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Solvent-tunable PDMS microlens fabricated by
femtosecond laser direct writing
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Qi-Dai Chen,a Hong Dingc and Hong-Bo Sun*ab
Reported here is the fabrication of solvent-tunable polydimethylsiloxane (PDMS) microlenses using the
femtosecond laser direct writing (FsLDW) technique. PDMS microlenses with equation-deﬁned proﬁles,
including both spherical microlens and aspheric hyperboloid microlens, have been fabricated according
to preprogrammed models. In addition to excellent optical performance derived from the high accuracy
and smooth surface, the resultant PDMS microlenses also show unique solvent-tunable properties; the
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focal length could be dynamically tuned by organic solvents of diﬀerent solubility parameters. To obtain
better control over the tunable property, a PDMS microlens has been ﬂexibly integrated with a
microﬂuidic device. Under the stimulation of diﬀerent solvents, its tunable imaging performance has
been demonstrated in a controlled manner.

Introduction
As important optical components, microlenses have been paid
much attention due to their broad applications in the eld of
micro-optics.1 For instance, miniaturized microlenses with
feature size ranging from hundreds of microns to tens of
nanometers have been widely used in optical communication,2
miniaturized optical systems,3 laser beam shaping and steering,4,5 optical sensing, as well as various biomedical imaging
applications.6,7 Over the past few decades, the rapid development of micronanofabrication techniques, represented by
classical “top-down” and “bottom-up” approaches, continues to
stimulate the progress of microoptics. As representative examples, various microlenses have been readily fabricated through
typical techniques including photolithography,8 dry etching,9
so lithography,10 polymer jet printing,11 ultraviolet (UV)
imprinting,12 hot embossing13 and so on.14 However, in most
cases, the above-mentioned techniques do not allow exible
integration of the as-obtained microlens with given devices,
such as lab-on-a-chip systems and functional biomedical
devices, which signicantly limits their potential applications
in various miniaturized optical systems. More importantly, the
surface prole of a microlens cannot be dened exactly as a
mathematical model, for instance, in the case of an aspheric
microlens. The prole deformation would signicantly aﬀect
their optical performance and restrict their applications. As the
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motivation for designable fabrication and integration of
microoptical devices continues to intensify, micronanofabrication techniques that are capable of high-precision
and three-dimensional (3D) manufacturing have emerged as a
promising solution. As an enabler for 3D microstructures, the
femtosecond laser direct writing (FsLDW) technique may shed
new light on the development of high-performance microoptical components.15–17
In previous works reported by our group18–22 and others,23,24
the powerful FsLDW technique has already proved its value in
the fabrication of 3D micronanostructures over a wide range of
materials.15 Notably, in the eld of microoptics, aspheric
microlens arrays with sub-20 nm precision have been successfully fabricated by Wu et al.,25,26 based on the commercial epoxybased negative photoresist SU-8. Žukauskas et al.27 demonstrated the fabrication of high optical quality conical microlenses and closely packed arrays by FsLDW using a novel hybrid
organic–inorganic photoresin, SZ2080. However, the aforementioned methods are generally used for the fabrication of
solid-state microlenses with xed proles, which do not allow
dynamic tuning of their optical performance. With the rapid
development of automatic and intelligent optical systems, it is
much desired to fabricate dynamically tunable so microlenses
that are suitable for some rigorous applications, such as realtime information acquisition, zooming in/out for imaging and
high-denition displays. To this end, mechanical pressuretunable microlenses that consist of a chamber and a transmutable membrane have been successfully developed using
elastic, optically transparent, and low-cost so materials, for
instance, polydimethylsiloxane (PDMS).28–30 Large tunability of
lens optical parameters, such as focal length and even lens type,
could be realized by varying the applied liquid or gas pressure.

J. Mater. Chem. C, 2015, 3, 1751–1756 | 1751

Journal of Materials Chemistry C

Nevertheless, these lenses usually require external controls or
power supplies, which make the whole system bulky and
complicated.
As an alternative, stimuli-responsive materials that are
sensitive to ambient conditions hold great promise for the
fabrication of tunable smart microlenses.31 However, there is
still a lack of nanotechniques that permit designable prototyping of these smart materials. Recently, with the help of the
FsLDW technique, we successfully fabricated protein (bovine
serum albumin, BSA) microlenses that feature rapid and
reversible responsive behavior under chemical stimulation.32
The unique tunability and full biocompatibility make the BSA
microlenses promising for various optical, electronic, and
biomedical applications. To date, despite the fact that FsLDW
techniques have made great contributions to high-performance
optical microdevices, continued eﬀorts in programmable
fabrication of microoptical components based on more functional materials are still highly required to realize their full
potential.
As a typical so material, PDMS is optically clear, chemically
inert, non-toxic, and biologically compatible. It has been widely
used in various scientic elds, such as microuidic devices,
exible and transparent substrates, as well as biomedical
applications. However, in most cases, the fabrication of PDMSbased microstructures is limited to the so lithography technique, which takes advantage of its unusual rheological properties. Despite the fact that PDMS allows direct prototyping
through either two-photon microfabrication or laser ablation,33,34 few attempts have been made at the integration of
PDMS-based so optical components. This has encouraged us
to develop solvent-tunable so microlenses using PDMS as
basic material by the FsLDW technique, since PDMS is very
sensitive to organic solvents.
In this paper, we report the fabrication and in situ integration of PDMS microlenses by the FsLDW technique without the
use of any mask or duplicated templates. As a proof-of-concept,
spherical microlens and aspheric hyperboloid microlens have
been fabricated according to preprogrammed 3D models.
Taking advantage of the “3D printing” feature of the FsLDW
technique, any microoptical devices could be fabricated and
integrated with given devices. Interestingly, the as-fabricated
PDMS microlenses show controllable and reversible response to
surrounding solvents. By integrating the smart microlenses
with microuidic devices, the focal length could be dynamically
tuned under the stimulation of diﬀerent microuids. The smart
solvent-tunable PDMS microlens may nd broad applications in
the elds of microoptics and optouidics. The FsLDW fabrication of PDMS microstructures holds great promise for the
development of many advanced microoptical devices such as
intelligent robots, detection windows, smart cameras, and
biomimetic compound eyes.

Experimental
FsLDW fabrication of PDMS microlenses
Photosensitive PDMS photopolymer was prepared by adding
thioxanthen-9-one (5 mg) as photosensitizer to commercial
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PDMS precursor (5 g) at a mass ratio of 1 : 1000 (w/w). In this
work, femtosecond laser pulses (780 nm central wavelength,
80 MHz repetition rate, 120 fs pulse width) were used for the
fabrication. In a typical FsLDW run, the laser beam was tightly
focused into photosensitive PDMS photopolymers using an oilimmersion objective lens with high numerical aperture (60  ,
NA ¼ 1.4), the immersion oil having a refractive index of 1.514–
1.516. Multi-photon absorption-induced photocrosslinking
occurs in the central area of the focal spot with a diameter of
200 nm. The incident laser energy was measured to be 40 mW.
The PDMS microlens was directly “written” out by scanning the
laser focal point with an exposure time of 1000 ms according to
computer designed structures. Aer FsLDW of the entire lens
structure, unpolymerized PDMS photopolymer was removed in
ethyl acetate; the so microlens was thus successfully prepared.
Characterization
The surface morphologies of the microlens samples were
characterized by a scanning electron microscope (SEM) operating at 10.0 keV. Atomic force microscopy (AFM) images of the
microlens microstructures were obtained from a Digital
Instruments NanoScope IIIa in tapping mode. Optical micrographs were obtained with a Motic BA400 microscope and a
charge-coupled device.

Results and discussion
The fabrication of a PDMS microlens by FsLDW is schematically
illustrated in Fig. 1. In our work, the femtosecond laser pulse
with 780 nm central wavelength was tightly focused into
photosensitive PDMS photopolymers to trigger photopolymerization through a multi-photon absorption process.
Notably, photocrosslinking only occurs in the central area of the
focal spot, and in this manner, any desired microstructures
could be directly “written” out by scanning the laser focal point
according to preprogrammed 3D patterns. Aer FsLDW of the
entire lens structure, unpolymerized PDMS photopolymers

(a) Schematic illustration of the FsLDW fabrication of a PDMS
microlens. The right ﬁgure is the side view of the system. (b–d) SEM
images of a spherical PDMS microlens from diﬀerent view angles; (e–
g) SEM images of an aspheric hyperboloid microlens from diﬀerent
view angles; (h) SEM image of an aspheric hyperboloid microlens
integrated within a microﬂuidic channel.

Fig. 1
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could be removed in ethyl acetate; the so microlens was thus
successfully prepared. Taking advantage of the 3D fabrication
capability, designability, and nanoscale accuracy, arbitrary 3D
microlens proles could be achieved using this FsLDW technique, which is almost impossible by any other microfabrication technologies. The strong capability of the FsLDW
technique also allows fabrication of microlenses with diﬀerent
surface proles, diﬀerent sizes, and onto various substrates,
revealing great potential for post-integration with given devices.
As typical examples, Fig. 1b–g shows a spherical microlens
and an aspheric hyperboloid microlens viewed from diﬀerent
angles. It is noteworthy that the surface prole of our hyperboloid microlens is not a portion of a sphere. In fact, the proles
of a hyperboloid microlens could be dened as the following
equation:
y2 x2
 2¼1
a2
b
where a and b are variable parameters that dene the prole of
our hyperboloid microlenses. In our work, two pairs of parameters (a1 ¼ 8.87, b1 ¼ 9.56; a2 ¼ 47.47, b2 ¼ 51.13) were used for
the fabrication of a small microlens and a large hyperboloid
microlens, respectively. In the former case, the radius (r) and
the height (h) are 8.5 mm and 3.0 mm, respectively, whereas in
the latter case, r is 20.0 mm and h is 3.5 mm. Since the refractive
index (n) of PDMS is 1.47,35 the focal length (f) of the resultant
microlenses in air could be directly calculated from the
following equation:
f ¼

r2  ðn2  1Þh2
2ðn  1Þh

It is well known that spherical aberration can be eﬀectively
eliminated using a hyperboloid microlens. So the optical
performance such as imaging quality can be improved using
such a hyperboloid microlens. However, the diﬃculties with
respect to fabrication limit their broad applications; nevertheless, with the help of the FsLDW technique, the programmable
fabrication makes it much easier to reach this end.
In addition to the exible designability of the lens prole, the
FsLDW technique also allows integration of the microlens with
given microdevices. As proof-of-concept, we fabricated a
hyperboloid microlens within a microuidic channel which was
prepared beforehand. Fig. 1h shows an SEM image of a hyperboloid PDMS microlens embedded in a microuidic channel.
Notably, the integration of microlenses with microuidic
devices may trigger potential applications such as light
focusing,36 in situ monitoring, uorescence collection and
optical imaging.37,38
To get further insight into the surface prole of the asobtained microlenses, the topographies of a spherical microlens and a hyperboloid microlens were characterized by AFM. As
shown in Fig. 2, the hyperboloid microlens is 17 mm in
diameter, and the height is 3 mm. Notably, the surfaces of the
two microlenses are very smooth; a local surface smoothness
was measured to be 7 nm. As we know, the surface prole and
surface roughness of a microlens play a very important role in
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Fig. 2 (a) 3D AFM image of a spherical PDMS microlens. (b) The
measured proﬁle of the spherical PDMS microlens as compared with
that of a theoretic model. (c) 3D AFM image of an aspheric hyperboloid
microlens. (d) The measured proﬁle of the aspheric hyperboloid PDMS
microlens as compared with that of a theoretic model.

imaging performance. Poor smoothness would give rise to
strong scattering and loss of light. Herein, a stable FsLDW
system and optimized processing parameters (e.g., scanning
step, laser power and exposure duration) can allow the rened
control of the surface smoothness; the high positioning accuracy due to the use of piezo moving stage with motion accuracy
better than 1 nm or mirror steering with accuracy of several
nanometers would ensure a highly precise surface prole. To
make a clear-cut comparison between the proles of asobtained microlenses and their theoretic models, the prole
curves of both spherical and hyperboloid PDMS lenses
measured by AFM, as well as their theoretic proles deduced
from mathematic equations are shown in Fig. 2b and d. It can
be clearly observed that, for both spherical and hyperboloid
PDMS lenses, the measured proles match well the theoretic
values. The relative error of the two microlens proles is very
small, which would guarantee a very good optical performance.
The focusing capability of our PDMS microlens was investigated and characterized by optical microscopy. As shown in
Fig. 3, a much larger PDMS hyperboloid microlens with a radius
of 20 mm, a height of 3.5 mm, and a theoretical focal length of
117 mm was used for the optical focusing tests (Fig. 3a). The
white light focal spots of the PDMS hyperboloid microlens are
quite sharp (Fig. 3b). Its measured focal length of 112 mm in
air is consistent with the theoretical value. Fig. 3b displays the
normalized light intensity distribution along a line across the
center of Fig. 3a. The full width at half maximum of the curve is
8 mm, which indicates that the PDMS hyperboloid microlens
has very good microlens eﬃciency. Fig. 3d shows a clear image
of a Chinese word. Illustrations shown as insets of Fig. 3e
exhibit the focal spots of PDMS hyperboloid microlens for
monochromatic light of diﬀerent wavelengths in air. Notably,
the focal length increases with an increase of light wavelength;
this could be attributed to the slight decrease of the refractive
index of PDMS at longer wavelength. According to the focal
equation of our microlens, a decrease of refractive index (n)
would directly lead to the increase of focal length. In this
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Fig. 4 (a) Schematic illustration of the integration of PDMS microlens

with microﬂuidic device. (b) The dependence of focal length on the
stimuli solvents of diﬀerent solubility parameters. The insets are
focused images of the PDMS microlens after the stimulation of
diﬀerent solvents.

Fig. 3 (a) Focusing test of a hyperboloid PDMS microlens in air. (b)
Normalized light intensity distribution along the blue dotted line in (a).
(c) Optical microscopy image of a hyperbolic PDMS microlens. (d)
Image of a Chinese word. (e) Focal spots of the hyperboloid PDMS
microlens for monochromatic light of diﬀerent wavelengths in air.

experiment, the largest focal length shi was only 7%, indicating a good optical performance.
It is well known that PDMS is very sensitive to organic
solvents; most organic solvents would diﬀuse into the material
and cause it to swell. Taking advantage of the swelling property
of PDMS material, we found that our PDMS microlens exhibits
solvent-responsive properties. Thus a solvent-tunable PDMS
microlens has been proposed for the rst time. Note that the
swelling ratio is roughly inversely related to the solubility
parameter of organic solvents. We design and fabricate a multichannel microuidic device, and a hyperboloid PDMS microlens has been integrated with the microchannels. Since the
transformation between swelling and shrinking is due to the
interaction of solvent and polymer network, dynamic tuning of
the optical properties of our PDMS hyperboloid microlens using
diﬀerent organic solvents is viable. Fig. 4a shows a schematic
illustration of the microuidic device. A PDMS hyperboloid
microlens with a radius of 20 mm and a height of 3.5 mm was
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integrated into a microuidic channel with multiple channels
for solvents/air injection and one channel for the solvents/air
owing out. The imaging feature of the PDMS hyperbolic
microlens during the tuning process was characterized by
optical microscopy. As shown in Fig. 4b, the focal length
changes obviously under the stimulation of solvents. To avoid
the inuence of surrounding solvents on the focal length, an air
segment was injected into the microchannel to expel the
residual solvents in the channel for subsequent focal length
measurements. In our experiments, we found that the focal
length of the PDMS hyperboloid microlens increases when the
solubility parameter of the stimuli solvents decreases from 47.3
to 14.9. Four kinds of solvents, namely water, ethanol, acetone
and n-hexane with solubility parameters of 47.3, 26.0, 20.5 and
14.9, respectively, have been used for the focal length tuning.
Note that the PDMS surface could not be wetted by water due to
the hydrophobic property; thus aer water stimulation, the
focal length was measured to be 112 mm, which is the same as
before. However, when ethanol was injected to stimulate the
microlens, the focused image becomes blurry, indicating a
change of focal length. Clear focused image could be restored
when we increase the image distance, as shown in the insets of
Fig. 4b. With a decrease of solubility parameter, here acetone
and n-hexane were injected into the microuidic channel, the
focal length in air was measured to be 149 mm and 185 mm,
respectively. According to the equation of our hyperbolic
microlens shown above, the focal length in air is dominated by
both the geometrical prole and refractive index of the material.
Despite the swelling of the PDMS microlens in organic solvents
slightly altering its refractive index (for water, ethanol, acetone,
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n-hexane the refractive indexes are 1.33, 1.36, 1.36, 1.37,
respectively), as compared with size change, this inuence is
negligible. The morphology changes were considered as the
major reason for focal length changes. Based on the prole
equation of our hyperbolic microlens, an increase of r or a
decrease of h would lead to obvious increase of focal length.
Considering the swelling behavior of PDMS in n-hexane,
obvious increase in focal length might be attributed to the
expansion in the radius. Despite the fact that the swelling of the
microlens in organic solvents would slightly increase the
surface roughness, a clear image could be also observed when
we increase the image distance. Additionally, the response is
reversible and the focal length could be tuned back when
solvent was injected again. Additionally, since the microlens is
very small, and the relatively large interface area would promote
solvent diﬀusion, the response time is very short: fast swelling
and shrinking could be accomplished within a few seconds.
Taking advantage of the microuidic technique, segment ow
of diﬀerent solvents and air could be easily switched. In this
regard, the novel solvent-tunable microlens may impart promising functions to microuidic devices.
To evaluate the tunable imaging performance of our PDMS
microlens, a circle and a triangle were fabricated as target
objects by FsLDW using SU-8 photoresist. As shown in Fig. 5,
the two objects (circle and triangle) are placed at diﬀerent
distances. Aer water stimulation, the focal length of the PDMS
microlens is not changed. A clear image of the triangle could be
clearly observed by a microscope at the image plane. Very
interestingly, without moving the two target objects and the
image plane, a clear image of the circle could be observed aer
the stimulation of n-hexane, demonstrating the tunable
imaging capability. The tunability could be attributed to an
increase of focal length. According to our previous results, the
focal length increased to 185 mm aer n-hexane stimulation,
so the image of the triangle which is placed near the focal point
is far away, whereas the image of the circle could be observed at
the imaging plane. To get further insight into the swelling
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behavior, we observed the proles of our microlens in both
water and n-hexane. As shown in the insets of Fig. 5, an obvious
increase in the diameter was observed aer n-hexane stimulation, whereas the change of height was negligible. According to
the focal length equation, the obvious increase of microlens
radius would lead to an increase of focal length, in good
agreement with our previous hypothesis. The origin of the
anisotropic swelling could be attributed to the FsLDW technique, in which the microlens structure is fabricated by the
overlapping of voxels. Since the voxel is ellipsoid-like in shape,
the polymer network along the horizontal direction is much
looser than that along the vertical direction, giving rise to the
formation of an anisotropic polymer network.

Conclusion
In conclusion, PDMS microlenses with equation-dened
proles, such as spherical microlens and aspheric hyperboloid
microlens, have been successfully fabricated by the FsLDW
technique. The microlenses show smooth surface and very low
relative error as compared with their theoretic values, which
renders good imaging performance. Taking advantage of the
“direct writing” feature, such microoptical components could
be exibly integrated with given microuidic devices, which
would bring new functionalities, such as light focusing, in situ
monitoring, and optical imaging, to general microuidic chips.
Additionally, the focal length of the resultant PDMS microlenses could be dynamically tuned form 100% (previous value)
to 160% when organic solvents of diﬀerent solubility parameters were used as stimulators. The exible fabrication and
integration of solvent-tunable microlenses hold great promise
for the development of novel functional microuidic and
optouidic devices.
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Fig. 5 Schematic illustration of the tunable imaging performance of
the PDMS microlens after water and n-hexane stimulation. A circle and
a triangle were fabricated as target objects, which were placed at
diﬀerent positions. The imaging plane was ﬁxed at the right-hand side
of the microlens. The insets are optical microscopic images of the
objects, the microlens proﬁles, and the imaging of target objects.
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