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Abstract. We investigate the design of an active support system for the thin primary mirror of a
mid-sized telescope system used for optical satellite communication and space debris observation. To handle the complexity of this task, a general design methodology is proposed. The
design for the axial and lateral support is separated into several subtasks to reduce the number
of design variables in every design step. Due to the independence of mirror geometry and
material, this methodology is also applicable to larger mirrors. Utilizing the proposed procedure,
an active support for a 1-m meniscus mirror with 25 mm thickness and the requirement to
achieve diffraction-limited optical performance is developed. The final system consists of 32
axial and 8 lateral actuators supporting the mirror with a maximal simulated RMS error of
8.8 nm and PV error of 48.0 nm when pointing to zenith. Simulations show that the obtained
design ensures the required performance even under commonly occurring mirror deformations.
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1 Introduction
High-performance telescope systems are used in a wide range of applications such as optical
satellite communication,1 satellite laser ranging,2 and observation of space debris.3 These applications require at least seeing limited imaging quality of the telescope systems.4 Originally,
telescopes were mainly utilized for astronomical purposes, which led to steadily increasing mirror diameters,5 concluding with the construction of the E-ELT with a primary mirror diameter of
39 m.6 The telescopes applied in the above-mentioned research fields are typically in the 1-m
class, depending on factors such as targeted orbits, data rate, and optical resolution.4
Furthermore, quantity, cost efficiency, and mobility are key parameters for the establishment of
optical ground station networks or space debris observation collaborations, resulting in smaller,
compact telescope systems. This includes, for example, NASA’s 1 m Optical Communications
Telescope Laboratory7 and NICT’s IN-orbit and Networked Optical Ground Stations
Experimental Verification Advanced Testbed (INNOVA) with three 1-m telescopes and one
1.5-m telescope for optical satellite communication,8 ESA’s 1-m Optical Ground Station
(OGS)9 for communication and space debris detection, NASA’s 1.3-m Meter-Class Autonomous
Telescope (MCAT)10 for space debris research and the 1-m Accurate Ranging system for
Geodetic Observation Fixed (ARGO-F)11 for satellite laser ranging.
The primary mirrors of these stations are manufactured with sufficient thickness to resist
deformation due to gravitational load. For example, the primary mirror of NASA’s 1.3 m MCAT
has an approximate thickness of 130 mm, which gives it an aspect ratio of 10.12 However, this
measure leads to a large mass of the mirror and consequently large mass and higher cost of
the telescope system since those evolve linearly with the primary mirror thickness.13 Also, the
thermal time constant of the mirror increases, therefore placing the telescope system within a
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controlled facility may be obligated. As a result, the telescope and surrounding infrastructure
lead to major investment costs.14 Also, the local weather effects such as rain, fog, and clouds can
degrade the performance of these systems. Since a network of optical ground stations is one way
to overcome these limitations of optical satellite communication and space debris observation,1
there is a need for lightweight, autonomous, and robust telescope systems.
In order to allow the reduction of the mirror mass without compromising the aperture size and
maintaining the robustness toward environmental influences, large astronomical telescopes use
so-called active optics, first developed for the New Technology Telescope (NTT) of the ESO.15
This approach of an active support structure, especially for the primary mirror, allows a large
reduction of mirror mass since actuators at the mirror’s back are able to compensate for angledependent gravitational deflection of the thinner and more flexible mirror. The smaller thickness
leads to a lower thermal time constant, thus decreasing temperature-dependent imaging quality.
In addition, time, energy, and cost of mirror production are decreased significantly because less
low thermal expansion material is consumed. Also, the requirements regarding surface shape
after polishing are eased since the manufacturing error can be actively compensated.16
Furthermore, the effort of maintaining the telescope is greatly decreased since it can use the
implemented sensors and actuators to maintain itself.15
There are several telescopes used for astronomical purposes that implemented active optics
systems after the NTT. The lightweight primary mirrors applied in these telescopes are either
meniscus or honeycomb mirrors. However, the manufacturing of the honeycomb structure is
more complex and expensive.17 While there are some telescopes with meniscus mirrors above
4 m in diameter,18–23 only few active optics systems have been reported in smaller telescopes, e.g.
the 2.6-m VST,24 the 2.1-m San Pedro Martir,25 and the 1.0-m SONG,26 where the latter two are
not pure meniscus but flat back mirrors. Also, to prove the concept of active optics a prototype
was built where the 3.6-m meniscus mirror of the NTT was downscaled to 1 m in diameter.
However, the lateral support was not considered in this prototype since the mirror axis was
always vertical.27,28
There are excellent descriptions on the design of active optics systems for large telescopes
present in the literature.15,29 However, the requirements imposed on a telescope utilized for the
mentioned applications are quite different from the ones on large telescopes for astronomy. The
possibly large number of telescopes with varying diameters, mirror materials, and optical designs
and therefore different active support systems demand an engineering design process, which
enables quick and reliable trade-off decisions regarding the mirror and support design
parameters.
The main contribution of this paper is to propose a guideline for the engineering design of an
active optics system for the application in telescopes of the meter-class to build lightweight,
robust, cost efficient but high-performance telescope systems to satisfy the demands of current
and future applications such as satellite communication and space debris observation. Active
optics enables the utilization of very thin primary mirrors, significantly reducing the mass of
the telescope system while maintaining robustness against environmental influences and guaranteeing high imaging performance. To the best of the author’s knowledge, this is the first time
the design of an active support is executed in a systematic manner with respect to the requirements demanded from a 1-m telescope system.
The paper is organized as follows. Section 2 provides a brief description of the primary
mirror system. The axial support design as well as the validation of the used finite element
(FE) model is presented in Sec. 3. In Sec. 4 the lateral support system is investigated.
Section 5 presents the performance estimation of the developed system. Finally, the conclusion
and outlook are provided in Sec. 6.

2 System Description
The active support system for the primary mirror inside the telescope is commonly separated into
an axial and a lateral support system as shown in Fig. 1. The primary mirror system consists of
the mirror cell as a mechanical structure to incorporate the actuators, the actuators themselves,
and the primary mirror. This system is located inside a telescope system, see Fig. 2. Also
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Fig. 1 (a) Layout of the primary mirror cell with active optics support. Axial and lateral supports are
controlled by separate control loops, which determine the command signals for the actuators (A).
(b) Front view of the mirror displaying the lateral actuators.

Fig. 2 Exemplary 0.8-m telescope system (AZ800) of ASA Astrosysteme.

depicted is the coordinate system used throughout this paper with the origin located at the primary’s vertex, the z axis coinciding with the optical axis, the y axis coinciding with the mechanical elevation angle, and the x axis determined by the right-hand rule.
The lateral support system as shown in Fig. 1(b) ensures the position in the xy plane, whereas
the axial support system keeps the position in z and the tip/tilt component around x and y, respectively. In addition, the axial actuators are used to control the mirror shape, thus incorporating the
ability to compensate for environmental influences that deflect the mirror surface, such as gravity, temperature, or friction as well as shape inaccuracies after polishing. With a force sensor at
each actuator to control the applied force field for the use of minimum energy modes30 and six
position sensors distributed in the mirror cell to measure all six DOFs, the actuators can be
controlled to compensate for errors that influence the mirror shape as well as errors impacting
the mirror position. This is achieved by applying lateral forces to move the mirror in the xy plane
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Table 1 Material parameters of borosilicate glass and mirror properties.
Parameter

Symbol

Value

Unit

Density

ρ

2.23

g · cm−3

Young’s modulus

E

63

GPa

Thermal expansion

α

3.3 · 10−6

K−1

Poisson’s ratio

ν

0.20

—

Mass

m

40.353

kg

Outer diameter

D

1.0

m

Hole diameter

dh

0.28

m

Thickness

h

0.025

m

RC

4.0

m

Radius of curvature

and specific force distributions axially such that the mirror surface deforms and the whole mirror
holds its position through exerted piston and tip/tilt modes.22 Although the active optics system
presented in this paper is planned to be operated in open-loop after calibration using look-up
tables to compensate for repeatable, gravitational effects, a wavefront sensor is added to the
system in large astronomical telescopes,15 where as of yet all active optics have been implemented, see Fig. 1(a). This way, also nonrepeatable errors on the wavefront are captured during
operation and are compensated in closed-loop operation.
A complete active optics system also implements an actuated secondary mirror since misalignment with respect to the primary mirror causes aberrations, leading to image degradation.
The correct alignment is important especially for wide-field telescopes31 as often used in space
debris observation.32 However, the secondary mirror is neglected here since this paper is solely
concerned about the active primary mirror support.
The primary mirror itself is typically made of borosilicate glass, fused silica, ultralow expansion glass or the glass-ceramic Zerodur. Although borosilicate glass has a larger thermal expansion than the other materials, it is often used since it is formed through casting, is easily finished
by polishing, has good mechanical properties, and is an economical material.17 Usually, the
mirror has a spherical, parabolic, or hyperbolic shape, depending on the kind of telescope it
is used in. While an active axial support is able to control the mirror shape, the mirror also
deforms under self-weight between the discrete actuator locations as shown by the dashed brown
lines in Fig. 1(a). For this reason, it is necessary to design the support accurately by taking this
print through effect into account to fulfill the requirements imposed on the system, in the present
case diffraction-limited performance.
The proposed design methodology can be applied to any meniscus geometry or material. In
this paper, an exemplary mirror with an outer diameter of 1 m, based on the apertures of existing
OGSs, with a central hole of 0.28 m and constant thickness of 25 mm is used. With a mass of
around 40 kg, there is the prospect of building the whole telescope system with a mass of
<500 kg.13 The mirror data as well as the material parameters are depicted in Table 1. The telescope into which the primary mirror is integrated is a Ritchey–Chrétien f/6 with Nasmyth focus.

3 Mirror Modeling and Axial Support Design
The axial supports in active optics systems are usually located in concentric rings at the mirror
back29 since this measure reduces the number of design variables greatly with only small performance degradation as compared to optimizing every support point.33 The axial support design
is a delicate process since a thin meniscus mirror is quite compliant parallel to the optical axis. It
is assumed that the mirror used to carry out the proposed design method needs to achieve diffraction-limited performance. Using the criterion of Maréchal,34 the RMS deviation of the
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deformed wavefront to the reference should not exceed λ∕14. In addition, the peak-valley (PV)
error should be below λ∕4 for the whole wavefront. These limits are narrowed to account for
further error sources, such as high-frequent spatial errors in the mirror surface, and are adapted
to represent limits for surface deformation, i.e., λ∕30 and λ∕10, respectively. This corresponds
to 17-nm RMS and 51-nm PV when green light in the middle of the visible spectrum is
considered.

3.1 Thin Plate Theory
The utilization of flat circular plate deflection is a valuable estimation for the determination of the
number of support rings and serves well as initial values for subsequent FEA.13 Nelson et al.33
determined expressions for thin plate deformation on an axial support, however, they do not
include a central hole. This underestimates the support radii that yield the mirror surface deflection with minimal RMS when the mirror in fact has a central hole. For this reason, the hole is
implemented using the governing equation for circular plate deflection




1 d
d 1 d
dw
q
(1)
r
r
¼− ;
r dr
dr r dr
dr
D
EQ-TARGET;temp:intralink-;e001;116;555

where w is the surface deflection and D is the flexural rigidity
EQ-TARGET;temp:intralink-;e002;116;498

D¼

Eh3
;
12ð1 − ν2 Þ

(2)

with Young’s modulus E, mirror thickness h, and Poisson’s ratio ν. The distributed load q is
determined by the mirror weight and area, i.e.,
q¼

EQ-TARGET;temp:intralink-;e003;116;428

P
;
πðr2o − r2i Þ

(3)

where P is the mirror weight, ro and ri are the outer and inner mirror radius, respectively.
Substituting Eqs. (2) and (3) into Eq. (1) and integrating four times yields
wðrÞ ¼ −

EQ-TARGET;temp:intralink-;e004;116;360

Pr4
r2
r2
þ C1 ½lnðrÞ − 1 þ C2 þ C3 lnðrÞ þ C4 :
2
2
4
4
64πDðro − ri Þ

(4)

Rearranging the terms, renaming the constants and normalizing the independent variable
leads to


Pr2
ρ4
ρ2
ρ2
(5)
wðρÞ ¼ − o
þ A ½lnðρÞ − 1 þ B þ C lnðρÞ þ F :
2
8πD 8ð1 − ξ Þ
4
4
EQ-TARGET;temp:intralink-;e005;116;289

The terms within the parentheses are dimensionless and support-dependent, the first term is a
scaling parameter with dimension of length.35 The variable ρ is the normalized radius and ξ is the
normalized hole radius. When the mirror is supported at a ring of radius b ¼ βro , there are in
total eight constants Ai , Bi , Ci , Fi and Ao , Bo , Co , Fo for the region inside and outside the
support ring to be determined. The boundary conditions are
wo ðρÞ ¼ 0

EQ-TARGET;temp:intralink-;e006;116;184

at ρ ¼ 1;

(6)

wi ðρÞ ¼ wo ðρÞ at ρ ¼ β;

(7)

EQ-TARGET;temp:intralink-;e007;116;141

EQ-TARGET;temp:intralink-;e008;116;119

EQ-TARGET;temp:intralink-;e009;116;84

J. Astron. Telesc. Instrum. Syst.

dwi ðρÞ dwo ðρÞ
¼
dρ
dρ

d2 wi ðρÞ d2 wo ðρÞ
¼
dρ2
dρ2
049002-5

at ρ ¼ β;

(8)

at ρ ¼ β;

(9)

Oct–Dec 2020

•

Vol. 6(4)

Published version of the article: Christian Schwaer, Andreas Sinn, Philipp Keller, and Georg Schitter, ”Design
methodology to develop an active optics system for a thin 1-m meniscus mirror”, Journal of Astronomical Telescopes,
Instruments, and Systems, Vol. 6(4) 2020. DOI: 10.1117/1.JATIS.6.4.049002
c 2020 Society of Photo-Optical Instrumentation Engineers (SPIE). One print or electronic copy may be made for
personal use only. Systematic reproduction and distribution, duplication of any material in this publication for a fee or for
commercial purposes, and modification of the contents of the publication are prohibited.

Published version (generated on 03.12.2020)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Schwaer et al.: Design methodology to develop an active optics system for a thin 1-m meniscus mirror

1 dwi ðρÞ 1 d2 wi ðρÞ d3 wi ðρÞ
þ
þ
¼0
ρ dρ2
ρ2 dρ
dρ3

at ρ ¼ ξ;

(10)

1 dwo ðρÞ 1 d2 wo ðρÞ d3 wo ðρÞ
þ
þ
¼0
ρ dρ2
ρ2 dρ
dρ3

at ρ ¼ 1;

(11)

−

EQ-TARGET;temp:intralink-;e010;116;723

−

EQ-TARGET;temp:intralink-;e011;116;687

d2 wi ðρÞ ν dwi ðρÞ
¼0
þ
ρ dρ
dρ2

at ρ ¼ ξ;

(12)

d2 wo ðρÞ ν dwo ðρÞ
¼0
þ
ρ dρ
dρ2

at ρ ¼ 1:

(13)

EQ-TARGET;temp:intralink-;e012;116;651

EQ-TARGET;temp:intralink-;e013;116;615

Equations (10) and (11) ensure zero shear while Eqs. (12) and (13) ensure zero moment at the
hole and the outer edge, respectively.
For the purpose of including the ability to remove spherical aberration by the support system
since this aberration arises especially with mirrors made of material that has no extremely low
thermal expansion coefficient such as the chosen borosilicate glass, it is required to support the
mirror on at least three concentric rings.36 Therefore, the analysis using the derived equations is
started with an initial number of three rings. The aim is to find the support radii that minimize the
RMS error of the surface deflection. Since Eq. (5) describes the deflection on one ring, the
deflection on more than one ring is determined by superposition. The computational effort for
this calculation is quite low, for this reason the whole solution space is investigated with a resolution of βres ¼ 1 · 10−4 which is equivalent to 0.05 mm. It is not reasonable to further decrease
the resolution since it gets into the range of manufacturing and assembly tolerances. Since the
RMS and PV error are 2.0 and 9.2 nm, respectively, the performance on three rings is already
below the requirements. For this reason, the support design is continued using three rings. The
normalized radii for minimal RMS on three support rings with a central hole are depicted in the
first row of Table 3. It is notable that although the analytic expressions yield a good estimate it is
still necessary to further investigate the mirror since a small deviation can significantly decrease
the support performance.33

3.2 Finite Element Analysis
In order to fully define the axial support system, the location and number of supports have to be
determined to meet the requirements regarding RMS and PV surface deflection under the mirror’s own weight. For the FEA, the engineering software Ansys v.19.1 (Ansys Inc., Canonsburg,
Pennsylvania) is used. The FE model of the mirror consists of 86,690 elements and 140,556
nodes in three layers along the mirror thickness. The determination of the axial support system
is a three-step process to keep the design process simple by reducing the number of design
parameters in every step, thus decreasing the complexity as well as the computational effort.
In the first step, the mirror has a fixed support in axial direction on continuous rings and the
aim is to find the ring radii that minimize the RMS error. These radii are used in the second step
where the fixed support is replaced by applying line pressures to the mirror that hold it in equilibrium. The line pressures are adapted to achieve the same goal as in the first step. The last step
consists of finding the minimum number of actuators in each ring to meet the imposed requirements. An overview of the design variables and the objective in every step is given in Table 2.
The optimization of the ring radii is executed as follows. A third degree polynomial is fitted
to a radial slice of the surface deflection in a least-squares sense with the objective to minimize
the standard deviation of the difference between the fitted polynomial and a flat radial slice. The
slope of the polynomial at the radii is used to determine the radii for the next iteration. The
optimization is terminated when the difference between old and new normalized radii
βdiff ≤ 1 · 10−4 . For the line pressures, a second degree polynomial is used with the additional
constraint that the sum of the weight fractions needs to be equal to one. The process is terminated
if the weight fraction difference ξdiff ≤ 1 · 10−4 .
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Table 2 Steps to determine axial support design.
Design parameters

Objective

First step

Ring radii

RMS minimization

Second step

Line pressures

RMS minimization

Third step

Number of supports

RMS < λ∕30 and PV < λ∕10

Fig. 3 Constraints in first design step. The mirror is fixed in z axis at the continuous rings (blue
circles), as well as fixed in x and y at vertices of the hole (red and green dots, respectively).

Note that the axial support design is obtained for the mirror in horizontal position, i.e., pointing to zenith where the whole weight of the mirror is taken by the axial support, which is the
worst case scenario.
In the first step, the ring radii obtained in Sec. 3.1 are used as initial values for the parametric
FEA and are considered fixed in the direction of the optical axis z. Additional constraints are
introduced to prevent rigid body motion, see Fig. 3.
A comparison between the initial FEA deflection when the mirror is supported at the radii
given by the analytical solution and the deflection after the parametric FEA is given in Fig. 4(a)
and the normalized support radii in the second row of Table 3. It is notable that the maximal
relative error between analytical solution and FEA is 3.1%, showing the validity of the thin plate
theory to determine initial values for the subsequent FEA.
In the second step, the fixed supports in the z axis are replaced by line pressures to keep the
mirror in its equilibrium. To determine initial values of the line pressures, the weight fraction
taken by each ring is calculated using the approximation of a flat circular plate, i.e.,
ξi ¼

EQ-TARGET;temp:intralink-;e014;116;163

mi
mmirror

¼

πðr2m;i − r2m;i−1 Þ β2m;i − β2m;i−1
ρhAi
¼
;
¼ 2
ρhAmirror
1 − β2hole
πðr2m;3 − r2m;0 Þ

i ¼ 1;2; 3;

(14)

where βm;i is the arithmetic mean normalized radius of the i’th and ði þ 1Þ’th ring, and
βm;0 ¼ βhole , βm;3 ¼ 1. This yields the weight fractions shown in the first row of Table 4.
The corresponding line pressures, which are calculated by the mirror weight and circumferences
of the rings, are also displayed.
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(a)

(b)

Fig. 4 (a) Comparison between initial FEA surface deflection with supports at radii given by analytical solution (red) and deflection after parametric FEA (blue). The dashed vertical lines indicate
the locations of the support rings. (b) Comparison between deflection with initial line pressures
(red) and deflection after parametric FEA (blue).

Table 3 Normalized ring radii determined by thin plate theory and FEA.
β1

β2

β3

Thin plate theory

0.4078

0.6698

0.9096

FEA

0.3955

0.6497

0.9009

Table 4 Weight fractions and line pressures at support rings.
ξ1

ξ2

ξ3

p 1 in N/m

p 2 in N/m

p 3 in N/m

Initial

0.2113

0.3559

0.4328

67.29

69.00

60.52

After FEA

0.2056

0.3569

0.4375

65.49

69.20

61.17

The comparison between the surface deflection before and after the line pressure optimization is shown in Fig. 4(b). It is clearly visible that the initial weight fractions determined by
Eq. (14) lead to an undesirable surface deflection. After improving these as shown in the second
row of Table 4, the RMS deflection is 2.0 nm and the PV is 6.5 nm, which equals the error
obtained in the first design step. A comparison between the surface deflection after the first
and second optimization step is shown in Fig. 5. It is obvious that the deflection is very similar
after removing the piston term from the fixed support deflection. It is also notable that the analysis in Sec. 3.1 yields a good approximation for the errors to be expected after line pressure
optimization, especially for the RMS error.
After determining the ring radii as well as the line pressures, the third design step consists of
finding the number of supports in each ring. There are analytical investigations regarding the
number and position of flat33 and curved lightweight35 mirrors. However, these analyses are more
concerned on finding the optimal distribution of a specific number of supports than finding the
support design, which achieves a necessary performance for a given mirror. Several telescopes
with meniscus mirrors in various sizes that implement an active optic system choose the number
of support points per ring as a multiple of three, which allows the placement of three fixed points
instead of active supports at 120° (in a threefold symmetry). While this is a simple method to
determine the number of supports and achieves good results,26,37,38 it leads to uneven spacing of
the support points among the rings, leaving the possibility for improvement.
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Fig. 5 Comparison between the deflection after the end of step one and step two of the FEA
support design process.

The fixed points in the support with threefold symmetry are usually mechanically stiff components with sensors29 used for position control, to take the net force and moment caused by
force errors in the active support24 or from disturbances beyond the bandwidth of the position
control loop.39 Another possibility is the use of hydraulic or pneumatic systems that are connected in sectors, thus acting as virtual fixed points.29 However, the utilization of hydraulic or
pneumatic virtual fixed points increases system complexity and replacing the active supports by
real fixed points at angular separations of 120° produces a tilt for rotational symmetries other
than 0 and 3.24,29 To overcome these limitations, the use of optical sensors for the determination
of piston, tip, and tilt is proposed with a position control loop that introduces stiffness by means
of control to reject position disturbances on the system.40,41 The optical position sensors and a
feedback loop to the actuators enable virtual fixed points with the aim to keep the mirror position
constant with respect to the mirror cell. With a sufficiently large closed-loop bandwidth, positional errors can be quickly shared across all supports22 and the necessary balancing force field is
assumed to have negligible effect on the mirror surface. Furthermore, the axial sensors can be
placed where the determination of tip/tilt is most precise, i.e., at the outer edge of the mirror.
Also, the effort for integration and alignment is decreased compared to physical definers.
For these reasons, the constraint of threefold symmetry is not considered during the optimization of the number of supports in each ring. To generalize the approach to obtain these,
it is assumed that an azimuthal distance between the supports similar to the radial ones limits
the deflection degradation to a specific degree, thus providing a good benchmark for further
analysis.37
The radii and line pressures obtained in the first two steps are used for this analysis. It is
carried out as follows:
1. The mean distance drad between the three rings is calculated.
2. The number of support points is chosen such that the azimuthal distance between the
points in each ring is equal to the mean radial distance
ζ ¼ drad ∕daz ≈ 1;

(15)

EQ-TARGET;temp:intralink-;e015;116;168

since the number of course has to be rounded to integers.
3. The parameter ζ is varied. The number of supports in the ring is chosen such that the
azimuthal distance in each ring comes closest to the mean azimuthal distance, which
is given by Eq. (15).
4. The RMS and PV deflection are obtained for several ζ and normalized by RMS and PV for
the case of continuous rings.
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Fig. 6 Deflection degradation over ζ. The crosses show the degradation in the case of using a
threefold symmetry with 6, 12, and 18 supports in three rings while the asterisks display it in the
case of using a more evenly distributed design with 7, 12, and 17 supports. The red circles indicate
the allowed degradation for the 1-m mirror used in this paper.

The FE model used for the analysis of the surface deflection on support points consists of
forces applied to the mirror back located according to the ring radii and the number of supports
per ring, which depend on ζ. The force magnitude is then determined by relating the according
ring line pressure to the number of supports.
This analysis yields a relation between the displacement of the surface and deviation of
azimuthal distance from radial distance. The result is shown in Fig. 6. It shows that there is
a hyperbolic relation between RMS and PV deflection over ζ, where the PV degrades faster
than the RMS, as is expected when a transition from continuous rings to discrete support points
is performed. The crosses in Fig. 6 show the RMS and PV error of the meniscus when conventional distribution in threefold symmetry of 36 supports is used. It is clearly visible that it is
beneficial when a more evenly distribution is applied, shown as asterisks.
Since the deflection is normalized by the deflection obtained on continuous rings and the
number of supports in each ring is related to the ring distance, the relation shown in Fig. 6 should
also be applicable to other meniscus mirrors with different geometries, materials, and number of
rings. For example, the mirror shown in Ref. 13 has a similar geometry but is made of fused silica
and supported by 8 and 16 points in two rings. The RMS deflection on continuous rings is 8.9 nm
and PV is 31 nm. The point support design is equivalent to ζ ¼ 1.12, which yields an expected
RMS of 10.7 nm and PV of 52.4 nm, whereas the FEA executed in Ref. 13 obtains 10.9
and 54 nm.
This relation is an important asset for designing a support system since the number of supports can be immediately determined after the ring support with its performance is obtained and
the degradation factor is calculated with the RMS and PV requirements for the specific mirror. In
the present case, with an RMS error of 2 nm and PV of 6.5 nm on continuous rings, the degradation factors to achieve diffraction-limited performance are 8.5 and 7.8, respectively. For this
reason, ζ should be larger than 0.65, which yields daz ≈ 194 mm and therefore, dividing the sum
of the three ring circumferences by daz, 32 support points with 6, 11, and 15 supports from inner
to outer ring, see red circles in Fig. 6.
The simulation result of the deflection on the 32 point support is shown in Fig. 7. The resulting RMS error of the displacement is 8.7 nm and the PV error is 42.4 nm. As also done in the
analysis conducted above, the first actuator in each ring is located on the positive x axis for
simplicity. The investigation of this additional DOF is beyond the scope of this paper.

3.3 Model Validation
To show the validity of the utilized FE model, the simulation result of an 800-mm flat back
mirror is compared to interferometric measurements. The interferometer operates at a wavelength of λ ¼ 633 nm. The mirror and support specifications are shown in Table 5.
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Fig. 7 Simulated surface displacement in meter on 32 support points.

After polishing, the mirror surface shape is never as perfect as the modeled one. For this
reason, the measurement is executed as follows. First, the mirror is supported by three support
points and the surface deformation is acquired. Second, the mirror is placed on an 18-point
support and the deformation is measured again. It is assumed that the influence of an 18-point
support on the surface of a mirror with the specifications shown in Table 5 is quite small, and
only the modes that are polished into the mirror are visible. Afterward, the deformation on the 18
supports is subtracted from the three-point support deformation to obtain the deformation that is
ideally only influenced by the support. Hereafter, the result of this subtraction is used as reference measurement data for three support points.

Table 5 Material parameters of fused silica, flat back mirror, and support data used for model
validation.
Parameter

Symbol

Value

Unit

Density

ρ

2.2

g · cm−3

Young’s modulus

E

74

GPa

Poisson’s ratio

ν

0.17

—

Mass

m

82.16

kg

Outer diameter

do

825

mm

Hole diameter

di

231

mm

h

86

mm

Radius of curvature

Edge thickness

RC

3994

mm

Number of supports

NS

3

—

Support diameter

dS

504.3

mm

Angular spacing

θS

120

deg
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The interferometric measurement is acquired with a spatial sampling of 1.6 mm, and the FE
model is adapted to have approximately the same spatial sampling at the mirror surface. The
obtained data from measurement and simulation are imported to MATLAB where the Zernike
coefficients of the first 80 circular Zernike polynomials42 are determined by fitting it to the data
in a least-squares-sense. The RMS error between the original and the fitted surface is calculated
with
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
(16)
RMSfit ¼ t
ðS − S^ i Þ2 ;
N i¼1 i
EQ-TARGET;temp:intralink-;e016;116;663

which yields 5.0 nm for the measurement and 2.6 nm for the simulation. The reason for the larger
fitting error in the case of the measurement are high spatial frequency deformations in the mirror
surface. Although it was tried to subtract the deformations that are inherent to the mirror surface,
there is still a remaining influence if a finite number of support points is used. A plot of the
difference between the raw measurement data and the Zernike fit is shown in Fig. 8, showing
these deformations with high spatial frequency.
The obtained Zernike coefficients for measurement and simulation are shown in Fig. 9. Note
that the large difference in defocus, i.e., mode 4, exists because defocus is always indeterminate
in interferometric measurements due to the dependence on the interferometer focus. This mode
was already removed during measurement and has to subtracted from the simulation data to
make them comparable. In addition, piston (mode 0) that arises from the FE model constraints
also needs to be subtracted from the simulation data for comparability. There is also a vertical
trefoil (mode 6) present in the measurement, which is not expected for a three-point support. The
raw data of the deformation on the three-point support also show this mode with approximately
the same Zernike coefficient and are therefore assumed to stem from placing the mirror not
perfectly centric on the support. For this reason, this mode is also removed for the next steps.
In the following, the Zernike fits of measurement and simulation are considered. Figure 10
shows a comparison of the measured and simulated data. In Fig. 10(a), the surface fit to the
measurement is displayed. The fit to the FEA data with removed piston, defocus, and vertical
trefoil is shown in Fig. 10(b). The difference between measurement and simulation with an RMS
error of 10.9 nm is shown in Fig. 10(c).
Besides the already mentioned modes, there are other modes in the real mirror that are captured by the Zernike fit, e.g., astigmatism (mode 5) as well as modes 17 and 18 as shown in Fig. 9
that are not present in the simulation. The astigmatism mode, which is most easily excited in
meniscus mirrors as shown in Sec. 5.2, is also visible in Fig. 10(c) and might originate in small

Fig. 8 Difference of surface deformation between measurement data and corresponding Zernike
fit.
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Fig. 9 Zernike coefficients for the measured and simulated data. Note that defocus (mode 4) was
already removed during measurement because of the dependence on the interferometer focus.

Fig. 10 Comparison between measurement and simulation. (a) Zernike fit to interferometer measurement data. (b) Zernike fit to FEA simulation. (c) Difference between measurement and
simulation.

force imbalances of the support structure. The higher order modes might also stem from the
asymmetry in the support as assumed for the large difference at the mirror hole and from fitting
to the imperfectly removed higher spatial frequencies as shown in Fig. 8. This is especially
visible in the differences at the outer edge where only a part of the polishing head covers the
mirror surface.
In conclusion, an RMS error of 10.9 nm (81.9 PV) demonstrates sufficient agreement
between simulation and measurement, showing that the utilized FE model can be safely applied
for designing the mirror support.

4 Lateral Support Design
The former sections deal with the axial support design based on the mirror pointing to zenith. As
soon as the gravity vector does not coincide with the optical axis anymore, a part of the mirror
weight needs to be taken by lateral forces.
As with the axial support, the lateral support is designed for the worst case scenario: with the
mirror pointing to horizon. Schwesinger43 investigated a lateral support for meniscus mirrors
depending on a parameter γ with
γ¼

EQ-TARGET;temp:intralink-;e017;116;149

Ft
;
Fr þ Ft

(17)

where Fr and Ft are the radial and tangential forces, respectively. The parameter γ therefore gives
the contribution of tangential shearing forces to the weight support, i.e., it determines the amplitude and angle of the lateral force vectors depending on the azimuthal angle of the force application point counted from the direction of the x axis in Fig. 7. While telescopes built in the 1970s
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and early 1980s such as the 4-m KPNO and the MPG/ESO 2.2 m telescope implement the special case γ ¼ 0,43 i.e., the mirror is supported only by forces normal to the mirror edge, the first
telescope with active optics has a lateral support with γ ¼ 0.5.44 Since γ has a large influence on
the surface deflection caused by the lateral support45 and it was shown that supports with γ > 0.5
can be beneficial for minimizing surface deflection, more recently built telescopes18,21,37 have
varying values of γ, depending on the mirror geometry. Also, the values of γ > 0.8 are considered to be beyond the useful range.43
An important issue to consider when supporting thin meniscus mirrors laterally is the resulting moment that arises if the mirror cannot be supported under its center of gravity as soon as it
leaves zenith position (c.f. difference between point of lateral force application and center of
gravity in Fig. 1). It is usually counteracted by axial forces in cosine distribution at the mirror
edge to maintain the meniscus mirror in its static equilibrium.43
In order to investigate the impact of the support number and the parameter γ on the surface
deflection, a parametric FEA is executed. The FE mirror model is the same as used for the axial
support design. A mechanical component was added to satisfy the need for an interface, which
enables the application of lateral push-pull forces that are not orthogonal to the outer mirror edge.
In the simulation, the mechanical component is bonded to the mirror edge since it is going to be
glued to the glass mirror. The FEs of these interfaces are given a maximum edge length of 5 mm,
which yields an element number of 907 with 1798 nodes. A force applied to one of the interfaces
is shown in Fig. 11. As a starting point, the lower limit of the number of supports is chosen such
that the stress induced by supporting the mirror with γ ¼ 0.5 is below the limit of the material, in
this case six supports. They are distributed with equal angular distance at the mid-edge of the
mirror, although there are investigations with varying application point along the edge, which
can extend the proposed methodology for extremely high-performance mirrors.45,46 Then, γ is
varied with a resolution of γ res ¼ 10−2 to minimize the RMS deflection. This analysis is repeated
several times with the number of supports increased by two after every iteration.
The value of γ for minimal RMS over the number of supports as well as the factor of improvement related to the standard support with γ ¼ 0.5 are shown in Fig. 12. It is visible that γ is
almost independent of the number of supports, the small deviation between different support
numbers can be explained by the rather coarse resolution. This offers a great possibility for the

Fig. 11 Force applied to the mechanical component bonded to the outer mirror edge.
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Fig. 12 Support parameter γ and RMS improvement related to standard lateral support design
over the number of support points.

design approach: γ can be found by analyzing the surface deflection on a small number of supports and can then be kept constant while increasing the number of supports until the requirements are met. Further improvements can then be achieved by varying γ with better resolution
around the previously obtained value. Note that γ strongly relates to the forces applied to the
mirror, therefore the resolution needs to be chosen such that the support is able to provide those.
A further observation is that designs with larger numbers of support points benefit more when
γ is increased, which is an important factor for designing mirrors with high imaging
requirements.
When determining the number of lateral supports, two additional considerations other than
RMS and PV error have to be taken into account. First, the analysis is executed in the worst case
scenario when the telescope is pointing to horizon while the usual operation is up to a zenith
angle of 75° or 15° above horizon, respectively. Second, the PVq (Q ¼ 99%) error is considered,
i.e., 1% of the sampling points containing the largest values are neglected since the maximum
deformations right at the mirror edge do not significantly contribute to overall introduction of
aberrations. In the present case, the meniscus mirror is already sufficiently supported by eight
lateral supports with an RMS error of 2.5 nm, a PVq error of 21.0 nm, and γ ¼ 0.70 where γ was
obtained for a number of six supports, making use of the relation shown in Fig. 12.
The support is further improved by analyzing γ around the former obtained value with a
resolution of γ res ¼ 2 · 10−3 . For comparison, the corresponding force change in direction collinear to the gravity vector is FΔx ≈ 0.14 N. This analysis yields an RMS deviation of 2.3 nm and
PVq error of 21.3 nm for γ ¼ 0.704. The force application points and directions of the designed
support and the surface deflection are shown in Fig. 13. It is clearly visible that the largest deflections occur on a small area at the mirror edge where the forces are applied. The mechanical
component interfacing the mirror and the support force is made of aluminum.

5 Performance Estimation of Complete Support
The support designed in Secs. 3 and 4 is able to passively support the mirror in its extreme
angles, i.e., pointing to zenith and horizon, respectively. When the telescope is positioned at
an angle in between, lateral and axial support have to work together to maintain the mirror
in its equilibrium. Furthermore, the axial support is investigated regarding its ability to compensate for errors that induce surface deformations.

5.1 Passive Support
In order to predict the possible performance of the obtained active support, the mirror’s angle
with respect to the gravity vector is varied. The initial step is with the mirror pointing to zenith,
afterward the zenith angle θz is increased by steps of 15° while the axial and lateral support forces
are adapted by cosðθz Þ and sinðθz Þ, respectively.
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Fig. 13 The obtained lateral force directions in the x y plane and the resulting surface displacement when pointing to horizon.

The results of the deflection depending on θz are shown in Table 6. It clearly shows that the
largest errors occur when the mirror’s total weight is taken by the axial supports due to its compliance parallel to the optical axis and the deformations concentrating at the edge in a smaller
area with increasing zenith angle. Note that the RMS error for θz ¼ 0 is slightly larger than stated
in Sec. 3.2 due to the additional weight of the mechanical components for the lateral actuators.
The PV error increases to 48.0 nm when pointing to zenith, which is still within the requirement.

5.2 Active Support
In order to obtain the combination of forces that yield any desired surface deformation, the effect
of each actuator on the mirror figure, the influence function of this actuator, needs to be determined. The problem can then be described as
EQ-TARGET;temp:intralink-;e018;116;273

Af ¼ w;

(18)

Table 6 RMS, PVq, and PV errors in nm for different zenith angles.
θz in deg

RMS

PVq

PV

0

8.8

38.8

48.0

15

8.6

38.5

47.3

30

7.9

36.3

47.9

45

6.6

32.1

45.2

60

5.0

27.4

42.4

75

3.3

22.9

39.6

90

2.3

21.3

40.5
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where f is a row vector of the actuator forces, w is a row vector of the surface deflections, and A
is the mapping matrix that comprises the influence functions that map the forces to deflections.
Each column j of the matrix A gives the influence function for a unit force at actuator j.
The influence functions are determined by applying a unit force to one actuator and obtaining
the resulting surface deflection.39,47 This of course results in a net force and moment, which
cause the mirror to leave its equilibrium. For this reason, the forces of all other actuators are
adapted in proportion to their nominal force to cancel the net force and in proportion to their
distance to the corresponding axis of rotation to cancel the net moment. Because of the mirror’s
small thickness and resulting print-through of the supports, the mirror surface is spatially
sampled at 15 mm, which results in 16,871 rows for A and w. The force vector f has of course
as many elements as there are axial supports, i.e., 32.
In order to solve Eq. (18) for f, singular value decomposition (SVD) is used.48 In the overdetermined case where the number of sampling points is larger than the number of actuators, the
M × N matrix A can be written as
A ¼ USVT ;

(19)

EQ-TARGET;temp:intralink-;e019;116;568

where U is an M × N column-orthogonal matrix, S is an N × N diagonal matrix containing
the singular values, and V is an orthogonal N × N matrix. In the present case, U represents the
orthogonal displacement vectors or bending modes, V is the orthogonal force vectors of the
actuators, and S is the mode strengths that give the ratio of RMS surface deflection to RMS
actuator force.49
The SVD offers the advantage that the modes used for the solution can be chosen freely.
Ignoring some higher order bending modes with small amplitudes is often beneficial for two
reasons. First, the low order bending modes are more easily excited than the higher order ones,
which means their occurrence after polishing or due to force errors and misalignment is more
likely. Second, the large forces required for the correction of high-order modes might leak into
low-order modes.39
The first 16 modes except for mode 3 (defocus) of the mirror along with the denomination of
the Zernike modes similar to the eigen modes24,30 are shown in Fig. 14. Defocus is not compensated by the primary mirror support but by motion of the secondary mirror. Note that of the
first 16 modes all except for modes 3 and 16 come in pairs and only one component of each pair
is depicted.
The maximum RMS deformations, based on experienced values in mirror and telescope production, of each mode for the 1-m primary due to force differences between polishing and telescope support, gravity, thermo-elastic effects, alignment, and integration errors are displayed as
red bars in Fig. 15. The correction capability of the support system is determined as follows.
With an RMS error of 8.8 nm on the passive support, the maximum RMS error for a general
deformation needs to be <14.5 nm to achieve diffraction-limited performance of 17-nm RMS.
This means that the average RMS error over all 15 modes needs to be <3.7 nm. The force resolution of the actuators is set to Fres ¼ 5 mN since this is the calibration force needed in the outer

Fig. 14 Eigen modes used for active correction of the mirror. Mode 3 is compensated by motion of
the secondary mirror along the optical axis. Only one component of each mode pair is shown.
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Fig. 15 The expected RMS deformations of each mode are shown as red bars, the blue bars
depict the residual RMS error after actuating each mode with the axial support. The dashed line
shows the residual error limit of 3.7 nm.

ring for 3.7 nm aberration coefficient in the first two modes. Based on this, the mirror is
deformed in the specified modes while pointing to zenith, i.e., with the largest nominal axial
forces.
The residual errors between the target modes and the corresponding eigen modes after
correction of each individual mode are shown as blue bars in Fig. 15. The error in each mode
is below the limit, displayed as dashed black line, except for modes 14 and 15. The azimuthal
order of these modes determines the number of occurring peaks and valleys, which are coming
close to the number of supports in the outer ring; therefore, a symmetry mismatch between
the modes and the support system impacts the correction performance significantly. Note that
the zenith-dependent deformation displayed in Fig. 7 is subtracted when determining the corrected RMS.
The correction performance of the system for a general deformation can be obtained by the
performance of each mode. Therefore, the general deformation is composed of a combination of
the eigen modes
ψ gen ¼

16
X

EQ-TARGET;temp:intralink-;e020;116;294

λk ψ m;k ;

(20)

k¼1

where ψ gen is the composed deformation, ψ m is the single mode with RMS deformation specified
in Fig. 15, and λ is a coefficient with a value of −1 or 1.50
In the worst case scenario, the mirror has to correct all modes at their maximum amplitudes in
the same direction, i.e., with λ ¼ 1 in every mode. The such-composed deformation is shown in
Fig. 16(a). The simulated deformation for this case is shown in Fig. 16(b). Even in this worst case
scenario, the residual RMS error is 10.9 nm and thus below the specified 14.5 nm for a general
deformation as shown in Fig. 16(c). The PV error of the residual is 50.3 nm, thus also below the
requirement. Note that the deformation induced by the support points is neglected in this analysis
since the mirror is polished on an identical support system before transferring it into the mirror
cell, thus reducing the zenith pointing surface deformation.21
These results verify the suitability of the proposed methodical approach to design a system
for mirror support based on the seeing-limited requirements of 17-nm RMS and 51-nm PV error
as well as maintaining this performance under worst-case mirror deformation of 192-nm RMS
and 912-nm PV by active compensation.
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Fig. 16 Correction of a general deformation: (a) mirror deformation composed of every mode with
maximum deformation. (b) Resulting mirror deformation obtained by FEA. (c) Residual error
between composed deformation and simulation result.

6 Conclusion
The design of a primary mirror support system for a small telescope is proposed. This approach
allows for creating an active support system for meniscus mirrors, independent from geometry or
material, which makes it also applicable for larger mirrors. The design methodology is based on
FEA with a single design parameter in every step to reduce computational complexity. Thin plate
theory is used to obtain initial values for the subsequent FEA. The FE model consists of a floating model, which is kept in its equilibrium by axial and lateral forces. The design approach is
conceived such that the minimal number of support points, and thus actuators, are obtained to
meet the requirements imposed on the telescope system. An exemplary 1-m meniscus with
25 mm thickness is supported by 32 axial and eight lateral actuators to obtain a maximal
RMS error of 8.8 nm and a PV error of 48.0 nm on the passive support. Further simulations
show that the determined design is able to actuate the elastic modes of the mirror to compensate
for commonly occurring deformations with diffraction-limited performance. To show the validity of the applied FE model, it is compared to a measurement of a 0.8-m flat back mirror with
very good agreement.
The contents of this paper enable straightforward estimations on how the support changes
with varying mirror thickness and material, thus enabling trade-off decisions among various
parameters. For example, increasing the mirror thickness by 25%, the RMS error determined
by thin plate theory is 1.3 nm. To achieve the same RMS error as on the 32-point support, the
number of actuators can be decreased to 28. Decreasing the thickness by 25% gives an approximated RMS error of 3.5 nm and therefore a total number of 46 supports for the same performance. If the thickness is decreased by 50%, the calculated RMS error is 8 nm, i.e., the number
of supports in each ring for the same performance as with the initial thickness has to be increased
beyond the level where adding more support points significantly improves the optical quality and
the addition of a fourth ring should be considered.
Building on the obtained results, future work will focus on the construction of the determined
active optics system including the mirror and integrating this into a telescope system. For this, a
suitable actuator to meet the requirements is currently under development with the aim to achieve
high modularity. This ensures the flexible applicability to different mirrors and support designs,
i.e., passive support forces and precision demands. Furthermore, the proposed methodology will
be investigated regarding an additional step in the axial support design, which optimizes each
actuator force to achieve even better optical performance as well as its applicability to other
lightweight mirror designs such as structured honeycomb mirrors.
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