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1. Introduction

Future ground-based and space-based observatories will
require Adaptive Optics (AO) wavefront correctors with
several thousands of degrees of freedom, for correcting
atmospheric turbulence [1][2], or to correct the residual
surface figure error resulting from manufacturing of ul-
tra light deployable space reflectors as well as thermal
gradient and gravity gradient [3] [4]. A concept of scal-
able segmented bimorph mirror (strictly speaking, it is
a monomorph, since there is a single active layer) has
been proposed to provide a large number of degrees of
freedom while preserving the advantages of low cost, low
mass and robustness of bimorph mirrors and overcom-
ing the problem of a low resonance mode [5][6]. The
morphing capability of the concept was addressed in [7]
and the morphing strategy was analyzed more recently
in [8]. The present paper further discusses technological
aspects of the segment design especially related to space
applications and reports on experiments performed on a
segment prototype (Figure 1). The paper is organized
as follows: section 2 describes various technology devel-
opments which have been carried out during this project
and describes the single segment demonstrator based
on a mono-crystal Si substrate covered with an array
of piezoelectric PZT patches operating in the d31 mode
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with honeycomb electrodes; section 3 reports on experi-
mental results obtained with the demonstrator; section 4
discusses local deformation effects (dimples) associated
with the electrode geometry of the PZT array; section 5
gives some conclusions.

2. Segment design
2.A. Bimorph mirror
Single crystal Silicon wafers are widely available in var-
ious thicknesses and with external diameters up to 300
mm; they are cheap and have excellent surface quality;
they may be used as mirrors. The mirror segments man-
ufactured in this study consist of single crystal Silicon
wafers 700 µm thick covered at the back by an array of
piezoelectric PZT patches of 200 µm thickness (PIC-255
from PI Ceramic) with Ni-Cu electrodes.

The curvature control capability of a piezoelectric bi-
morph mirror may be estimated from Stoney’s formula;
the curvature κ resulting from the piezoelectric actua-
tion is given by

κ = 6 d31Emax
M1

M2

t1
t22

(1)

where d31 is the in-plane piezoelectric coefficient, Emax

is the maximum electric field, M1 and M2 are the biaxial
Young moduli, related to the Young modulus Y and the
Poisson’s ratio by M = Y/(1 − ν), of respectively the
piezoelectric material and the substrate, and t1 and t2
their respective thicknesses (Stoney’s formula is based on
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(a)

(b)

Fig. 1. (a) Global view of a segment prototype made of single
crystal Silicon on its isostatic support with rigid body piezo-
electric actuators, mounted in the sandwich CFRP support
plate. (b) Back side of the segment showing the honeycomb
electrodes and the wiring of the PZT patches. Part of the
isostatic support is also visible (cone, groove, flat).

the thin film assumption, t1 ≪ t2, see [9] for a more accu-
rate analytical formula applicable to thick films). Table
1 provides the main thermomechanical properties of the
materials used in the bimorph mirror. The monocrystal
wafer Silicon used in this study is cut in the [1,0,0] plane;
although weakly orthotropic [10], numerical models with
isotropic average properties have been found sufficient
for numerical predictions.
The bimorph architecture is inherently sensitive to

temperature variations, because of the thermal differ-
ential expansion between the PZT and the Si substrate;
the capability to correct actively the effect of a temper-
ature change ∆T is measured by the ratio between the
maximum piezoelectric strain and the thermal differen-
tial expansion:

d31Emax

∆α∆T
(2)

where ∆α = α1 − α2 is the difference of coefficients of
thermal expansion (CTE). d31Emax/∆α is the largest
temperature difference which can be corrected by a

Si PZT

Young’s modulus Y [GPa] 130 62

Poisson’s ratio ν 0.28 0.34

Density ϱ [kg/m3] 2330 7800

Y/ϱ [MNm/kg] 56 7

CTE [10−6/K] 2.6 4 - 8

Micro-roughness [nm] 0.1 -

Emax [V/µm] - 2

d31 [10−12m/V] - -180

Table 1. Main thermomechanical properties of the materials
used in the bimorph mirror.

piezoelectric layer for a given mismatch of CTE; it can
also be regarded as a figure of merit of the bimorph mir-
ror.

Another important figure of merit is provided by the
first natural frequency of the mirror. The natural fre-
quency of a uniform circular plate of radius R and thick-
ness t is given by [11]:

f1 = η
t

R2

√
Y

12(1− ν2)ϱ
(3)

where η depends on the boundary conditions and all the
properties refer to the Si substrate (the influence of the
PZT layer is neglected). The same formula applies to a
plate of hexagonal shape, with another numerical value
of η. The foregoing formula neglects the effect of the
active layer, but it gives a clear idea of the scaling law
of f1 with the size R of the segment: f1 ∼ R−2.

The measured first natural frequency of the segment
developed in this study is f1 = 650 Hz on its magnetic
support, and the measured natural damping is ξ1 =1.4 %
(the computed natural frequency assuming perfect iso-
static supports is f1 = 530 Hz). The main advantage of
the segmented design is that the first natural frequency
of the global AO mirror is that of one segment.

In a previous design [5], the bimorph mirror was man-
ufactured according to a screen printing process devel-
oped at the Fraunhofer Institute IKTS: A 80 µm thick
film array of green PZT was screen printed on a gold
electrode and sintered at 9000C to transform the green
material into ceramics. Although very simple and el-
egant, this process was not found satisfactory because
severe residual stresses were introduced during the cool-
ing after the sintering process, leading to a mirror with a
convex spherical shape which was impossible to correct
with the PZT actuators. To avoid this, it was decided
to glue the PZT array on the wafer at room temper-
ature: A template obtained by 3D printing is used to
place the individual hexagonal patches on an adhesive
tape; this step includes also the positioning of the con-
nection (the three small circular disks in the upper part
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R = 45mm

r = 7.5mm

g = 1.5mm

ground connectors

Fig. 2. Above: Back view of a bimorph Si-PZT mirror seg-
ment after laser cutting (external diameter D = 90 mm).
The PZT patches have been glued on a Aluminum electrode.
Below: array of 7 segments (seen from the back except one
seen from the front).

of Figure 2) to the ground electrode made of a thin layer
of Aluminum deposited on the back of the Si wafer be-
fore gluing. A calibrated quantity of glue (EPO-TEK
301-2, space qualified) is deposited with a dispenser on
the ground electrode with another appropriate template
and the adhesive tape supporting the PZT patches is
applied on the wafer and pressed in contact with the
ground electrode with a fixed weight; a uniform distri-
bution of the contact pressure is warranted by a thick
layer of a soft elastomer between the weight and the ad-
hesive supporting the PZT patches. The system is cured
at room temperature. No shrinkage of the glue has been
observed. The next step of the fabrication consists of
cutting the wafer in the final hexagonal shape with an

magnet
iron

(b)

PZT stack

(c)

magnetic
supportlinear actuator

(Cedrat APA50XS)

(a)

Fig. 3. (a) Magnetic isostatic support with linear position
actuators for the control of tip-tilt-piston motion; the stroke
is 50 µm (b) Detail of the magnetic support. (c) Magnetic
flux density lines from magnetic calculations.

external diameter of D = 90 mm; this is done by laser;
the parameters of the process have been selected in such
a way that the laser cuts only part of the thickness,
the brittle failure of the remaining part guarantees that
the reflecting side of the mirror has excellent precision
and perfectly sharp edges which is almost impossible to
achieve with mechanical dicing. The advantage of us-
ing the laser for the scribe and break process, compared
to the traditional method using a diamond is that the
laser does not apply any mechanical force, which pre-
vents damage to PZT patches, especially at the junc-
tions between the PZTs and the wafer. Figure 2 shows
a view of the back of a mirror segment and an array of
7 segments.

2.B. Isostatic support

The main challenges in the design of the isostatic sup-
port lie in conflicting requirements: (i) The support
must allow thermal differential expansion between the
mirror and its supporting structure; this is usually
achieved with an isostatic mount (cone, groove, flat).
(ii) If the system is to be used as wavefront corrector in
a space telescope, the mirror assembly must withstand
the strong accelerations associated with the space quali-
fication, which requires a strong connection between the
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mirror and its support, and a natural frequency large
enough. (iii) In the final configuration, every segment
must be accurately positioned within the array. This im-
plies that the mounting of the support in its base plate
must compensate for all manufacturing and assembly
tolerances (and this, in spite of significant manufactur-
ing errors in the linear actuators). (iv) The support
must provide a tip-tilt and piston capability of about 50
µm.

The adopted solution is shown in Fig.3; it consists
of APA50XS actuators from CEDRAT and a custom
made magnetic connection with a magnetic force of 5N
(if needed, the in-plane friction forces resulting from the
large magnetic attraction forces may be released by ap-
plying a burst of high frequency voltage excitation to
the linear piezoelectric actuators). Part of the mag-
netic support is attached to the back of the mirror by
means of a double sided tape with high axial strength
and low shear stiffness, in order to minimize the inter-
action with the mirror deformation. The support plate
consists of a sandwich Carbon Fiber Reinforced Plastic
(CFRP) composite plate. Figure 1 shows a view of one
segment mounted in the base plate; all the manufactur-
ing tolerances are compensated at the junction between
the active feet and the support plate.

The wiring has also been given a special attention in
order to minimize the interaction with the deformation
of the mirror. The adopted solution is shown in Figure
1; it includes a central hub which gathers the 80 µm
diameter wires from the various PZT patches and iso-
lates them mechanically from the outside. The segment
weighs 15 g, the feet 18 g, and the support plate 23 g.

3. Single segment experiment

3.A. Initial curvature of the segment

The piezoelectric actuators are supposed to work in
a non-symmetric voltage range [−Vmin, Vmax] with
Vmin ≪ Vmax; if symmetrical positive and negative dis-
placements are expected, it is necessary to apply a bias
voltage close to (Vmax−Vmin)/2, so that the operational
voltage range becomes symmetrical with respect to the
bias. However, once the PZT patches have been glued on
the back of a flat mirror, the application of a bias volt-
age is going to deform the mirror to a spherical shape,
which is unacceptable. The system must be manufac-
tured in such a way that the segment becomes flat after
application of the bias voltage. This has been achieved
by applying the bias voltage during all the duration of
the gluing process as explained in Figure 4. Since the
d31 piezoelectric coefficient is negative, the voltage ap-
plied during the gluing shrinks the PZT patches; when
the voltage is released, the PZT patches tend to return
to their initial position, forcing the wafer to deform and
bend. If a uniform voltage is applied during gluing, the
shape after release is concave and spherical. It is inter-
esting to note that: (i) By choosing the uniform voltage
applied during the curing in the appropriate manner, one
can operate the bimorph mirror at a temperature differ-

Vi
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with a conductive

electrode

PZT patches

Gluing PZTs
under pressure

Application of independent
voltages to the patches

Curing under
pressure

and voltages
Release of

electrical voltages
produces the

mirror static shape

Laser cutting
Final

mirror shape

Fig. 4. Principle of manufacturing the segmented bimorph
mirrors by gluing the PZT patches under voltages. A uni-
form voltage leads to a spherical shape; non uniform voltage
distributions during the gluing process will lead to more elab-
orate mirror shapes.
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Fig. 5. Shape of the segment after gluing the PZT patches
with a voltage of 180V. Cross sections in two orthogonal di-
rections: comparison between numerical predictions (dashed
line) and experiments (full line).
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Fig. 6. Experimental setup. The surface figure is measured using a phase-shift Schlieren NIMO RE2507 wavefront sensor.

ent from the curing temperature. (ii) Using non uniform
voltage distributions during the gluing process will lead
to more elaborate mirror initial shapes and this provides
an elegant way of achieving thin mirrors with free forms
[12]. Using a creep free glue is of course necessary to
the success of the process. Figure 5 shows the shape
obtained after gluing the PZT patches with a constant
voltage of 180 V; the surface figure of the demonstrator
is measured using a high resolution phase-shift Schlieren
NIMO RE2507 wavefront sensor from Lambda-X [13].
The measured shape is in very good agreement with the
numerical predictions which are also shown in the figure.

3.B. Influence functions

The experimental setup is shown in Figure 6; DC-DC
converters transform the input 12 V to the desired value
and send it to the Supertex HV257 Sample and Hold 32
channels high voltage amplifiers (maximum operational
voltage 300 V) activated by a DSP board; the surface
figure is measured with the high resolution phase-shift
Schlieren NIMO RE2507 wavefront sensor [13]. Figure
7 shows various experimental influence functions mea-
sured on an internal pupil of 76 mm and the correspond-
ing numerical predictions by finite element using the
properties given in the data sheet of the PZT patches.
The agreement is quite good.
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-0.04 -0.02 0 0.02 0.04

W [µm]
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2
8

20
IF1IF1

IF2

IF8

IF20

measured

numerical

Fig. 7. Experimental influence functions of 4 different
patches with a voltage of 100 V and comparison of the mir-
ror deflection with numerical predictions in various cross-
sections.
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3.C. Turbulent screen
The second experiment assumes that the segment is part
of a segmented AO mirror with 19 segments (segment #
4 in Figure 8). The target surface has the shape of a sim-
ulated turbulent screen representative of the VLT tele-
scope (also used in [8]); however, in order to reduce the
effect of the noise in the control electronics, the global
amplitude has been magnified by 8.75 to achieve a peak
to valley (PV) of 23 µm, in order to exploit the full dy-
namics of the voltage amplifiers. Figure 9.a shows the
target shape of segment # 4 (rotated by 900 counter-
clockwise as compared to Figure 8) once the rigid body
motion has been removed (the tip-tilt-piston motion is
taken care of by the linear actuators). Figure 9.b shows
the actual shape of the mirror (relative measurement,
because of the low Si wafer surface quality) and Figure
9.c shows the residual surface figure error; most of the
residual error is concentrated near the edges of the seg-
ment. The RMS amplitude of the target surface is 1.24
µm and the RMS residual surface figure error is 0.125
µm (this amounts to 14.3 nm for the actual VLT turbu-
lent screen if one accounts for the magnification of 8.75
mentioned before). Thus

RMS Target

RMS Residue
≃ 10 (4)

in this case. The Voltage map leading to Figure 9.b is
shown in Figure 10.

11.7

0

-11.7

[µm]

y [m]

0.1

0

-0.1

x [m]

-0.2 -0.1 0 0.1 0.2

Segment 4

Fig. 8. Contour lines of the turbulent screen used as target
shape for an array of 19 segments (normalized to a global
PV amplitude of 23 µm to exploit the full dynamics of the
control electronics). The target shape used in the experiment
is the sub-aperture corresponding to segment # 4.

4. Dimples
Figure 11 shows the shape resulting from the applica-
tion of a uniform voltage of 80 V to all the 37 PZT
electrodes. As expected, the shape obtained is very near
a perfect defocus, with a PV amplitude of about 50 µm.
Figure 12 shows the residual surface figure error when

3300

0

-2700

[Nm]

3300

0

-2700

[nm]

400

0

-1000

[nm]

(a)

(b)

(c)

Fig. 9. (a) Target shape of segment # 4 after removing the
rigid body motion (RMS=1.24 µm). (b) Actual deformed
shape of the mirror (relative measurement). (c) Residual
surface figure error (RMS=0.125 µm).

-70

-7.5

55

[V]

Fig. 10. Voltage map leading to the deformed shape of Figure
9.b.
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Fig. 11. Shape obtained by applying a uniform voltage of 80
V to all the 37 electrodes (relative measurement). The shape
is very close to defocus; the high spatial frequency residual
is shown in Figure 12.
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Fig. 12. (a) Residual surface figure error when the first 36
Zernike modes have been removed from the shape of Figure
11. (b) Cross-section of the surface figure error along the
diagonal of the mirror.

W [nm]

0 4.5e-2-4.5e-2

100

0
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r [m]

measurement

plate model

volume model

Fig. 13. Comparison of the measured high frequency sur-
face figure error along the diagonal of the mirror with finite
element predictions (Mindlin plate and volume elements).

the first 36 Zernike modes have been removed from the
shape of Figure 11. The high spatial frequency resid-
ual exhibits dimples which match the actuator array at
the back of the mirror, and troughs associated with the
ground electrodes; Figure 12.b shows a cross section in
the residual surface figure error along the diagonal of the
mirror; the PV amplitude is 250 nm, that is 200 times
smaller than the PV amplitude of the defocus. Figure
13 compares the measured high frequency surface fig-
ure error along the diagonal of the mirror with numeri-
cal predictions with finite elements [14][15]; three mod-
els have been considered: (i) Mindlin plate model with
continuous PZT layer and discontinuous electrodes; (ii)
Mindlin plate with discontinuous PZT layer (and elec-
trodes); (iii) volume elements with discontinuous PZT
layer (and electrodes). The two plate models give iden-
tical results and the volume model gives slightly higher
predictions. The dimples measured experimentally ex-
ceed those predicted numerically by 20 to 30 %.

A parametric study has been conducted numerically
of the influence of the electrode size r and the gap g be-
tween adjacent electrodes, on the amplitude of the dim-
ples. Figure 14.a and b show two different electrode pat-
terns with the same gap and the resulting dimples when
a uniform voltage of 140 V is applied to all electrodes
(both configurations lead to the same global spherical
shape). The results of the parametric study are synthe-
sized in Figure 14.c which shows the amplitude of the
dimples when a uniform voltage is applied to all elec-
trodes; the amplitude is expressed as a fraction of the
global PV amplitude and is therefore independent of the
voltage applied. The dimples amplitude is nearly linear
function of the gap g and of the size r of the electrodes.

The foregoing analysis indicates that the dimples are
inherent to the bimorph actuation rather than being spe-
cific to our study; no global curvature may be obtained
with discontinuous electrodes without producing dim-
ples and numerical simulations indicate that electrodes
of irregular shapes and non uniform gap size tend to
produce larger dimples.
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Fig. 14. (a) and (b) Comparison of the dimples obtained
with two electrode configurations with the same gap between
electrodes. (c) Amplitude of the dimples when a uniform
voltage is applied to all the electrodes, expressed as a fraction
of the global PV amplitude. The dimples amplitude is nearly
linear function of the gap g and of the size r of the electrodes.

5. Conclusion
This paper discusses a concept of light weight seg-
mented bimorph mirror for adaptive optics. The
segment consists of a monocrystal Silicon substrate
actuated by an array of piezoceramic (PZT) actuators
with honeycomb electrodes. The paper focuses on
technological aspects of the segment design which are
critical for space applications and describes a single
segment demonstrator. Its first natural frequency is
f1 = 530 Hz. The morphing capability of the segment
is evaluated experimentally using a sub-aperture of a
turbulent screen representative of the VLT telescope;
the residual RMS surface figure error is reduced by
a factor 10. Finally, the paper discusses the local
deformations (dimples) associated with the shape of
the electrodes acting on the PZT array; numerical
simulations indicate that the dimples amplitude is
nearly linear function of the gap g and of the size r of
the electrodes, and that electrodes of irregular shapes
and non uniform gap size tend to produce larger dimples.
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