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In this paper, the fabrication and characterization of PDMS 2D-optical lenses are reported. These lenses are
designed in order to improve the performance of fluorescent spectroscopy detection performed on a portable chip
using optical fibers. The fabrication process of the PDMS layer is first detailed, and the patterns are then checked
with a SEM. By comparing various interfacial structures, it is shown that the beam properties of the light coming
out from the fiber can be modified depending on the lens curvature radius. As a consequence, for a constant dye
concentration, the use of such lenses can increase the intensity of fluorescent response close to the fiber or far
from the fiber, compared to the same design with a flat interface. This excitation improvement corresponding to a
stronger response from the dye then consequently leads to around three times higher sensitivity of the on-chip
detection method for fluorescent spectroscopy.

Introduction

Spectroscopy based on fluorescence has been commonly used
for many years in chemical and biochemical systems due to its
numerous advantages like real-time and non-intrusive measure-
ments, good reliability and sensitivity. It was also possible to
extend this method to DNA detection by the use of fluorescent
dyes that do not modify the basic properties of the target
molecules. In parallel, the dye’s specific attachment to DNA
guarantees a good selectivity of the method.

Nowadays, the experimental set-up to perform fluorescent
spectroscopy (for example in the case of electrophoresis) needs
huge optical components like optical lenses, lamp and filters.
But recently many applications (for example in health care or
on-site measurement) require a small device able to achieve
basic fluorescent detection, so a lot of international articles are
now dealing with this new concept of ‘lab-on-a-chip’,1–3 which
corresponds to the integration of all the components directly on
a chip to perform a complete biochemical analysis, including a
detection step.4

As the first step towards a real ‘lab-on-a-chip’, portable
devices using optical fibers have been developed using various
materials and technologies. The main drawback that appears is
the energy losses of the excitation light due to numerous
connecting parts, such as the weak coupling between the
external light source and the fiber, or the fiber and microfluidic
channels. The intensity of the fluorescent response is directly
related to the excitation power so that these losses lead to a real
decrease of the on-chip detection method sensitivity compared
to the bulk equipment that is commercially available. Thus
many efforts should be made to optimise the efficiency of
fluorescent excitation in order to achieve lower detection
limits.

To improve this parameter, many approaches have been
studied and already published. Several papers have dealt with
the fabrication of embedded waveguides5–7 using various
materials and technologies. The main advantage of this
technique is to guide the light very close to the microfluidic
channel, and then ensure an excellent coupling efficiency
between the waveguide and the microfluidic channel. However,
this approach also exhibits some major drawbacks. The first one

is the complexity of the fabrication processes to reduce the
propagation losses. This leads to expensive microchips as a
single use device. Several steps with precise alignments are
needed to couple those waveguides with microfluidic channels.
An optical fiber is often used to carry the light from the light
source to the embedded waveguides: it also needs two
connection parts that may introduce insertion losses in case of a
slight misalignment.8

Various designs have been proposed with the optical fiber
integrated onto the microchip.9–11 These devices with fibers set
close to the microfluidic channel showed improved character-
istics with a detection limit around a few tens of nM
concentration, but they also exhibited some problems with the
fabrication process.10 Other strategies were based on optical
microlenses. These microlenses have been developed for
several kinds of application, using various materials and
techniques.12–17 Recently, polymer microlenses were used to
focus light inside the microfluidic channel and then enhance the
excitation of the fluorescent labels. These lenses were fabri-
cated on the top of the device,18 or inside microchannels (with
optical fibers,19,20 or at the end of a waveguide).21 The light
beam is then focused precisely on the microfluidic channel, so
a larger amount of the power initially launched from the fiber is
used to excite fluorescent response from the chemical species
flowing in the channel. Detection of few nM was achieved
thanks to this method.18

In this paper, we present a set-up that takes into account the
main drawback of the previously developed method cited
above. Using PDMS (poly(dimethylsiloxane)) technology, a
very cheap and disposable device is proposed with channels
dedicated to the liquid flowing, and other ones for the insertion
of fibers. These channels are very close to each other and so
ensure good efficiency of the fluorescent excitation of dyes. The
inserted fibers are then self-aligned with excellent accuracy. In
parallel, taking advantage of the difference between the
refractive indices in air and PDMS, we have also introduced in
our design an optical lens to focus more efficiently the beam on
the liquid containing active species.

The first part details the proposed portable device integrating
2D optical lenses, and the complete fabrication process is
reported in the second part. The results with the use of

This journal is © The Royal Society of Chemistry 2003

40 Lab Chip, 2003, 3, 40–45 DOI: 10.1039/b211280a



fluorescent dye diluted in buffer solution are described in the
third part, followed by the discussion and perspectives to
conclude.

A portable device

The new design we propose in this article, including a PDMS
layer bonded on a glass substrate, should be able to increase the
sensitivity of this kind of device by the use of self-aligned
optical fibers, and optical lenses designed in the PDMS layer
(see Fig. 1).

First, this design allows one to put the fiber very close to the
microfluidic channel (distance from 50 microns to several
hundreds of microns) without any bulge effect. The light is then
guided inside the optical fiber with excellent accuracy (losses
around 10 dB km21) and emerges from the fiber near the
channel. To improve the excitation efficiency, PDMS 2D
optical lenses were also implemented.

The principle of the PDMS lenses can be described as
follows. The optical fiber is inserted into the channel ending by
a curved interface. The two media on each side of this interface
(air and PDMS) possess different refractive indices so that the
light beam going through this interface will be deflected, and
focused according to the curvature radius of the interface and
the incident angle of the light beam.

If we use the coordinate system defined as shown in Fig. 2b,
this design cannot modify the light beam along the Z-direction.
The efficiency of these lenses is then limited to a 2D plane
defined by both the X-axis and Y-axis and parallel to the glass
substrate–PDMS layer interface. This design allows the excita-
tion light to be focused onto a specific area in the micro-fluidic
channel. A large portion of the optical power launched from the
fiber can excite fluorescent response from the sample.

Therefore, these lenses should drastically increase the
sensitivity of this device.

Fabrication process

Many microchips are fabricated using glass or quartz22–23 that
do not allow for design flexibility, rapid prototyping and
scalable manufacturing. The poly(dimethylsiloxane) material24

is a silicone rubber, which exhibits interesting properties for
biological applications, such as biocompatibility, transparency
in the visible range, etc. The other advantages of such devices
are the low cost and the high reliability.

The fabrication process of a PDMS layer can be divided into
the following steps: the first step is patterning a mold master
onto a glass or silicon substrate, and the second step is molding
against the master. By coating and curing PDMS material, the
patterned structure on the master can be easily replicated.

To fabricate the mold master, a thick negative photoresist
called SU-8 (Micro-Chem Corp, Nano SU-8 50)25–26 is used
because of its specific properties. Patterns with a typical
thickness varying from a few to several hundred microns can be
easily achieved. SU-8 patterns are made using a classic
photolithography process as described in ref. 24. By adjusting
the parameters (spin-coating speed, etc.), we can fabricate a
thick layer with vertical side-walls (see Fig. 2a where a 130 mm
thick, 70 mm curvature radius interface is shown).

The PDMS material is well known to replicate perfectly the
SU-8 mold, with accuracy around a few tenths of nanometers. A
PDMS layer (Sylgard 18424) is then made, reproducing the
mold master. Fig. 2b shows the fabricated PDMS layer from the
mold master shown in Fig. 2a.

By repeating the second step of the process, this method
allows us to fabricate several PDMS layers from the same mold.

Fig. 1 Schematic view of the experimental set-up.

Fig. 2 Characterization of the patterns using a scanning electron microscope.
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This material is thus particularly well adapted to fulfill the
requirements for industrial applications. Moreover all the steps
can be achieved within one day, from the mask to the portable
device, therefore this process is also particularly suitable for
research and development.

The PDMS layer is then bonded onto a glass substrate (see
Fig. 3a) in order to obtain a closed microfluidic channel (the
wide channel in the center). On both side of the central channel,
the arrays of parallel channels are for optical fiber insertion. The
two holes on the lower part of the picture are the inlet and outlet
ports, where the sample solution will be introduced into and
collected from the channels respectively.

The optical fiber is then put inside the channel (see Fig. 3b)
as close as possible to the lens and facing the wide microfluidic
channel. The central channel for sample solution is 1 mm wide
and 130 mm high, and the ones for fiber insertion are 126 mm
wide and 130 mm high. For our experiments, the mold master of
microfluidic channels and the channels for fiber insertion were
fabricated within one photolithography step. The height of all
the channels was therefore constant. But SU-8 multi-step
fabrication processes27 makes it possible to achieve mold
masters with multiple heights.

In order to introduce the fiber into the channels, the typical
height of the structure was designed to be around 130 mm. Thus,
it was difficult to shorten the distance between the fiber and the
microfluidic channel below a few tens of mm, due to the high
aspect ratio of such a structure (130 mm in height and a few tens
of mm in width). By setting a minimum distance around 50 mm,
the peeling off process of PDMS could not be critical and no
leakage from the microfluidic channel was observed.

Test of the PDMS lens efficiency

In our experimental set-up, Rhodamine B28 was used as a
fluorescent dye to characterize the light beam inside the
channels. Therefore, the light coming out from a white lamp
was filtered by a narrow band-pass filter centred at 530 nm
(green), which corresponds to the maximum of the dye
absorption spectrum. The fluorescent emission of the dye is
centred around 570 nm (orange). A multimode fiber with a
numerical aperture of 0.22, a core diameter of 105 mm, and a
clad diameter of 125 mm was used, allowing effective and easy
collection of light from the light source. The losses at 500 nm
wavelength were estimated around 10 dB km21, which
corresponds to the fact that more than 99.4% of the light power
is transmitted per meter.

Beam characterization

Systematic studies were carried in order to check the PDMS
lens influence on the beam characteristics. The high gain mode
was also set on the CCD camera to enhance the contrast and the

fluorescent response from the dye. For these experiments, we
used the 1 mm wide central microfluidic channel as shown in
Fig. 3a.

Fig. 4 gives all the details about how we proceeded to extract
the two coefficients A and B. These two parameters are useful to
compare the beams under different conditions, and then to draw
conclusions about the effect of PDMS lenses. These analyses
are based on some hypotheses that are detailed below.

From the edge of the channel where the dye is flowing, we
traced the light intensity profile along the perpendicular
direction to the beam symmetry axis every 100 mm (see Fig. 4a).
Four of these curves, drawn at 0, 100, 200 and 300 mm away
from the border of the channel closer to the lens, are centered
and described in Fig. 4b. All the curves exhibit saturation
phenomena due to the CCD high gain mode. An arbitrary value
was then chosen as reference line (50, or 1/5 of the maximum
value) to check the width of the beam. By measuring the beam
width on the reference line, several points were obtained and
plotted on the same figure versus the distance from the border of
the channel (see Fig. 4c).

Up to 300 mm, linear plots were obtained. After that value,
and especially for the small curvature radius lens, the non-linear
components were quite important and a fit by a linear function
was then impossible. In order to keep a simple model, we then
limited our study to the first 300 mm inside the microchannel.

Using freeware available on the Internet (Gnuplot29), we then
performed a linear regression to determine the two linear
coefficients A and B (see Fig. 4d): A corresponds to the slope
(divergence of the beam), and B corresponds to the value at the
origin (width of the beam at the border of the channel).

Experimental results

The above method was applied to various PDMS lens, and the
results are gathered in Fig. 5a and Fig. 5b.

The gray lines on Fig. 5a and Fig. 5b correspond to the
reference value obtained with a flat air–PDMS interface at the
tip of the fiber channel (no PDMS lens). The line thickness
depends on the error bar we found for that parameter.

For coefficient A (slope of the fitting curve), we obtained a
beam divergence versus the curvature radius always decreasing,
but the slope of the curve tends to decrease gradually. For
coefficient B, we obtained a value significantly smaller for 70,
90 and 110 mm than the reference one. But, when the radius is
increased, the curve rapidly reaches a limit that corresponds to
the reference value. Due to the method used, it was then
impossible to see any difference in the values of coefficient B
for lens radii bigger than 140 mm. In this study, the flat interface
can be considered as a curve interface, with an infinite curvature
radius. Parameters A and B obtained with a flat interface can
then be understood as asymptotic limits for the two curves.
Thus, for the parameter B, this limit is already reached with a
140 mm curvature radius PDMS lens.

Fig. 3 Photos of the PDMS layer.
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Fluorescent emission improvement

Since one of the goals of the study is also to improve the
fluorescent response from the dye by optimizing the excitation
process, the effect of the PDMS lens on the light emitted by the
fluorescent dye was also checked.

A CCD camera with normal gain was used in order to avoid
the saturation phenomenon that can be seen in the previous
figures. For these experiments, the gain of the CCD camera was
kept constant in order to enable a comparison of the arbitrary
units systems. The light intensity profiles were drawn along a
perpendicular axis to the symmetry axis of the light beam, 50
mm away from the border of the channel where the dye was
flowing. To draw the light profile, the ‘Scion Image beta 4.02’
freeware30 was used. On two devices, we compared the

fluorescent light intensity using several PDMS lenses, with
curvature radius R varying from 70 mm to a flat interface (R =
8). The results are presented in Fig. 6a and Fig. 6b.

Detection limit

In order to check the influence of lenses on the detection limit,
systematic studies were carried out with two types of interfaces
(70 mm curvature radius and flat interface) and two different
distances between the fiber and the microfluidic channel (130
mm and 230 mm). FITC-labelled albumin31 diluted in deionized
water was used with concentrations ranging from 1 g l21 to 0.1
g l21. The number of FITC molecules attached to one albumin
is not precisely determined and varies from 7 to 12. Thus a 1 g

Fig. 4 Three steps to define the two different coefficients, the slope A and the constant B.

Fig. 5 Coefficients A and B obtained from a fit by a linear function, versus the PDMS lens curvature radius.

Fig. 6 Effect of the PDMS lens on the fluorescent light emission from the dye.
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l21 FITC-labelled albumin solution corresponds approximately
to a 170 mM FITC solution considering 12 as the ratio of
attachment (upper limit).

For these experiments, the microfluidic channel was 50 mm in
width and 130 mm in height and the gain of the CCD camera was
set at 0 dB. The results are presented in Fig. 7.

Discussion

Fig. 5 shows that we could slightly adapt the beam properties by
just adding a curved interface at the end of the channel in which
the optical fiber will be introduced. Two different settings with
a small curvature and a medium curvature can be used
according to the applications.

The small curvature PDMS lenses (typically around 70 mm
radius) decrease the width of the beam close to the lens (Fig.
5b). This focusing phenomenon (the spot width is 30% smaller
than the flat interface one at the same distance considering Fig.
5) results in improvement of the excitation and emission to
around 4 times brighter than the set-up with a flat interface using
the same dye concentration (Fig. 6a and 6b).

The effect of such lenses on the detection limit was also
checked in order to validate the principle. Fig. 7 shows the four
linear curves we obtained depending on the interface shape
(with or without 70 mm curvature radius lens) and the distance
between the fiber and the microfluidic channel (130 mm and 230
mm).

The upper set of curves corresponds to the design including
a PDMS 2D optical lens. Compared to the lower curves (flat
interface), the slope is bigger and also the solution with 0.2 gl21

FITC-labelled albumin diluted into deionized water was clearly
detectable. That leads to a detection limit around 0.1 g l21 of
diluted FITC-labelled albumin. Unfortunately, it was im-
possible to detect this concentration with good accuracy. The
detection limit is estimated at around 0.3 g l21 of diluted FITC-
labelled albumin in the case of a flat interface, three times
higher than the set-up with small curvature lenses.

If the two upper curves are compared to each other (or the two
lower ones), the distance between the fiber end and the
microfluidic channel seemed to contribute also to the excitation
efficiency. By setting the microfluidic channel 100 mm closer to
the fiber, we could slightly improve the detection limit for both
configurations.

The use of lenses increased the slope of the linear dependence
of the light intensity upon the concentration of fluorescent
labels. It should be advantageous for quantitative measurements
because the larger slope means increased sensitivity to the
concentration.

The other set-up that exhibits non-negligible improvements
corresponds to the medium curvature radius PDMS lens (around

160 mm radius). The measurement method could not get any
improvement in terms of beam width close to the fiber. But, far
from the fiber, the beam divergence is significantly reduced.
The light intensity then slowly and progressively decreases as
the beam is propagating away. That consideration seems to
fulfill the requirements for low concentration absorption
measurement. When the concentration of fluorescent species is
very low, the length of light path through the fluorescent
labeled-protein solution has to be increased in order to achieve
detectable absorption.11,20,32

But in the case of absorption measurement set-up, if the light
beam divergence is too large, the receiving device will collect
only a small part of the light. Including such a lens facing the
excitation fiber, we can minimize beam divergence and
therefore enhance the coupling between the excitation fiber and
the devices to collect the fluorescent emission, e.g. another
fiber, waveguide, detector, etc. This set-up should then improve
the sensitivity of the absorption based detection method. With
our set-up based on an optical fiber with 0.22 numerical
aperture, the divergence was decreased by a factor of 2 with a
160 mm curvature radius interface compared to the flat one.

The curves showed in Fig. 5 also demonstrate that the use of
lenses can enable one to control the light beam. In terms of
fluorescent spectroscopy, it can be applied to avoid a direct
coupling effect between the two fibers (excitation and collec-
tion) by tilting the two fibers on both sides of the microfluidic
channel.

The present 2D optical lens is useless if we consider the Z-
direction, perpendicular to substrate surface. This phenomenon,
coupled with the roughness of the vertical side wall that we
cannot control with a better accuracy than a few tenths of the
excitation wavelength going through the lens, could explain the
difficulty we had to focus the light beam inside a smaller
diameter sphere. The aberration also was not taken into account
in this study. These parameters should be carefully considered
in order to improve the presented results.

Conclusion

We have presented in this paper a new approach with optical
fibers directly inserted into channels that end with PDMS 2D
optical lenses. This method exhibits several advantages, such as
a cheap microchip with self-aligned fibers put close to the
microfluidic channel. The efficiency of these lenses in terms of
the fluorescent dye excitation was characterized. The results
demonstrate non-negligible improvements compared to the
commonly used flat interface, and two set-ups were pointed out
in this article in terms of beam divergence and light emission
intensity of the fluorescent dye.

Considering the case of fluorescent spectroscopy, the 70 mm
curvature radius PDMS 2D optical lens exhibits the best
properties compared to the same design without any lens. The
dye excitation was enhanced by a factor of 4. In terms of
sensitivity, these lenses yield a lower detection limit threshold
by a factor of 3.

For detection via absorbance, the use of a 160 mm curvature
radius is more suitable. It leads a reduction of the light beam
divergence by a factor of 2.

The present technique doesn’t require any specific fabrica-
tion step and can be easily applied to portable devices based on
a PDMS layer and optical fibers. By a slight modification of the
photolithography masks, the performance of such devices can
be improved in term of excitation efficiency for both absorption
and fluorescent measurements.

This design can also be applied to other detection methods,
such as UV absorbance since the PDMS material absorption is
small from the near UV to the IR wavelength. Depending on the
application, to set the right fiber optimised for a certain

Fig. 7 Response of the FITC-labelled albumin flowing inside a micro-
channel to excitation by an optical fiber: comparison of the design with lens
(70 mm curvature radius lens) and without lens (flat air–PDMS interface).
The second digit corresponds to the distance between the end of the fiber
and the microfluidic channel.
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wavelength is sufficient to adapt the present method to other
domains of application.
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