
M

V
a

b

a

A
R
R
A
A

K
M
T
P

1

d
a
o
c
b
[
[
n
u
t
N
t
c
i
o
s
c
c
a

(

1

0
d

Sensors and Actuators A 162 (2010) 260–266

Contents lists available at ScienceDirect

Sensors and Actuators A: Physical

journa l homepage: www.e lsev ier .com/ locate /sna

echanically tuneable microoptical structure based on PDMS

.J. Cadarsoa,b,∗, A. Lloberaa, G. Villanuevaa, J.A. Plazaa, J. Bruggerb, C. Domingueza

Instituto de Microelectrònica de Barcelona (IMB-CNM-CSIC), Campus UAB 08193 Barcelona, Spain
Ecole Polytechnique Federale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

r t i c l e i n f o

rticle history:
eceived 30 September 2009
eceived in revised form 25 February 2010
ccepted 26 February 2010
vailable online 6 March 2010

a b s t r a c t

A system of two solid microlenses with uncoupled optical properties is presented. This structure has
been designed in order to have one lens as a reference, while the other one can be mechanically tuneable.
The reference lens presents a diameter of 2 �m and it is placed in the optical axis of the mechanically
tuneable lens, which has a diameter of 10 �m. The proposed microoptical structure has been fabricated
in poly(dimethilsiloxane) (PDMS) merging deep reactive ion etching, SU-8 and soft lithography, with
eywords:
icrolenses

uneable focus
DMS

a low-cost (mass-production), simple and highly repetitive technology. This device was numerically
simulated prior to its fabrication, to optimize its design and improve its behaviour. In addition, an optical
characterization of the fabricated devices was carried out. Both simulation and experimental results
shows a good agreement, under mechanical actuation behaviour of the reference lens is invariable, while
the tuneable lens become an elliptic lens and the interval of Sturm can be observed. These results provide

propo
a proof of concept of the

. Introduction

Development of microlenses has become a major research field
uring the last years. Such components are used in a myriad of
pplications, such as in lab-on-a-chip systems [1,2], enhancement
f LEDs out-coupling efficiency [3,4], fluorescence sensors [5], fibre
oupling [6], scanning [7] or imaging [8]. Several approaches have
een proposed in order to obtain the microlenses. Ink jet printing
9], hot embossing [10,11], photoembossing [12], soft lithography
13] and photothermal patterning [14] are some examples of tech-
iques used to develop such components, being moulding the most
sed method, since it allows the development of the optical struc-
ures in different materials assuring high repeatability and low cost.
evertheless, these techniques must be adapted and optimized

o fulfil all the requirements of the different applications. Con-
retely, microlenses with variable focal length have devoted a great
nterest since using such systems the need for optical alignment
r scanning is eliminated. Although these structures have been
uccessfully developed, usually present several drawbacks. Most
ommon approaches are based on a thin membrane that requires

omplex heating [15] or microfluidic systems [16,17] to achieve the
ctuation over the lenses; resulting on fragile devices.

Due to the interesting properties of poly(dimethilsiloxane)
PDMS), it has been used for developing modulable optical systems,
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sed devices and validate both the design and the fabrication technology.
© 2010 Elsevier B.V. All rights reserved.

either using diffraction gratings [18], fillable lenses[17], or optical
cantilevers with integrated microlenses [19]. Its high transmittance
from the visible to the near infrared, its very low Young’s modu-
lus (between 300 and 1760 kPa [20,21]), which permits obtaining
large structures with low spring constant, its low cost, and its tech-
nological simplicity can be highlighted. In this work, in an attempt
to solve the previously mentioned drawbacks of the membrane-
based microlenses, the mechanical and optical properties of PDMS
have been taken in advantage to define a mechanically tuneable
microoptical structure. The proposed system is not based on mem-
branes with the aim of obtain a robust structure, and the actuation
is mechanically induced, avoiding the use of complex actuation
systems. The microoptical structure consists on two microlenses
with uncoupled optical properties. This system allow to improve
the capabilities of the existing tuneable microlenes, since it has
been designed and numerically simulated, to assure that one of
the lenses can be used as a reference lens (with invariable focal
properties) while the other one is easily tuneable. The fabrication
technology is based in a double mastering process that merges sil-
icon micromechanization, SU-8 lithography and soft lithography,
allowing a simple and low-cost fabrication of this complex sys-
tem. Such properties make the proposed microoptical structure as
an interesting candidate for the development of lab-on-a-chip and
low-cost tuneable imaging scanning systems.
2. Design and simulation

The proposed configuration is presented on Fig. 1. The small
lens (Sl) or reference lens is placed at the centre of the large lens

dx.doi.org/10.1016/j.sna.2010.02.025
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:victor.cadarso@epfl.ch
dx.doi.org/10.1016/j.sna.2010.02.025
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Fig. 1. Schema of the proposed microoptical system showing all its components,
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thickness. In order to perform the mask on the silicon micromech-
anization process the wafer is wet oxidized up to 400-nm thick

F
p
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he small lens (Sl) with a diameter of DS and the large lens (Ll) with a diameter of
L.

Ll) or scanning lens conforming a solid system and therefore both
ocuses are on the same optical axis. Moreover, since the light
asses through both lenses simultaneously and not consecutively,
he microlens system can be considered as uncoupled. With the
im to obtain these optical properties, the diameter of the Sl (DS)
as been fixed at the minimum value possible with the standard UV
hotolithographic techniques; namely DS has been fixed at 2 �m.
n the other hand, the Ll has been designed to assure that the dif-

erent focuses can be clearly distinguished. Hence, the diameter of
he Ll (DL) has been fixed at 10 �m.

Due to the complexity of this design a numerical analysis has
een done using FIMMWAVE and FIMMPROP software (Photon
esign, UK), a Gaussian beam illumination (� = 670 nm) has been
onsidered. Optical behaviour of the system is schematized in
ig. 2a when no actuation force is considered. Simulations predict
hat the light is focused on two different planes: a first focus in the
l focal plane for the light focused from the Sl, and a second focus in
he Ll plane of the light focused from the Ll. Moreover, simulations
how that first and second focus patterns have revolution symme-
ry and both are surrounded by a ring. For the first focus the ring
s labelled as primary ring (PR) and it is due to the light converging
rom the Ll. So, when the light of the PR continues propagating it
ill converge and become the second focus point. Conversely, on

he Ll focal plane the second focus is surrounded by the secondary
ing (SR), which is the light that diverges from the first focus. There-
ore, the PR and the second focus point should have the same power
nd, on the other hand, the power of the first focus point and the
ower of the SR should match as well. Simulations have shown that
or the PR and the second focus the power is 0.3 a.u., while for the
R and the first focus the power is 0.1 a.u. This result clearly shows

hat the behaviour of both lenses is uncoupled since the light that
s focused by one of them does not interact with the light focused
y the other one.

ig. 2. Schema of the numerically simulated light behaviour (a) without stretching and
lane for each lens with the corresponding focal points surrounded by the primary ring (
howing the interval of Sturm with all its elements: the horizontal line focus (HLF), the ci
ators A 162 (2010) 260–266 261

As it was advanced, such a system can be easily actuated
mechanically. When a uniaxial actuation force is applied over the
whole structure, the Sl does not suffer measurable variation of its
curvature. In opposition, the Ll will be stretched due to its larger
diameter. So, thanks to the mechanical properties of the PDMS,
it is easy to modify the shape of the Ll microlens stretching the
structure by horizontal mechanical actuation (on the y-axis). Using
this method it is possible to modulate their behaviour; concep-
tual scheme of this can be seen on the Fig. 2b. This behaviour
under a stretching of 10% in the y-axis has been analyzed using
also FIMMWAVE and FIMMPROP. Since the diameter of the Sl is
increased only on 200 nm, the behaviour of the first focus is not
modified and simulations predict that revolution symmetry is con-
served. Nevertheless, the PR is significantly modified, but this is
consistent since the PR is a result of the light focusing from the Ll
and its diameter is increased in 1 �m on the y-axis. This results in
a drastic variation of the Ll behaviour and loses its revolution sym-
metry, since it becomes an elliptic lens. Hence the first focus point
will remain unaltered whereas, under stretching, the second focus
is converted to an interval of Sturm [22]. Three elements can be
observed on this interval. On a surface at one end of the interval
is the horizontal line focus (HLF), on the other surface end is the
vertical line focus (VLF), and where the image is least blurred is the
circle of least confusion (CLC). This behaviour is usual on an astig-
matic lens and it is due to the different curvatures on the y- and
z-axes. These results validate the use of the Sl as a reference lens,
while the Ll can be used as a scanning or sensing lens.

3. Fabrication

Combination of silicon micromachining technologies with
SU-8 technologies and soft lithography techniques to achieve
microsystems based on PDMS has been previously demonstrated.
Nevertheless, the pattern to be transferred to the PDMS using this
hybrid technology is usually very simple, such as microcapillar-
ies to perform a vent valve for handle picoliter liquid samples
[23], diffraction gratings for pressure monitoring [24] or multi-
ple internal reflection systems [25]. However, the use of such a
mixed technology to develop the complex microlens system pro-
posed with a simple method is possible. This mixed technology
can be divided on three stages: silicon micromechanization with
deep reactive ion etching (DRIE) to develop the complex 3D struc-
ture of the micooptical system; SU-8 technology to perform the soft
lithography master with the negative of the system; and the cast
moulding soft lithography technique [26] to transfer the pattern to
the PDMS and obtain the microoptical systems.

Processing of the PDMS-based optical microsystems are carried
over a (1 0 0) oriented silicon wafer of 4′′ diameter and 525-�m
and a photolithographic step is carried out with the only one mask
needed to perform the microoptical systems, shows in Fig. 3a. Then
a nearly isotropic etch is done by DRIE to obtain a sharp apex. To

(b) when an actuation force is applied on the y-axis. The former shows one focal
PR) and the secondary ring (SR). In the last situation the Ll acts like an elliptic lens
rcle of least confusion (CLC) and the vertical line focus (VLF).
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ig. 3. Fabrication technology of the PDMS-based microoptical systems. (a) Definit
tching. (d) Elimination of the SiO2 mask and oxidation of a new SiO2 sacrificial lay
f the SiO2 sacrificial layer. (g) Cast moulding of the PDMS pre-polymer over the SU

his effect an etching cycle is done for 120 s, without any passivation
ycle (see Fig. 3b). After that, in the same DRIE step, etching con-
itions are modified so as to obtain a vertical etch profile process,
s it is schematized in Fig. 3c. Hence, a stage alternating between

tching and passivation cycles is done for 90 s. Then, the SiO2 mask
s removed by wet etching and a new SiO2 layer of 400-nm thick is
hermally growth to be used as a sacrificial layer. After this step, the
hape of the proposed microoptical system is fully defined in the
iO2/Si structure, as can be observed at Fig. 3d, and the Si microme-
the SiO2 mask for the DRIE etching. (b) Isotropic DRIE etching. (c) Directional DRIE
Spinning of a 150-�m thick SU-8 layer. (f) SU-8 master is released by wet etching
ster. (h) After curing the PDMS is mechanically released.

canization stage is finished. At this point this SiO2/Si master is used
to define a SU-8 master over which the PDMS cast moulding will
be done to obtain the proposed system. This “double mastering”
process starts with the spinning of a layer of 150-�m thick SU-8.

◦ ◦
Then a soft-bake at 65 C for 10 min is done, followed by 95 C for
2 h. After the wafer returns to room temperature it is exposed 60 s
to UV without any kind of mask and a post exposure bake (PEB) of
30 min at 95 ◦C is done, as it is shown in Fig. 3e. After the PEB, the
wafer is immersed in HF in order to etch the SiO2 sacrificial layer
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Fig. 4. (a) SEM images of a 3 × 3 matrix PDMS microoptical systems and (b) detail of one small lens placed over the large lens.
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Fig. 5. Schema of the experimental set up used

nd release the patterned SU-8 layer from the silicon substrate, as
t is shown in Fig. 3f. As it has been previously mentioned, this SU-8
ayer will be used as a master on the final cast moulding process
o transfer the pattern of the proposed microoptical system to the
DMS. The PDMS (Sylgard 184 elastomer kit, Dow Corning, Mid-

and, MI, USA) pre-polymer is obtained by mixing the curing agent

ith the elastomer base in a 1:10 ratio (v:v). The subsequent mix-
ure is degassed to remove the air bubbles, casted over the master,
s it is schematized in Fig. 3g, and degassed again to assure that

ig. 6. Experimental obtained shape of the (a) first and (b) second focus, together with th
tretched.
characterization of the proposed microlenses.

microcavities are filled without any residual air. Once the PDMS
is polymerized, the microoptical system is mechanically released
from the SU-8 master and the fabrication of the optical microsys-
tem is finished, Fig. 3h. At this point, it is possible to repeat final
cast moulding steps several times with the same SU-8 master to

obtain a large number of systems.

Fig. 4a shows a SEM picture of a 3 × 3 array of the fabricated
microoptical systems, while Fig. 4b shows the detail of one small
lens over the large lens. As it can be seen on these pictures, the

e power distribution images obtained with CDD camera, when the structure is not
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Fig. 7. Experimental obtained shape of the first focus in the (a) y- and (b) z-axis, together with the power distribution image obtained with CDD camera, when the structure
is stretched. The profiles of the first focus when no actuation is applied are also represented.
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ig. 8. Experimental obtained shape of the different components of the Sturm zon
LF. Insets show the CDD images obtained of the different elements.

abricated microoptical systems show a high quality and repeata-
ility. The slight roughness that can be observed is a result of the
old coating layer used to obtain the SEM images. These results val-
date the proposed mixed technology which, although it is based
n a non-standard double moulding process, it only requires one
hotolithographic mask and after the definition of the SU-8 master,

t is simplified to a typical cast moulding process.

. Characterization

Optical characterization of the proposed PDMS-based microop-
ical system has been made using the experimental set up
chematized in Fig. 5: a multimode fibre with a core diameter of
0 �m connected to a LED with a working wavelength of 670 nm.
n order to assure the correct positioning of this fibre it is placed
ver an x–y–z micropositioner with a resolution of 2 �m. The
icrooptical system is held with two tweezers. The first one is fixed

hroughout the experiment. Conversely, the second one is placed
ver a y micropositioner in order to stretch the structure, and per-
orm the modulation. A microscope objective (×15) placed over a
–y–z micropositioner with a resolution of 2 �m is used to collect
he output light and focus it on a CCD camera Pixelfly 200 XS VGA
pco.imagin, Kelheim, Germany) connected to a computer.

Initially, the microoptical system is studied without applying
ny actuation force. Shapes of the first and the second focus, in y-
nd z-axis, are presented in Fig. 6a and b, respectively. The insets
how the experimental power distribution, obtained with the CCD
amera. As can be seen both focuses show revolution symmetry and

re surrounded by a ring of light. Moreover, Ll is focusing more light
han Sl (as it can be noticed in the difference of width), since calcu-
ated power for the first focus and second focus is 3802 ± 158 a.u.
nd 5282 ± 273 a.u., respectively. This behaviour was predicted by
he simulations.
appears under stretching conditions, including (a) the HLF, (b) the CLC and (c) the

After confirm the expected behaviour of the proposed microlens
system without any actuation, the mobile tweezers is displaced so
as to cause a stress on the structure and therefore convert the Ll
into an elliptical microlens. Under a stretching of 10% behaviour
of the first focus is not modified and revolution symmetry is con-
served. Hence, as it is observed on the Fig. 7, the shape on the focus
point for the (a) y- and (b) z-axes is equivalent to that observed for
the non-stretched lens (also presented in this figure). On the other
hand, the surrounding ring has been drastically modified. These
results were predicted by the simulations and confirm that under
stretching conditions the Sl lens remains invariable while the Ll is
significantly modified.

Conversely, since the Ll becomes an elliptic lens it is not possi-
ble to find the second focus under stretching conditions. Instead,
the elements of the interval of Sturm are easily observed. Horizon-
tal line focus, can be observed in the inset of Fig. 8a, as it can be
observed, the width is increased in the y-axis when it is compared
with the presented for the non-actuated second focus. The circle of
least confusion is presented in Fig. 8b, in this case the shape in both
axes is similar as it was expected. Finally, the vertical line focus
can be observed in Fig. 8c, in this case the width is increased in the
z-axis.

The presented results confirm both the technology and the prin-
ciple of operation, and validate the use of the Sl as a reference lens,
sine under stretching conditions it remains invariable, and the use
of the Ll as the scanning or sensing lens, since this behaviour can
be tuned in stretching conditions.
5. Conclusions

A mechanically tuneable microoptical system has been
designed, simulated, fabricated and characterized. The proposed
system is based in two optically uncoupled lenses, one used as a ref-
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rence lens, while the other one can be used as a scanning or sensing
ens. Numerical simulations have shown that when no actuation is
pplied the light is focused on two different focuses, which present
evolution symmetry. Conversely, when an actuation is applied the
l rest invariable while the Ll becomes an elliptic lens and forms
he interval of Sturm. Fabrication of this complex system has been
chieved easily merging DRIE silicon micromachining, SU-8 lithog-
aphy and a soft lithography, allowing the development of the full
tructure with the use of only one single photolithographic mask.
oreover, after the fabrication of the SU-8 master the process is

educed to one single step, which can be repeated several times
ver the same master assuring a high repeatability. Experimental
esults have shown a good agreement with simulations, proving
hat the Sl can be used as reference lens and the Ll forms the interval
f Sturm under stretching conditions. This structure is an interest-
ng candidate for applications on photonic imaging, sensing and
ab-on-a-chip systems.
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