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Abstract
A deformable membrane mirror is often used in closed loop adaptive optics systems to correct for aberrations and improve image
quality. In certain applications, the correction of only one type of aberration is suﬃcient, the calibration procedure of the mirror can
be simpliﬁed and the control scheme can be reduced to a fast feed forward system. For these cases we developed a procedure that is easy
to implement, accurate and delivers a large correction range. An application example is the writing and readout of three-dimensional
optical memory. Here the spherical aberration component is dominant and can be inferred from the focussing depth. We describe
the principle of the new calibration and feed forward control scheme and give experimental results.
Ó 2006 Elsevier B.V. All rights reserved.

1. Introduction
In this article we will describe a method whereby a
deformable mirror (DM) can be controlled so as to produce varying amounts of primary spherical aberration
accurately over a large range. In certain applications only
one type of aberration dominates—ﬁrst-order spherical
aberration. It has been shown that focusing through a
refractive index mismatch introduces a spherical aberration
component that depends linearly on focusing depth [1,2].
For example, this is the case in 3D optical memory applications where dry lenses are used to focus into a recording
medium of high refractive index.
Adaptive optics [3] is a technique that allows dynamic
correction of aberrations. It was originally developed for
astronomy [4] but there are also applications in microscopy
[5], the writing of 3D optical bit memory [6] and photo-fabrication [7]. As an active correction element, a microma*
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chined DM [8] can be used to modify the phase of the
beam. This device is attractive for many applications since
it has a very good light eﬃciency. Usually, an adaptive
optics system operates in closed loop mode, where an aberration sensor (for example a Shack Hartmann sensor [9] or
a modal wavefront sensor [10,11]) is combined with the
active correction device in a feedback loop. Based upon
the measurement from the wavefront sensor, the aberration
correction settings are updated and optimised continuously. Such adaptive optics schemes are useful for the correction of randomly varying aberrations.
However, when material parameters and the focusing
depth are known, the adaptive optics system can be simpliﬁed. We can build an open loop adaptive optics system
without a wavefront sensing element. This element would
be obsolete if we had an active correction device that could
produce a speciﬁed amount of spherical aberration. Such a
scheme is sometimes referred to as feed forward control.
2. Deformable mirror characteristics
The DM we use in our experiments is based on a continuous, aluminum coated ﬂexible membrane that is suspended
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over a hexagonal array of 37 electrostatic actuators (OKO
Technologies, The Netherlands) [8]. The control method
described here is not limited to this speciﬁc device; there
are several types of deformable mirrors commercially available that have similar properties.
The diﬀerences between the potential of the membrane
and the electrodes creates forces that deﬁne the shape of
the membrane. We describe the state of the mirror by the
set of control signals [ci] where 1 6 i 6 N and N denotes
the number of actuators. Since the local deﬂection of the
membrane is approximately proportional to the square of
the applied voltage, it is common to represent the mirror
state by linearised control signals that are directly related
to the membrane deﬂection. As a consequence the actual
voltages sent to the mirror are proportional to the square
root of the control signals. The mirror is usually biased
with a constant voltage in order to permit displacement
both towards and away from the electrodes.
The DM device itself introduces an initial aberration,
mainly astigmatism, that needs active correction. Also the
actuators show slightly nonlinear response and crosstalk
[12]. The actual surface shapes that can be obtained are
restricted by the properties of the membrane. An initial calibration procedure is therefore required to account for the
speciﬁc properties of the DM device and acquire the
relationship between the mirror shape and the control
parameters.

where all the other aberration components are minimised
(Mi  0 for i 5 11). In order to achieve that we propose to:

3. Calibration procedure

Therefore dk represents the local deﬂection at the location
of actuator k in response to the set of applied control signals, [ci]. Now the linear dependence of the deﬂection dk
on the control signal ck for each actuator number k is extracted from a linear least squares ﬁt of the data:

A phase function w representing the wavefront can be
described by its aberration mode content. It is common
to use the Zernike polynomials Zi(r, h) [13] for this purpose.
They are a set of orthogonal functions over the unit circle.
Phase functions deﬁned over the unit circle can be
described by their Zernike mode amplitudes Mi given by
Z Z
1 1 2p
Mi ¼
wðr; h; ½ci ÞZ i ðr; hÞr dh dr.
ð1Þ
p 0 0
Here r is the radius within the pupil and is normalised to
unity, h is the angular coordinate and [ci] again refers to
the set of control signals that determine the shape of the
mirror. First-order spherical aberration is represented by
the Zernike polynomial Z11:
pﬃﬃﬃ
ð2Þ
Z 11 ðrÞ ¼ 5ð6r4  6r2 þ 1Þ.
This also deﬁnes our normalisation: the wavefront
w(r, h, [ci]) contains M11 Zernike units of ﬁrst-order spherical aberration when we use Eq. (1) in combination with (2).
The deﬁnition of other Zernike coeﬃcients and the indexing scheme we use are listed in [11,13].
Our goal is now to develop a control method for the
DM that allows generation of a wavefront phase w(r, h, [ci])
with a speciﬁc spherical aberration amplitude M11. Hence
we wish to produce
wðr; h; ½ci Þ ¼ M 11 Z 11 ;

ð3Þ

(1) Obtain a simpliﬁed linear control model of the mirror
based on the measurement of local deﬂection.
(2) Optimise wavefront quality for a given set of Zernike
mode amplitudes M11 in an iterative manner by
means of wavefront measurements and application
of the simpliﬁed linear control model.
(3) Create a look-up table (LUT) by means of interpolation to give fast access to the DM control signals
required to provide varying amounts of spherical
aberration.
In the following, the above steps will be explained; we
start with the simpliﬁed linear control model. The aim is
to provide an intermediate control scheme for the mirror
that is easy to implement but suﬃciently accurate to deliver
good convergence of the iterative algorithm for wavefront
error optimisation. If rk and hk are the coordinates of the
center of the actuator number k we deﬁne the local deﬂection dk as the diﬀerence in radians between the phase function at the position of the actuator k and the average of the
phase function over the active DM area:
Z
Z
1 2p 1
d k ðwðr; h; ½ci ÞÞ ¼ wðrk ; hk ; ½ci Þ 
wðr; h; ½ci Þr dr dh.
p 0
0
ð4Þ

d k ðci¼k Þ ¼ sk ci¼k þ ok .

ð5Þ

To acquire one slope value sk in (5) only ci=k is varied while
all other control signals ci for i 5 k are set to the constant
bias value. In our notation ci refers to a single control signal while [ci] always refers to the whole set of signals. The
values sk indicate the sensitivity of the local deﬂection to
the corresponding control signal and ok is a constant oﬀset
term for each actuator k. The sensitivity of the outer electrodes is signiﬁcantly smaller because the movement of the
membrane is restricted in the vicinity of the membrane
edge. Good linearity of the deﬂection response was observed but crosstalk up to 50% between local deﬂections
of neighboring actuators was found. This is not a problem
since the values of sk are used in the intermediate iterative
algorithm only. The crosstalk inﬂuences the convergence
speed but not the accuracy, which is a strength of the proposed approach. For each iteration procedure the spherical
aberration target wavefront is denoted by wT(r, h). It can be
generated from (2). The change Dck for each control signal
per iteration step is then
Dck ¼

a
d k ðwT ðr; hÞ  wðr; h; ½ci ÞÞ;
sk

ð6Þ
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where a is a constant parameter that determines the convergence properties of the iteration against the target shape of
the wavefront. The iteration is repeated until the spherical
wavefront quality is a stable maximised value. It was found
experimentally that a value in the range of a = 0.3 ± 0.1
delivered good convergence, typically achieved after 4–8
iterations depending on the diﬀerence between the target
wavefront and the initial state of the DM. The iteration
is robust and not very sensitive in respect to the choice of
a. Too small values lead to slow convergence while too
large values can cause oscillations of the solution due to
over-correction. The optimum value also depends on the
crosstalk between actuators, i.e. the speciﬁc mirror device.
It should be mentioned that the speed of the convergence
and hence the adjustment of a is not critical since the iteration occurs only during the initial calibration process. As
a measure for the wavefront quality and a criterion for the
termination of the iteration the Strehl ratio of the residual
wavefront error is used as explained in Section 4.
In the ﬁnal step of the calibration process a look-up
table (LUT) is generated. The intermediate iteration procedures ﬁnish with several optimised sets of control voltages
that all correspond to diﬀerent values of the Zernike amplitude M11. The data can be regarded as a set of functions,
describing the control signals for the mirror at each discrete
value of M11 that was used in the iteration. We use cubic
spline interpolation to create a LUT for the intermediate
values. In our case this LUT has the requested target
amplitude of Zernike mode 11 (at a quantisation of 1/100
Zernike mode units) as input and delivers all control signals for the mirror accurately and quickly. This is relevant
for the implementation of fast open loop correction
systems.
It is important to mention that, during the iteration process, saturation of some of the mirror actuators may occur.
The maximum positive value of the Zernike polynomial
Z11 is greater in magnitude than the largest negative value.
From
Eq. (2) we see that Z11 covers the range of
pﬃﬃﬃ
5ð0:5; 1:0Þ radians. Obviously, the positive portion of
Z11 would saturate the mirror actuators ﬁrst. However,
to solve this problem, a variable, uniform oﬀset of the control signals is incorporated into the iteration procedure. We
can therefore extend the useful range before saturation
occurs. This also implies that the functions contained in
the LUT are nonlinear. This possibility is an advantage
of the new method and cannot be achieved with other
approaches in the literature that are based on a linear control matrix.
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Fig. 1. Set-up for the calibration of the deformable mirror. The
components are denoted as follows: L – laser, CCD – charge coupled
device, PC – personal computer equipped with framegrabber, BS –
beamsplitter, RM – ﬂat reference mirror, DM – deformable mirror.

Note that the optical path diﬀerence introduced by the
DM corresponds to twice the deﬂection of the membrane.
In the normal mode of operation the DM is biased in order
to allow positive and negative deﬂections with respect to
the initial shape. This introduces an additional defocus
which is compensated for by illuminating the DM with a
slightly diverging wavefront.
After reﬂection from the DM the wavefront may be
described by the complex function
P ðr; h; ½ci Þ ¼ Aðr; hÞ expðjwðr; h; ½ci ÞÞ;

ð7Þ

where A(r, h) denotes the amplitude and w(r, h, [ci]) the
phase as before. The ﬂat reference mirror in Fig. 1 is
slightly tilted and the CCD records a fringe pattern interferogram. Using a combination of fringe pattern analysis
[14] and phase unwrapping [15] the phase w(r, h, [ci]) of
the wavefront can be obtained from a single interferogram.
During the initial calibration of the DM we need to evaluate the wavefront quality. To do this we ﬁrst obtain the
spherical (M11), tip (M2) and tilt (M3) coeﬃcients from
(1) and then calculate the residual wavefront error:
wE ðr; hÞ ¼ wðr; h; ½ci Þ  M 11 Z 11  M 2 Z 2  M 3 Z 3 ;

ð8Þ

4. Experimental set-up and wavefront measurement

which is the measured wavefront where its ﬁrst-order
spherical, tip and tilt components have been removed. This
also compensates for any residual tip or tilt the reference
wavefront. For the calculation of the amplitudes M2 and
M3 in (1) we used the deﬁnitions Z2 = 2r cos h and
Z3 = 2r sin h.
Now we can describe the quality of the generated wavefront using the Strehl ratio SE of the residual wavefront
error:
R R
2
 1 2p

 0 0 Aðr; hÞ expðjwE ðr; hÞÞr dr dh
SE ¼
.
ð9Þ
R R
2
1
2p
Aðr; hÞr dr dh
0
0

For the calibration of the DM we built an interferometer as shown in Fig. 1. All the measurements utilised light
from a 632.8 nm HeNe laser; the DM has a nominal diameter of 15 mm but only 70% of this nominal diameter is
used as the active area. This sub-aperture of 10.5 mm fully
covers the actuator structure underneath the membrane.

This deﬁnition of the Strehl ratio is slightly diﬀerent from
[16] and takes into account the amplitude distribution of
the wavefront, A(r, h). For small wavefront errors the
Strehl ratio is also related to the variance r2(wE) of the
wavefront error via the Marechal approximation:
SE = exp[r2(wE)].
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5. Results
In Fig. 2 the phase measurement process is illustrated
with a wavefront that was created using the described iteration process. The dots indicate the electrode positions
where the deﬂections are measured.
To verify our calibration procedure, a number of ﬁrstorder spherical aberration wavefronts were created using
the lookup table. The wavefront quality was analysed by
interferometric measurements and Strehl ratio calculations. In Fig. 3 examples for the amplitudes M11 = 2.0,
0.0, 2.0 are displayed and Fig. 4 shows the Strehl ratios
SE of the wavefront error for several amplitudes. The
wavefront error depends on the Zernike mode amplitude
requested; better correction can be achieved for smaller
amplitudes. The total correction range is also limited by
the stroke of the actuators. An optical system is considered to be well corrected if the Strehl ratio is larger than
0.80. This corresponds to an RMS wavefront error of
0.47 rad or k/13.
Another important parameter is the accuracy and linearity of the amplitude of the generated phase pattern. In
Fig. 5 the measured spherical aberration component is
plotted against the target amplitude that was requested
from the LUT. Good linearity is observed and the RMS
deviation from the requested value (straight line) was
0.028 Zernike units deﬁned according to (2).

Fig. 4. The variation of SE with the Zernike mode amplitude M11 of the
phase pattern produced using the lookup table. An optical system with a
Strehl ratio of 0.8 (horizontal line) is considered to be well corrected. Note
that the Zernike mode amplitudes refer to the deformation of the
wavefront after reﬂection, which is twice the deformation of the mirror.
The same applies to Fig. 5.

6. Discussion and conclusion
We have presented a method for controlling a DM in
order to provide ﬁrst-order spherical aberration correction.

Fig. 2. Example wavefront for an iteration result: 1.5 units of Zernike mode number 11 (ﬁrst-order spherical aberration). Left: interference fringe image.
Middle: recovered wrapped phase function, black corresponds to 0 and white corresponds to 2p. A small superimposed tilt of the reference wavefront is
visible. Right: unwrapped phase function, the tip and tilt components were removed. Note that the active area of the DM that is used for the phase
modulation of beams is contained within the inner circle, the outer circle indicates the full aperture of the DM. The white dots show the actuator positions.

Fig. 3. Example wavefronts for the generation of Zernike mode number 11 (ﬁrst-order spherical aberration) using the LUT as described in the text. From
left to right, the Zernike mode amplitudes were 2.0, 0.0 and +2.0 Zernike mode units and SE was 0.77, 0.88, and 0.76, respectively.
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We can conclude that this simpliﬁed calibration procedure is suitable for the construction of an open loop adaptive optics correction system for the correction of any type
of aberration where the same wavefront pattern at diﬀerent
amplitudes is required. The method presented here delivers
good performance in wavefront quality, a large correction
range and is straightforward to implement.
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Fig. 5. Plot of the measured spherical aberration Zernike mode amplitude
against the requested amplitude using the described lookup table in an
open loop regime.

In the previous literature, other methods are described, for
example [14,17,18]. However, they try to obtain a complete
control model of the mirror for the correction of arbitrary
aberrations. They also make the approximation that the
mirror response is an exact superposition of individual
actuator signals and assume the response is linear with
respect to actuator signals. The method proposed here does
not need to make these approximations, which allows
improved accuracy. In addition, the described methods
[14,17,18] deﬁne the mirror control signals with respect to
a bias position, which is usually the middle of the actuator
range. In the case of spherical aberration however, the Zernike polynomial is not symmetric about zero and asymmetric saturation of the actuators would limit the correction
range of the DM for these methods. The iteration procedure we propose here uses a variable uniform oﬀset of
the control signals. Therefore, larger spherical mode amplitudes due to optimum use of the available actuator range
of the DM can be achieved. In the experiment we measured
a range of approximately ±1.9 Zernike mode units of
spherical aberration at a Strehl ratio of better than 0.8
for the residual wavefront error.
Note that the intermediate iterative scheme implemented
for the creation of the LUT could also be used for a closed
loop iterative adaptive optics system, although this was not
the goal of this investigation.
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