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Abstract. For large space telescopes, the design of lightweight primary mirrors with an acceptable level of
optical performance is a challenge. A parametric optimization method based on topology optimization of the
basic configuration of the mirror is proposed. A finite-element model of the mirror is generated with linear
shell elements, and the optimal distribution of the material is obtained using the continuum topology optimization
technique. The lightweight ribs are grouped according to the results of topology optimization results. The design
of experiment method is used to pick out the key factors for parametric optimization. The RMS value of the
surface shape error of the mirror and the total mass of the mirror are treated as the objective merit functions,
and the first-order natural frequency of the mirror is taken as a constraint for parametric optimization. Results
show that the local stiffness of the mirror is significantly affected by the thicknesses of the ribs at the correspond-
ing positions. The optimum mirror design obtained using our optimization method is compared with the initial
design, and the comparison shows superior optical performance for the optimized mirror.© 2018Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.7.075101]
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1 Introduction
Large-aperture primary mirrors have emerged as a popular
way to meet the increasing system angular resolution
requirements for space telescope systems. However, increas-
ing the diameter of such a mirror aggravates the deformation
caused by the self-weight of the mirror under gravity, which
in turn affects the accuracy of the optical surface of the mir-
ror and eventually leads to degradation of the image quality.
In addition, the launch costs are directly related to the mirror
mass. The focus has therefore largely been on developing
lightweight, large-aperture mirrors to negate both of these
disadvantages. Lightweight mirror designs are very impor-
tant to maintain the quality of the optical surface of large-
caliber space mirrors and to reduce mission costs. The design
of lightweight mirrors has therefore become a key focus in
the design of large-space telescope optical systems.1

Methods of reducing the weight of such mirrors include
the use of lightweight materials and lightweight mirror struc-
ture designs. Among the possible lightweight materials,
silicon carbide (SiC) has a lower density, higher specific
stiffness, better thermal conductivity, and other physical and
mechanical advantages over traditional materials, such
as lithium-aluminum-silicon glass ceramic (Zerodur®) and
beryllium. Its development has become a source of much
progress in the design of space mirrors.2,3

Topology optimization and parametric optimization meth-
ods are widely used to assist in the design of lightweight
space mirrors. There is a lot of available literature on such
design optimization techniques. Structural optimization of
a 1.2-m-diameter Zerodur space mirror was carried out
by Sahu using the OptiStruct tool of HyperWorks 12 to

minimize the mass and constrain optical aberrations.4

Instead of the root mean square (RMS) surface error, the
defocus, coma, and trefoil aberrations were taken as the con-
straints. Two load scenarios, one for the axial and the other
for the lateral inertial force on the mirror, were examined
for each design case. However, the final design was not
feasible to manufacture using the milling process typical for
traditional open-back glass mirrors. The optimized mirror
would have to be manufactured in parts and then combined
by frit-bonding. Park et al.5,6 presented a study of the top-
ology optimization of the primary mirror of a multispectral
camera under self-weight and polishing pressure loading.
A measurement of the Strehl ratio was the objective merit
function, and the total mass of the primary mirror was the
constraint in the optimization problem. Results show that
the optimal mirror had good optical properties with low
mechanical deflection. A lightweight design of a primary
mirror for a large-aperture space telescope derived using
a topology optimization technique was proposed by Liu
et al.7 With explicit parameterization introduced, a tree-
like mirror configuration was proposed. The optical perfor-
mance of the proposed mirror was compared with two
classical lightweight mirrors, and results showed the superi-
ority of the mirror configuration. An optimum lightweight
design for a Zerodur primary mirror with an outer diameter
of 566 mm was presented by Chen et al.8 Two boundary con-
ditions (polishing and vertical-axis gravitational effects, and
self-weight deformation of the horizontal-axis mirror) were
chosen. The peak-to-valley (PV) value of the optical path
difference due to the deformation of the mirror surface
under these two scenarios was set as the constraint. The
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optimization object was set to minimize the total mass of the
mirror. Compared with the initial design (without light-
weight cells in the rear face), the lightweight ratio of the
final design increased from 56% to 66%, and superior optical
performance and stiffness were achieved. Design optimiza-
tion of a 1-m Zerodur lightweight mirror with pockets on the
back surface and three square bosses on the rim was pre-
sented by Kihm and Yang.9 With this method, the mirror
design and the flexure design were separated into two inde-
pendent problems to be parallel-processed without interfer-
ing with each other. Due to the multiple constraints and
targets defined in their work, a multiobjective genetic algo-
rithm (MOGA) was used for the optimization. Other research
on the topology and parametric optimization of space mirrors
can be found in Refs. 10–12.

The topology optimization methods for space mirrors
described in previous research generally start from a con-
tinuum solid blank attempt to control the RMS distortion
of the mirror surface. However, this method has some inher-
ent drawbacks. If the solid blank is directly used as the opti-
mization object, the design variable is too large, and the
process to find a solution will become very complicated
with high calculation costs. Additionally, the lightweight
mirrors obtained using this method are usually very complex,
and therefore difficult or even impossible to manufacture
using existing technology. In the case of the parametric opti-
mization of mirrors based on their basic configuration, all
ribs are generally created with the same thicknesses or
grouped according to their geometric distribution. The opti-
mal results are therefore always limited by the way the ribs
are grouped. In fact, not all ribs contribute equally to the load
distribution. The question of how to rationally group the ribs
of the mirror becomes a key factor in the final optimization
results. In this paper, a parametric optimization method
based on topology optimization of the basic configuration
of the mirror is proposed. First, since the mirror is designed
as a web-skin-type structure, it is possible to build a finite-
element model using linear shell elements. Second, the
finite-element model obtained in the first step is examined
using topology optimization, and the optimal material distri-
bution of the ribs is determined. Third, the grouping scheme
of the ribs is determined according to the results of the
topology optimization. Finally, parametric optimization is
applied to determine the final optimized structure of the
mirror. Compared with the conventional lightweight design
method, this method has significant advantages: (1) com-
pared with topology optimization based on a continuum
solid blank, the cost of computation can be greatly reduced
using a mirror of linear discrete shell elements; (2) this
method avoids the blind grouping of lightweight ribs; and
(3) this method fully combines the advantages of topology
optimization and parametric optimization.

In this study, an optimal lightweight design for a 676-mm-
outer-diameter SiC primary mirror derived using a topology-
and parametric-based optimization method is presented.
In Sec. 2, the requirements of a space reflective mirror and
theory on both topology optimization and parametric optimi-
zation are introduced. In Sec. 3, a detailed lightweight design
of the space reflective mirror using the topology- and para-
metric-based optimization method is carried out, and the per-
formance of the optimum mirror is compared with the initial
design. The conclusions are given in Sec. 4.

2 Topology and Parametric Optimization Based
Design Method

2.1 Requirements of a Space Reflective Mirror

In this paper, a parametric optimizationmethod for large-space
mirrors based on topology optimization of the basic configura-
tion is used to design an optimal lightweight structure.
Typically, space mirrors are manufactured and tested on the
ground, and then launched into space. Since the space is a
microgravity environment, the effect of gravity release on
the mirror may affect its optical performance. Therefore, it is
necessary that the surface shape of the mirror is maintained
to high precision under a range of load conditions. In addition,
to prevent the mirror from vibration damage during the launch,
it is very important to ensure its good dynamic stiffness.

The surface shape error is generally described in one of two
ways:13 the peak value of themirror surface deformationminus
the valley value, also called the PV value, or the RMS value of
the mirror surface shape error, which is the RMS of the normal
displacement without the rigid body displacement:

EQ-TARGET;temp:intralink-;e001;326;530PV ¼ maxfUn
1 ; U

n
2 ; : : : ; U

n
Ng −minfUn

1 ; U
n
2 ; : : :∞; Un

Ng;
(1)

EQ-TARGET;temp:intralink-;e002;326;487RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i

wiR2
i

vuut ; (2)

whereRi ¼ Un
i − Zi1 − Zi2 − Zi3;N is the total number of the

nodes on the mirror surface; wi is the weight factor of the i’th
node; and Zi1, Zi2, and Zi3 are the lower-order terms of the
Zernike polynomials, which represent the piston, tilt, and defo-
cus of the mirror face, respectively. Given that the mirror face
is discretized by finite-element method in the calculation proc-
ess and Un

i is the normal displacement of the i’th node, which
contains both the direction and magnitude. However, it is very
difficult to directly set the surface RMS value as the objective
merit function of a topology optimization model. In addition,
for high-precision optical surfaces, there are multiple relation-
ships between the PV value and the RMS value.14 Therefore,
to improve the computational efficiency, the upper limit of the
PV value is selected as the design constraint in the topology
optimization model, and the RMS value is used as the objec-
tive merit function to establish the parametric optimization
model.

2.2 Topology Optimization Model

The variable density method is a commonly used continuum
topology optimization method. The basic idea is to introduce
a kind of hypothetical material with variable density, and the
material density is set as the design variable in the topology
optimization problem, so that the structural topology optimi-
zation problem is transformed into a problem of the optimal
distribution of the material. The solid isotropic microstruc-
ture with penalization (SIMP) model is a commonly used
interpolation model in the variable density method.15,16

According to the idea of continuum structure topology opti-
mization, the finite-element model is established with linear
shell elements. A description factor, ρ, is introduced for each
element. Whether there is material in each element or not is
determined by the ρ value of 1 or 0. In addition, intermediate
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density values are penalized by a penalty factor, and the
intermediate density values are then clustered at both ends
of the 0 to 1 range, so that the topology optimization
model of the continuous variable can converge well to the
optimization model:

EQ-TARGET;temp:intralink-;e003;63;697Ei ¼ ðρiÞrE0; Vs
i ¼ ρiVi; i ¼ 1; 2; : : : ; n: (3)

Here, n is the total number of the discrete finite elements;
ρi, Ei, and Vs

i are the description factor, material elastic
modulus, and the volume of the solid material of the i’th
element, respectively. E0 is the elastic modulus of a given
material, Vi is the volume of the i’th element, and r is
the penalty factor. Thus, the problem of mirror structural
design is transformed into a problem to find a combination
of material factors for each element. Therefore, the design
variable can be expressed as follows:

EQ-TARGET;temp:intralink-;e004;63;567X ¼ ðρ1; ρ2; : : : ; ρnÞT: (4)

The goal of the topology optimization is to minimize the
amount of material while maintaining the optical perfor-
mance of the mirror. The objective merit function can be
expressed as follows:

EQ-TARGET;temp:intralink-;e005;63;494fðXÞ ¼
Xn
i¼1

ρiVi: (5)

To facilitate manufacturing and testing, space mirrors are
usually designed in a centrally symmetric form. Therefore,
to ensure that the structure of the optimized mirror has a
symmetric configuration, a pattern repetition constraint is
imposed on the topology optimization problem. This con-
straint can be expressed as follows:

EQ-TARGET;temp:intralink-;e006;63;383GkðXÞ ¼ 0; (6)

where GkðXÞ represents the symmetric constraint between
the k’th elements.

The topology optimization mathematical model of the
mirror can then be expressed as follows:
EQ-TARGET;temp:intralink-;e007;63;312

Find X ¼ ðρ1; ρ2; : : : ; ρnÞT

Minimize fðXÞ ¼
Xn
i¼1

ρiVi

Subject to

PV ¼ maxfUn
1; U

n
2; : : : ; U

n
Ng −minfUn

1; U
n
2; : : : ; U

n
Ng ≤ U

GkðXÞ ¼ 0

0 < ρmin ≤ ρi ≤ 1; (7)

where U is the upper limit of the PV value of the mirror sur-
face shape error and ρmin is the lower bound of the descrip-
tion factor, which is introduced to avoid the singularity of
the stiffness matrix in the optimization process.

2.3 Parametric Optimization Model

For web-skin-type space mirrors, the results of the topology
optimization will give a different material distribution for
each stiffener (rib). Therefore, the ribs can be easily grouped
based on the topology optimization results. Lightweight ribs

with similar material distributions are taken as a set of design
variables in the parametric optimization model. After group-
ing the ribs according to the topology optimization results,
further optimization is needed to determine the final dimen-
sions of each group of ribs. However, the number of ribs is
usually very large, and if all the ribs of the group are indi-
vidually set as design parameters, the computation time will
be significant. Additionally, too many structural parameters
will cause manufacturing difficulties. Therefore, it is neces-
sary to identify the key factors that affect the objective merit
function significantly before carrying out the optimization.
The design of experiment (DoE) method is a statistical
method that can be used to effectively understand the effects
of multiple factors on the output by determining which are
statistically significant.17,18 In general, the DoE results usu-
ally provide an approximate model between the input factors
Xi and the output response Y in the form of a lower-order
polynomial, such as

EQ-TARGET;temp:intralink-;e008;326;554Y ¼ C0 þ
Xm
i¼1

CiXi þ
Xm

i¼1;j¼1

CijXiXj: (8)

The magnitudes of the coefficients in this equation reflect
the strength of the effects of factors Xi on the model output
response Y. As a result, the contributions of the absolute
values of the input factor coefficients can be determined and
the key factors identified. Commonly used DoE algorithms
include the parameter study method, full factorial design,
central composite design, the orthogonal array method,
and the Latin hypercube design method. Generally, the
more sample points are used, the more accurate the analysis
results obtained are. However, considering the computation
expense in practical problems, as few samples as possible are
usually selected to design the test while maintaining the
accuracy of the results.

According to the results of the sensitivity analysis
obtained by DoE, the key factors are chosen as design
variables used in the parametric optimization model, which
are expressed as follows:

EQ-TARGET;temp:intralink-;e009;326;320P ¼ ðp1; p2; : : : ; psÞT; (9)

where pi is the i’th design parameter and s is the total num-
ber of the design parameters. The mathematical model of
parametric optimization is established as follows:
EQ-TARGET;temp:intralink-;e010;326;255

Find P ¼ ðp1; p2; : : : ; psÞT
Minimize

RMS;

Mass:

Subject to

RMS ≤ δ;

Mass ≤ Mass:

f1 ≥ ̱f;

pi;low ≤ pi ≤ pi;up; i ¼ 1; 2; : : : ; s; (10)

where RMS is the RMS value of the surface shape error of
the mirror under certain load condition; δ is the upper limit of
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the RMS value; Mass is the mass of the mirror; Mass is
the maximum limit of the mass; f1 is the first-order natural
frequency, with ̱f as its lower limit; and pi;low and pi;up are
the lower and upper limits of pi, respectively.

In this paper, the computer-aided drafting model was
imported into the OptiStruct tool of HyperWorks to perform
the topology of the mirror. The deformation of the mirror
surface was calculated through OptiStruct, and then the
nodal displacement from the finite-element analysis was
evaluated by MATLAB codes. The sensitivity analysis
and parametric optimization were performed by means of
Isight software, which integrated the OptiStruct and
MATLAB software. The computer used in the topology
and parametric optimization was a Dell workstation config-
ured with two Intel Xeon E5-2687w CPUs and 64 GB
memory.

3 Lightweight Design of the Space Reflective
Mirror

3.1 Initial Design of the Mirror

Some researchers have carried out performance compari-
sons for lightweight mirrors with differently shaped
honeycomb holes to identify those structures with better
comprehensive performance.19,20 The most commonly
used polygon core configurations include triangular,
square, and hexagonal. Compared to the square and hex-
agonal configurations, the triangular configuration shows
better optical performance, higher stiffness, and good work-
ability while maintaining the same geometry. In this paper,
we use triangular polygon core configurations as the initial
design. Figure 1(a) presents the initial design of the space
reflective mirror. The outer ring diameter is 676 mm, the
clear aperture is 660 mm, and the inner ring diameter is
567 mm. The thickness of the mirror face is 5 mm. The
initial thickness of the lightweight ribs is uniformly
taken as 4 mm, and the inner and outer ring thicknesses
as 6 and 4 mm, respectively. The mirror is supported by
three points on its back. The distance between the center
of the support hole and the center of the mirror is
208 mm. To support the mirror laterally, radial ribs were
used at the outer beveled rim of the reflective mirror.
Table 1 lists the initial dimensions of the mirror. In this
paper, we chose SiC as our mirror material, which has
the following key properties: Young’s modulus = 330 GPa,
density ¼ 3.20 g∕cm3, and Poissonn’s ratio = 0.18. The
total mass of the solid space reflective mirror excluding
lightweight cells in the rear face is 93.12 kg.
Accordingly, the mass of the initial reflective mirror was
20.40 kg and a 78.0% lightweight ratio was achieved.
Figure 1(b) shows a three-dimensional geometry model
of the initial lightweight design of the mirror.

According to the design requirements for structural static
stiffness, the RMS values of the surface shape error of the
mirror parallel to the X, Y, and Z axes under gravity should
be no more than λ∕50, λ∕70, and λ∕70 (where λ ¼ 632.8 nm
represents the wavelength of visible light). In addition, to
prevent the mirror from vibration damage during the launch,
the first-order natural frequency of the mirror must not be
less than 1000 Hz. Furthermore, to reduce launch costs,
the mass of the mirror should be less than 25.0 kg.

3.2 Topology Optimization of the Mirror

The mirror discussed in this paper is a web-skin-type mirror.
To improve the optimization efficiency and reduce the
computational cost of the topology optimization, the finite-
element model is established with linear shell elements.
The total number of nodes is 7713, and the total number
of elements is 8201. To obtain accurate result, the mapped
mesh was applied to the mirror surface. In general, the defor-
mation of the reflector is most serious when the direction of
gravity is parallel to the optical axis. Therefore, the upper
limit of the displacement (20 nm) of the node on the face
of the mirror in the optical axis direction is taken as the con-
straint, and the total mass of the mirror is set as the objective.

The topology optimization model comprises a design
domain and a nondesign domain. The three support holes,
the mirror face, the inner ring, and the outer ring are assigned
to the nondesign domain and all the ribs to the design

Fig. 1 Initial lightweight design of the space reflective mirror: (a) basic
dimensions and (b) solid model.
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domain. In addition, to generate a central symmetric configu-
ration, a pattern repetition constraint is imposed in the design
domain. The response fully converges to minimum values
after 145 iterations. Figure 2 shows the material distribution
results of the topology optimization. The red part represents
elements with a density of 1, and the blue part represents
elements with a density close to zero. Accordingly, the ribs
can be easily grouped based on the topology optimization
results. Figure 3 shows the ribs grouped in this way.

3.3 Parametric Optimization of the Mirror

For better manufacturing and testing, the mirror is usually
designed as a centrally symmetric structure, and the light-
weight ribs distributed on the back of the mirror have a dis-
tinct geometric distribution. Thus, the ribs can be grouped

according to their geometric position characteristics.
Figures 4 and 5 show the schematic models of the conven-
tional design and the ribs grouped according to their geomet-
ric position characteristics, respectively.

Due to the fabrication limit of our optical shop, the initial
thicknesses of the ribs are set to 4 mm, and a range of 3 to
8 mm is used for the variation of the rib thickness. The rest of
the dimensions are maintained at the initial design value. For
a large SiC mirror supported by three holes located on the
back of the mirror, the deformation of the mirror face is
worst when the gravity is parallel to the optical axis. To
examine how ribs of different thicknesses contribute to
the quality of the optical surface, the RMS value of the mirror
for gravity parallel to the optical axis is taken as the objective
merit function. Table 2 shows the optimization results of the
following three schemes: no grouping of the ribs, grouping
of the ribs based on geometry, and grouping of the ribs
based on topology optimization. According to Table 2, the
masses of the mirrors obtained using the three schemes are
28.12, 24.34, and 21.44 kg, and the RMS values of the
surface shape error of the mirrors are 18.74, 16.98, and
15.30 nm, respectively. From Table 2, we can see that the
thicknesses of the ribs vary a lot when the ribs are grouped
based on topology optimization results. The thickness of the
thickest ribs is 7.96 mm, and these are mainly concentrated
in the vicinity of the three support holes, while the thickness
of the thinnest ribs is only 3.03 mm. The maximum differ-
ence in thickness between the thickest ribs and the thinnest
ribs is almost 5 mm. In addition, compared with the tradi-
tional design, the quality of the optical surface obtained
by ribs grouped based on the results of topology optimization
and geometric characteristics is improved by about 18.36%
and 9.3%, respectively, and the mass of the mirror is reduced
by 23.76% and 13.44%, respectively.

This result shows that, compared with the traditional
design, these two improved designs can significantly

Fig. 2 Material distribution result of the topology optimization. The red part represents elements with
a density of 1, and the blue part represents elements with a density close to zero.

Table 1 Initial dimensions of the lightweight space reflective mirror.

Components Value

Outer ring diameter 676.0 mm

Inner ring diameter 567.0 mm

Rib thickness 4.0 mm

Outer ring thickness 4.0 mm

Inner ring thickness 6.0 mm

Thickness at the outer ring rim 20.0 mm

Thickness at the inner ring rim 100.0 mm

Total mass 20.40 kg

Lightweight ratio 78.0%
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Fig. 3 Lightweight ribs grouped according to the topology optimization results.

Fig. 4 Grouping of the ribs for the traditional design.
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improve the quality of the optical surface of the mirror while
reducing its mass. Moreover, the optimal mirror based on
ribs grouped by topology optimization shows significant
advantages, with a lower mirror mass and a higher optical
surface quality. There are two main reasons for this:
(1) the local stiffness of the mirror is strongly affected by
the structure parameters at the corresponding location. For
a given load condition, not all ribs contribute equally.
Therefore, it is possible to improve the quality of the optical
surface of the mirror by adjusting the thicknesses of the light-
weight ribs at different positions. (2) Although these two
schemes are carried out based on different methods, this
method increases the degree of freedom of the design and
expands the solution space of the design problem, giving
better optimum results.

Based on this analysis, it can be seen that the thicknesses
of the lightweight ribs at different positions on the mirror
have a significant influence on the quality of the optical sur-
face. However, the results obtained from grouping schemes
mentioned above do not meet the design requirements.
Therefore, the structural parameters of the mirror need to
be further optimized. In fact, in the actual optimization proc-
ess, the shape optimization of the structure tends to be more
efficient than the size optimization at improving the optical
performance of the mirror. Considering that the influence of
the structural parameters on the optical surface quality can-
not be simply superimposed, the parameters are coupled with
each other, so that the solution space of the optimal design
problem is very complex. Combined with the previous analy-
sis results, and considering the other structure parameters

(such as the mirror face thickness and the diameter of the
supporting hole), the lightweight mirror structure is charac-
terized by 26 parameters, as shown in Fig. 6. Outer ring
thickness is described by parameter 19, and inner ring thick-
nesses are described by parameter 20 (far away from the sup-
port holes) and parameter 21 (near the support holes).
Thicknesses at the outer and inner ring rim are described
by parameter 24 and parameter 25, respectively. The mid-
diameter of support hole is described by parameter 26,
and parameter 22 represents the thickness of the support
hole.

4 Design of Experiment and Integrated
Optimization

The orthogonal arrays method is used to design the experi-
ment for the parameters of the lightweight space mirror.
There are a total of 26 factors, that is, the 26 parameters
of the lightweight mirror structure, as shown in Fig. 6.
Each factor contains two levels. Given the computational
expense and the accuracy required, an orthogonal table,
L64ð263Þ, is used. As mentioned earlier, in the structural
design of the space mirror, it is necessary to maintain the
high precision of the surface shape error of the mirror
under multiple load conditions and high dynamic stiffness
while reducing the mass of the mirror as far as possible.
Therefore, the response of the DoE is selected according
to these three aspects. However, due to the differences of
each response in terms of relative importance, magnitude,
and dimensions, it is very difficult to determine each weight
factor if the responses are weighted uniformly through linear

Fig. 5 Grouping of the ribs according to the geometric position characteristics.
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combination. In addition, there are a lot of algorithms avail-
able in the literature for multiobjective optimization prob-
lems (MOPs), such as the nondominated sorting genetic
algorithm (NSGA) and its second generation (NSGA-II),
the neighborhood cultivation genetic algorithm, and the
archive-based micro genetic algorithm.21–24 Therefore, the
above three aspects of the response are defined as follows:
response 1: OEI, which is the overall environmental impact
on the RMS value of the surface shape error of the mirror;
response 2: Mass; and response 3: f1. The definition of the
OEI is as follows:

EQ-TARGET;temp:intralink-;e011;63;200OEI ¼ w1RMSG-X þ w2RMSG-Y þ w3RMSG-Z; (11)

where RMSG-X , RMSG-Y , and RMSG-Z represent the RMS
values of the surface shape error of the mirror under gravity
parallel to the X, Y, and Z axes, respectively. Considering the
differences in the deformation of the mirror under gravity
parallel to the optical axis and perpendicular to the optical
axis, the corresponding weight factors were set to 0.5,
0.25, and 0.25, respectively.

Figure 7 shows a flowchart of the entire DoE. Following
the analysis results for the sample data, the linear regression

model between the factors and the three responses is estab-
lished. In the linear regression model, the magnitudes of
the coefficients of each term represent the degree to which
the factor contributes to the response. In other words, the
coefficient represents the sensitivity of the corresponding
input parameter (design variable) to the response. Figure 8
shows the normalized percentage of the contributions of
the input factors to the three responses, which also reflects
the sensitivities of the responses to the input factors.

Based on the results of the sensitivity analysis, p8, p9,
p11, p17, p19, p20, p21, p22, p23, p24, p25, and p26,
which have greater contributions to the three responses,
are the key parameters. Subsequently, these parameters
are selected as the design variables for the size and shape
optimization process, expressed as follows:

EQ-TARGET;temp:intralink-;e012;326;587P ¼ ðp8; p9; p11; p17; p19; p20; p21; p22; p23; p24; p25; p26ÞT:
(12)

The first-order natural frequency, f1, which is usually eas-
ier to use to satisfy the design requirements, is selected as the
constraint. Therefore, the size and shape optimization proc-
ess of the lightweight mirror can be summarized as follows:
EQ-TARGET;temp:intralink-;e013;326;493

Find P ¼ ðp1; p2; : : : ; psÞT
Minimize

OEI ¼ OEIðPÞ;
Mass ¼ MassðPÞ:

Subject to

RMSG-X ≤ δ1;

RMSG-Y ≤ δ2;

RMSG-Z ≤ δ3;

Mass ≤ Mass:

f1 ≥ ̱f;

pi;low ≤ pi ≤ pi;up; i ¼ 1; 2; : : : ; s; (13)

where δ1, δ2, and δ3 are the upper limits of the values of
RMSG-X , RMSG-Y , and RMSG-Z, respectively.

5 Results and Discussion
Nonlinear MOPs are always concerned with several (often
conflicting) objective functions that must be optimized
simultaneously. However, in general, a solution that is simul-
taneously optimal for all of the objectives is not feasible, and
the real purpose of multiobjective optimization is to identify
the set of so-called Pareto-optimal solutions.25 This set of
solutions represents the best options available.

Figure 9 shows the optimization result obtained using the
NSGA-II routine. The axes are the performance metrics,
which are the mirror mass and the OEI. Over 4000 designs
were evaluated, and the time spent in performing the para-
metric optimization was 8 h. Based on the Pareto front illus-
trated in Fig. 9, we can see that these two performance
metrics are inversely proportional in reaching the design
goal. After obtaining the set of Pareto-optimal solutions,
we select one of the solutions considering the RMS value

Table 2 Optimal thicknesses of the lightweight ribs, the mirror
masses, and the RMS values for the three different schemes.

Design
variables

Without
grouping

Grouped based
on geometry

Grouped based
on topology
optimization

Ribs1 (mm) 7.80 3.19 4.50

Ribs2 (mm) 3.01 3.52 4.61

Ribs3 (mm) — 7.42 7.42

Ribs4 (mm) — 7.99 3.54

Ribs5 (mm) — 7.64 7.37

Ribs6 (mm) — 3.85 3.24

Ribs7 (mm) — 6.35 7.96

Ribs8 (mm) — 3.34 3.04

Ribs9 (mm) — — 3.03

Ribs10 (mm) — — 3.26

Ribs11 (mm) — — 7.73

Ribs12 (mm) — — 5.19

Ribs13 (mm) — — 3.40

Ribs14 (mm) — — 3.18

Ribs15 (mm) — — 3.60

Ribs16 (mm) — — 3.34

Response

Mass (kg) 28.12 24.34 21.44

RMS (nm) 18.74 16.98 15.30
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of the surface shape error of the mirror and the total mass of
the mirror. The upper bound, lower bound, initial values, and
optimum values of the design parameters are listed in
Table 3. According to Table 3, the optimum values of p9,
p11, and p17, which represent the thicknesses of the ribs,

were lower than their respective initial values; however,
p8 was increased from its initial value of 4.00 mm to an opti-
mum value of 7.91 mm. The optimum values of p9 and p11

have almost reached their respective lower bounds. By con-
trast, the optimum values of p8, p21, p24, and p26 have

Fig. 6 Schematic diagram of the structure parameters of the mirror and its finite-element model.
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almost reached their respective upper bounds. The thickness
of the inner ring is characterized by two parameters, p20 and
p21, both of which were set to 6.00 mm in the initial design.
The optimal values of p20 and p21 are 3.85 and 9.46 mm,
with the difference reaching 4.6 mm. Thus, not all ribs con-
tribute to the load distribution. In addition, the variations in
p24, p25, and p26 are much greater than those for the other
design parameters. Among these, the value of p25, which
represents the thickness at the outer ring rim, decreased
from 20.00 to 5.52 mm, and the values of p24 and p26

were increased by 24.31 and 17.98 mm, respectively.

The normal deformation contour of the mirror face after
optimization is shown in Fig. 10. Table 4 shows a compari-
son of the responses between the initial design and the
optimum design. According to Table 4, the overall environ-
mental impact on the RMS value of the surface shape error of
the mirror decreased from 11.34 to 5.42 nm. For gravity ver-
tical to the optical axis, the RMS values of the initial and
optimal designs are no more than 3 nm. However, for gravity
parallel to the optical axis, the RMS value for the optimal
mirror is 8.44 nm, and the RMS value of the initial design
is 19.92 nm. Based on this result, we can conclude that the
RMS difference between the initial and optimal designs
under gravity vertical to the optical axis is not obvious,
whereas for gravity parallel to the optical axis, the optimal
design has almost an 11.5 nm improvement in the RMS
value, and the quality of the optical surface is improved
by more than 57.6%. The first-order natural frequency of
the optimal mirror is 2393.4 Hz, which is about 30.2% higher

Fig. 7 Schematic diagram showing the design of the experiment based on the orthogonal arrays method.

Fig. 8 Contributions of the design parameters to the responses.

Fig. 9 Design optimization results for the lightweight mirror.

Table 3 Upper bound, lower bound, initial values, and optimum val-
ues of the design parameters.

Design
parameter

Lower
bound
(mm)

Upper
bound
(mm)

Initial
value
(mm)

Optimum
value
(mm)

p8 3.00 8.00 4.00 7.91

p9 3.00 8.00 4.00 3.05

p11 3.00 8.00 4.00 3.06

p17 3.00 8.00 4.00 3.11

p19 3.00 10.00 4.00 3.45

p20 3.00 10.00 6.00 3.86

p21 3.00 10.00 6.00 9.46

p22 6.00 14.00 10.00 12.52

p23 4.00 8.00 5.00 4.01

p24 75.00 125.00 100.00 124.31

p25 5.00 35.00 20.00 5.52

p26 72.00 108.00 90.00 107.98
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than that of the initial design. In addition, the optimized
reflector quality increased substantially, while the weight
increased only slightly. As can be seen from the results pre-
sented in Tables 3 and 4, the shape changes improve the opti-
cal performance of the lightweight mirror more effectively
than the size changes.

6 Conclusions
In this paper, a parametric optimization method to design
large, lightweight space mirrors based on topology optimi-
zation of the basic mirror configuration has been proposed.
This method combines the advantages of topology optimi-
zation and parametric optimization, and the optimal
material distribution obtained from topology optimization
is used as the basis for grouping the lightweight ribs.
The optimization result for the ribs shows that the local
stiffness of the mirror is significantly affected by the struc-
ture parameters at the corresponding locations. Not all ribs
contribute equally for a given load condition. The inte-
grated optimization of the mirrors shows that shape optimi-
zation improves the optical performance of lightweight
mirrors more effectively than size optimization of the struc-
ture parameters. Compared with the initial design, the qual-
ity of the optical surface of the optimized mirror with
gravity parallel to the optical axis is improved by more
than 57.6%, and the first-order natural frequency of the mir-
ror is increased by 30.2%. These results demonstrate the
effectiveness of the space mirror optimization design
method proposed in this paper.
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