscope uses a halogen lamp
styrene particle. Them-sized sphere can act as a ball IBns. oy ijlumination.

As shown in Fig. 1, the sphere forms an image according to
the lens equation:
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n,; andn, are the refractive index of the polystyrefte59
and that of the surrounding watét.33, respectively, and object
r is the radius of the micro-objective. A micro-objective of

25 um diameter has a focal length of 32n. The focal point (b)

is outside the sphere in our experiments.

FIG. 1. Schematic diagram to explain the lens function of the micro-
objective. There are two cases where the micro-objective gendette
3E|ectronic mail: sasaki@hane.mech.tohoku.ac.jp real image andb) the virtual one.
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FIG. 2. Schematic diagram of the experimental setup to detect the side view
through the micro-objective. The illumination lamps and condenser lenses
are not shown. The distance between the eyepiece and the CCD camera of
the lateral microscope is fixed at30 cm. Before each series of experi-
ments, the optical alignment is adjusted so that the two monitors observe the
same position. The astigmatism of the laser didd®) beam weakens the
trapping force.

The inset of Fig. 2 shows the sample glass cell placed on
a three-dimensional stage. The glass cell i$2IX 1cn? in
dimensions, and the glass walls are 2 mm in thickness. The
spatial pattern to be imaged by the micro-objective was the
partially distributed array of smaller polystyrene particles
(diameter= 2.02 wm) on a mica substrateFor a stronger
adhesion of the array to the mica substrate, the polystyrene
particles were slightly heated to melt only at the surface
keeping their spherical shape. This mica substrate was ori-
ented at an angle of 60° to the horizontal in the cell so as
not to disturb the path of the trapping laser beam. At first,
F-oil (perfluoromethyldecalin, refractivity= 1.32, density
=1.94 g/cni) was poured into the cell until its surface

100pum

FIG. 4. The monitor screens showing the configuratior(a@fthe sample
and (b) the micro-objective(c) The reduced image of the background belt
of the particulate array is shown in the right half of the micro-objective.

‘—"1 00um reached the appropriate height. Next, the cell was filled with
distilled water. To form an interface between F-oil and water
FIG. 3. A series of monitor images showing the micro-objective together0fizontal, an appropriate Surf_aCtant was adde_d to the F-oil.
with the image of the background array of smaller particlesThe inital A few drops of solution including the micro-objective were
configuration of the sampleb) The micro-objective is moved laterally to  pipetted into the cell. Since micro-objectiv@ensity= 1.06

the area of interestc) The image is further magnified by moving the micro- ; ; i
objective nearer to the particulate arrég) The magnified image when the g/CtT‘F’) are heavier than water and lighter than F-oil, they

micro-objective is moved a little to the right. The spherical aberration of theStay on the interface_ betwet_en F'_Oil and water.
micro-objective somewhat distorts the image. Figure 3 is a series of side views. The darker lower half
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of the micrograph corresponds to the F-oil region. The arshows the relative position of the micro-objective. Figure
rows indicate the trapped micro-objective, which is con-4(c) shows the image made by the micro-objective. The re-
firmed by the brilliant light of the trapping laser beam scat-duced image of the array is evident inside the micro-
tered on the micro-objective observed when the infraredbjective and is reversed in direction. The darker right half
blocking filter is removed. Figure(8 shows the initial con- of the micro-objective corresponds the particulate array. The
figuration. Using the optical tweezers, the micro-objective isobserved real image does not correspond to the area just
carried from right to left while the other particles stay at theirbehind the micro-objective due to the imperfect alignment of
initial positions. In Fig. 8v), the image of smaller particles the lateral microscope. This image moves in the same direc-
in the background array is apparent inside the microtion to the displacement of the micro-objective, and the
objective. The particles are slightly magnified by the micro-speed of the image is slower than that of the micro-objective.
objective. To magnify the image further, the micro-objective These behaviors show that the image is a real one.

is manipulated to approach the array perpendicularly to the In conclusion, the lens function of the micro-objective is
paper. Figure @) shows an image of three particles at higherusefully combined with the optical tweezers manipulation
magnification. Individual particles can be seen, in contrast taechnique to constitute a unique microscope. A magniied
the unresolved image observed without the micro-objectivereduced side view of an arbitrary region of the sample is
The magnification of the micro-objective 185X. Since the locally observed.

micro-objective can be moved close to the area of interest, its The microscope objective®0x and 20x) with ultra-

NA can be large. Figure (8 shows the image when the long working distances were kindly provided by Y. Bessho,
micro-objective is moved a little to the right. The displace- R&D Center, Brother Industries Corp.
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