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ARTICLE INFO ABSTRACT
Keywords: In order to realize the high-precision assembly of the mirror of the aeronautical optical system, a
Aerial optical imaging semi-kinematic flexible support structure applied to the airborne field was designed. This paper

Flexible support
Simulation analysis
Surface shape error test

studies the support principle and assembly method of flexible support of mirror. Firstly, according
to the kinematic theory of space mechanism, the spatial degrees of freedom of the mirror were
theoretically analyzed. Then, in view of the difficulties encountered in the assembly and appli-
cation of the mirror, a flexible support structure was designed. Then, the design results were
verified by means of finite element analysis. Finally, the processing and assembly of a flexible
support structure of the mirror was completed, and the relevant experimental tests were carried
out. The experimental results show that the accuracy of the mirror after assembly with flexible
support structure is better than A/50 (A = 632.8 nm), and the mass is less than 2 kg. The model
fundamental frequency modal of the whole assembly is 645 Hz, which is higher than the design
requirement. All simulation and test results show that the flexible support structure works well,
meets the requirements of aviation optical system, and has the advantages of simple assembly,
high precision, stability and reliability.

1. Introduction

Optical imaging payloads play an important role in areas such as national production, astronomical exploration, and earth sciences
[1-7]. The advantages and disadvantages of the mirror support structure in the optical imaging payload will directly affect accuracy of
the mirror, thereby affecting the imaging quality of the entire optical system. Due to the large weight and size of some mirrors, it is
difficult to mount such mirrors. Typical problems are [8-12]:

e Bonding stress: Non-metallic mirrors (glass or ceramic) require the use of adhesives, which are bonded to the bushings to facilitate
connection with the support structure, and during the curing of the adhesive, adhesive stresses are generated between the mirrors
and the bushings.

o Assembly stress: When the back plate of the mirror is connected to the mirror through a flex joint, the two mounting planes have
residual processing errors and assembly errors, and the screws will generate assembly stress between the back plate and the flexible
joint during the process of applying pretension.
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e Temperature stress: Generally, the mirror and the support structure are processed from different materials, and when the sur-
rounding temperature changes, the thermal expansion of the mirror and the support structure will cause temperature stress be-
tween the installation interface.

All three stresses cause the optical surface to be misaligned or deformed. Most of the existing mirror mounting structures are over-
constrained systems, and excessive constraints cannot eliminate assembly stress and temperature stress, which will cause the offset of
the mirror position and the deformation of the surface of the mirror, thereby degrading the imaging quality of the entire optical system.
Therefore, this paper aims to design a flexible support structure of optical mirror to eliminate the above stress, ensure the position
accuracy and surface accuracy of the mirror, and improve the imaging quality of the optical system. The support structure can be
applied to aerial reconnaissance, security monitoring, natural resource investigation, helicopter search and rescue, etc.

2. Flexible support principle
2.1. Mirror support principle

According to the theory of mechanism, unconstrained optical mirrors have six spatial degrees of freedom as shown in Fig. 1 [13].
These are the degrees of translation freedom along three axes: TX, TY, TZ, and the degrees of rotation around the three axes: RX, RY,
RZ. The mirror support structure must achieve complete constraints on these six degrees of freedom, and both under-constrained and
over-constrained will have serious consequences. If the mirror is under-constrained, its unconstrained degrees of freedom will produce
uncontrollable random motion, and the position of the mirror is not fixed. If the mirror is over-constrained, the excess constraint will
create stress in the mirror body, further affecting the accuracy of the mirror.

After the above analysis, it can be concluded that the principles of the optical mirror support structure design are:

e All degrees of freedom of the mirror are fully constrained;
e During assembly and application, mirror shape errors and rigid body displacements are kept as small as possible;
e The fundamental frequency of the support structure components meets the requirements of the system.

2.2. Flexible support principle

The support structure of large optical mirrors mainly includes rigid support and flexible support. The rigid support uses joint
mechanisms such as ball bearings or hinges to release its excess degrees of freedom to achieve the purpose of fully constraining the six
degrees of freedom of the mirror. Rigid support due to the gap of the joint mechanism, which can produce friction, wear, and even
collision impact in dynamic load applications, therefore, more and more optical mirrors are supported by flexible structures [14-20].

The flexible support structure of the optical mirror, which sets flexible units of different shapes at its key positions, uses the slight
deformation of the material to achieve the release of degrees of freedom, thereby replacing the rigid joint mechanism. Compared with
rigid support structure, flexible support structure has the advantages of no gap, no friction and no wear.

The schematic of the flexible support structure of the optical mirror designed in this paper is shown in Fig. 2. Three identical
composite flexible supports are installed on the back of the mirror, and the three flexible supports are evenly distributed 120° apart.
Each composite flexible support is designed with multiple flexible hinges to achieve the release of four spatial degrees of freedom,

Fig. 1. Schematic diagram of the spatial degrees of freedom of an optical mirror.
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Fig. 2. Flexible support schematic of optical mirror.

which are three rotational degrees of freedom and one transnational freedom. The remaining two rigid support directions are axial and
transverse along the flexible support. The axial stiffness constraint direction of the flexible support is consistent with the axial direction
of the mirror, and the lateral stiffness constraint direction of the flexible support is arranged along the tangential direction of the
optical mirror, as shown in Fig. 2.

Three rigid constraints along the tangential direction of the optical mirror constrain the mirror’s three degrees of freedom: TX, TY
and RZ. Three rigid constraints along the optical mirror’s optical axis constrain the mirror’s three degrees of freedom: TZ, RX and RY.
As a result, this flexible support structure achieves fully constraint of the optical mirror. This flexible support structure has the
following advantages:

e Absorbing installation stress: Due to the accumulation of errors in the processing and assembly process, there will be a height
error or (and) angle error between the three flexible supports, when it is installed on the back plate, because each flexible support
has a corresponding flexibility, it can absorb a part of the installation stress and reduce the mirror deformation error caused by the
installation stress;

e Absorbing temperature stresses: Due to the inconsistency between the mirror and the supporting structural material, there is a
difference in the coefficient of linear expansion. Therefore, when the ambient temperature changes, the different thermal ex-
pansions of the mirror and the support structure create temperature stress between the mounting interfaces. Since the flexible
support structure designed in this paper is flexible in the radial direction of the mirror, it can absorb the structural stress caused by
its temperature change and reduce the mirror error.

3. Mirror flexible support structure design
3.1. Design requirements

The mirror designed in this paper is the primary mirror in Cassegrain’s optical system, made of silicon carbide and has a lightweight
back. The mirror diameter is 232 mm, the mass is 852 g, and the weight reduction rate is 72.5%. The mirror is used in aeronautical

optical systems, and the design of mirror components should comprehensively consider the influence of static load, dynamic load and
ambient temperature.

Back plate

Composite flexible support

Mirror

Adhesive bushings

Fig. 3. Diagram of the flexible support structure of the mirror.
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The requirements are as follows:

The accuracy (rms) of the mirror component is better than A/50 (A = 632.8 nm);

Under gravity load, the rigid body displacement of the mirror is less than 0.01 mm, and the inclination angle is less than 2";
The mass of the mirror assembly is less than 2 kg;

The fundamental frequency of the mirror assembly is higher than 150 Hz.

3.2. Structure of the mirror assembly

The structure of the mirror assembly designed in this paper is shown in Fig. 3.

The back of the mirror is machined with three evenly distributed mounting holes. The three adhesive bushings are bonded together
with the mirror by optical epoxy adhesive, and the material is Invar, whose expansion coefficient is consistent with that of the silicon
carbide, eliminating the temperature stress caused by the ambient temperature change.

The lower mounting flange of the composite flexible supports is connected to the adhesive bushing by screws, and passes through
the plane of the center of mass of the mirror to eliminate the gravitational inclination of the mirror caused by mass imbalance. The back
plate is connected to the upper mounting flange of the composite flexible support by screws. The composite flexible support and back
plate are made of titanium alloy material with low density, high strength and fatigue resistance.

3.3. Design of adhesive bushings

In order to eliminate the mirror stress introduced by the adhesive curing shrinkage, the adhesive bushing designed in this paper is
shown in Fig. 4.

The outer cylinder of the adhesive bushing is machined with multiple penetration slits, with openings cut in the middle of each
through slit, and the inner bottom surface is machined with mounting planes and mounting threaded holes for the installation of
composite flexible supports. The penetrating slits are evenly distributed on the outer cylinder of the adhesive bushing, and the number
of them is preferably greater than or equal to three, while the adhesive bushing designed in this paper has four penetrating slits. The
epoxy adhesive is evenly applied to the outer surface of the cylinder of the adhesive bushing and the inner surface of the mirror
mounting hole. During the curing process, epoxy adhesive will produce shrinkage stress between the inner surface of the mounting
hole of the mirror and the outer surface of the bonding bushing cylinder, and the penetration slit will produce a small elastic defor-
mation under the action of shrinkage stress, thereby reducing the tensile stress on the mirror and maintaining the accuracy of the
mirror. The width of the incision in the middle of each penetration slit is very small, and it is processed by the EDM method, retaining
most of the outer cylindrical surface (i.e., bonding area), and has high bonding strength.

3.4. Design of composite flexible supports

The composite flexible support is the key element of the mirror support structure, and its structure is shown in Fig. 5.

Fig. 4. Diagram of the adhesive bushing.
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Fig. 5. Diagram of composite flexible support: (a) Outline drawing; (b) Dimensions. Fig. 5 shows the composite flexible support structure and the
local coordinate definition diagram, and its local coordinate system is represented by the lowercase letter xyz to distinguish it from the mirror
assembly coordinate system XYZ. The composite flexible support consists of upper mounting flange, first notch flexible hinge, cruciform hinge,
second notch flexible hinge, third notch flexible hinge and lower mounting flange.

The upper mounting flange is used to connect the composite flexible support with the back plate, and the lower mounting flange is
used to connect the composite flexible support to the adhesive bushing. The incision direction of the first notch flexible hinge and the
second notch flexible hinge is parallel to the y-axis, and has the degree of freedom to rotate around the y-axis, and the combined
movement of these two incision-types flexible hinges can produce flexible translational motion along the x-axis. The cruciform flexible
hinge is machined along the z-axis and have degrees of freedom to rotate around the z-axis. The incision direction of the third notch
flexible hinge is parallel to the x-axis, and it has the degree of freedom to rotate around the x-axis. Based on the above analysis, the
composite flexible support can produce a flexible translation motion Tx in one direction and a flexible rotational motion Rx, Ry and Rz
in three directions, limiting the translation motion Tz along the z-axis and the translation motion Ty along the y-axis.

The three composite flexible supports are evenly arranged along the same circumference, with the x-axis direction following the
radial direction of the mirror, as shown in Fig. 2. Since the composite flexible support limits the translational motion Tz along the x-
axis, the combination of the three composite flexible supports limits the rotational motion of the mirror along the X-axis, the rotational
motion along the Y-axis, and the translational motion along the Z-axis. Since the composite flexible support limits the translational
motion Ty along the y-axis, the combination of the three composite flexible supports limits the translational motion along the X-axis,
the translational motion along the Y-axis, and the rotational motion along the Z-axis of the mirror. The six spatial degrees of freedom of
the mirror are constrained, indicating that the flexible support structure is a fully constraint structure.

When the temperature changes, due to the inconsistency between the mirror and the back plate material, the mirror and the back
plate have a relative motion trend in the radial direction. Since the three composite flexible supports have translational degrees of
freedom along the x-axis, and this direction is arranged in the radial direction of the mirror, the flexible support structure is able to
generate flexible micro-motion in the radial direction, thereby eliminating temperature stress. When the mounting flange plane of one

Fig. 6. Diagram of the back plate.
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composite flexible support is not co-planar with the mounting flange plane of the other two composite flexible supports due to pro-
cessing or assembly error, meanwhile the three composite flexible supports are installed together with the back plate, the mirror will
produce a rotational movement tendency. Since the composite flexible support has the degree of freedom of rotation, the flexible
support structure is able to generate a rotating flexible micro-movement, thereby eliminating assembly stress.

The composite flexible hinge is made of titanium alloy material, which machining method is wire cutting. The dimensional drawing
conforming to the flexible hinge is shown in Fig. 5b. The hinge cutout is circular and has a diameter of 2 mm. The width of the
cruciform flexible hinge is 1 mm.

3.5. Design of the back plate

The back plate is the main load-bearing structure of the mirror assembly, which is used to install the assembled mirror assembly
into the optical system, and the back plate is also the assembly standard of the mirror assembly, which requires good rigidity, light
weight and good dimensional stability. The triangular back plate structure designed in this paper is shown in Fig. 6, using titanium
alloy material, with a mass of about 0.67 kg. The estimated mass of the model of the entire assembly is 1.7 kg, which is less than 2 kg.

4. Simulation analysis

According to the requirements of the mirror assembly, the static and dynamic simulation of the mirror assembly was carried out.
The finite element model of the mirror assembly is shown in Fig. 7.

4.1. Static analysis

Since the aeronautical optical payload will experience large-angle scanning motion and aircraft maneuvering action during
application, the static features of the mirror assembly in all directions should be analyzed. Gravity loads are applied in the X direction
(horizontal optical axis) and Z direction (vertical optical axis) to analyze the surface accuracy and rigid body displacement of the entire
assembly under various working conditions. The deformation contour plot of the mirror assembly under gravity load in the X direction
is shown in Fig. 8a. The deformation contour plot of the mirror assembly under gravity load in the Z direction is shown in Fig. 8b.

The mirror node data were extracted, and the surface shape was fitted by the least squares method to obtain the mirror error and
rigid body displacement. The surface error contour plots are shown in Fig. 9a and b respectively, and the surface error and rigid body
displacement values are shown in Table 1.

4.2. Dynamic analysis

Since the aeronautical optical payload are subjected to aircraft disturbance loads during application, and optical systems are
installed inside an inertial stabilized platform, the dynamic performance of the mirror assembly needs to be evaluated. According to

Fig. 7. Diagram of the back plate.
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Fig. 8. Deformation contour plot of the mirror assembly: (a) Under X direction gravity loading; (b) Under Z direction gravity loading.

RMS=0.00975145  PVv=0.039397A x10° RMS=0.0046402%  PV=0.0195934 il

-100 -50 o 50

(a) (b)

Fig. 9. Surface error contour plot of the mirror assembly: (a) Under X direction gravity loading; (b) Under Z direction gravity loading.
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Table 1

Results of the mirror assembly surface error and rigid body displacement.
Gravity direction Mirror error (rms) Displacement Tilt angle
X 6.17 nm 1.77 pm 1"
Z 2.93 nm 0.48 pm 0"

It can be seen from Table 1 that under the X direction gravity load, the mirror error is 6.17 nm(%/102), the displacement is 1.77 pm, and the
tilt angle is 1°’. Under the Z gravity load, the mirror error is 2.93 nm()/215), the displacement is 0.48 pm, and the tilt angle is 0’’. That
meets the system requirements.

the finite element model, the modal analysis method can be used to obtain the modes and mode shapes of the mirror assembly. Fig. 10
shows the mode shape contour of the fundamental frequency of the mirror component, and its fundamental frequency is 672 Hz, which
is much higher than the requirement of 150 Hz.

4.3. Temperature analysis

Aviation turrets generally have a temperature control function, which can control the temperature within +5 °C. The mirror as-
sembly is simulated under both +5 °C temperature increase and —5 °C temperature decrease. The back plate is applied fixed con-
straints. The surface shape error result is shown in Fig. 11. It can be seen from the figure that under the temperature load of +5 °C and
—5 °C, the surface error is 8.6 nm (A/73). That meets the system requirements.
5. Assembly and results

5.1. Assembly

According to the flexible support structure of the optical mirror designed in this paper, the processing and assembly of a set of
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Fig. 10. Fundamental mode shape contour plot of the mirror assembly.
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Fig. 11. Surface error contour plot of the mirror assembly: (a) +5 °C temperature increase; (b) —5 °C temperature decrease.

mirror components was completed. Fig. 12 shows photos of each part of the flexible support mirror structure and the final assembly.
Fig. 12a shows a photograph of three adhesive bushings and three composite flexible supports. Fig. 12b shows a photograph of the back
plate. Fig. 12¢ and d are photos of the back and front of the flexible support mirror assembly, respectively.

The adhesive bushings are made of Invar material, which machining method is wire cutting. Its outer circle is ground to fit the
mounting holes in the primary mirror.

5.2. Results

The mirror error of the flexibly supported mirror assembly was tested in the laboratory using an ZYGO verifier MST 4-inch
interferometer, and the test results are shown in Fig. 13. It can be seen from the test results that the surface error value is 1/52
(rms), which meets the design requirements.

The dynamic performance of the components is tested using platform vibrator, as shown in Fig. 14. A swept sine excitation with an
amplitude of 0.2 g and a frequency of 15-2000 Hz was applied in the X axis direction of the mirror assembly. The acceleration response
of the mirror was measured, and the fundamental frequency of the final tested mirror assembly was 645 Hz, which was much larger
than the 150 Hz required by the design. Compared with the finite element results, the error of simulation analysis is about 4.2%, which
basically meets the engineering application.

6. Conclusions

In this paper, aiming at the difficult problem of mirror support in aeronautical optical systems, a mirror support structure with
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Fig. 12. Photos of components and assembly: (a) Composite flexible supports and adhesive bushings; (b) The back plate; (c) Back of the mirror
assembly; (d) Front of the mirror assembly.

HEASURE . < 012427
Analyze
Mask Data
Save Data
Load Data
Calibrate
Reget

Measure Cntrl

-0. 11646

mm Remv;:vked: FET TLI P¥R
glops Mag mm Aperture OD {%): | Aperture
flopas X Zygo gurface/Wavefront Eto‘.':‘" :
-

<4 :
ZY90 gynthetic Fringe Map -4
glope Y

+0.20000 ]

+0,16000
MIF Erofile ey
Zernikes ® 5 10000
10110-5 0. 20001 8 Surfacy
Remove
PWR AST CMA BSA3

Environment Te

Fig. 13. Test results of the surface error of the mirror.

flexible support is proposed. According to the kinematic theory of space mechanism, the spatial degrees of freedom of the mirror are
theoretically analyzed. Then, in view of the difficulties encountered in the assembly and application of the mirror, a flexible support
structure was designed. Then, the design results are verified by means of finite element analysis. Finally, the processing and assembly
of a flexible support structure of the mirror was completed, and the relevant experimental tests were carried out. The experimental
results show that the surface accuracy of the mirror after assembly with flexible support structure is better than /50 (A = 632.8 nm),
the mass is less than 2 kg, and the modal fundamental frequency of the component is 645 Hz. The results meet the requirements for the
application of aviation optical systems.
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Fig. 14. Dynamics testing of the mirror assembly.
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