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Abstract

Curved prisms can serve as core components of dispersive spectroscopy and converge
light paths, making them widely used in spectral imaging technology. Their positional
stability, surface shape errors, and temperature stability in optical systems directly affect the
performance of spectral imaging systems. On the basis of the analysis of design indicators
and optimization of the support structure for curved prisms, a multipoint flexible adhesive
support structure (MPPASS) of large rectangular curved prisms for space-based application
is proposed. The novelty of the MPPASS lies in its ability to achieve micro-stress and
high stability support for large-aperture rectangular optical elements through the bonding
of peripheral small points and the introduction of flexible bonding rings. The design
principles of the adhesive support structure were deeply studied, and on this basis, the
engineering design, finite element analysis, adhesive testing, and mechanical testing of
large curved prisms were completed. The designed curved prism assembly has a maximum
deformation displacement of 0.0085 mm and a maximum tilt angle of 0.65” under gravity
loading, a first-order frequency of 1003.5 Hz, and a maximum acceleration amplification
factor of 3.12 in the X, Y, and Z directions. The root mean square (RMS) variation value
of the mirror shape errors for the curved prism assembly was 5.26 nm under a uniform
temperature load of 20 &+ 1 °C, and the RMS value of the mirror shape errors was 0.019 A
after mechanical testing. The installation surface flatness of 0.02 mm did not significantly
affect its mirror shape errors. The experimental results verified the rationality of the design,
temperature stability, and mechanical stability of the MPPASS.

Keywords: multipoint flexible; adhesive structure; optimization analysis

1. Introduction

Compared with traditional cameras, imaging spectrometers can obtain physical at-
tribute information related to detection targets and the backgrounds of segmented nar-
rowband spectra, so they can better achieve camouflage exposure and target recognition.
Therefore, they are widely used in resource monitoring, land surveying, ocean observation,
and military identification [1-5]. The spectral element is an indispensable and important
component in spectroscopic instruments for dividing the spectral narrowband of wide
bands that directly determine the spectral performance of the system.

At present, the most widely used spectral elements in spaceborne applications are
gratings and prisms [6,7]. Compared with grating splitting, prism splitting does not
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experience overlapping spectral orders, has a large light flux, and has high sensitivity for
spectral analysis. However, prism dispersion experiences a strong dispersion nonlinearity
problem that can be overcome by curved prisms. In addition to the dispersion advantages
of traditional prisms, curved prisms also have collimation and certain imaging functions,
which can eliminate the need for collimation optical element design and significantly reduce
the volume of the optical system. They can also correct aberrations, greatly improving the
imaging quality and overall performance of the system.

Prism dispersion can be further divided into planar prism dispersion and curved
prism dispersion. Traditional planar prism dispersion requires the addition of a collimation
system in the imaging optical path, which complicates the optical system. However, curved
prisms, due to their inherent ability to converge the light path, can eliminate the need for a
collimation system, significantly simplifying the dispersion imaging system and facilitating
miniaturization design. However, a curved prism is a nonrotational symmetrical body;,
and the traditional fixation method of the frame and pressure ring has difficulty achieving
high-precision and high-stability installation [8]. Small, circular curved prisms (<150 mm)
can be supported for microstress by creating bosses on the circumferential surface of the
prism during optical processing and adding rubber pads between the pressure ring and
the mirror. As the effective aperture of curved prisms is often elliptical, larger curved
prisms (200-600 mm) are often processed into rectangles to reduce the volume and weight
of the system.

The difficulty of supporting structures for large rectangular prisms lies in ensuring
surface shape errors, mechanical vibration reliability, and temperature stability of the prism
in various space-based environments. Therefore, it is necessary for its supporting structure
to have both high stiffness and flexible stress release capabilities. The commonly used
method for the support structure of the rectangular curved prisms was through the use
of an elastic clamping plate. However, this method could result in significant clamping
stress due to direct contact between the clamping plate and the mirror. A multipoint
peripheral adhesive support structure (MPPASS) for curved prisms that can achieve an RMS
value of surface shape errors <(1/50)A, even under the influence of gravity, temperature,
manufacturing error, assembly error, and other factors, is proposed. A multipoint peripheral
adhesive support structure (MPPASS) with micro-stress, high strength, and thermal stability
for rectangular curved prisms is proposed. The research methodology was shown in
Figure 1. The core and innovation lie in the calculation of bonding area, the layout of
bonding points, and the design of flexible bonding rings.

Design and optimization of flexible
[ start ] bonding rings
7 v
[ Engineering mechanism analysis ]
[ Optical design results including the size ]

and material of the curved prism

v

[ Principle and requirements analysis of the ]
support structure

Meet the
specifications
requirements
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[ Design of the multipoint flexible ] [ Tests verification ]
adhesive support structure +
v
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Figure 1. The research methodology of the MPPASS.
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The rest of this paper is organized according to the research framework presented
in Figure 1. Firstly, the design principles and requirements of the curved prism support
was described in Section 2. Section 3 explains the design and optimization of the support
structure. Sections 4 and 5, respectively, introduce the engineering mechanics analysis and
experimental verification results for the MPPASS. Section 6 presents the conclusions and
introduces future work.

2. Analysis of the Support Structure Requirements
2.1. Structural Parameters of the Curved Prism

The difficulty of support for the curved prisms lies in its non-rotational symmetry.
Therefore, precise phase adjustment of the curved prism was required in the optical system
to achieve good imaging quality. The detailed dimensional parameters of the curved prism
are shown in Figure 2. The material of the curved prism was H-TF8, which was used for
visible imaging. The off-axis distance between the front and rear surfaces of the curved
prism was 30.61 mm. The curvature radii of the front and back surfaces were 435.49 mm and
460.72 mm, respectively. The geometric dimensions of the mirror body were 230 x 166 mm.
A 2% margin has been reserved for the optical effective aperture to avoid edge effects
during mirror processing. The RMS value of the surface shape error for the bare curved

prism was 0.018A.
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Figure 2. Structural parameters of the curved prism.

2.2. Design Index Analysis of the Curved Prism Support Structure

To achieve the dispersion and convergence light path effects of curved prisms in
dispersion spectral imaging systems, the design indicators of the MPPASS for curved
prisms were as follows:

1.  The surface shape error (RMS) of the curved prism assembly (CPS) after mechanical
testing should be <(1/50)A. The surface shape errors of a curved prism are related to
factors such as the material of the mirror body, differences in mirror body thickness,
position of bonding points, area of individual bonding points, and form of the support
structure. Therefore, the form, position, and layout of the adhesive structure must be
optimized and analyzed.

2. The surface shape error of the CPS remains unchanged at 20 & 1 °C. This requires
the bonding structure of the curved prism to have a certain degree of flexibility to
release the stress introduced by temperature changes while ensuring rigidity. In
addition, optomechanical thermal coupling analysis must be performed to optimize
the MPPASS.
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3. The support structure should possess sufficient rigidity to ensure that the rigid dis-
placement of the mirror is <0.01 mm under gravity.

4.  The inclination angle of the mirror in the direction of gravity should be <2” under
gravity. This requires the support points in the support structure to pass through
the center of gravity of the mirror body to maintain mirror balance and decrease the
inclination angle.

5. The mass of the SRCPS should be <4.5 kg. For space payloads, the mass determines
the launch cost. Therefore, the mass of the optical components should be reduced
as much as possible. This requires the use of materials with higher stiffness and a
reasonable and sufficient lightweight design.

6.  The first fundamental frequency of the CPS should be >300 Hz to avoid the resonance
peak of the entire satellite and ensure good mechanical properties when it is integrated
into the box.

7. The dynamic stress on the support structure should be <800 MPa, which is the allow-
able stress on the flexible structure. The dynamic stress on the curved prism should
be <20 MPa, which is the allowable stress for optical materials. The dynamic stress on
the adhesive should be <15 MPa, which is the bonding strength of the adhesive.

8.  The amplification of the RMS acceleration of the CPS should be <4. The larger the
amplification of the RMS acceleration of the SRCPS is, the worse the overall stiffness
of the support structure.

9.  The CPS should be designed with a back plate to achieve radiation resistance for
spaceborne applications, avoiding the reduction in transmittance caused by radiation
effects on optical materials and affecting imaging performance. This requires the
antiradiation backplate to be designed with a flexible structure to unload the screw
torque of the installation screws to avoid directly affecting the surface shape errors of
the curved prism.

Among the above indices, the CPS must be fixed via small multipoint bonding forms,
and the bonding points should be as close as possible to the center of mass. While ensuring
the stiffness and strength of the supporting structure, a flexible structure must be designed
to unload the assembly stress, temperature stress, and installation stress and ensure low
surface shape errors [9-11]. Therefore, the MPPASS for large spaceborne rectangular curved
prisms is proposed.

2.3. Design Principles for Adhesive Support Structures

For the highly stable and reliable MPPASS of large curved prisms, the following
three aspects should be ensured. First, the RMS error value for the surface shape of the
curved prism after bonding and curing in the frame must not exceed (1/50)A. Several
methods can achieve high surface shape errors, including the following: 1. Optical materials
with a higher stiffness ratio should be used as much as possible to improve the stiffness
of the mirror itself. 2. Assuming a fixed total bonding area, multiple small-area adhesives
should be used as much as possible to minimize the impact of adhesive curing on the
mirror surface shape. 3. The design and layout of the bonding points should be optimized
as much as possible to reduce the degree of tilt of the mirror itself (e.g., the bonding points
should pass through the center of mass of the mirror body, flexible bonding structures
should be introduced to release bonding and assembly stresses [9,12], the bonding points
should be arranged as symmetrically as possible, and the overturning moment introduced
by the support structure should be reduced). In addition, the supporting structure and
form must have sufficient rigidity and strength to ensure that the surface shape errors of
the curved prism assembly do not change under gravity along the X, Y, and Z axes.
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Second, the curved prism assembly must have excellent mechanical and thermal
stability [13,14]. For support structures that use adhesive bonding, the mechanical con-
dition inputs, unstable bonding processes, and unsatisfactory bonding interfaces must
be fully considered when the bonding area is designed. A sufficient design margin for
the bonding area should be introduced to achieve high mechanical stability. To achieve
high thermal stability, appropriate optomechanical adhesives must be selected, the thermal
expansion coefficients of different types of materials must be matched, and scientifically
and reasonably flexible structures must be used to release thermal stress.

Finally, and most importantly, the spatial position of the curved prism and its relative
position with respect to other mirror components must be ensured. A curved prism is a
nonrotational symmetric body, so all six degrees of freedom in space must be adjusted.
During structural design, a portion of the degrees of freedom must be constrained through
benchmark transformation, and, at the same time, the other degrees of freedom must be
fine-tuned through design adjustment steps (such as controlling the degrees of freedom
of movement with a limit table and adding trimming pads and screw holes to adjust the
position and posture of the mirror). In addition, the repeated disassembly and assembly
of curved prisms must be considered during the assembly and adjustment process, and
their reset design (such as pin reset, reset fixtures, or optical monitoring methods) must
be considered. In addition, the reset design of a curved prism assembly that needs to be
disassembled and reassembled multiple times during the integration process (such as pin
hole, reset tooling, or optical monitoring methods) must be considered.

3. Design of the Multipoint Flexible Adhesive Support Structure
3.1. Overall Design

The MPPASS for the curved prism proposed was fixed by bonding 8-point epoxy ad-
hesive around the edges. A three-dimensional schematic diagram of the support structure
is shown in Figure 3. The curved prism was installed in the mirror frame, and the internal
cavity size of the mirror frame was 1 mm larger than the external dimensions of the curved
prism, ensuring that the curved prism was in a free state in the curved prism frame. The
curved prism was fixed by bonding with eight adhesive points on four sides. On the left
and right sides, the side of the prism with thicker edges was fixed with rigid adhesive rings,
and the end with thinner edges was fixed with flexible adhesive rings. The lower side was
bonded with a rigid adhesive ring, whereas the upper side was bonded with a flexible
adhesive ring. This bonding technique did not over-constrain the mirror body through
the design of flexible bonding rings, which was a core advantage, and prevented stress
concentration and stability issues caused by full rigid bonding and full flexible bonding. In
addition, ensuring that the eight adhesive points passed through the center of mass of the
curved prism as much as possible achieved a better stress state. There was a trimming pad
between each adhesive ring and the curved prism frame, which could be used to adjust
and control the thickness of the adhesive layer to ensure adhesive strength. There were
two 6 mm injection holes on each side of the curved prism frame for injecting the XM-31
adhesive. The purpose of the injection holes was to assist in the position and posture
accuracy of the curved prism before epoxy adhesive bonding and to enhance the reliability
of the mirror assembly in terms of bonding. The epoxy adhesive was EC2216-B/ A, which
is widely used in aerospace optical instruments because of its high strength, low stress, and
nonvolatility [15,16]. The design mass of the MPPASS was 3.95 kg.

For a fixed bonding area, increasing the number of bonding points appropriately can
reduce the bonding area of a single point, thereby reducing the impact of adhesive curing
stress on the surface shape errors of the curved prism. Arranging adhesive points on the
upper and lower sides of a rectangular curved prism could improve the force balance of
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the mirror assembly under gravity in the X and Y directions and ensure the stability of
posture changes in the three spatial axes during integration. The curved prism frame was
designed with four protrusions on the front surface, which could be used as the installation
surface for the bonding fixture. The axial positional accuracy of the curved prism was
ensured through the bonding fixture. The four convex platforms must be grinded to ensure
a coplanarity of less than 0.01 mm. After bonding is complete and the bonding fixture is
removed, it can still be used as an installation position for the precision measuring mirror to
monitor the position and posture of the curved prism during the system integration stage.

(@)

. curved prism frame
adjustment pad ~

Adhesive
ring pad

flexible
adhesive ring

rigid
adhesive ring

(b)

N .
anti-radiation
backplate

Figure 3. MPPASS of the spaceborne rectangular curved prism: (a) assembly; (b) structure without
a prism.

In terms of material selection for the structure, the main consideration is thermal
expansion matching and a lightweight design. The adhesive ring in direct contact with the
optical components was made of a titanium alloy TC4 material whose linear expansion
coefficient was similar. To reduce the weight of the system and improve the stiffness, the
curved prism frame was made of aluminum-based silicon carbide (AlSiC). The selection of
other materials is shown in Table 1.

Table 1. Material and performance parameters of the CPS.

. Elasticit Poisson’s  Densit Thermal Expansion Coefficient
Part Name Material 10 qulus (C};Pa) Ratio (g'cm—g) (10—P6 m-°C-1)

Curved prism H-TF8 91.14 0.263 3.51 7.1
Curved prism frame AlSIC 180 0.18 2.94 8.1
Adhesive rings TC4 114 0.29 4.40 8.8
Antiradiation backplate TC4 114 0.29 4.40 8.8
Adhesive ring pad TC4 114 0.29 4.40 8.8
Adjustment pad TC4 114 0.29 4.40 8.8
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The bonding surfaces of the adhesive rings were sandblasted to ensure a roughness of
3.2-6.4 um to achieve high bonding strength. The flexible slots in flexible adhesive rings
were formed through wire cutting machining. The flexible adhesive rings were iteratively
optimized via a genetic algorithm to obtain the optimal size and distribution of the flexible
groove, as shown in Figure 4 [17,18]. The detailed optimization design of flexible adhesive
rings will be further detailed in subsequent publications.

(@) (b)

Figure 4. Structure of the adhesive rings: (a) rigid adhesive rings and (b) flexible adhesive rings.

3.2. Theoretical Calculation of the Bonding Area

The curved prism was fixed by peripheral epoxy adhesive. The EC2216-B/ A epoxy
adhesive was injected between the flexible ring and the optical element through the injection
hole during bonding. The thickness of the adhesive was controlled by trimming the
adhesive ring pads between the flexible ring and the curved prism frame. The thickness of
the adhesive was generally controlled at 0.1 £ 0.02 mm.

The larger the bonding area, the better the mechanical stability of the CPS. However,
the larger the bonding area, the greater the introduced bonding stress, which could lead to
poorer surface shape errors. Therefore, it was crucial to choose a reasonable bonding area
that can ensure both mechanical stability and surface shape errors.

The minimum bonding area between the optical and structural parts was calculated
according to the following empirical formula [19]:

B wag fs

] 4

where S is the minimum bonding area, w is the mass of the optical element, ag is the

S 1)

maximum acceleration, fs is the safety factor, and ] is the shear strength or tensile strength
of the adhesive.

Given the insufficient cleaning of the surface during bonding treatment, the value of
fs was 4. The maximum acceleration was 20 g. The shear strength of the adhesive was
10 MPa. The minimum bonding area of the curved prism was then calculated according
to the above formula. Considering the feasibility of processing, operability of bonding
technology, and high design redundancy, the final design dimensions and bonding area of
the bonding ring are listed in Table 2.

Table 2. Bonding area of the rectangular curved prism.

Part name

Material

Mass  Minimum Bonding Diameter of the Designed Bonding Area Bonding Area of the
(kg) Area (mm?) (mm) Design (mm?)

Curved prism

H-TF8

2.03 159.5 8 x 910 628.3

On the basis of the above analysis results, the designed bonding area of the curved
prism was much larger than the theoretical minimum bonding area, which could ensure
the bonding strength and mechanical reliability of the CPS. The adhesive design area of
the CPS was based on the theoretical calculation values mentioned above, and further
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confirmation of its rationality and reliability through engineering mechanics analysis is
still needed.

3.3. Optimization of Multipoint Bonding Forms

When designing the MPPASS, a total of nine structural support forms were proposed
for screening, as shown in Figure 5. All nine structural support forms should ensure that
the bonding point passes through the center of mass of the curved prism to minimize
the impact of the overturning moment on the surface shape errors of the curved prism.
To ensure the same bonding area, a detailed structural design was carried out for the
nine types of CPSs mentioned above. After the design was completed, the surface shape
errors (RMSs) of the CPS under self-weight and a uniform temperature load of 1 °C were
analyzed. The analysis results are shown in Table 3.

f
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J: ‘W y ‘ | F #

k| If

|
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Figure 5. All 9 structural support forms: (a) 4-sided bonding (3 sides rigid, 1 side flexible); (b) 4-sided
bonding (4 sides flexible); (c) 4-sided bonding (4 sides rigid); (d) 4-sided bonding (2 sides rigid, 2 sides
flexible); (e) 3-sided bonding (3 sides flexible); (f) 3-sided bonding (3 sides rigid); (g) 2-sided bonding
(2 sides flexible); (h) 2-sided bonding (2 sides rigid); and (i) 2-sided bonding (1 side rigid, 1 side
flexible). f represents the flexible adhesive ring.

Table 3. Variation in the RMS value for the surface shape errors of CPSs with different support forms.

Form Number

Surface Shape Errors (RMS) in Terms  Surface Shape Errors (RMS) with Root Mean Square Value of

(in Figure 5) of Three-Axis Gravity J; (nm) a Uniform 1 °C Load J; (nm) the Coupling Effect 6 (nm)
a 4.63 8.74 9.89
b 6.47 4.99 8.17
C 1.08 13.48 13.52
d 1.29 527 5.42
e 7.75 8.24 11.31
f 1.58 10.21 10.33
g 8.94 7.15 11.45
h 4.65 9.24 9.93
i 6.83 713 9.87

Considering the coupling effect of the gravity load and temperature load on the surface
shape errors of the CPS, the weights of the two were set to 0.5, and the variation in the RMS
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value for the surface shape errors under the coupling effect on the two loads was calculated

or = /612 + 6%, (2)

where 6, represents the maximum surface shape error (RMS) of the CPS under three-axis

as follows:

gravity and where 0, represents the maximum surface shape error (RMS) of the CPS under
a uniform 1 °C load.

In summary, the four-sided adhesive (two sides rigid, two sides flexible) was adopted
as the basic support structure for the CPS, as shown in Figure 5d.

4. Engineering Mechanics Analysis

Spaceborne optical equipment is subject to complex environments and exposed to
vibrations, impact, and temperature changes during launch and ignition. To ensure imaging
quality, finite element analysis is widely used in the design process [20,21]. In accordance
with the design requirements, static analysis, modal analysis, temperature load analysis,
flatness sensitivity analysis, and random vibration analysis were conducted on the CPS. In
the analysis process, the optical axis of the CPS was defined as the Z-axis, the X-axis was
parallel to the short side of the CPS, and the Y-axis was determined by the right-hand rule,
as shown in Figure 2.

4.1. Static Analysis

To verify the static characteristics of the CPS, an analysis was conducted on its surface
shape errors under the coupling of 1 g gravity and an installation surface flatness of 0.01 mm.
The distribution results of the surface shape cloud map are shown in Figure 6, and the RMS
variation values of the surface shape errors are shown in Table 4.

Table 4. RMS variation values for the surface shape errors of the CPS under coupled static
working conditions.

Surface Shape Errors Surface Shape Errors

Gravity Direction Mirror Face (RMS)/nm (PV)/nm
Concave surface 6.45 33.09
X Convex surface 6.50 34.63
Concave surface 0.84 5.71
Y Convex surface 1.42 8.30
Concave surface 3.52 24.40
Z Convex surface 4.49 29.96

The maximum RMS variation in the surface shape errors of the CPS under coupling
conditions was 6.45 nm, approximately (1/100)A. The maximum deformation displacement
of the CPS under uniaxial gravity was 0.0055 mm, and the maximum tilt angle was 0.65".
The influence of gravity and installation surface flatness on the surface shape errors of
curved prisms was relatively minor, which verified the rationality of the MPPASS.

4.2. Modal Analysis

To avoid resonance phenomena caused by the proximity of the CPS to the satellite
frequency during satellite launch, which could decrease optical performance, modal analy-
sis was performed. The first-order mode of the CPS obtained through modal analysis was
1005.1 Hz, which was much higher than the required 300 Hz as shown in Figure 7. This
indicated that the CPS had excellent dynamic mechanical performance.
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Figure 6. Surface shape cloud map of the CPS under the coupling of 1 g gravity and an installation
surface flatness of 0.01 mm: (a) concave surface cloud map with gravity in the X direction; (b) convex
surface cloud map with gravity in the X direction; (c) concave surface cloud map with gravity in the
Y direction; (d) convex surface cloud map with gravity in the Y direction; (e) concave surface cloud
map with gravity in the Z direction; and (f) convex surface cloud map with gravity in the Z direction.
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Figure 7. First natural vibration mode of the CPS.
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4.3. Temperature Sensitivity Analysis

The imaging performance and spectral performance of spaceborne hyperspectral
imagers are strongly affected by temperature, especially for large aperture lenses, which
are more sensitive to temperature. To verify the adaptability of the MPPASS to the imaging
temperature, an analysis was conducted on the RMS variation in the surface shape errors
of the CPS under a uniform temperature variation load (20 £ 1 °C).

The surface shape error (RMS) changes in the concave and convex surfaces of the
CPS under a uniform temperature variation load of 20 + 1 °C were 5.27 nm and 5.20 nm,
respectively, as shown in Figure 8.

(A)  sigFier de Bofors Fit, After any RB Subt Surface-001 (b) SigFLL: de Bafers Fit, After any RB Subt Surface-002
1.0 i . t - — * Loadcase=004 1.0 * . i * = = = Loadcase=004
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Figure 8. Surface contour cloud map of the CPS with uniform temperature variation (20 + 1 °C):
(a) cloud map with a concave surface shape and (b) convex surface contour cloud map.

4.4. Sensitivity Analysis of the Flatness of the Antiradiation Backplate

Lens assemblies bonded with epoxy adhesive are often strongly affected by the installa-
tion stress because of their high fundamental frequency and high rigidity. The antiradiation
backplate of the CPS must be installed after the epoxy adhesive is cured because the un-
evenness of the installation surface may introduce stress and cause changes in the surface
shape errors of the CPS. Therefore, a flexible structure was introduced to relieve stress in
the design (as shown in Figure 9), and an analysis was conducted on the influence of the
flatness of the antiradiation backplate on the surface shape errors of the CPS. The numbers
1-4 represented four installation bosses in Figure 9. The differences in the installation
flatness values are simulated by setting the force displacement on the installation points.
The analysis revealed that when the flatness difference in the antiradiation backplate was
0.02 mm, an assembly stress was introduced, resulting in a 0.06 nm change in the RMS
value of the surface shape errors of the CPS, and the impact could be ignored.

Figure 9. Forced displacement of 0.02 mm applied at points 1 and 3.
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4.5. Random Vibration Analysis

To evaluate the dynamic mechanical performance of the CPS, a random vibration
mechanics analysis was conducted according to the mechanical conditions in Table 5. The
stress distributions of the adhesive layer, optical elements, and structural parts under
random vibration mechanics conditions are shown in Figure 10. The maximum dynamic
stresses of the adhesive layer in the X, Y, and Z directions were 2.96 MPa, 1.2 MPa, and
2.43 MPa, respectively. The maximum dynamic stresses of the optical elements in the X, Y,
and Z directions were 0.95 MPa, 0.49 MPa, and 0.64 MPa, respectively. The maximum dy-
namic stresses of the structural parts in the X, Y, and Z directions were 20.58 MPa, 8.49 MPa,
and 17.53 MPa, respectively. The maximum acceleration magnifications of the CPS in the X,
Y, and Z directions were 2.12, 2.85, and 3.24, respectively, all of which were lower than the
designed acceleration magnifications of the requirements. The maximum dynamic stress
obtained from simulation was less than the allowable stress of the material, and it proved
that the CPS could withstand the random vibration dynamics of the analyzed magnitude.

Table 5. Random vibration test conditions of the SRCPS.

Parameter Range Magnitude
20-190 +3 dB/octave
Frequency (Hz) 190-750 0.01632 g?/Hz
750-2000 —9 dB/octave

Total RMS acceleration (grms) — 4¢g
Test time (min) — 1
Direction — XY, Z
(b)

(h)

Figure 10. Statistical stress for the CPS in the random vibration simulation: (a) stress of the adhesive
layer in the X direction; (b) stress of the adhesive layer in the Y direction; (c) stress of the adhesive
layer in the Z direction; (d) stress of the optical element in the X direction; (e) stress of the optical
element in the Y direction; (f) stress of the optical element in the Z direction; (g) stress of the structural
parts in the X direction; (h) stress of the structural parts in the Y direction; and (i) stress of the
structural parts in the Z direction.
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5. Assembly and Verification
5.1. Tests of the Displacement, Inclination Angle, and Mass

After the design results were verified through engineering mechanics analysis, the
CPS could be integrated and tested to verify the performance of the support structure.
After injecting epoxy adhesive, the curved prism was left to cure for 7 days (as shown
in Figure 11). The displacement, inclination angle, and mass of the CPS were tested by
using a digital display micrometer, a theodolite, and an electronic balance, respectively. The
displacement, inclination angle, and mass of the CPS were ~0.006 mm, ~1.2", and 4.01 kg,
respectively. All of which are better than the design index values.

Figure 11. Curved prism assembly.

5.2. Vibration Test

After 7 days of adhesive curing, the curved prism was subjected to random vibration
testing, as shown in Figure 12. The random vibration results revealed that the first-order
frequency of the CPS was 1003.5 Hz, and the X, Y, and Z three-axis acceleration amplifica-
tion factors were 2.21, 2.75, and 3.12, respectively. The experimental results were almost
consistent with the simulation results. Because the maximum acceleration amplification
factor was less than 4, the design specifications met the requirements. After the vibration
test, no peeling or cracking of the adhesive layers was observed in the adhesive spots of the
CPS by visual inspection. The scanning frequency test curves before and after the random
vibration test remained consistent. The CPS successfully withstood the random vibration
test in Table 5.

Figure 12. Mechanical testing of the CPS: (a) vibration test in the X direction; (b) vibration test in the
Y direction; and (c) vibration test in the Z direction.
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5.3. Test of the Surface Shape Errors

The RMS value of the surface shape errors of the curved prism before and after the
mechanical test were 0.022A and 0.019A, respectively. It met the requirement necessitating
that the RMS value of the surface shape errors be <(1/50)A, as shown in Figure 13. Before
and after the mechanical testing, there was no significant change in the surface shape errors
of the CPS, further verifying the rationality of the design.

(2) W

RMS0.022)

Figure 13. The surface shape errors of the CPS at different stages. (a) After epoxy adhesive bonding
and curing. (b) After random vibration.

Using the abovementioned MPPASS, bonding tests of two other curved prisms of
similar sizes were performed, and the results successfully passed the mechanical test
assessment, verifying the universality of the support technology and the stability of the
bonding process, as shown in Figure 14.

Figure 14. Two other curved prisms bonded via similar support technology.

6. Conclusions

The rectangular curved prism was the core optical element of the imaging spectrometer.
A multipoint flexible adhesive support structure for large space-based rectangular curved
prisms was proposed on the basis of the characteristics, design index requirements, and ad-
hesive support structure design principles of curved prisms. On this basis, the engineering
design, the optimization of the multipoint adhesive form, and the analyses of engineering
mechanics—including static analysis, modal analysis, temperature sensitivity analysis,
installation flatness sensitivity analysis, and random vibration mechanics analysis—were
completed for the large curved prisms, which verified the high reliability and stability of
the structural design. Furthermore, experimental verification of the mass, displacement,
inclination angle, random vibration test, surface shape error test, and similar mirror group
bonding test, was carried out on the curved prism assembly. The experimental results
verified the rationality and universality of the design of the proposed multipoint flexible
adhesive support structure, as well as the stability and operability of the bonding process.
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