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Integrated opto-mechanical-thermal optimization and analysis of an

all-aluminum space imaging spectrometer
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Abstract: All-aluminum opto-mechanical systems are promising for space remote sensing due to their
athermal design capability, low cost, and rapid manufacturability. However, in practical engineering, structur-
al constraints under mechanical and thermal loads often induce parasitic stresses within the opto-mechanical
assemblies, which subsequently degrade optical stability. To address this, we propose an integrated opto-
mechanical optimization scheme for a spectrometer's secondary mirror flexible support. Based on an opto-
mechanical-thermal integrated analysis and dimensional sensitivity evaluation under gravity and a 5 °C tem-
perature rise, a Kriging surrogate model was developed. This model integrates fundamental frequency and
optical responses to optimize structural dimensions and select the most suitable optimization result. The op-
timization results demonstrate a 14.2% increase in the fundamental frequency to 204.6 Hz, along with reduc-
tions of over 21% in system wavefront aberration under both gravity and thermal loads. Experimental results
confirms that the mirror surface root mean square is 0.021 A (A = 632.8 nm), and the system wavefront aber-
ration across five fields of view remains consistently below 0.048 A, fully meeting the technical requirements
for stable imaging performance. The proposed method effectively enhances the thermo-mechanical-optical
stability of all-aluminum spectrometers and offers a valuable design framework for precision opto-mechanic-

al systems.
Key words: space imaging spectrometer; flexible mounts structure; opto-mechanical system optimization;
Kriging surrogate model; NSGA-II algorithm; wavefront aberration testing
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1 Introduction

Driven by growing needs in meteorological
forecasting, resource exploration, and environment-
al monitoring, space optical remote sensing has be-
come a globally critical technology. Large-aperture,
long-focal-length sensors provide high-resolution,
wide-area imaging for detailed ground observation.
However, their immense size and weight necessit-
ate complex manufacturing, extended development,
and high costs. This hinders rapid deployment and
delays the creation of comprehensive imaging net-
works. Recently, small space optical imaging sys-
tems have steadily advanced. Their mobility and
agility enable quick networking and efficient data
delivery, while their compact, lightweight design
simplifies manufacturing, drastically reducing de-
velopment cycles and costs !, Although small sys-
tems generally possess lower resolution than large-
aperture sensors, they still meet detailed survey re-

quirements. Integrating them with large, long-focal-

doi: 10.3724/CO.EN-2026-0008

CSTR:32171.14.CO.EN-2026-0008

length sensors yields complementary benefits.
Therefore, researching lightweight, compact space
optical remote sensors holds significant application
value and poses important engineering challenges.
The reflector is a critical component of space-
based reflective optical systems, with its surface
shape stability directly impacting the imaging qual-
ity of the entire system. Ideally, an optical system
can perfectly converge a spherical wavefront from
an object point to an image point, forming an undis-
torted spherical wave. However, in real-world con-
ditions, space remote sensors encounter severe en-
vironmental challenges during both launch and on-

. These include intense vibration

orbit operation
and impact loads during launch, as well as pro-
longed exposure to microgravity and significant
temperature fluctuations during orbit maintenance.
Such factors induce stress redistribution and thermal
deformation of the reflector, which in turn com-
promise its surface shape stability. As a result, the
actual outgoing wavefront deviates from the ideal

spherical shape, leading to increased wavefront ab-
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erration and unstable imaging quality. Therefore,
these demanding conditions pose a significant chal-
lenge. Specifically, it remains difficult to maintain
stable optical system performance while simultan-
eously achieving the rapid deployment of space op-
tical remote sensors.

Aluminum-based optical payloads offer sever-
al advantages, including a short manufacturing
cycle, low cost, mature processing technology, and
the ability to meet rapid response requirements 5,
Additionally, these payloads enable integrated opto-
mechanical design, facilitate athermalization, and
improve the optical system's overall temperature ad-
aptability. As a result, a growing body of research
on aluminum-based optical systems has emerged,
with numerous scholars and institutions achieving
significant results in this field. Notable examples of
aluminum-based optical include the
SCUBA-2 infrared camera "), developed by the UK
Astronomy Technology Center (UKATC), which

uses nine free-form aluminum reflectors to signific-

systems

antly enhance its optical performance. NASA selec-
ted the Pandora mission ! as part of its Astrophys-
ics Pioneers program, aiming to decipher the atmo-
spheric compositions of exoplanets. The Pandora
payload features an all-aluminum Cassegrain tele-
scope with a 450 mm aperture. By leveraging the
athermalization properties of aluminum alloy at
cryogenic temperatures, the telescope enables simul-
taneous observations across visible to near-infrared
wavelengths. In China, the Xi'an Institute of Optics
and Precision Mechanics (XIOPM) successfully
demonstrated and verified the on-orbit performance
of the Full-Aluminum free-form Imager Telescope
(FAIT). The FAIT ™ features a fully aluminum
opto-mechanical architecture, with both optical and
mechanical components made from aerospace-grade
aluminum alloy possessing identical coefficients of
thermal expansion, and manufactured via Single
Point Diamond Turning technology. This design
yields benefits such as low cost, rapid response, and

effective athermalization for the optical system.

The aforementioned studies have  demon-
strated the enormous potential of aluminum alloy
materials in realizing low-cost, rapid-response, and
athermal optical systems. However, in practical en-
gineering, structural assembly constraints and tem-
perature loads under actual working conditions can
still introduce thermo-mechanical stresses that de-
grade the performance of optical systems. There-
fore, structural optimization design is required to
mitigate such impacts, making opto-mechanical-
thermal integrated analysis technology a crucial
design tool. Leveraging opto-mechanical integra-
tion analysis, researchers optimize opto-mechanical
components by using structural responses or optical
system performance as objectives or constraints, of-
ten in conjunction with advanced optimization al-
gorithms. For instance, Kihm and Yang ' achieved
lightweight design and flexible support optimiza-
tion for a 1-meter aperture mirror using opto-mech-
anical integration analysis combined with a multi-
objective genetic algorithm. Wang et al. ' de-
veloped a design method for space remote sensor
mirror assemblies that integrates empirical design,
topology optimization, and dimensional parameter
optimization to achieve an optimal structure. Qin et
al. " established a rapid multi-objective optimiza-
tion framework for fully parameterized primary mir-
ror structures based on IPSO-IAGA-BPNN, achiev-
ing performance enhancements for spaceborne
primary mirrors. Shao ! used an opto-mechanical
integration analysis via software to optimize the
structural dimensions of a space optical camera,
minimizing line-of-sight and wavefront aberration
to achieve an ultra-lightweight design. Zhao et al. "4
proposed an integrated mirror light engine design
method based on a Kriging surrogate model com-
bined with topology optimization, achieving an op-
timal lightweight mirror structure.

This paper focuses on the flexible support
structure of the reflector in a space-borne all-alu-
minum alloy spectrometer and distinguishes itself

from prior studies on aluminum optics and general
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opto-mechanical optimization by presenting a meth-
odology for the design of a flexible support in an
all-aluminum imaging spectrometer. A finite ele-
ment model of the reflector's flexible support is es-
tablished to analyze how changes in dimensional
parameters affect optical performance under static
gravity and thermal loads. Furthermore, an optim-
ized surrogate model is constructed for the integ-
rated overall structure of the space spectrometer, us-
ing wavefront aberration and the fundamental fre-
quency of the structure under static gravity and
thermal loads as response values. The impact of di-
mensional parameters on the system's wavefront ab-
erration under static gravity and thermal loads is
thoroughly investigated to identify key parameters
affecting optical performance. Using these response
quantities as optimization objectives, a multi-object-
ive optimization of the reflector's flexible support
structure dimensional parameters is performed. An
optimization model is established, with dimensional
parameters as design variables and system perform-
ance as objectives, to derive the optimal structural
configuration. The rationality of the theoretical
design is subsequently validated by measuring the
root mean square (RMS) values of surface-shape er-
rors for optical components and the wavefront aber-

ration (WFE) of the spectrometer.

2 Optical System and Structural
Design of the Spectrometer

2.1 Introduction to the Optical System

The optical system of the XX-1 hyperspectral
imager, designed for Earth observation in the vis-
ible to near-infrared range from 400 nm to 1000 nm,
consists of a fore telescope and an Offner spectro-
scopic system, as illustrated in Figure 1. The fore
telescope adopts an off-axis two-mirror configura-
tion, with its core components comprising off-axis
aspherical mirrors (M1, M2) and a flat folding mir-
ror (FM). Incident light first strikes the convex oft-

axis aspherical mirror M1, which reflects the beam

toward the aperture stop aspherical mirror M2.
M2 then redirects the beam to the folding mirror FM
and subsequently into the Offner spectrometer. The
fore telescope forms an image of the incoming light

on the incident slit plane.

Fig. 1 Two-dimensional layout diagram of the spectrum
optical system. M1, M2: Off-axis aspherical mir-
rors; FM: Folding mirror; M3: Concave spherical
mirror; GT: Convex grating.
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Light rays aligned along the slit direction enter
the spectrometer, where the concave spherical mir-
ror M3 reflects and collimates the divergent light in-
to a parallel beam. This parallel beam is directed to-
ward the convex grating (GT), which disperses the
light, diffracting different wavelengths into distinct
directions to generate multiple parallel beams with
varying wavelengths. The dispersed beams are re-
flected again by the concave spherical mirror M3,
which focuses them onto the area array detector. At
the detector's focal plane, slit images are acquired
through continuous spatial push-broom scanning, in-
tegrating spatial information with hyperspectral data
for comprehensive analysis of target spatial features
and spectral characteristics.

To comprehensively evaluate the imaging qual-
ity of the system, the full-field Modulation Transfer
Function curves across the 400 nm to 1000 nm
spectral band were extracted. As shown in Figure 2,
at the spatial frequency of 45 lp/mm, which corres-
ponds to the detector's Nyquist frequency, the full-
field Modulation Transfer Function (MTF) values at
wavelengths of 400 nm, 500 nm, 600 nm, 700 nm,
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800 nm, 900 nm, and 1000 nm are all greater than
0.5. Additionally, the system achieves a high spec-

tral resolution of 2 nm across the entire working

band. This demonstrates that the system fully satis-
fies the design specifications while retaining an

ample margin.
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Fig. 2 Modulation Transfer Function of the theoretical system at A= 400 nm, 500nm, 600nm, 700 nm,800nm, 900nm and

1000 nm. The frequency varies between 0 cycles/mm and 45 cycles/mm.
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Figure 3 illustrates that the maximum smile
distortion is -24.8 um at the field of view (FOV)
boundaries. This effect is constant across all
wavelengths and can be easily mitigated using
standard image processing techniques. Meanwhile,
the keystone distortion reaches a maximum of 0.4
pm at the FOV edge at A= 1000 nm. This deviation
accounts for under 4% of the pixel size, it comfort-

ably meets the acceptable design limits.

Smile Distortion vs Field of View

g Oy

£

e 5t

.2

2 —10

8

2 -15r1

o

E 20 — 400 nm 600 nm 800 nm — 1000 nm

»n —25F — 500nm 700 nm 900 nm

-15 -10 -5 0 5 10 15
Field of view/km
Fig. 3 Theoretical smile distortion of the optical payload.
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2.2 Opto-Mechanical Structural Design

In the design of space mirrors, material selec-

PRAL 2 AR

tion and configuration are among the core factors
that determine the performance and reliability of the
entire optical system. In the field of space optical re-
mote sensors, traditional materials such as silicon
carbide and glass-ceramic exhibit high specific stiff-
ness. However, their optical components require
complex manufacturing processes, including grind-
ing, lapping, and polishing, resulting in long pro-
cessing cycles and difficulties in controlling posi-
tion accuracy. Additionally, the high cost of these
materials significantly increases the complexity and
time required for the assembly of optical systems
with ceramic components. In contrast, aluminum-
based mirrors overcome these drawbacks and offer
excellent machinability. When both the structural
frame and optical components are aluminum-based,
the mechanical structure can compensate for the
thermal defocus of the reflective system. This ef-
fectively addresses thermal-mismatch issues caused

by the high thermal expansion coefficient of alumin-
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um alloys, achieving athermalization and ensuring
good imaging quality over a certain temperature
range. Furthermore, this approach substantially
shortens the manufacturing cycle and reduces costs.

Therefore, aluminum alloy has become the pre-
ferred solution for opto-mechanical systems both
domestically and internationally to achieve high re-
liability and rapid response. Drawing on existing ex-
perience, the entire system adopts an all-aluminum
opto-mechanical structure. In the structural design,
efforts are made to minimize the overall mass and
size while ensuring sufficient strength and rigidity.
Both the structural frame and mirrors are fabricated
from 6061 aluminum alloy. Table 1 compares the
properties of 6061 aluminum with those of tradi-
tional optical materials (Silicon Carbide and
Zerodur), highlighting the thermal and mechanical
characteristics relevant to the design. Specifically,
the structural frame is produced via additive manu-
facturing, while the mirror components are manu-
factured via ultra-precision single-point diamond

turning.

Tab.1 Comparison of material properties between 6061

and traditional optical materials

F1 6061 SEGHZMRIEREXTLL

Densit Elastic ;hzgsniih Thermal
Material (@ /cmg})] modulus cogfﬁciem conductivity
(GPa) (10°/°C) (W/m-'K)
AL6061 2.70 68.9 23.6 167
SiC 3.05 330 2.6 180
Zerodur 2.53 90.3 0.1 1.6

The space spectrometer consists of five mir-
rors, two supporting frames, multiple sets of
spacers, and a light shield. The overall optical-
mechanical structure of the spectrometer is depicted
in Figure 4, with an envelope dimension of 515 mm
x 300 mm x 547 mm, meeting the design require-
ments.

The payload employs a combined active and
passive thermal control system, maintaining a tem-
perature control accuracy within £1 °C to ensure

stable operating temperatures. However, in the sub-

sequent opto-mechanical-thermal optimization, we
strictly adopted a conservative uniform temperature
rise of 5 °C as the boundary condition. This specific
margin is intended to account for the degradation of
thermal control performance over long-term on-or-
bit operation, as well as transient thermal shocks
and active control lag. Verifying the optical stabil-
ity under this 5 °C drift provides a reliable safety
margin for the system and demonstrates the

athermalization capability of the all-aluminum struc-

ture.
DETECTOR
GRATING ,
=
-
M2

BAFFLE

Fig. 4 Overall Structure of the Spectrometer
K4 b Uiz A

3 Flexible Structure Design of the
M2

Due to aluminum’s low elastic modulus and
high thermal expansion coefficient, optical compon-
ents made of aluminum are more sensitive to
thermo-mechanical loads. To address this, flexible
support structures are often used for mirrors, reliev-
ing stresses and reducing the impact of thermo-
mechanical loads on the mirror surface, thereby
achieving stress-free support. By leveraging the
properties of metallic materials, an integrated design
of the mirror substrate and a flexible support can
further improve assembly accuracy and minimize

mechanical loading. Common integrated structures
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for metal mirrors and their flexible supports include
back flexible-lug supports and peripheral three-point
flexible-lug supports. Figure 5 shows the initial
structural design of the M2 mirror, which has a dia-
meter of 245 mm and adopts a peripheral flexible
lug support scheme. In this design, three flexible
support lugs are uniformly distributed along the cir-
cumference of the mirror to relieve thermo-mechan-
ical loads. Five stress relief grooves are sequen-
tially arranged along the radial direction from the
mirror center to the outer contour. The first and
second grooves, which are parallel to each other and
perpendicular to the mounting surface, form the first
set of axial flexible hinges to provide Z-direction
displacement compensation. The third and fourth
grooves constitute the independent second and third

sets of radial flexible hinges, respectively, for ab-

sorbing thermal deformations in the X-Y plane. The
fifth groove serves as the fourth set of axial flexible
hinges. These four sets of flexible hinges are con-
nected in series to form a composite hinge for the
flexible lugs, enabling three-dimensional thermo-
mechanical load relief. To optimize the mirror’s di-
mensional parameters for optimal optical perform-
ance in subsequent work, parametric modeling is
performed on the designed initial flexible structure.
For the first set of flexible hinges, the width and
depth of the two flexible grooves are denoted as
tl and hl, respectively. For the second set, the
groove width is t2 and the groove length is L2; for
the third set, the groove width is t3 and the groove
length is L3; for the fourth set, the groove width is
t4 and the groove depth is h4, as shown in Figure 5.

Fig. 5 Schematic diagram of the mirror assembly. (a) Overall structure with the definition of the global coordinate system.

(b, ¢) Enlarged views of the flexible support structure from different angles.
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3.1 Sensitivity Analysis of Dimensional Paramet-

ers

During structural dimension parameter optim-
ization process, a sensitivity analysis is first conduc-
ted for eight key geometric parameters (t;/h;, t,/L,,
ts/Ls, ty/hy) under multiple working conditions. A
parametric finite element model is established using
tetrahedral elements, with mesh refinement applied
to the optical surface of the mirror and the flexible

support structures. Fixed constraints are applied at

the mounting legs of the spectrometer’s main sup-
port frame to simulate its connection to the satellite
platform. Using the finite difference method, a unit
perturbation is applied to each parameter individu-
ally, considering 1g gravitational loads in the X, Y,
and Z directions as well as a uniform temperature
rise of 5°C. To accurately quantify the resulting op-
tical performance, opto-mechanical coupling was
implemented using the SigFit. The process involves:

(1) extracting the deformation data of all surface
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nodes on the mirror from the FEA results; (2) utiliz-
ing SigFit to fit the surface deformation into stand-
ard Zernike polynomials; (3) importing the gener-

ated Zernike coefficients into the optical design soft-
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ware Zemax to evaluate the variations in wavefront
aberration. The sensitivity results for the dimension-
al parameters with respect to wavefront aberration

are presented in Figure 6.
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Fig. 6 Wavefront Aberration Sensitivity to Dimensional Parameters. (a) Wavefront Aberration Sensitivity Under X - Direc-

tion Gravity; (b) Wavefront Aberration Sensitivity Under Y - Direction Gravity;(c) Wavefront Aberration Sensitivity

Under Z - Direction Gravity; (d) Wavefront Aberration Sensitivity Under 5 °C Temperature Rise.
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Figure 6 illustrates the sensitivity of the sys-
tem’s optical performance to dimensional paramet-
ers. As shown in Figure 6(a), under a 1g gravitation-
al load in the X-direction, the groove depths h; and
h, of the first and fourth sets of flexible hinges have
a significant impact, while the other parameters
have minimal influence. Figure 6(b) demonstrates
that under a 1g gravitational load in the Y-direction,
h, and h, also show a notable effect on wavefront
aberration, with L, exhibiting some influence as
well. In Figure 6(c), under a 1g gravitational load in
the Z-direction, h; and t, remain the dominant

factors, with other parameters having little effect.

Figure 6(d) shows that, under a uniform temperat-
ure rise of 5 °C, h; is the most critical parameter af-
fecting wavefront aberration; except for t,, all other
parameters show some sensitivity to temperature. In
summary, the sensitivity analysis indicates that the
groove depths h; and h, are the most crucial para-
meters influencing wavefront aberration, while
groove length L; and groove width t, have the least
relative impact. To simplify the optimization model
and enhance computational efficiency, L; and t, are
fixed at their initial design values in subsequent op-
timization, focusing analysis and optimization on

the six parameters: hy, hy, t;, L, t3, and t,.
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3.2 Kriging Model Construction

To optimize the flexible support of the M2 mir-
ror, it is essential to develop a surrogate model that
captures the relationship between system input para-
meters and response values. Given the nonlinear re-
lationship between input parameters and optical re-
sponses, constructing a high-precision surrogate
model is necessary to replace computationally in-
tensive finite element simulations. Commonly used
surrogate modeling techniques include the polyno-
mial response surface method (PRSM), Kriging
method, radial basis function (RBF) model, and
neural networks. The Kriging surrogate model, ori-
ginally developed for geostatistics, has been widely
adopted in engineering optimization due to continu-
ous advancements. As an interpolation-based model
grounded in Gaussian processes, Kriging provides
unbiased estimates for unknown points using ob-
served values from known data points. It excels in
solving nonlinear problems with high accuracy and
is both convenient and flexible for practical applica-
tions ). In this work, the universal Kriging model
is employed, whose output parameter comprises two
components: a linear regression part and a stochast-
ic distribution part. The mathematical expression is

given by Equation (1):

y(x) = f(B,x)+z(x) (D

Where: x represents the design variable vector;
(x) denotes the response value of the Kriging model;

(8,x) is the polynomial regression function of
variable x, representing the global trend model in
the design space; S is the regression coefficient of
the basis function; z(x) is a random function with a
mean of 0 and a variance of ¢ which represents the
local deviation established on the basis of the glob-
al approximate simulation. Its covariance equation

is expressed as Equation (2):
Cov[z(x;),z(x;)] = O'ZR(X,-,)CJ-) , 2)

Where: x;,x; denote the i-th and j-th compon-
ents of the training samples. R(x;, x;) is the correla-

tion function, representing the spatial correlation

between sample points. The correlation decreases
with the increase of spatial distance, and the Gaussi-
an correlation function is usually adopted, as shown

in Equation (3):

d
R(x;, xj):eXp [_ Z Ol X — Xj,k|2) s (3)

k=1

Where: d denotes the total number of design
variables; x;; andx;, are the k-th components of
x;,x;; The vector 6 is the hyperparameter vector of
the Kriging model. 6, is the k-th component of vec-
tor 6, and this parameter reflects the degree of influ-
ence of the corresponding variable on the output re-
sponse.

Based on the dimensional sensitivity analysis
results from the previous section, six dimensional
parameters (t;, hy, L,, t3, ty, hy) that significantly af-
fect wavefront aberration are selected as design vari-
ables for optimization, with the remaining paramet-
ers held constant at their initial design values. Be-
fore constructing the Kriging surrogate model, it is
necessary to select experimental points, as the ex-
perimental design sampling strategy directly affects
model accuracy and optimization efficiency. Com-
pared to schemes such as full factorial designs, or-
thogonal experimental designs, and uniform experi-
mental designs, Latin hypercube sampling (LHS) is
a stratified sampling method proposed by McKay et
al. in 1979 U9, Its core principle is to divide the in-
terval of each design variable into segments, ran-
domly select one sample point from each segment,
and then randomly permute and combine the sample
points across variables to form N sets of sampling
data, ensuring uniform distribution across each di-
mension. For multi-dimensional design variables,
LHS effectively avoids sample clustering, enhances
sampling effectiveness and accuracy, balances ran-
domness and uniformity, and reliably ensures the
credibility of analysis results and computational ef-
ficiency.

The parameter ranges for the six design vari-

ables are specified in Table 2. Using Latin hyper-
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cube sampling, 100 sets of sample points are gener-
ated for surrogate model construction, and 10 addi-
tional detection points are randomly selected to as-
sess model accuracy. The distributions of the sample
points for the design variables are depicted in
Figure 7. As shown, the sample points are well dis-
tributed across the parameter space, which helps en-
sure the accuracy and reliability of the surrogate

model.

Tab.2 Value ranges of design variables.
*2 WItTENETEE

Value Range /mm

Design Variables

t 1.5-3
hy 6-8
L, 6-9
t3 1.5-2.5
ty 1.5-3
hy 5-7
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Fig. 7 Distribution Map of Sample Points for Partial

Design Variables.
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3.3 Model Accuracy Verification

The optimization process is conducted using
the sample points generated from the experimental
design. All design variables are normalized, and a
Kriging surrogate model is constructed to map the
relationship between the six design parameters and
the output responses of the space spectrometer’s
flexible support structure. This model captures the
mapping from six design variables to three response

values, which cannot be fully visualized in a single

plot. Therefore, the Figure 8 presents response fit-
ting surfaces for selected dimensional parameters
versus each response value.

The results indicate that different parameters
have markedly different effects on the system. For
example, as parameter L, increase, the fundamental
frequency of the spectrometer structure also in-
creases, suggesting enhanced seismic performance
with these dimensional changes. Meanwhile, a de-
crease in parameter t; and an increase in t, result in a
rise in the system’s wavefront aberration under Z-
direction gravitational load, demonstrating that ad-
justing these parameters can effectively suppress
gravity-induced wavefront aberration deterioration.
However, at the global level, the relationships
between the six design parameters and the three re-
sponse values are generally complex and nonmono-
tonic, with strong parameter coupling.

To verify the predictive reliability of the con-
structed surrogate model, its accuracy is systematic-
ally evaluated. In this study, ten independent valida-
tion sample points are generated using the experi-
mental design approach and used to input the estab-
lished Kriging model to obtain predicted response
values. The true response values for these points are
then obtained through finite element simulations.
The coefficient of determination (R?), calculated us-
ing Equation (4), is a quantitative metric used to as-
sess the consistency between predicted and true val-

ucs.

i (ti—1)
R=1-"—— (4)

S(t-1)

i=1

Where: t;, f;are the simulated value and pre-
dicted value of the i-th validation point; ¢ is the
mean of the simulated values across all validation
points; and n is the total number of validation points
(n = 10). The value of R* ranges from 0 to 1. Val-
ues closer to 1 indicate higher model fit and better
predictive performance. As shown in Table 3, the

coefficients of determination for each response
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value predicted by the Kriging model at the valida-
tion points are all greater than 96%, and the pre-
dicted values are in close agreement with the simu-
lated values. This indicates that the constructed Kri-

ging model can be reliably used as an approxima-

pticions WEE, [rem

a

e

e
o
&

§
Predictions-WFE (mm)
e

EEgs

tion of the finite element simulation model for op-
timization design, as it accurately reflects the map-
ping relationship between input and output data and

demonstrates excellent predictive performance.
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Fig. 8 Fitted Response Surfaces of Partial Design Parameters to Responses.
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Tab.3 Coefficient of Determination of Each Response

®3 BMNERRERE

f WFE(z) WFE(S °C)

R’ 0.9811 0.9698 0.9764

4 Dimensional Parameter Optimiza-
tion of the Flexible Support Struc-
ture

The aforementioned analysis indicates strong
coupling among the dimensional parameters and

highly nonlinear relationships between these para-

meters and target responses. To achieve optimal sys-
tem performance, this study uses the Non-domin-
ated Sorting Genetic Algorithm II (NSGA-II) to op-
timize the dimensional parameters within the design
space, based on the established surrogate model 7,
By simulating selection, crossover, and mutation op-
erations inspired by biological evolution, NSGA-II
conducts a global search to identify a set of non-
dominated solutions in complex design spaces ¥, It
selects solutions that satisfy the objectives and con-
straints from the Pareto frontier using the domin-
ance relationship principle.

The mathematical model for the optimization
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of the flexible support dimensional parameters is
defined in Equation (5):

Design Variables:

x = [t hi, Lo, 13,14, ha]"
Objective Functions:
maxf(x)
minWF Ez(x)
minWF Es5(x)
Constraints:
f(x)=100Hz

1.5<1<3
6<h <8
6<L,<9
1.5<5<25
1.5<1y<3
S5<hy<7

(5

The population size is set to 200, and the num-
ber of generations is set to 300 for the NSGA-II op-
timization in the six-dimensional design space. Re-
garding the population size, a relatively conservat-
ive strategy was adopted to ensure global conver-
gence. This setting aims to maximize population di-
versity in order to adequately cover the broad six-di-
mensional design space. Regarding the number of
generations, full advantage was taken of the compu-
tational efficiency of the Kriging surrogate model.
Unlike direct finite element-based optimization,
which is computationally expensive, the surrogate
There-

fore, the maximum number of generations was set to

model enables rapid function evaluations.

300. Thanks to the computational efficiency af-
forded by the surrogate model, the optimization pro-
cess can perform many iterations in a short time.
This allows for comprehensive exploration of the
design space and the acquisition of a high-quality
Pareto optimal solution set, as illustrated in Figure 9.

The Pareto frontier reveals a trade-off between
the three objective functions: pursuing a higher fun-
damental frequency typically comes at the expense
of optical performance. To select the final design
from the Pareto solution set, hard index screening,
comprehensive performance trade-offs, and engin-
eering feasibility are considered. The chosen scheme

ensures that the structural fundamental frequency

meets the required constraints, achieves a balanced
compromise among the three objectives without sig-
nificant drawbacks, and undergoes process round-
ing of its dimensional parameters. It is verified that
the change in system performance after rounding is
less than 2%. The optimized and rounded dimen-
sional parameter values for the final solution are lis-
ted in Table 4.
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> L
5 240 230
S 2307
2220 g 220
= 210¢ i
é 200 F ..l 210
g 190} o oo 2
S 200
2

190

180 & §
0.05 TR
5 0.051 ; 1
C 0.0475 9
“tpey, 0050 00470 \NN‘I?
’Uren- 0.049 —0.046 5 “%@

Se. . o0
Wrg, 8%

Fig. 9 Three-Dimensional Pareto Front
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Tab.4 Optimization Results
*4 MUHER

Parameter Optimization Result Final Result
4 1.98 2
hy 7.03 7
L, 7.87 7.8
t3 222 2.2
ty 2.63 2.6
hy 6.07 6

A finite element model was reestablished, and
the optimized scheme was incorporated into the fi-
nite element analysis for validation. Performance
metrics of the final optimized design were com-
pared with those of the initial configuration, and the
comparative results are summarized in Table 5. The
data demonstrate that, through this multi-objective
optimization approach, both the dynamic stiffness
and thermomechanical-optical stability of the spec-

trometer have achieved significant and balanced im-
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provements, comprehensively surpassing those of
the initial design. This validates the effectiveness of
the proposed optimization strategy. Furthermore, the
wavefront aberrations of the optimized structure un-
der non-optimized conditions also fully satisfy the
design requirements, exhibiting no performance de-

gradation.

Tab.5 Comparison Before and After Optimization

®5 MUEIREXLE

Performance Indicator Imt}al Optm.uzed fmp rov?ment
Design Design Ratio
Fundamental Frequency 1783 2046 +14.2%
(Hz)
Z—Dlrectlon((;)ravny— WFE 0.0601 00474 21.1%
5 °C Temperature Rise- 4 5 5 0.0490 -22.8%

WFE (V)

5 Physical Testing

To practically verify the effectiveness of the in-
tegrated opto-mechanical optimization proposed in
Section 4, a physical prototype of the M2 mirror as-
sembly was manufactured strictly according to the
final optimized dimensional parameters listed in
Table 4. Subsequent physical testing, including op-
tical mirror surface inspection and system wave-
front aberration testing, was conducted. The primary
objective of this section is to verify the engineering
manufacturability and evaluate the baseline optical
performance of the optimized structure under stand-
ard conditions.

5.1 Optical Mirror Surface Inspection

A null compensation optical path was estab-
lished for surface accuracy measurement of the as-
pherical mirror, comprising a Zygo interferometer
and a computer-generated hologram (CGH) com-
pensator, as shown in Figure 10. In this setup, the
plane wave emitted by the interferometer is trans-
formed by the CGH into an ideal aspherical wave-
front that illuminates the test mirror. Upon reflec-
tion, the wavefront acquires surface error informa-
tion from the test mirror. This modulated wavefront

then propagates back through the optical path,

where the CGH reconstructs it into a plane wave, al-
lowing it to interfere with the reference beam from
the interferometer. The resulting interference fringes
encode the surface errors of the mirror, providing a

precise measurement basis.

Mirror Interferometer

Fig. 10 Photo of mirror assembly surface shape detection.

B 10 eI H

Surface inspection of the mirror is a key meth-
od for evaluating the rationality of the flexible sup-
port structure design for the mirror assembly. To en-
sure the initial optical quality, the M2 mirror was
fabricated from a 6061-T6 aluminum alloy blank.
To minimize the release of internal residual stresses,
a strict multi-stage machining and thermal treat-
ment cycle was employed. The final optical surface
was generated using an ultra-precision Single Point
Diamond Turning machine. In its unconstrained
state before installation, the surface figure accuracy
of the M2 mirror was measured to be 0.019 A.

After the flexible support legs were mounted to
the frame under actual assembly conditions, the sur-
face inspection was conducted at 20 °C. As shown
in Figure 11, the RMS of 0.021 A and peak-to-val-
ley (PV) of 0.425 A, meeting the spectrometer tech-
nical requirement of RMS<<A/40 (A=632.8 nm). The
minimal degradation of only 0.002 A demonstrates
that the monolithic flexible support highly effect-
ively isolates assembly stress. Furthermore, five
consecutive tests confirmed measurement stability
with deviations below the interferometer’s resolu-
tion (0.001 A). This fully confirms that the flexible
support structure effectively releases stress, thereby
verifying the rationality and effectiveness of the

structural design.
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Fig. 11 Testing Results of M2 Mirror
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5.2 Wavefront Aberration Testing During Modu-
lar Assembly and Alignment

The core principle of wavefront aberration de-
tection is to evaluate the imaging quality of an op-
tical system by measuring the phase deviation
between the actual wavefront and the ideal wave-
front within the system. In this study, to verify the
effectiveness of the preliminary structural optimiza-
tion, a modular assembly and alignment experiment
of the mirror assembly was conducted. The experi-
ment was performed on an optical precision vibra-
tion-isolation platform, using a Zygo interferometer
and a standard flat mirror to measure the wavefront
aberration of the mirror system after precise align-
ment under the frame-free condition. The experi-
mental principle and test setup are illustrated in
Figure 12.

At the start of the detection process, a laser
beam emitted from the interferometer forms the ref-
erence wavefront for measurement. Each mirror is
individually fixed on multi-dimensional adjustment
stages according to its spatial position. After the
laser beam enters the mirror system under test, the
interferometer is used to finely adjust the pitch and
yaw of each mirror sequentially until all mirrors
reach the optimal positions specified by the optical
design. Following sequential reflection by the mir-

rors, the beam finally propagates to the standard

mirror. The beam is then reflected by the standard
mirror and returns along the original optical path,

re-entering the interferometer.

Flat

Interferometer

v

Fig. 12 Principle of Wavefront Aberration Detection and

Experimental Site Diagram.
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During the experiment, the position and orient-
ation of each mirror assembly are repeatedly fine-
tuned, while the real-time interference pattern is ob-
served. An interference pattern with clear features,
symmetry, and the minimum number of fringes is
obtained in the field of view. The interferometer
then acquires and records stable wavefront phase
data.

To evaluate the optical system's performance
across the full field of view, after completing cent-
ral field-of-view alignment and measurement, wave-
front aberration is detected at different field-of-view
(FOV) points. The incident beam angle on the mir-
ror system is adjusted by precisely modifying the
standard mirror's position to simulate off-axis FOV
conditions. By systematically varying the standard
mirror's pose, a series of wavefront aberration distri-

butions across different FOVs is obtained, as shown
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in Figure 13. Similar repeatability tests confirmed
the system's stability. The detailed quantitative res-
ults are summarized in Table 6. As shown in Table 6,
the RMS values exhibit high consistency across the
full FOV, stabilizing around 0.045 A. The PV val-

ues range from 0.299 A to 0.459 A. The measured
PV values satisfy the design requirements, and the
stable RMS performance confirms the robustness of

the opto-mechanical structure under gravity.

Fig. 13 Wavefront aberration detection cloud maps under different fields of view.
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Tab. 6 Wavefront aberration detection results under
different fields of view

*6 TR THUKAIRER LR

FOV —-1.36° —0.74° Center +0.74° +1.36°

PV 0.459 & 0.378 & 0.355x 0.308 & 0.299 &

RMS 0.048 1 0.048 1 0.044 1 0.045 2 0.045 2

6 Conclusion

This study addresses the issue of optical sys-
tem instability in an all-aluminum space spectromet-
er induced by thermo-mechanical loads. To achieve
the desired optical performance, the flexible sup-
port structure of the largest mirror in the opto-mech-

anical system was optimized. Parametric modeling

was performed for the 245mm M2 mirror, and a
comprehensive opto-mechanical-thermal integrated
analysis was conducted for the entire spectrometer
structure. The finite element method was used to
analyze structural responses under gravitational and
thermal loads, and the contributions of each dimen-
sional parameter to the optical response were evalu-
ated.

To optimize optical performance, a surrogate
model integrating both the optical response and the
fundamental structural frequency was established.
Dimensional parameter optimization was carried out
with optical and structural performance as object-
ives. As a result, both dynamic stiffness and thermo-
mechanical-optical stability of the spectrometer

were significantly and balancedly improved.
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Surface inspection of the mirror was measured
using a Zygo interferometer, yielding RMS value of
0.021 A, outperforming the spectrometer’s technical
specification of RMS <<A/40. For system-level val-
idation, the wavefront aberration RMS values of the
optical system were measured using a Zygo interfer-
ometer and a standard mirror at five fields of view.
The resulting values are 0.048 A, 0.048 A, 0.044 2,
0.045 A, and 0.045 A. All measurements comply
with the technical requirement of RMS </14 for
the spectrometer’s imaging system. These results
verify the rationality and effectiveness of the optim-
ized flexible support structure design for the mirror.
The theoretical simulation in Section 4 and the
physical testing in Section 5 form a complementary
validation: the simulation proves the design's superi-
ority under extreme space conditions, while the

physical testing confirms its actual engineering feas-
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