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Abstract

A novel design concept for a Shack–Hartmann sensor is presented. A liquid-filled microlens
array is used to replace the commonly used microlens array with fixed focal length in a
conventional type. The focal length tunabilty associated with this design can provide the
device with the advantage that its performance can be flexibly chosen between a large dynamic
range and a high sensitivity preferred region. At the same time, it is also possible to possess
both of these characteristics simultaneously with a particular procedure. This feature allows
the device to be operated in different applications. The results of a prototype demonstrated in
this paper qualitatively verify this feasibility, and the potential application perspective of this
design is also presented.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A wavefront sensor is an instrument used to measure the
transmittance wavefront of an optical beam and can be
adopted to evaluate the quality of a laser beam and optical
components as well as measuring the optical aberration
induced by environment [1]. With the advent and development
of adaptive optical technology, the significance of a wavefront
sensor becomes more and more distinct, since it can provide
information about the variation of a working condition in
real time to the controller so as to actuate the corrector
to perform active action accordingly. To date, it has been
widely used in various applications such as a high power
laser or laser shaping systems [2], astronomical observation
telescopes [3] and ophthalmic-analysis systems [4]. There are
numerous approaches to measure the wavefront, among which
the Shack–Hartmann method has been proven as the most
practical and robust techniques [5, 6]. A Shack–Hartmann-
type wavefront sensor consists of a microlens array and a
charge-coupled device (CCD) [7], in which the microlens
array is used to dissect the incoming wavefront into a number
of segments and each microlens in the array creates a focal

spot within the assigned subaperture on the CCD. When any
variation is introduced into the beam wavefront, the positions
of the spots on the CCD will change accordingly as shown in
figure 1. By measuring the lateral displacement of the spots
with respect to the reference position of a plane wave, the
average wavefront slop over each microlens aperture can be
determined, with which the wavefront can be finally expressed
as a series of Zernike polynomials [8, 9].

With respect to the working principle, it is obvious that
the measurement of the spots’ lateral displacement is a critical
step for this type of wavefront sensor. At the same time,
this displacement is directly determined by the focal length of
microlens as well as the wavefront. With a constant lenslet
size, longer focal length can provide higher sensitivity but
shows a smaller measurement dynamic range, while shorter
focal length can increase the dynamic range but at the expense
of reducing sensitivity. In a conventional Shack–Hartmann
wavefront sensor, however, the microlens usually has fixed
focal length. As a result, in this case, the focal length
has to be selected by considering the tradeoff between the
dynamic range and sensitivity. This will definitely limit
the application of this type of wavefront sensor. A few
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Figure 1. Schematics of the Shack–Hartmann wavefront sensor.
(a) Plane wavefront, (b) aberrated wavefront.

methods have been proposed to overcome this problem. Some
researchers focused on the solutions from software treatment
[10–12], while others tried to improve the performance of the
wavefront sensor from the hardware aspect (the same as our
solution presented below). Seifert et al [13] adopted a dynamic
liquid crystal display (LCD) to replace the static microlens
array, in which the LCD was used to display an array of
Fresnel microlenses. Thereby, the microlens parameters such
as focal length, aperture size and position can be changed to
adapt to the wavefront. Choo and Muller used an addressable
microlens array to improve the dynamic range, in which the
microlenses with constant focal length in the array can be
individually actuated to mechanically resonate so as to identify
their corresponding focal spots on the CCD [14]. As a result,
the dynamic range can be improved significantly. While in
the method proposed by Yoon et al [15], the key to the
expanding dynamic range is the use of a translatable plate
blocking adjacent lenslet that increases the spacing between
wavefront sensing spots.

In this paper, a relatively simple way based on optofluidic
technology is presented. A tunable liquid-filled microlens
array integrated with a microfluidic network is adopted to
replace the aforementioned microlens array with fixed focal
length. As shown in figure 2, by dynamically adjusting the
focal length of the microlens, the Shark–Hartmann wavefront
sensor can be flexibly selected to work between a large
dynamic measurement range (shorter focal length status) and
a high sensitivity (longer focal length region) preferred region,
or possessing both of them simultaneously by using a particular
operation procedure. For example, when using in an adaptive
optical (AO) system, the shorter focal length can be used
first to capture the large wavefront distortion. After being
compensated coarsely by a corrector (deformable mirror), the
microlens can be then tuned into a longer focal length status for
further fine correction. With this working route, the improved
performance of the AO system, including a large dynamic
range together with high correction precision, can be obviously
foreseen. At the same time, the relatively simple fabrication
process and the capability of massive production with low
cost associated with the liquid microlens array also make it an
attractive candidate over the conventional one.

2. Design and fabrication

As mentioned above, the most commonly used microlens array
with fixed focal length must undoubtedly seek a compromise

Conventional system  Presented system

 (a)

 

 Conventional system   Presented system 
(b)

Original CCD position CCD position after adjustment 

CCD adjustment direction 

Figure 2. Schematics of design working theory. (a) Large dynamic
measurement range. In some cases, the lateral shift of focal spots
may exceed the subaperture region making it difficult to distinguish
individual focal spots with respect to their subaperture, therefore
causing problems to the wavefront reconstruction. By tuning the
microlens to the shorter focal length status, all of the spots’ lateral
shift will be reduced. As a result, all the spots will fall into their
corresponding subaperture area again and the wavefront can then be
successfully reconstructed. (b) High sensitivity. With respect to a
small aberrated wavefront, the resultant spots’ lateral shift is very
small, thereby increasing the potential error in quantitative
determination of the shift amount or even overlooking this small
variation. By adjusting the microlens to a longer focal length status,
all of the small shift will be magnified simultaneously. This
phenomenon, namely small aberration, can cause a large spot shift,
which means high sensitivity. (The grey (red online) color refers to
the situation where the liquid microlens array is used while the
black color corresponds to the case of a solid microlens array with
fixed focal length, and all of the statements mentioned above are
based on a comparison with this case. Meanwhile, the black dotted
lines between the microlens array and the CCD are used to assign
the corresponding subaperture area on the CCD to the individual
microlens.)

between the dynamic measurement range and the measurement
sensitivity for the device performance. Recently, a novel type
of a microlens array, namely a liquid microlens array, has
obtained more research interest mainly for dynamic imagining
applications [16–20] due to its focal length tunability and the
relatively easy and low cost fabrication. This type of microlens
is derived from the technology initially developed in the lab-
on-a-chip area and usually consists of a deformable elastic
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membrane, hollow cavity and microchannel as described
in [16–20]. The top of the hollow cavity fabricated into
a transparent substrate is covered by an elastic membrane,
constituting a closed space. The fluid (working medium of the
liquid lens) is introduced into this space via the microchannel
using a pressure-driven method. With the increased hydraulic
pressure, the membrane will be forced to deform into a
spherical-like shape with the sag height δ given by

δ = 3Pa4 × (1 − ν2)/(16Eh3). (1)

As a result, the liquid sealed into the closed cavity will
build a lens structure with particular focal length f :

f = R/(n − 1), (2)

where a and h are the radius and thickness of membrane,
respectively. E and ν correspond to Young’s modulus and
Poisson’s ratio of membrane material (for PDMS, E = 3 MPa,
ν = 0.49). P is the applied pressure and n is the refractive
index of the filled fluid, while R is the radius of curvature of
membrane, which is relevant to δ and a.

The pressure-controlled membrane deformation, namely
the radius of curvature of liquid lens, provides the lens with
the tunability for focal length. It is obvious that when the
liquid-filled microlens array is used to replace the microlens
array with fixed focal length in the Shack–Hartmann wavefront
sensor, the problem as mentioned above can be readily solved
by this particular characteristic, in which the short focal
length status can be utilized to provide the large dynamic
measurement range while the high sensitivity performance
can be realized by using the long focal length on the same
device. To the best of our knowledge, it is the first time that
the application of the liquid microlens array is extended into the
wavefront sensing region. Meanwhile, it can be foreseen that
some applications especially for adaptive optics will benefit
more from the combination of these two technologies.

Since the key idea of our design is the focal length
tunability provided by liquid-filled microlens, the main task
during the design step is to determine the dimensional
parameters for the lens structure, in which both mechanical
and optical aspects should be considered. Figure 3 shows
the schematic of the design flow. First, the number and the
diameter of microlens in the array are preliminarily determined
with respect to the size of the CCD-sensitive area and the
fabrication rule. Then a value is pre-assigned to the membrane
thickness. Through mechanical analysis, the deflection range
as well as the tunable range of the focal length under a steady
working condition (the maximum applied pressure is limited
by the bonding strength at the interface between the membrane
and the chamber substrate) can be derived. If this cannot cover
the desired focal length tunable range, a small reduction to
the thickness is performed followed by repeating the same
procedure as mentioned above until the design requirement
is finally met. The structural parameters of the microlens
adopted in our design are listed in table 1.

Like most of the devices based on optofluidic technology
[21–23], the microlens array in our design is also made
from polydimethylsiloxane (PDMS) due to its good optical
transmission property in a wide spectrum range (from near
ultraviolet to near infrared) and excellent mechanical property
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Figure 3. Design flow.

Table 1. Structural dimensions of the design.

Part Design parameter

Liquid microlens array 6 × 5
Microlens diameter 400 μm
Membrane thickness 30 μm
Microchannel width 50 μm

as elastic material. Soft lithography and oxygen plasma
activated bonding are the two main technologies involved in
the fabrication process. Hence, the device fabrication process
is greatly simplified and it is possible for mass production
with low cost. The specific process flow is shown in figure 4.
One SU-8 layer of 100 μm thickness was first spun onto a
4 inches polished silicon wafer. After performing the standard
photolithography procedure, the cavity and microchannel for
the lens structure were simultaneously patterned into this SU-8
layer (figure 4(a)) acting as the master mold for the subsequent
PDMS casting process as shown in figure 4(b), in which a
liquid PDMS prepolymer (Sylgard 184 silicone elastomer, a
base and curing agent of Dow Coming Corp., mixed in a 10:1
weight ratio) was evenly poured onto the mold to form a 3 mm
thick layer. After curing under 60 ◦C for 2 h, this PDMS
substrate with the pattern having been transferred was peeled
off from the mold (figure 4(c)). A PDMS membrane with
30 μm thickness was spun onto another polished silicon wafer
followed by thorough curing (figure 4(d)). These two parts
were then bonded together under the assistance of oxygen
plasma, as shown in figure 4(e). Finally, holes were manually
drilled at both ends of the microchannel, through which the
liquid can be introduced with an external syringe pumping
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Figure 4. Fabrication process of a liquid microlens array.

(a) (b) (c)

Figure 5. Pictures of the fabricated microlens array under different
applied pressures. (a) 0 kPa, focal length: ∞; (b) 2 kPa, focal
length: 12.68 mm; (c) 6 kPa, focal length: 4.95 mm.

system (figure 4(e)). Figure 5 shows the fabricated microlens
array under different working pressures, namely 0 kPa, 2 kPa
and 4 kPa.

3. Experiment results

3.1. Liquid microlens array

Figure 6(a) shows a picture of the fabricated 6 × 5 liquid
microlens array in one working status, and one microlens
in the array is selected to demonstrate the cross-section
contours along both the horizontal and the vertical directions
(figure 6(b)), which are measured with a ZYGO non-contact
optical profiler. Through data analysis, the RMS and peak-
to-valley (PV) difference between these two contours are
calculated to be 76 nm and 125 nm, respectively, while the
microlens diameter and its sag height are measured to be
399.801 μm and 19.485 μm. At the same time, in order
to test the uniformity between microlenses in the array, the
cross-section contours of all of the microlenses in the array
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Figure 6. Picture of the fabricated microlens array. (a) Microscopy
picture of the fabricated microlens array and (b) ZYGO profiler
measurement. Left: the cross-section profile of one microlens;
right: 3D profile of the microlens. (Before measuring with the
ZYGO profiler, a thin layer of gold must be deposited onto the
device to provide the required reflective surface because PDMS is
transparent. At the same time, since PDMS is a pliable material, the
surface quality of the gold layer is not very good. Therefore, the
demonstrated 3D profile is a bit rough, unlike the real situation.)

under the same working conditions are recorded as well. After
performing statistic analysis, the standard deviation of the
microlens profile is deduced to be 135 nm. Meanwhile, the
average microlens diameter is 399.953 μm with a standard
deviation of 89 nm, while the average sag height is 19.552 μm
with a standard deviation of 118 nm.

Considering the fact that the focal length tunability is
the most interested feature of the microlens for the Shack–
Hartmann wavefront sensor application, the individual value
of the focal length of one microlens in the array under different
applied pressures is recorded and shown in figure 7 together
with the error bar obtained between five measurements. The
specific measurement method for the focal length of the liquid
microlens is the same as that shown in [24].

From the results, it can be seen that the focal length
of our fabricated liquid microlens can be tuned from tens
of millimeters to nearly 2 mm in the whole operation range
with good repeatability between multiple tests. Meanwhile,
the uniformity between different microlenses in the array is
also proved to be very well. Combining the considerations
about the optical aspect and operation, the longest and shortest
focal lengths of the microlens are chosen to be 25.58 mm
(1 kPa) and 7.88 mm (3.25 kPa), respectively, for the following
demonstration experiment. From theoretical analysis, the
dynamic measurement range of the Shack–Hartmann sensor
when equipped with 7.88 mm focal length is about 3.25
(25.58/7.88) times larger than the case of 25.6 mm, while
with respect to the sensitivity, the situation is totally inverse.
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Figure 7. Focal length of the liquid-filled microlens as a function of
applied pressure.
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Figure 8. Schematic of the optical setup for proof-of-concept
demonstration. (1) He–Ne laser, (2) spatial filter, (3) beam
expender, (4) iris, (5) concave lens, (6) liquid microlens array,
(7) pumping system, (8) CCD camera.

3.2. Proof-of-concept demonstration

Currently, a simple optical setup as shown in figure 8 is
used to demonstrate one of the advantages, namely dynamic
measurement range improvement, provided by this design
concept for the Shack–Hartmann wavefront sensor. Light from
a He–Ne laser is first collimated via a spatial filter component
and a collimating lens. After propagating through a beam
expender and an iris, the light is normally incident onto a
CCD camera via a 6 × 5 liquid-filled microlens array placed
before it. For this case, the CCD camera is placed onto a
manual linear stage equipped with micrometers (NEWPORT),
with which the position of the CCD-sensitive area can be
adjusted along the optical axis with 1 μm sensitivity and
25 mm travel range to adapt to the focal plane variation of
the microlens array during operation. Before the verification
experiment, a calibration procedure is first performed, in which
the central positions of all of the focal spots under illumination
with collimated light are recorded separately at each working
status (different focal lengths), using as the reference for the
wavefront reconstruction under this condition. As a result,
the effect of the possible on-axis position error induced by the
linear stage on the reconstructed wavefront can be eliminated.
During the proof-of-concept demonstration, the focal length
of the liquid-filled microlens is initially tuned to 25.6 mm, and
the resulted spots’ array on the CCD is shown in figure 9
(this is used as the reference for the following wavefront
reconstruction). A concave lens is then inserted into an optical

Figure 9. Spots’ array captured by the CCD when illuminating with
a collimated light. Arrows denote the spots’ movement direction
when the collimated light is changed into divergent light.

path to convert the light from collimation into divergence
acting as a source of aberration. As a result, the spots will
move accordingly. By adjusting the position of this concave
lens along the optical axis, the resultant wavefront distortion
on the sampling plane of the sensor can be changed causing
the lateral movement of spots:

�x(�y)|i ∝ f × Sx(y)|i , (3)

where �x|i and �y|i are the lateral movements of the focus of
the ith microlens with f focal length along x- and y-directions,
respectively, which are caused by the average wavefront slop
Sx(y)|i within this subaperture.

In one extreme case, some spots will move out of the
CCD-sensitive area (see figure 10(a)), therefore causing failure
to the wavefront sensor. This is used to simulate the case that
the aberration is beyond the measurement range of the
wavefront sensor. When shortening the focal length to
7.88 mm and correspondingly placing the CCD at the new
focal plane, the lateral movement of the spots will be decreased
as described by equation (3) and all of the spots will be
captured by the CCD again as shown in figure 10(b). By
performing the same data treatment as that used in the standard
Shack–Hartmann device [8, 9], the wavefront can be finally
reconstructed as presented in figure 11. The result shows that
there are three main components in the wavefront, including
tilt in both x- and y-directions and defocusing. The wavefront
tilt is caused by the misalignment between the central axis
of the concave lens and the main optical axis of the system,
constituting an additional aberration introduced by the concave
lens. The relatively large defocusing aberration is mainly
caused by the nature of the concave lens.

4. Discussion

4.1. Focal spot tracking

From the working theory of the Shack–Hartmann wavefront
sensor, it is obvious that the exact position information of
each focal spot in the array is most critical for wavefront
reconstruction. In a situation where only one aspect of
performance (e.g. large dynamic range or high sensitivity)
is of concern, the main task is how to precisely detect
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(a)

 (b)

Missing spots 

Figure 10. Spot array captured by the CCD under different working
stages when an aberration is introduced. (a) Longer focal length and
(b) shorter focal length.

the center position of the focal spot within each individual
subaperture area on the CCD camera. Some research groups
have focused their interest on this topic and some methods have
been demonstrated successfully [25–28]. While for the cases
that require both large dynamic range and high sensitivity,
besides the same consideration on the centroid detection as
mentioned above, a particular point tracking algorithm is also
needed since the focal spots will move in accordance with
the change of the microlens focal length. First, the microlens
array is tuned to the shortest focal length (largest dynamic
range) within the working range. At this moment, all the
focal spots are located within their corresponding subaperture
region. Therefore, the main task is to individually determine
their center position. By comparing with the reference under
this working condition, the lateral movements as well as
the average wavefront slops within each subaperture can be
deduced. Then the microlens array is adjusted to the longest
focal length (highest sensitivity). Due to the possibly large
wavefront slop within some subaperture regions, in this case,
their focal spots will enter into a neighboring subaperture
area, thus confusing the wavefront reconstruction algorithm.
This problem is difficult to solve in the conventional Shack–
Hartmann wavefront sensor equipped with a solid microlens
array. But as for our configuration, this will not be a problem
anymore. It is because we have already obtained preliminary
information about the wavefront under test from the previous
experiment, namely using the shortest focal length of the

Figure 11. Reconstructed wavefront. (a) 3D profile and (b) 2D
contour.

array. From equation (3), it is obvious that the resultant lateral
movement of the focal spot is proportional to the focal length.
As a result, we can first predict the center position of each focal
spot by using information about the average wavefront slop
obtained in the previous measurement and then perform a local
search near the estimated spot center, taking into account the
possible positioning error introduced by the movement of the
CCD (as mentioned in section 3.2). The centroid positions of
the focal spots as well as the wavefront can be finally detected.
This is illustrated in figure 12.

4.2. Application perspective

The new concept of applying the liquid microlens array
with tunable focal length capability into the Shack–Hartmann
wavefront sensor will bring distinct advantages to some
applications, especially for adaptive optics. Figure 13 is
the concept demonstration in an AO system. The light is
first incident onto the deformable mirror. The reflected light
will then be divided into two parts by a beamsplitter: one is
directly captured by a CCD camera and the other one is incident
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1
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Searching region 

subaperture  1 subaperture  2

Figure 12. Schematic of the focal point tracking algorithm (The
grey (red online) spot stands for the focal spot created by the
microlens belonging to subaperture 1, while the light gray spot
corresponds to the focal spot from the subaperture 2 assigned
microlens.) (1) Focal spot at the shortest focal length (measured),
(2) focal spot at the longest focal length (estimated), (3) focal spot at
the longest focal length (real).
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Figure 13. Schematic of the AO system. (1) Deformable mirror,
(2) wavefront sensor, (3) controller, (4), (5) CCD camera, (6) liquid
pressure control system; a and b are the focal planes of the
microlens with shorter and longer focal lengths, respectively.

onto the wavefront senor via a converted telescope (adapting
the beam width to the wavefront senor). The shorter focal
length is initially used. As a result, large wavefront distortion
information can be obtained followed by being transferred to
the controller. Through proper data treatment, the resultant
control signal is then sent to the deformable mirror to perform
coarse correction with the use of a particular closed-loop
control algorithm. Then the microlens is tuned into a longer
focal length status. With the same work procedure, the finer
correction can be finally achieved. Therefore, the AO system
can highly benefit from the use of liquid-filled microlens with
the capability of a large dynamic correction range together
with high resolution.

In our design, the CCD camera needs to be moved
accordingly during device operation, in order to adapt to the
change of the focal length as well as the focal plane of the
microlens in the array. Unlike the case of proof-of-concept
demonstration, in real applications a computer-controlled
mechanical component, for example a linear motor stage,
is required to obtain fast and precise positioning with high
repeatability (such as XMS series linear motor stages from

NEWPORT). Despite the good specifications provided by the
motor stage, the AO systems incorporating our device are more
appropriate for compensating the aberration with relatively
slow time-dependent variation (such as several Hertz) and
static aberration. For example, in vision science, an adaptive
optics system operating with a closed-loop bandwidth of
1–2 Hz is adequate to capture the most important temporal
changes in the fixating eye [29, 30] whilst in high power solid-
state laser application, the aberration, namely the thermal lens
effect, is directly dependent on the pump power [31, 32]. Once
the pump power is fixed, the resulted focal length of the thermal
lens will be determined accordingly [33, 34]; therefore, in this
case, the aberration can be approximately treated as a static
one. By constructing intracavity adaptive optics, the laser
output with high beam quality can be chosen to work within a
large power range [35, 36].

5. Conclusion

In conclusion, a unique configuration for the Shark–Hartmann
wavefront sensor is presented. The commonly used microlens
array with fixed focal length is replaced by a liquid-filled
microlens array integrated with a microfluidic network. The
focal length of this type of microlens can be easily adjusted
by only changing the pumping pressure. During operation,
the longer focal length is used to provide the device with a
capability of detecting wavefront with high sensitivity, while
a performance of a large dynamic measurement range can
be realized in the shorter focal length working status. A
6 × 5 liquid-filled microlens array is used for qualitative
demonstration of this configuration concept. A concave lens
is used to introduce a defocusing item into the light under test.
In the case of longer focal length, the aberrated wavefront can
cause some sampling spots moving out of the CCD-sensitive
area. This is used to simulate the situation that the aberration
is beyond the measurement range of the sensor. By shortening
the focal length, all of these missing spots can be again
captured by the CCD, and the wavefront is then successfully
reconstructed as predicted from theoretical analysis. With
this design concept, a versatile Shack–Hartmann wavefront
sensor can be realized. Its working performance can be
conveniently chosen from a large dynamic measurement range
preferred to high sensitivity meant to meet the requirements of
different applications. At the same time, by using a particular
operation procedure and spot tracking algorithm, both large
dynamic measurement range and high sensitivity performance
can be achieved simultaneously in one device. This device
configuration will also bring advantages to some applications
especially for AO systems requiring low closed-loop operation
bandwidth, in which the coarse correction can be performed
under the shorter focal length status, while the longer focal
length can be used for fine compensation.
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