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With the continuous deepening of human exploration of the universe, space
telescopes have emerged as pivotal tools for obtaining information about
celestial bodies and their evolutionary principles. Structural deformation under
load is a critical factor influencing their stable performance. Focusing on
the safety design issues faced by the lens frame structure of a pulsar
detection telescope independently designed by the research group during
space operation, this paper constructed a simulation model using Altair Inspire
software. Using titanium alloy (Ti-6Al-4V) as the material and setting fixed
constraint boundary conditions, it simulates two types of load conditions:
impact forces (200—800 N) generated by object collisions and the torques
(30-100 N m) possibly incurred during the installation process, and conducts
relevant performance simulation analyses. The results showed that the most
vulnerable areas of the component were the lens-protecting fillet regions near
the central disk and the outermost circular ring. The structure could withstand
a maximum vertical load of approximately 700 N, but the actual operational
load should be kept below 250 N. Although torsional loads caused minimal
displacement, they induced significant stress concentration at the connections
of the crossbeams, indicating that the applied torque should not exceed 50 N m.
Measures such as increasing the overall thickness of the component, the cross-
sectional area of connecting beams, and the fillet radius at beam corners
are proposed solutions to enhance structural strength. The findings provide
a theoretical foundation and critical data reference for designing lens frame
structures in space detection telescopes.
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1 Introduction

With the continuous deepening of human exploration of
the universe, space telescopes have emerged as pivotal tools for
obtaining information about celestial bodies and their evolutionary
principles. They have also promoted the expansion of the
detection frequency band from visible light to high-energy X-rays,
making observation systems increasingly complex and improving
observation capabilities and precision (Vinko et al., 2023). Evolving
from simple observational devices in the early days to large-scale
and complex space observation systems today, such as the Hubble
Space Telescope (O'Dell, 2009) and the James Webb Space Telescope
(McElwain et al.,, 2023), these instruments play an irreplaceable
role in unraveling cosmic mysteries and driving astronomical
research. When operating in space, space telescopes are subjected
to various complex loads, including shock and vibration loads
during the launch process, thermal loads, and micrometeoroid
impact loads during on-orbit operation (Bely, 2010). These loads
can cause the telescope structure to deform, directly affecting
the telescope’s optical performance. For modern space telescopes
that pursue high-resolution imaging, even minimal structural
deformation may lead to deviations in observation data, preventing
scientists from accurately obtaining celestial body information and
hindering the progress of astronomical research (Kotani et al., 2013).
Therefore, an in-depth study on the deformation characteristics
of space telescope structures under load has crucial practical
significance.

In response to the high-precision support requirements of
the mirrors in the optical detection system of the on-orbit
assembled space telescope verification prototype, Yu et al. designed
a new three-leaf flexible structure based on the spring principle
(Yu and Xu, 2020). Mathew etal. developed a new ultraviolet
telescope, which reduced the complexity of manufacturing and
calibration and could better withstand the vibration effects of
all loads caused by launch (Mathew et al., 2017). Regarding the
influence of vibrations during the launch of space telescopes on
the surface accuracy of lightweight mirrors, Zhou et al. proposed
a method to determine the high-frequency and low-frequency
distortions of the surface shape of a lightweight mirror (Zhou et al.,
2018). Chen etal. established a heterodyne interference model
and demodulation algorithm for an optical phase-locked loop to
address the issue of space stress release affecting interstellar laser
ranging in space telescopes. They found that the impact of high-
frequency vibration on heterodyne interference cannot be ignored
(Chen et al., 2023). In exploring the compatibility between thermal
expansion coefficients of space telescope materials and alternating
space temperatures, Yu et al. employed a gradient-algorithm-based
structural optimization approach to construct a near-zero thermal
expansion space structure using double-hourglass dual-material
lattices, offering a groundbreaking solution for designing large-scale
space structures with virtually zero thermally induced deformation
(Yuetal, 2023). Andres et al. designed a novel temperature mapping
algorithm to comprehensively assess the thermoelastic effects on
the optical performance of the Segeren telescope deployed in the
ARIEL mission, integrating multi-physical field analyses to quantify
thermal-mechanical couplings (Garcia-Pérez et al., 2024).
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With the advancement of materials science, novel materials
have found increasingly extensive applications in the structures of
space telescopes. During their orbit around the Earth, spacecraft are
directly exposed to solar radiation, leading to surface temperatures
that may reach +100°C. Carbon fibre (CF) exhibits a negative
thermal expansion coefficient, while cyanate ester (CE) resin has
a positive one. Studies have shown that composites with CE
resin as the matrix and CF as the reinforcing phase (CF/CE
composites) exhibit near-zero thermal expansion (He et al,
2024). Silicon carbide (SiC), characterized by high stiffness
and low weight, is widely used in manufacturing the primary
mirrors of space telescopes. For example, the 710-mm-diameter
primary mirror of the infrared astronomical satellite ASTRO-
E launched by the Japanese space agency in 2004, utilized
porous SiC material (Ebizuka et al, 2003). In recent years,
titanium alloy (Ti-6Al-4V) has garnered increasing attention in
space telescope applications due to its low density, excellent
mechanical properties, and low thermal expansion coeflicient
(Zhong et al., 2020).

Pulsars, a class of rapidly rotating neutron stars formed through
the evolution of massive stars, exhibit extreme physical properties
including ultra-high density, super-strong electromagnetic fields,
and super-strong gravitational fields (Lorimer and Kramer, 2004;
Lyne and Graham-Smith, 2012). They possess the most stable
astronomical time-frequency in nature (Allan, 1987; Rawley et al.,
1988), and their rotation periods are extremely stable (Rawley et al.,
1987; Matsakis et al., 1997). For some millisecond pulsars, the
rate of change in their rotation periods reaches 107'° to 107!,
and their positions can be determined with high precision.
Therefore, pulsars serve as a critical space-time reference for
autonomous spacecraft navigation. Radio telescopes are the primary
instruments for detecting pulsar signals. However, conducting
pulsar observations via space-based radio telescopes typically
requires apertures of tens of meters, presenting significant challenges
in launch and on-orbit assembly for large-scale radio telescope
structures in space (Belov et al, 2018). In contrast, X-ray
photon signals emitted by pulsars can be detected by sensors
much smaller than radio telescopes, which substantially reduces
the overall volume of space telescopes equipped with such
detectors. Lightweight design constitutes one of the fundamental
requirements for X-ray telescopes in pulsar navigation systems.
Compared with Wolter-I optics, the micropore optics-based X-
ray mirrors exhibit remarkable advantages in mass reduction.
The stable and precise alignment of mirror segments serves as a
critical prerequisite for achieving high-resolution focusing, which is
instrumental in enhancing the navigation accuracy of X-ray pulsar
navigation systems.

In summary, focusing on the safety design challenges faced
by the lens frame structure—a core component of a self-
designed pulsar detection telescope—during space operation, this
study employs numerical simulation analysis to systematically
investigate the stress-strain behavior of the titanium alloy
lens frame under different space-applied loads. The research
provides a theoretical foundation and critical data reference for
designing and fabricating lens frame structures in space detection
telescopes.
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2 Experimental methods
2.1 Theoretical basis of static analysis

Structural statics analysis was a fundamental method in
engineering mechanics used to analyze the stress, strain, and
deformation of structures under static loads. The analysis results
played a critical role in ensuring engineering structures’ safety,
reliability, and stability (Zhang et al., 2021). When conducting statics
analysis, the equilibrium equations for solving internal forces and
external loads were:

Ku=F (1)

Where K denotes the structural stiffness matrix, u represents the
displacement vector, and F signifies the nodal load vector.

After solving the equilibrium equations to obtain the nodal
displacements of the structure, these displacements were substituted
into the following equation to calculate the elemental nodal stresses
within the structure:

0 =DB6* 2

Where D was the structural stiffness matrix, B was the
displacement vector, and &° denotes the nodal displacement.

For the calculation of equivalent stress, the material of the
frame component in this simulation was titanium alloy (Ti-6Al-4V),
which was a standard material in the aerospace field. According
to material mechanics, the failure mode of this material was yield
failure. Therefore, the von Mises equivalent stress was calculated
based on the fourth strength theory. Then, the von Mises equivalent
stress was compared with the allowable stress of the material. It was
required that the von Mises equivalent stress had to be less than the
allowable stress of the material to prevent failure. The formula for
calculating the von Mises equivalent stress was as follows:

1
o, = \/5[(01 —02)2+(02—a3)2+(03—01)2] < [o] (3)
Where o, denotes the equivalent stress; [o] represents the
allowable stress of the material; 0, 0,, and g; were the first, second,
and third principal stresses, respectively.

2.2 Simulation model

This study used the Altair Inspire software to build a simulation
model. As shown in Figure 1a, a lens frame was used to fix the lens
of a spectacle. Overall, the model was a symmetric solid structure
with a total mass of 0.062 Kg and an overall size of @ 154*2 mm. The
fan-shaped lenses were clamped in the groove of the frame, and the
thickness of the groove surface in contact with the lens was 0.5 mm.
Small lenses (a total of 12 pieces) were installed on the outer layer
of the frame, large lenses (a total of six pieces) were installed in
the middle layer, and the innermost layer was a solid structure. The
thickness of each lens was 1.5 mm, and they were distributed at equal
intervals along the circumference. At each lens installation position
on thelens frame, a fillet of § 2 was designed at the corner to facilitate
the lens installation and protect the lens corners.
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2.3 Loads and boundary conditions

This lens frame was installed in a sleeve device. There was
an interference fit between the sleeve and the shaft hole of the
lens frame, and other parts fixed both end-faces. Therefore, in the
software, a fixed-constraint boundary condition was set for the
outermost circumference of the part. Spacecraft need to withstand
complex working conditions such as impact loads during the
launch phase, dynamic loads generated by micrometeoroid impacts
and attitude adjustments during in-orbit operation. During the
simulation. Two significant types of load cases were set in the
simulation. The first type of load case was to simulate the situation
where an object hit the part, generating an impact force that
could damage the part. In this case, there were three situations:
(1) The load was applied at the center of the part (Position 1);
(2) The load was applied on the large lens, and then transferred
to the frame through the large lens (Position 2); (3) The load
was applied on the small lens, and then transferred to the frame
through the small lens (Position 3). The load magnitudes were
200 N, 400 N, 600 N, and 800 N, respectively, which covered the
typical extreme values of mechanical loads that the spacecraft
might encounter during takeoff and on-orbit operation. During
the simulation, the lens was simplified as a rigid component, and
the mechanical transmission relationship between the lens and the
frame was simulated through the connector function in the software.
When a load was applied to the lens, this setup could equivalently
simulate the uniform pressure distribution generated by the lens
on the groove of the frame, so as to simulate the extreme stress
conditions borne by the frame. The other type of load case was to
simulate the torque that might be generated during the installation
process of the lens frame (Position T1). The torque magnitudes
were 30 Nm, 50 Nm, and 100 N m, respectively, and they were
applied to the solid disc at the center. The load application positions
were shown in Figure 1b.

2.4 Material setting

Regarding the definition of the material properties of the model,
the titanium alloy (Ti-6Al-4V) material was selected from the
material library of the Altair software. It was an « + f3 type titanium
alloy, with titanium as the main component, containing about
6% aluminum, 4% vanadium, and a small amount of impurity
elements. This material had high strength, good toughness, and
fatigue-resistance performance. Its yield strength was as high as
823.371 MPa, and its elastic modulus was 116.522 GPa. Moreover,
it had superior physical properties. Its density was about 4.5 g/cm?,
which was much lower than that of traditional metal materials, and
it was beneficial for reducing the weight of aerospace vehicles. It
had a relatively high melting point (1,660°C-1,690°C). Its high-
temperature resistance and low thermal conductivity could reduce
the risk of heat transfer and thermal-stress deformation. The
study used the yield strength of Ti-6Al-4V alloy as the failure
criterion, focused on exploring the ultimate load-bearing behavior
of the structure, and aimed to provide a reference structural
specification and performance boundary for the safety design of
similar lightweight telescope frames.

frontiersin.org


https://doi.org/10.3389/fspas.2025.1624395
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhou et al. 10.3389/fspas.2025.1624395
@ o
27.5° ; _
é = Outer ring
Zle= S
o )
\ ! 14.5
535 L | Small Lens
Sy (Total: 12 pieces)
45 \\\\ FVA
21N — Middle ring
9154 #*
| Large Lens
<>> @ » (Total: 6 pieces)
FIGURE 1
The simulation model: (a) Lens Frame Model; (b) Loads Position.

2.5 Mesh and solver settings

In this simulation, the average mesh size was set to 0.3 mm. The
mesh was automatically generated by the Inspire software, and the
total number of meshes was 2.927 million. The OptiStruct solver
built into the software was used for the solution. It was a high-
end solver integrating structural analysis and optimization design.
Based on the Finite Element Method (FEM), it discretized the
continuum into a finite number of elements to solve the mechanical
behavior of complex engineering structures accurately. For this
simulation, the static-simulation module of the OptiStruct solver
was used. Taking the nodal displacements as the fundamental
unknowns, by establishing the element stiffness matrix and the
global stiffness matrix, the Newton-Raphson iterative algorithm
was used to handle nonlinear problems. The stiffness matrix was
continuously updated through iterations to approach the exact
solution gradually.

3 Results and discussion

3.1 Influence of different application
positions of vertical loads

The simulation results when the load was applied at the
center of the part were shown in Figures 2, 3. As seen from the
displacement nephogram (Figure 2), the maximum displacement
occurred at the exact center of the part. Under an 800N
load, the displacement was approximately 1.796 mm, and the
displacement magnitude decreased diffusely towards the periphery.
Under 200 N, 400 N, and 600 N loads, the maximum displacement
degrees were 0.4490 mm, 0.8981 mm, and 1.347 mm, respectively.
Significant stress concentrations in the von Mises equivalent stress
nephogram (Figure 3) were evident within the lens-protecting
fillets at the connections with the middle disk beam and the
outermost ring beam. The maximum von Mises equivalent stresses
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under each load were 228.6 MPa, 457.2 MPa, 685.8 MPa, and
914.4 MPa, respectively. As the load gradually increased, stress
concentration first occurred at the connection of the middle disk
beam, followed by the lens-protecting fillets at the connection
of the outer ring beam. When the load reached approximately
700 N, the stress concentration level reached the critical failure
load of the titanium alloy material. Therefore, during the design of
this part, special attention should be paid to the stress state and
deformation conditions at the corners of the beam connections.
Increasing the radius of fillets appropriately can help mitigate
this issue.

When the load was applied on the large lens, the deformation
and stress conditions of the frame became severe (Figures 4,
5). Under an 800 N force, the maximum displacement reached
3.463 mm. Even under a low force of 200 N, the displacement
was 0.8656 mm. This significant deformation may be caused by
the thickness of the lens-fitting area of the part, which was only
0.5 mm, and it was simultaneously affected by the torque generated
by the quasi-cantilever structure. The area with the maximum stress
occurred at the connection of the outer ring beam, which was
the connection end of the cantilever structure and had a relatively
small cross-sectional area. The second highest stress area was at
the connection of the central disk beam. However, as the load
increased, obvious stress concentration gradually appeared at the
middle ring’s connection, a phenomenon not observed in other
load cases. Under a low load of 200 N, the maximum von Mises
equivalent stress reached 640.3 MPa, and the yield strength of the
material was reached at approximately 250 N. For every additional
200 N of load, the maximum von Mises equivalent stress caused by
the structural deformation increased by about 640 MPa. However,
when the load acted on the center of the small lens, this situation
improved (Figures 6, 7). Both the displacement and von Mises
equivalent stress were significantly reduced. From the displacement
nephogram, it could be seen that the middle ring became the area
with the maximum displacement. The displacements under each
load were 0.2418 mm, 0.4837 mm, 0.7255 mm, and 0.9673 mm,
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Max: 0.4490mm Max: 0.8981mm Max: 1.347mm Max: 1.796mm

— 1.796e+00 mm
— 1.616e+00 mm
— 1.437e+00 mm
— 1.257e+00 mm
— 1.078e+00 mm
— 8.981e-01 mm
— 7.184e-01 mm
— 5.388e-01 mm
— 3.592e-01 mm
— 1.796e-01 mm
— 0.000e+00 mm

FIGURE 2
Displacement nephogram for the load applied at the center of the part.

BEHG

200N 400N 600N 800N
Max: 228.6 MPa Max: 457.2 MPa Max: 685.8 MPa Max: 914.4 MPa

— 8.274e+02 MPa
— 7.446e+02 MPa
— 6.619¢+02 MPa
— 5.792e+02 MPa
— 4.965e+02 MPa
— 4.137e+02 MPa

— 8.285e+01 MPa
— 1.258e-01 MPa

FIGURE 3
Von Mises equivalent stress nephogram for the load applied at the center of the part.

Max: 0.8656mm Max: 1.731mm Max: 2.597mm Max: 3.463mm

— 8.274e+02 MPa
— 7.446e+02 MPa
1 — 6.619e+02 MPa
— 5.792e+02 MPa
— 4.965e+02 MPa
— 4.137e+02 MPa
— 3.310e+02 MPa
— 2.483e+02 MPa
— 1.656e+02 MPa
— 8.285e+01 MPa
— 1.258e-01 MPa

FIGURE 4
Displacement nephogram for load applied at the center of the large lens.
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— 8.274e+02 MPa
— 7.446e+02 MPa
— 6.619e+02 MPa
— 5.792e+02 MPa
— 4.964e+02 MPa
— 4.137e+02 MPa
— 3.310e+02 MPa
— 2.482e+02 MPa
— 1.655e+02 MPa
— 8.275e+01 MPa
— 8.865e-03 MPa

200N 400N 600N 800N
Max: 640.3 MPa Max: 1281 MPa Max: 1921 MPa Max: 2561 MPa

FIGURE 5
Von Mises equivalent stress nephogram for the load applied at the center of the large lens.

Max: 0.2418mm Max: 0.4837mm Max: 0.7255mm Max: 0.9673mm

— 9.673e-01 mm
— 8.706e-01 mm
— 7.738e-01 mm
—6.771e-01 mm
— 5.804e-01 mm
— 4.837e-01 mm
— 3.86%9e-01 mm
— 2.902e-01 mm
— 1.935e-01 mm
— 9.673e-02 mm
— 0.000e+00 mm

FIGURE 6
Displacement nephogram for load applied at the center of the small lens.

Lok

200N 400N 600N 800N
Max: 375.2 MPa Max: 750.4 MPa Max: 1126 MPa Max: 1501 MPa

— 8.274e+02 MPa
— 7.446e+02 MPa
— 6.619e+02 MPa
— 5.792e+02 MPa
— 4.964e+02 MPa
— 4.137e+02 MPa
— 3.30%e+02 MPa
— 2.482e+02 MPa
— 1.655e+02 MPa
— 8.274e+01 MPa
— 9.448e-04 MPa

FIGURE 7
Von Mises equivalent stress nephogram for the load applied at the center of the small lens.
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30 N'm
Max: 557.3 MPa

FIGURE 8
Displacement nephogram under torsional load.

50 N'm
Max: 857.4 MPa

Max: 0.0662 mm

FIGURE 9
Von Mises equivalent stress nephogram under torsional load.

respectively. As the load increased, the influence of the displacement
change gradually affected the central position, while the impact on
the outer ring changed little. This was because the fixed position
of this part was the outer ring, and the central position was
at the far end of the quasi-cantilever structure, making it more
prone to displacement. Then, observing the von Mises equivalent
stress nephogram (Figure 5), the stress concentration was located
at the connection between the outer ring and the beam. Even
under high loads, the connection between the middle ring and its
connection beam was not significantly affected. The maximum von
Mises equivalent stresses on the part were 375.2 MPa, 750.4 MPa,
1,126 MPa, and 1,501 MPa, respectively.

In summary, when this structure was subjected to vertical
loads, the maximum load it could withstand was approximately
700 N. However, to ensure the structure’s safety, the load it endured
during normal operation should not exceed 250 N. To improve the
structure’s stability, it was necessary to further increase the fillet
size at the beam connections and the cross-sectional area of the
lens-protecting fillets.
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— 8.274e+02 MPa
— 7.446e+02 MPa
— 6.618e+02 MPa
— 5.792e+02 MPa
— 4.964e+02 MPa
— 4.137e+02 MPa
— 3.309e+02 MPa
— 2.482e+02 MPa
— 1.655e+02 MPa
— 8.274e+01 MPa
— 2.927e-04 MPa

100 N'-m
Max: 1858 MPa

Max: 0.2205 mm

— 2.205e-01 mm
— 1.984e-01 mm
— 1.764e-01 mm
— 1.543e-01 mm
— 1.323e-01 mm
— 1.102e-01 mm
— 8.820e-02 mm
— 6.615e-02 mm
— 4.410e-02 mm
— 2.205e-02 mm
— 0.000e+00 mm

3.2 Influence of torsional loads

The torsional load case was established to simulate the torque
the part might experience during installation, aiming to evaluate the
structural torsional resistance. As shown in Figure 8, under torsional
loading, the overall displacement of the part remained extremely
low. Although the central disk and rings were supported only by
crossbeams, the maximum displacement reached just 0.2205 mm
even under a high load of 100 N-m. Notably, the fillets designed
at the crossbeam connections had a radius of only 1 mm, which
inevitably caused significant stress concentration during torsion. As
indicated by the von Mises equivalent stress nephogram (Figure 9),
stress concentration first occurred at both ends of the middle
long crossbeam. As the torque increased, the stress-concentrated
region gradually expanded toward the crossbeam center, affecting its
structural strength. Simulation results showed that when a torsional
load of approximately 50 N-m was applied, the von Mises equivalent
stress from stress concentration reached the yield stress threshold of
the titanium alloy material.
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4 Conclusion

This study establishes a foundational simulation framework
for analyzing the stress-strain performance of lightweight X-ray
pulsar detection telescope frames, providing reference structural
specifications and performance boundaries for the safety design of
similar lightweight telescope frames. The main conclusions of the
paper are as follows.

(1) Due to their minimal cross-sectional area, the most vulnerable
locations of the designed lens frame are the lens-protecting
fillets near the central disk, followed by those near the
outermost ring. Without considering lens fracture, applying
loads to the large lens causes the most severe deformation in
the part, making it the most likely to induce failure.

(2) The part can withstand a maximum vertical load of

approximately 700 N. However, the applied load should ideally

be kept below 250 N to prevent cracking or failure during
practical use.

(3) Although torsional loads do not cause significant displacement

in the part, they induce substantial stress concentration at the

crossbeam connections. The applied torque should not exceed

50 N m to avoid exceeding material limits.

(4) To enhance the parts structural strength, the following

recommendations are proposed: 1) Increase the overall

thickness of the part, particularly at the lens frame area;

2) Enlarge the cross-sectional area of the connecting beams

between rings; 3) Increase the radius of fillets at the corners

of crossbeam connections.

The development of the telescope system requires collaborative
efforts from multiple teams. Due to the confidentiality of relevant
technical details, the current research mainly focuses on the
structural design and theoretical performance analysis of the
prototype. Future work will focus on integrating the mechanical
properties of the selected lens material, manufacturing physical
prototypes, and conducting matching mechanical performance tests
and environmental adaptability assessments. This will improve
the lens-frame coupling model and verify the stability of the
overall structure. Complete physical prototype testing and space
environmental adaptability assessments will be gradually carried
out in subsequent studies. These efforts will help quantify the
structural reliability under extreme conditions, support the iterative
optimization of frame geometric parameters, and ultimately provide
a solid theoretical and experimental basis for the engineering
application of this lightweight frame in X-ray detection.
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