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Microlens-ended fibers could find great usefulness in future biomedical applications, particularly in en-
doscopic imaging applications. In this context, this paper focuses on microlens-attached specialty optical
fibers such as imaging fiber that can be used for probe imaging applications. Stand-alone self-aligned
polymer microlenses have been fabricated by microcompression molding. The fabrication parameters
have been optimized for different materials, such as poly(methyl methacrylate) (PMMA), polycarbonate
(PC Lexan 123R), Zeonor 1060R (ZNR), and Topas COC. A comparison study of the focusing and spatial
resolution of the fabricated lenses is performed prior to employing them for fiber-optic fluorescence

imaging applications. © 2014 Optical Society of America

OCIS codes:
imaging; (170.2520) Fluorescence microscopy.
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1. Introduction

Fiber-optic probes are generally used for performing
in vivo optical imaging of internal tissues because of
their smaller size and flexibility [1]. The main com-
ponents of such a fiber-optic probe system are a small
lens and a beam director, which provide a focused
optical beam directed to a region of interest. Many
studies of the microlens-ended fiber probes have
been reported in the recent years [2-5]. In many
cases, a conventional microball lens is microas-
sembled and glued in the V-groove in various fiber-
optic applications [6,7]. However, the gluing of a
microlens to the fiber tip is a cumbersome and expen-
sive process that often results in a low-quality optical
interface [2]. The fabrication of microimaging lenses
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on the top of imaging fibers by the direct lithographic
and laser-micro furnace techniques was also investi-
gated [8,9]. The fabrication procedure is quite
complex and time consuming, and it is hard to control
the size and position of a microlens. The mounting of
a microlens is effected on a built-in concave cone-
etched single-mode fiber [10]. However, the fiber
preparation procedures are quite cumbersome, and
they are difficult in the case of fiber with multiple
cores as in the case of image fiber bundles that have
small, closely spaced cores.

Thermoplastic polymers have become popular over
glass as material for optical devices due to their
lower cost, lightness, and ease of processing [11]. De-
sign and fabrication of stand-alone thermoplastic
polymer microlenses through compression molding
have been reported recently by our group [12-14].
In this paper, we compare the performance of lenses
made of different thermoplastic polymer materials to
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find the best polymer microlens for subsequent appli-
cation in our fiber-optic probe imaging scheme.

2. Choice of Lens Materials and Fabrication Process

Thermoplastic polymers differ in cost and also in
physical properties, such as glass transition temper-
ature and melting point. The physical properties will
behave differently under different molding sequen-
ces and parameters. In this paper, the property
and feasibility of four thermoplastic polymers—
poly(methyl methacrylate) (PMMA), polycarbonate
(PC), Zeonor 1060R (ZNR), and Topas COC—will
be discussed. Zeonor and Topas belong to the family
of cyclic olefin copolymers (COCs), which possess a
higher glass transition temperature and a higher
optical transmission compared to PMMA and PC.
Polymers that come in pellet form are extruded into
long filaments using an extrusion process and then
cut into smaller cylindrical gobs for the final molding
into microlenses. Please refer to our previous papers
[13,14] for a detailed description of the fabrication
process.

In this research, a Taguchi L-type orthogonal
array was chosen to analyze the effects of different
factors, such as molding temperature, demolding
temperature, and holding time, for each process on
the surface roughness and the radius of the lenses.
The combination of these factors will be tested to find
the best parameters in producing microlenses. A
high value of signal-to-noise ratio (S/N) stands for
a higher level of effect of the corresponding factor,
whereas a low S/N corresponds to a lower effect of
the corresponding factor [15]. The optimized param-
eters are derived from the maximum S/N and the
mean value of surface roughness results meeting
the optimum condition. An overview of the optimized
parameters of these polymer lenses is given in
Table 1. Another quantitative approach to analyze
the effect of the various factors in this study is
through the analysis of variance (ANOVA), which
considers the relative significance of the individual
factors and the interaction effects [15]. Based on
ANOVA table analysis, the molding temperature
and holding time are seen to play a dominant role
in the surface roughness of the microlens. The
surface roughness of the lenses fabricated by com-
pression molding is mainly studied using confocal

microscopy and scanning electron microscopy (SEM).
Confocal microscopy makes use of the optical resolu-
tion and contrast of a micrograph to eliminate out-of-
focus light in specimens that are thicker than the
focal plane. This allows three-dimensional structures
to be reconstructed from the data. The obtained con-
focal images, surface plots, and SEM images of the
polymer lenses with the optimized parameters given
in Table 1 are as shown in Fig. 1.

3. Focal Length Measurement of Lensed Image Fiber

A. Ray Tracing Method

The lens designed and fabricated with our molding
apparatus has a spherical part and a cylindrical part.
The clear aperture of the lens is 1 mm with a total
dimension of 1.4 mm including the extended side
wall that enables snap fitting of the stand-alone lens
on the fiber tip. The distance between the fiber outer
coating and the side wall of the lens is within the tol-
erance limit. A schematic ray diagram for the focal
length measurement of the lenses is shown in Fig. 2.

Lambda Research’s TracePro (Lambda Research
Corp., Littleton, Massachusetts), an existing ray
tracing CAD suite, is selected to perform the required
ray tracing for optimization and design iteration of
the microlenses. Microlenses are designed using
TracePro software for different polymers, such as
PMMA, Topas, Zeonor, and PC. The dimensions of
the designed microlenses are exactly the same as
those of the fabricated lenses. The obtained result
is shown in Fig. 3. The ray tracing option gives focal
length values of 2.21, 2.203, 2.13, and 1.87 mm, re-
spectively, for lens materials PMMA, Topas, Zeonor,
and PC. The theoretical focal length value of the
plano-convex microlens is estimated using the basic
lens maker’s formula [16]:

R

“a-1

f (D

where f is the lens focal length, R is the radius of cur-
vature, and n is the refractive index of the lens. The
focal lengths of the microlenses are calculated for dif-
ferent lens material based on the average radius of
curvature given in Table 1. The calculated focal

length values are 2.2, 2.21, 2.11, and 1.84 mm,

Table 1. List of Optimized Parameters Obtained from Our Lens Fabrication Procedures for Different Polymers

Refractive Glass Transition Demolding Average Radius  Focal Length
Index Holding Temperature Molding Temperature of Curvature Theoretical/

Polymer (at 589 nm) Time (s) (Ty) (°C) Temperature (°C) (°C) (pm) Actual (mm)
Poly(methyl 1.491 45 105 135 40 1085 2.2/1.87
methacrylate)
(PMMA)
Polycarbonate 1.586 30 130 170 50 1083 1.84/1.68
(PC Lexan 123R)
Zeonor 1.5309 30 139 125 60 1120 2.11/2.05
1060R (ZNR)
Topas COC 1.533 60 140 115 35 1179 2.21/1.98
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Fig. 1.

respectively, for lens materials PMMA, Topas,
Zeonor, and PC. We can see that these values
strongly concur with the results obtained from the
ray tracing method.

B. Experiment
The optical setup used for measuring the focal length

of the fabricated microlenses is shown in Fig. 4. A
collimated beam from a laser light source is focused
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Confocal image, surface profile, and SEM image of microlens made of (a) PMMA, (b) PC, (¢) Zeonor, and (d) Topas.

using the fabricated microlens. An objective lens and
a CCD camera integrated to a computer function as
an imaging unit. The imaging unit placed on an X-Y
translational stage is used for imaging the focal point
and the lens surface. The imaging unit is moved hori-
zontally to image the smallest spot of light formed by
the microlens. The imaging unit is further moved to
image the surface of the microlens. The distance that
the precision stage travels to change the focus from
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Fig. 2. Ray diagram for focal length measurement of microlens.

the focal spot to the surface of the lens is measured as
the focal length. The sample images and correspond-
ing surface plots at the focal spot and lens surface are
given in Fig. 5. The obtained focal length values for
lens materials PMMA, Topas, Zeonor, and PC are
1.87, 1.98, 2.05, and 1.68 mm, respectively.

The calculated theoretical values and the measured
experimental values of the focal length of the micro-
lenses are given in the last column of Table 1. The
focal length values show that the molded lens can
be used in fiber probe imaging applications.

Fig. 3. Ray tracing simulation by TracePro. (a) PMMA,
f = 2.21 mm; (b) Topas, f = 2.203 mm; (¢) Zeonor, f = 2.13 mm;
and (d) PC, f = 1.87 mm.
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Fig. 4. Optical setup used for the focal length measurement of
microlenses.
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Fig. 5. CCD images and corresponding surface profiles at (a),
(b) focal point and (c¢), (d) lens surface.

4. Fiber-Optic Probe for Fluorescence Imaging

An image fiber bundle is used in this study that has
15,000 fiberlets (fiber pixels) with a numerical aper-
ture (NA) of 0.35 (Fujikura, 0.6 mm core diameter). A
photograph of the fabricated stand-alone microlenses
and microlens-tipped image fiber bundle and SEM
images of the fiber are shown in Fig. 6. The actual
resolution of the microlens-tipped image fiber system
is characterized by the smallest feature on the reso-
lution test chart (USAF chart) that can be resolved
in the images taken using the microlens-tipped
image fiber.

Figure 7(a) shows the optical setup used for this
study. It consists of a collimated white light source
to illuminate the test chart, the fabricated micro-
lens-tipped image fiber bundle for the collection of
signal. The image fiber bundle is coupled to a CCD
camera integrated to a computer. The obtained re-
sults for different lens materials are given in
Fig. 7(b). It can be seen that the smallest feature
in the test chart resolvable by the image fiber system
using a lens fabricated with Zeonor and Topas is the
first element of the fourth group. This corresponds to
a lateral resolution of ~31.25 pm. The image fiber
system tipped with polycarbonate based microlens
is able to resolve until element 2 of the fourth group
(lateral resolution ~27.86 pm). The PMMA based mi-
crolens-tipped image fiber shows the highest resolu-
tion of ~15.63 pm (first element of fifth group).
Hence, the PMMA based microlens is selected for
the subsequent imaging application. The obtained
resolution value of the microlens-tipped fiber-optic



Fig. 6. (a) Photograph of fabricated stand-alone microlenses and
microlens-tipped image fiber. (b), (c) SEM images of image fiber at
different magnifications.

probe demonstrates the usefulness of the same in
potential endoscopic applications.

The actual experimental setup is shown in Fig. 8.
It consists of a coherent light source (532 nm laser), a
test sample, a CCD camera connected to a computer,
a beam splitter (BS), an objective lens, and an image

USAF chart

5Mgroup, element 1

Fig. 7. (a)Photograph of experimental setup for evaluation of the
resolution of microlens-attached image fiber. (b) Obtained maxi-
mum resolution for microlens made of different materials.

Lenstipped
image fiber

Diodelaser
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Fig. 8. Photograph of the experimental setup that simulates an
endoscope.

fiber tipped with the fabricated microlens. The
diverging beam from the diode laser is collimated
by a lens and is directed to the fiber coupling unit
(Newport F-91TS Coupler) using a dichroic BS.
The microscope objective (MO) lens of the coupling
unit Newport M-20x, 0.4NA is integrated with the
fiber coupler at the proximal end of the image fiber.
The microlens-tipped image fiber performs illumina-
tion, collection, as well as depth discrimination. The
molded microlens-tipped image fiber is simulated as
an endoscope probe to image the test samples, which
have similar properties to the human tissues. Test
samples are glass microbubbles (GMBs) from 3M
Scotchlite of variable sizes (2-20 pm) embedded in
a polyvinyl alcohol (PVA) matrix that simulates hu-
man tissues. A dye (Rhodamine 6G) is added as a
fluorescence material in the GMB-PVA composite
so that the fluorescence images of the GMBs can
be highlighted. The GMB has an emission peak at
566 nm for 532 nm excitation. Figure 9 shows the im-
ages taken from different parts of the test sample.
The presence of fluorescent microbubbles is visible
in the obtained images.

The distance between the microlens and the fiber
is adjustable as the position of the distal end of the
microlens fitted to the flexible part of the probe can
be changed. The micromolding process provides rel-
atively high production rate in comparison to other
microlens development techniques. The side wall
of the microlens is to secure it onto the tip of the im-
aging fiber, and this eliminates the need for costly
microassembly processes or the use of expensive
gradient-index lenses.

Fig. 9. (a), (b) Images of test sample taken with microlens-tipped
image fiber probe system from different parts of the sample.
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5. Conclusions

The optimum parameters of microlens fabrication us-
ing the microcompression molding method, such as
molding temperature, demolding temperature, and
holding time, are investigated for different polymer
materials. The focusing ability, spatial resolution,
and relevant imaging capability of these lenses in a
fiber-optic probe scheme are studied. The suitability
of the molded microlenses in the fiber-optic fluores-
cence imaging system was illustrated. The obtained
results and analysis of the data indicate that the pro-
posed embedded fiber lens based probe configurations
and related methodologies can find potential biomedi-
cal diagnostics applications such as fluorescence
based imaging and sensing.
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