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Summary

The JEDI instrument onboard the VIGIL mission consists of two telescopes, each equipped with a detector.
These detectors are supported by dedicated structures that must satisfy conflicting thermo-mechanical
requirements. As a result, an optimal geometry maximizing the natural frequency while meeting thermal
constraints can be sought. This objective constitutes the main focus of the present study.

The first part of this work is devoted to the development and validation of a parametric simulation
framework. The validation process was carried out through comparison with the analytical Euler–Bernoulli
beam theory, a mesh convergence study, and a comparison with experimental vibration data. Once vali-
dated, the model was used to investigate the influence of geometric parameters on the structural dynamics,
first by neglecting heat conduction through the support and then by including thermal conduction effects
in the simulations. Finally, the parametric study was used to develop a regression model capable of pre-
dicting the resonance frequency directly from the design parameters, thereby eliminating the need for
computationally expensive numerical simulations during preliminary design iterations.

The second part of this study focuses on topology optimization with the objective of identifying opti-
mal structural layouts. The optimization process was performed using the OOFELIE software developed
by Open-Engineering. As in the parametric analysis, thermal constraints were first neglected and sub-
sequently included in order to evaluate their influence on the optimization results. This approach made
it possible to assess the impact of the thermal constraint on the generated topologies and to explore
potential design solutions for detector support structures.

Overall, this work provides both a parametric design methodology and a topology optimization frame-
work for the preliminary development of lightweight detector support structures subjected to stringent
thermo-mechanical requirements.
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Chapter 1

Introduction

1.1 Mission context

The understanding and prediction of space weather phenomena have become essential for ensuring the
reliability and safety of modern space missions. To improve space weather monitoring capabilities, the
European Space agency (ESA) has initiated the Vigil mission. This name is not an acronym unlike
many other missions. It originates from the Latin vigilis and vigilia which means "sentry" or "keeping
a devoted" watch. This mission was approved on May,5, 2022 [1]. This statement establishes the
objectives and payload of the mission. The spacecraft will carry six instruments, four contracted by
Airbus Defense and Space. The remaining two were contracted by the National Oceanic and Atmosphere
Administration (NOAA) and the National Aeronautics and Space Administration (NASA) in the United
States of America [2]. The launch of the mission is planned in 2031.

The spacecraft will be positioned at the fifth Lagrange point (L5) and will directly observe the Sun
and its corona in the Earth’s direction. Its observations will be useful by monitoring the Sun’s activity
before it reaches the Earth due to the Sun’s rotation. It will deliver warning of an incoming Sun’s activity
four to five days before it reaches the Earth. Additional observation can be done in prevention of the
Coronal Mass Ejections (CMEs). These valuable information can be used to prevent damages to satellite
in orbit or radiation risks for astronauts in the International Space Station (ISS). Moreover, intense solar
activity can lead to impacts on Earth’s surface, causing disruptions to telecommunications systems and
positioning errors.
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Figure 1.1: Possible impact by intense solar activity.

This thesis focuses on the Joint EUV coronal Diagnostic Investigation (JEDI) instrument, contracted
by NASA and announced on May 21, 2024 [3]. As its name implies, this instrument will observe the Sun
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INTRODUCTION

in the Extreme Ultra Violet (EUV) domain. Observations in this wavelength range impose constraints
on the Focal Plane Assembly (FPA) to ensure suitable operating conditions for the detector. These
constraints may concern the structural stiffness of its support, for example by imposing a minimum first
natural frequency [4], or by limiting the heat transfer between the detector and the rest of the satellite.
Thermal requirements exist to facilitate detector cooling, as the detector operates at a lower temperature
than the rest of the instrument. These two constraints conflict with each other. This conflict is detailed
in Section 1.2, which explains why structural engineers seek an optimum solution for each application.
The JEDI instrument is divided into two telescopes, the Enhanced Wide-angle Observation of the Corona
(EWOC) and the Space Weather Operational Coronal imager (SWOC) [5]. Figure 1.2 shows the layout
of the JEDI instrument, including the two separate optical paths and, consequently, two FPAs equipped
with identical detectors inherited from the Extrem Ultraviolet Imager (EUI) instrument. Results from this
study can be applied to both of the FPAs of these instruments.

Figure 1.2: JEDI layout.

1.2 Detector support conflicting requirements

In this section, the difficulty of designing a detector support is explained. Designing a detector support
structure is challenging because it must satisfy a set of conflicting requirements. There are generally two
main types of conflicting requirements: one mechanical and the other thermal.

1.2.1 Mechanical requirement

The structural integrity of the instrument is essential for the proper functioning of the mission. The
structure must withstand the applied loads and not fail during instrument operation. The launch phase is
usually considered to impose the highest loads on the spacecraft. The mechanical requirements exist to
ensure a minimum structural stiffness.

It usually takes the form of a minimum first natural frequency or a maximum allowable displacement
under a given load. A minimum natural frequency is defined to avoid resonance induced by the launcher on
the spacecraft. The displacement constraint prevents optical misalignment in the optical system. These
mechanical requirements generally lead to an increase in the volume of the support structure. Taking the
example of a support beam with a length L and a cross-sectional area A, a larger cross-section distributes
the stress more effectively and prevents the beam from failing or undergoing excessive displacement. The
first natural frequency can be computed using the equation below [6, 7].
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f =
3.52

2π

√
EI

mL4
=
3.52

2π

√
EI

ρAL4
(1.1)

Equation 1.1 seems to contradict what was stated previously, as the frequency is computed using
the inverse square root of the cross-sectional area. Increasing the cross-sectional area would therefore
decrease the natural frequency. Nevertheless, the moment of inertia is related to the square of the cross-
section. The ratio of the moment of inertia to the cross-sectional area scales with the cross-section.
As a result, the natural frequency increases with the square root of the cross-sectional area. Increasing
the first natural frequency therefore requires increasing the volume of the support. It can be stated that
mechanical requirements tend to promote an increase in the cross-sectional area of the support.

1.2.2 Thermal requirement

In a space telescope, the operating temperature of the detector is crucial. The detector temperature has
several impacts on the quality of observations.

For observations in the far-infrared domain, the relative emission temperature according to blackbody
radiation laws is close to the spacecraft temperature [8]. The surroundings of the detector emit radiation
in the observable domain. This phenomenon is called background noise.

Cooling the detector also affects the dark current. Dark current refers to false-positive signals caused
by the thermal excitation of electrons in the detector. Dark current increases with integration time, which
is necessary due to the low intensity of some sources. If the detector temperature decreases, the dark
level, the lowest measured signal under completely dark conditions, also decreases [9–11].

These are the main reasons why the detector is kept at a low temperature, usually achieved through
passive cooling with a radiator radiating into deep space or through active cooling to reach cryogenic
temperatures. Thermal constraints are therefore important in the design of a detector support. In this
thesis, radiation exchange between the support and its surroundings is neglected. This assumption is made
because the software can not currently handle radiative heat transfer. In addition, the thermal environment
of the detector surroundings is unknown, which affects the radiative transfer. The consideration of this
heat exchange should be addressed in future studies. The limiting mechanism is thermal conduction
through the support. For a structure with a constant cross-sectional area A and length L, the thermal
conduction resistance can be computed using Equation 1.2.

Rth =
L

kA
(1.2)

Where k is the thermal conductivity of the material. The thermal conductance can be expressed as the
inverse of the thermal resistance as formulated in Equation 1.3.

GLth =
1

Rth
=
kA

L
(1.3)

The conductance expresses the ability to conduct heat through the structure. For a given temperature
difference between the two sides, the conductance is directly related to the heat transfer. In this study,
this quantity is minimized or subjected to an upper bound in order to prevent thermal coupling between
the detector and its surroundings.

Equation 1.3 shows that the thermal conductance scales linearly with the cross-sectional area. Mini-
mizing the thermal conductance therefore implies minimizing the cross-sectional area.

1.2.3 Conflict between the two requirements

As seen in the previous section, the two requirements are conflicting. While the mechanical requirement
implies an increase in the cross-sectional area, the thermal requirement promotes its minimization. There-
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fore, an optimum solution can be determined. This thesis aims to explore the optimization process in the
design phase of a thermally decoupled space-based detector support.

1.3 State of the art

1.3.1 Flying design

This section aims to provide an overview of existing and previously studied detector support designs. The
objective is not to present an exhaustive review of all possible configurations, but rather to identify key
trends, typical architectures, and relevant examples that can serve as references for the development and
optimization of the support structure considered in this study.

Kepler telescope

The Kepler telescope was launched in 2009 with the goal of detecting Earth-like exoplanets. Its FPA
consists of an array of 42 Charge Coupled devicess (CCDs) and four fine pointing sensors. The mechanical
requirement for the support is that the CCDs must have a maximum displacement of 2.7 [µm]. This
maximum displacement requirement implies that each support holding a pair of CCDs must be sufficiently
stiff and must not bend under high loads. The thermal requirement for the detector is that the operating
temperature is -84 [◦C]. Achieving this temperature requires thermal decoupling between the CCD array
and its surroundings. This decoupling is achieved through insulating supports holding the FPA. The design
of each cell with two CCDs is shown in Figure 1.3.

Figure 1.3: Kepler FPA cell design

Each pair of CCDs is supported by four blades, as can be seen in Figure 1.3. The array of 42 CCDs is
also supported by four bipods to increase the thermal path to the surroundings and to thermally decouple
the FPA. These bipods can be seen in Figure 1.4.
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Figure 1.4: Kepler entire FPA

3MI instrument

The 3MI instrument, aboard the METOP-SG satellite, was launched in 2025, and similar satellites are
currently under development. Its purpose is to study Earth’s meteorology. It is composed of two telescopes,
VNIR and SWIR. The mechanical requirement is that the first eigen frequency of each FPA is greater
than 500 [Hz]. The operating temperatures of the detectors are -20 [◦C] for the VNIR and -88.15 [◦C] for
the SWIR. The thermal conduction through the support is limited to a maximum of 0.005 [W/K]. The
design of the supports meeting these requirements is shown in Figure 1.5.

Figure 1.5: 3MI FPA design

The FPA of each telescope is supported by a hexapod structure, ensuring its structural rigidity and low
thermal conduction through each shaft of the support. These shafts are made of a titanium alloy because
it offers high structural rigidity and low thermal conductivity [12].

Euclid telescope

The Euclid telescope was launched in 2023. It is designed to study the acceleration of the Universe and the
three-dimensional distribution of matter. The FPA is composed of an array of 16 CCDs arranged in a four-
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by-four layout. The thermal requirement limits heat conduction through the FPA support. The maximum
allowable conduction between the FPA and the optical bench is 0.3 [W]. The operating temperature of the
detectors is -120 [◦C]. This thermal constraint is intended to prevent heat from increasing the temperature
of the CCDs and, consequently, the need for a larger cooling system. The support must withstand the
mechanical loads encountered during launch and be sufficiently stiff to prevent structural failure. The
adopted design is shown in Figure 1.6.

Figure 1.6: Euclid FPA design

The detector array is supported by three bipods made of titanium. This material is chosen due to its
high Young’s modulus, which allows it to withstand mechanical stresses, and its low thermal conductivity,
which ensures thermal decoupling between the optical bench and the FPA [13].

Simbol-X spacecraft

Launched in 2013, the Simbol-X satellite is designed to observe and identify black holes. It is also useful
for studying cosmic particle acceleration. It is designed to operate in the X-ray domain. This domain
involves the detection of photons with energies above 17 [keV]. The detection of these short-wavelength
photons does not require cooling of the detector. In the case of Simbol-X, the operating temperature
of the detector is 45 [◦C]. However, the FPA is thermally decoupled to avoid thermo-elastic stresses and
optical misalignment. The FPA design is shown in Figure 1.7.

Figure 1.7: Simbol-X FPA design
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The FPA is supported by four bipods with a varying cross-section to ensure mechanical stiffness and
thermal decoupling [14].

James Webb Space Telescope

The James Webb Space Telescope (JWST) is the largest telescope sent into space. It orbits the second
Lagrange point (L2) to be shielded from the Sun by the Earth. Onboard, the NIRCam instrument observes
in the near-infrared domain. This domain requires the detector to be cooled to reduce background noise.
The operating temperature of the detector is -233 [◦C]. The thermal dissipation of the optical assembly is
required to be below 69 [mW]. This involves thermal decoupling between the FPA and the optical bench.
This requirement prevents misalignment of the optical components. Its FPA is composed of a two-by-two
array of CCDs, the design is shown in Figure 1.8 [15,16].

Figure 1.8: NIRCam FPA

The plane is supported by four blades similar to those used in the Kepler telescope. The blades ensure
thermal decoupling through their thin cross-section and structural stiffness through their width in different
orientations.

Another instrument carried by the JWST is MIRI. The MIRI instrument’s pick-off mirror is mounted on
a thermally decoupled support to avoid heating the structure. Thermal decoupling of a mirror is uncommon
because mirrors are usually maintained at the same temperature as the surrounding structure. In the case
of MIRI, the mirror is subject to decontamination using a heater bonded to its back surface. The optical
system is highly sensitive to temperature variations and could become misaligned due to thermal changes.
To avoid heat transfer into the structure, the mirror is therefore thermally decoupled. The final design of
the pick-off mirror support is shown in Figure 1.9 [17].
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Figure 1.9: MIRI pick-off mirror support

Figure 1.9 shows that the mirror is held by three blades arranged in a triangular configuration. This
geometry ensures a stiff isostatic mounting and provides thermal decoupling through the use of thin blades.

PLATO telescope

The PLAnetary Transits and Oscillations of stars (PLATO) is a mission designed to detect exoplanets
using the transit method. Its launch is planned for December 2026. It is composed of 26 cameras,
each with its own FPA. The detector operating temperature is -80 [◦C]. Excess heat is evacuated through
copper braids. To ensure that the detector remains cold, the support must thermally decouple the detector
from the optical bench. The instrument must withstand the mechanical loads experienced during launch
without failure. The support must be sufficiently stiff to maintain optical alignment under these high
loads. The final design is shown in Figure 1.10.

Figure 1.10: PLATO FPA design

To ensure the rigidity of the detector assembly, it is held by three bipods with varying cross-sections
to achieve high thermal resistance. These bipods are made of titanium, chosen for the same reasons as
previously explained: high stiffness and low thermal conductivity [18].
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EUI instrument

On the Solar Orbiter mission, the EUI instrument observes the Sun, particularly its chromosphere and
inner corona. The spacecraft was launched in 2020. Its orbit around the Sun makes it one of the closest
satellites to the Sun, with a perihelion of 42 million kilometers. Its detector is cooled to -40 [◦C], while
the whole structure is exposed to the Sun. This exposition to solar radiation heats the structure. Thermal
decoupling is necessary to maintain the low temperature of the detector.

Figure 1.11: EUI FPA design

The FPA is supported by four titanium blades, ensuring both rigidity and thermal decoupling, as can be
seen in Figure 1.11 [19,20].

Conclusion

In general, two main designs stand out: the first is a blade-based design, as used in the Kepler telescope,
the NIRCam and MIRI instruments onboard the JWST, and the EUI instrument. The second is a bipod
design with thin cross-sections, as used in the Euclid mission, the Simbol-X telescope, and the PLATO
mission. In this thesis, the focus is on the blade-based design with three blades arranged in a triangular
configuration, as in the EUI instrument, shown in Figure 1.11.

1.4 Theoretical concepts

This section aims to provide a theoretical background on two concepts used in this study. The first is the
Euler-Bernoulli beam equation as applied to modal analysis, and the second is thermo-mechanical topology
optimization.

1.4.1 Analytical solution for a modal of a beam

A beam is a structure where one dimension is much greater than the other two. In this beam, a displace-
ment at a given point can be defined as: let u(u1, u2, u3) be the displacement in a beam as a function
of the coordinates x1, x2, x3. Each component of the displacement depend on the three coordinates:
u1(x1, x2, x3), u2(x1, x2, x3), u3(x1, x2, x3). Those coordinates are relative to the orthogonal Cartesian
basis defining the Cartesian space ī1, ī2, ī3 where ī1 is relative to the aligned with the beam axis and ī2, ī3
define the cross-section plane of the beam.

An analytical solution of a beam displacement has been proposed by Euler-Bernoulli. As it is an analyti-
cal solution, it assumes 3 hypothesis to simplify the formulation. These assumptions are the following [21]:

• The cross-section is infinitely rigid in its own plane.
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• The cross-section of a beam remains plane after deformation.

• The cross-section remains normal to the deformed axis of the beam.

The first assumption implies that there can not be a displacement in the cross section plane depending
of x2, x3. Then, the cross-section remains undeformed in its own plane. The displacement can be written
as in Equation 1.4.

u1 = u1(x1, x2, x3) (1.4)

u2 = u2(x1) (1.5)

u3 = u3(x1) (1.6)

The second hypothesis states that the cross-section can only move according to one rigid-body trans-
lation ū1(x1) and two rigid-body rotations Φ2(x1) and Φ3(x1). These motions are represented in Figure
1.12.

Figure 1.12: Euler-Bernoulli displacement assumption

The first component of the displacement can be rewritten depending only on x1:

u1 = ū1(x1) + x3Φ2(x1)− x2Φ3(x1) (1.7)

Note that the sign convention defining the rotation angle (Φ2,Φ3) is chosen such that positive rotations
follow the directions of the corresponding axes (ī2, ī3). This convention explains the negative sign on the
third term in Equation 1.7.

The third assumption states that the cross-section remains normal to the deformed axis of the beam.
The consequence is that the rotation angles Φ2,Φ3 are equal to the slope of the deformed axis. This
relationship is represented in Figure 1.13.

Figure 1.13: Euler-Bernoulli rotation assumption
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As the slope of the beam deformation and the rigid-body rotation of the cross-section are two angles
with perpendicular sides, the two angles are equal. The first component of the displacement can be
written, using Equation 1.7, as:

u1 = ū1(x1) + x3
dū3
dx1
− x2

dū2
dx1

(1.8)

Equation 1.8 can be obtained because the third Euler-Bernoulli assumption states that:

Φ2 =
dū3
dx1

(1.9)

Φ3 =
dū2
dx1

(1.10)

With these assumptions, a formula for the natural frequencies of a beam with constant cross-section
made of an isotropic material can be derived. From the displacement field in a beam:

EI
δ4x2

δx41
+ ρA

δ2x2
δt2

= 0 (1.11)

Assuming harmonic motion and separating variables into temporal and spatial parts, the expression for
the first natural frequency can be obtained [7]:

fn =
β2n
2π

√
EI

ρAL4
(1.12)

The coefficient βn is relative to the n-th mode and depends on the boundary conditions of the beam.
Table 1.1 summarizes values of these coefficients for common boundary conditions [6]. In this study,
the boundary condition chosen from Table 1.1 is the cantilever configuration, which consists of a beam
clamped at one end and free at the other.

Configuration β21 β22 β23
Simply supported 9.87 39.5 88.9

Cantilever 3.52 22.0 61.7
Free-free 22.4 61.7 61.7

Clamped-Clamped 22.4 61.7 61.7

Table 1.1: Beta coefficient values for different boundary condition

1.4.2 Topology optimization

In this section, topology optimization theory is presented. The purpose is to provide sufficient understand-
ing of the algorithm used to solve a topology optimization problem. The explanation is divided into five
parts: thermo-mechanical problem formulation, material interpolation laws, sensitivity analysis, filters and
the algorithm used to solve the topology optimization problem.

The thermo-mechanical problem is solved by first solving the thermal problem and then computing the
thermally induced strain. This strain is then introduced into the mechanical problem, which is subsequently
solved. The displacement field over the entire domain is obtained.
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Thermal problem

The governing equation of the thermal problem, neglecting the thermal radiation, is represented by Equa-
tion 1.13.

k∆T = q (1.13)

The equation above can be discretized and used to solve the 3D thermal problem using the Finite Element
Method (FEM). Equation 1.13 becomes:

KthT = q (1.14)

Equation 1.14 has the form of a standard FEM problem, where a stiffness matrix multiplies the state
variable vector, in this case the temperature field, and equals a source vector corresponding to volumetric
heat generation. The problem is solved using a lower–upper (LU) matrix factorization, as the matrices
are sparse. Directly inverting such matrices would fill them and increase the computational cost.

Thermal induced strain

The thermally induced strain is governed by the thermal expansion coefficient α. The strain vector due
to temperature distribution in an isotropic material can be written in Voigt notation:

ϵth =



α∆T

α∆T

α∆T

0

0

0

 (1.15)

Where ∆T is the temperature difference, computed by averaging the temperature at the nodes of the
element and subtracting a reference temperature. There is no shear stress due to the fact that the
deformation is the same in all directions because the material is isotropic. The load vector can be
computed using the following equation:

gth =

∫
V olume

BTDϵthdV olume (1.16)

The thermally induced load vector can be added to the mechanical problem to solve the thermo-
mechanical problem.

Mechanical problem

The equation governing the static linear mechanical problem is the following:

∇Tσ = b (1.17)

Under the small-displacement assumption, for a linear elastic and isotropic material, Hooke’s law can
be formulated. The problem can be discretized using the FEM and written in matrix form, similar to
Equation 1.14.

Kq = g (1.18)

This equation can be solved using an LU matrix decomposition, taking into account that the matrix
is sparse and reducing the computational cost. The displacement can then be computed over the global
domain.
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Material interpolation

The goal of the topology optimization problem is to determine where it is necessary to have material to
ensure the structural integrity under constraints. To do so, each mesh is associated to a material density µ
going from zero to one. A material density of one means that the material is necessary and a zero density
means that the material can be removed. A material law is applied to the thermo-mechanical properties
of the material. These law are called Solid Isotropic Material with penalization (SIMP), they are used to
the convergence of the optimization problem. In this thesis, two will be used the general SIMP and the
SIMP-alpha laws. The second law is a mixed SIMP method which is exponential with a RAMP method
which is linear. It was introduced because problem including self-weight or any volumetric acceleration do
not converge with the SIMP law [22].

The goal of topology optimization is to determine where material is required to ensure structural
integrity under given constraints. To do so, each mesh element is assigned a material density µ ranging
from zero to one. A material density of one indicates that the material is present, while a density of zero
indicates that the material can be removed. A material interpolation law is then applied to the thermo-
mechanical properties of the material. These laws are called SIMP and are used to ensure convergence
of the optimization problem. In this thesis, the used approach is the SIMP-alpha method. It is a mixed
approach combining the exponential SIMP formulation with the linear RAMP method. It was introduced
because problems involving self-weight or other volumetric acceleration effects do not converge properly
with the standard SIMP method [22]. The law is formulated in Equation 1.19.

fSIMP−α(µ) =
q − 1
q
µp +

1

q
µ with q ∈ [15; 20] (1.19)

The term p is called the penalization factor and affects the convergence of the algorithm. The value
of this parameter is usually chosen between three, five, and seven. Note that in the density interpolation
law, the penalization factor is set to one. The material interpolation law is used to scale the material
properties. In a thermo-mechanical problem, these laws are applied to the density, Young’s modulus and
thermal conductivity when considering thermally induced loads. The effective properties are defined by
Equation 1.20.

ρ(x) = ρmin + f (µ)(ρ0 − ρmin) (1.20)

E(x) = Emin + f (µ)(E0 − Emin) (1.21)

k(x) = kmin + f (µ)(k0 − kmin) (1.22)

(1.23)

Where a property with a zero index denotes the nominal value of the property, and the “min” index refers
to a lower bound ensuring numerical stability. This lower bound ensures that the mass, mechanical, and
thermal stiffness matrices are not singular and that the problem remains solvable. The material laws are
used to compute the sensitivities of the objective function with respect to the design variables.

Sensitivity analysis

Sensitivity analysis is essential for solving topology optimization problems. The goal of this part is to
compute the first derivative of the objective function and the constraints with respect to the design
variables. These sensitivities are obtained using Lagrange multipliers. This method avoids computing the
derivatives of the displacement and temperature fields with respect to the design variables.

The sensitivity analysis drives the optimization process of the solver. In OOFELIE, two solvers are
available. These solvers are the Method of Moving Asymptotes (MMA) and a solver from the Non-Linear
Optimization (NLOpt) library. In this thesis, the second solver is used.
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Filters on density and Heaviside projection

This section aims to explain two filters used in the remainder of this study. The first is the density filter,
and the second is the Heaviside projection filter.

The density filter was introduced to avoid checkerboard patterns in solutions obtained from topology
optimization. A checkerboard pattern is characterized by an alternating arrangement of solid and void
elements with densities of one and zero, respectively. The issue with checkerboard patterns is that they
correspond to non-manufacturable topologies. An example of a checkerboard pattern is shown in Figure
1.14.

Scheme Application example

Figure 1.14: Representation of the checkerboard with a scheme and an application example

The density filter solves this problem by averaging the density of each mesh element with the densities
of its neighbors within a given radius. The filter parameter is its radius. A large radius smooths a wider
region but prevents a fully black-and-white converged solution. A smaller radius allows the solution to be
more localized in terms of density but may permit checkerboard patterns.

The goal of the Heaviside filter is to force intermediate density values to converge toward either void or
solid material, corresponding to zero and one, respectively. The filter performs a projection of the density
of each mesh element using Equation 1.24.

µP rojected =
tanh(βη) + tanh(β(µ− η)
tanh(βη) + tanh(β(1− η) (1.24)

The two parameters, β and η, in Equation 1.24 characterize the sharpness of the projection and
the threshold for material definition. In other words, densities below η are projected toward zero, while
densities above η are projected toward one. The parameter β controls how strongly the projected density
deviates from the original density. A large β induces a significant change, whereas a small β results in a
more gradual modification. The effect of these parameters on the projection can be observed in Figure
1.15.
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Beta parameter Eta parameter

Figure 1.15: Effect of the two parameters β and η on the Heaviside projection

Figure 1.15 illustrates what has been stated above: the β parameter influences the steepness of the
projection, while the parameter η shifts the projection threshold.

The Heaviside projection is purely mathematical and not part of the optimization process. Its only
purpose is to force intermediate-density elements to converge toward either void or solid material. In this
study, this filter is mainly used in thermo-mechanical topology optimization to improve convergence of the
optimization process.

Thermo-mechanical topology optimization problem

With the thermal FEM solution, the coupling term, the mechanical FEM solution, and the sensitivity
analysis, the topology optimization algorithm can be described. The method and its steps are represented
in Figure 1.16.

Figure 1.16: Thermo-mechanical topology optimization algorithm
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The algorithm is as follows: first, an initial guess is made for the design variables over the entire domain.
Then the thermal solution is computed, and the temperature field is used to derive the thermally induced
load, which is then applied to the mechanical FEM problem. Next, the mechanical solution is computed,
and the displacement field over the entire domain is obtained. The displacement and temperature fields
are then used to compute the sensitivity analysis. The last step of the iteration is the convergence check,
which can be performed using multiple criteria, in this study, it is based on the Non-Discreteness Rate
(NDR). This rate is computed according to Equation 1.25.

NDR =
4

N

N∑
e=1

µe(1− µe) (1.25)

This quantity describes the ratio of the domain that has converged. The goal of topology optimization
is to determine where material should be kept or removed, if the material density is zero or one everywhere,
the NDR is equal to zero. The worst case occurs when the entire domain has a material density of 0.5,
in this case, the NDR takes a value of one, meaning that the solution is not converged. If the solution
does not pass the convergence check, the sensitivity analysis is performed and a new guess for the design
variables is generated for the next iteration. The algorithm then repeats this process until convergence is
reached or the maximum number of iterations is exceeded.

1.5 Objectives

The objective of this thesis is to develop a parametric finite element model of a detector mechanical
support based on designs previously used in space applications. The design is the three blades in a triangle
assembly described in Section 1.3. The simulations are performed using the NX Siemens software. The
developed model is qualitatively verified using vibration test data from the EUI detector support tested at
the Centre Spatial de Liege (CSL). A mesh convergence study is conducted to ensure the reliability of the
numerical model, and the results are compared with analytical predictions based on the Euler-Bernoulli
beam theory.

The model is parameterized through geometric and meshing parameters. The influence of each pa-
rameter on the structural behaviour is investigated individually. Thermal constraints are subsequently
incorporated into the simulations, and the design parameters are adjusted to satisfy prescribed thermal
conductance requirements.

Based on these analyses, the objective is to establish a design guideline enabling the rapid identification
of geometries exhibiting specific thermo-mechanical characteristics. Such a guideline aims to support the
preliminary design phase by reducing the need for extensive modeling and simulation efforts.

A surrogate model is implemented based on this parametric study. Its goal is to compute the first
natural frequency without any numerical computation. Its results are then compared with numerical results
to characterize its accuracy and limitations.

A second objective of this work is to investigate alternative detector support concepts using topology
optimization techniques. The OOFELIE software developed by Open-Engineering is employed to gener-
ate optimized topologies under mechanical and thermal objectives and constraints. Several multiphysics
optimization cases are studied to evaluate potential designs for future detector support structures in space
instruments.
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Parametric analysis of the standard 3
blades isostatic design

The first analysis of this thesis is a parametric study based on a blade support structure as presented
in Figure 1.11. In this study, an isosceles triangular structure made of three blades is considered. This
design is chosen because it is an isostatic mounting. Isostatic mounts are used to constrain a plane, in
optical applications, these supports are useful to avoid misalignment by constraining the orientation of the
surfaces. The blade structure is composed of two parts: the blade itself and the feet as can be seen in
Figure 2.1. The blade is the thin part connecting the feet, which are the thicker parts where the screws
hold the structure. Several parameters are varied to evaluate their influence on the modal response of the
structure. The list of all parameters considered is summarized in Table 2.1.

Name Symbol Range Units
Length P1 [20-100] [mm]
Width P2 [5-50] [mm]

Thickness P3 [0.5-2] [mm]
Assembly triangle Base P4 [20-100] [mm]
Assembly triangle height P5 [20-100] [mm]

Detector’s mass P6 [0.05-0.5] [kg]

Table 2.1: List of parameters

The geometrical parameters are represented in Figure 2.1. The first three are related to the geometry
of the blades, and the next two are related to the geometry of the assembly. The base of the triangle
is the side that does not have equal-length sides. The height is defined as perpendicular to the base of
the triangle. The last parameter characterizes the mass of the supported object, in this case a detector.
However, the results of this study can be applied to any object supported by a similar structure.
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Figure 2.1: Geometrical parameter representation

The boundary condition applied to the model to avoid Rigid Body Mode (RBM) is that the structure
is clamped on one side. The constraint is applied to a 0D node located at the center of the hole intended
for the screws connecting each blade to the bracket on the opposite plane of the detector attachment.
These boundary conditions constrain the structure while allowing displacement at the clamped feet of the
support. The bracket is the component connecting the blades to the optical bench, it is represented in
Figure 2.13. This model is the closest representation of a screw connection that can be achieved. The
constraint is assumed to be perfectly rigid, and the node is connected to the hole surface using Rigid Body
Element (RBE).

The displacement fields of the first six mode shapes obtained from this simulation are represented in
Figures 2.2 to 2.7. For each figure, two views are shown: the front view and the side view. In the side
view, the fixation plane is on the left and the detector plane is on the right. The parameters used in the
simulation are summarized in Table 2.2. The first three parameters are chosen to be consistent with the
blade geometry of the EUI instrument. The last three are chosen arbitrarily with physically consistent
values.

P1 P2 P3 P4 P5 P6
25 [mm] 7 [mm] 0.4 [mm] 40 [mm] 40 [mm] 0.1 [kg]

Table 2.2: Standard value for the parameter’s variation

The first mode shape is represented in Figure 2.2. This mode corresponds to a translation of the
detector plane relative to the blades along the height direction (vertical). The fixation plane and the
detector plane remain parallel, and the strain is located only in the blades and not in the feet. The
frequency of the first resonant mode is 398 [Hz]. The first mode shape corresponds to a global bending
of the structure.
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Front view Side view

Figure 2.2: First mode shape representation, frequency = 398 [Hz]

The second mode is shown in Figure 2.3. It is similar to the first mode and corresponds to a pure
bending of the structure, but the displacement occurs along the base direction (horizontal). The feet
remain undeformed and undergo a RBM. The displacement is located in the blades, as in the first mode
shape. The second natural frequency is close to the first resonant frequency due to the similarity of the
deformation pattern, it is equal to 409 [Hz].

Front view
Side view

Figure 2.3: Second mode shape representation, frequency = 409 [Hz]

The third mode shape corresponds to a compression of the structure combined with bending of the
blades. The structure becomes shorter along the longitudinal direction of the blades. The frequency of
this mode is much higher than the first two modes, at 2476 [Hz]. The maximum displacement occurs at
the ends of the lower feet.
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Front view Side view

Figure 2.4: Third mode shape representation, frequency = 2476 [Hz]

The fourth mode, represented in Figure 2.5, corresponds to a torsion of the support. The two planes
remain parallel to each other, and the detector plane rotates around the detector’s 0D node. The maximum
displacement occurs at the points farthest from the detector node. The oscillation frequency of this mode
is 3150 [Hz].

Front view Side view

Figure 2.5: Fourth mode shape representation, frequency = 3150 [Hz]

The fifth mode shape is displayed in Figure 2.6. It corresponds to the bending of the two lower
blades across the base of the triangular assembly, while the top blade remains straight. The maximum
displacement occurs at the middle of the lower blades. This mode oscillates at a frequency of 3509 [Hz].
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Front view Side view

Figure 2.6: Fifth mode shape representation, frequency = 3509 [Hz]

The sixth mode shape, represented in Figure 2.7, is similar to the fifth mode shape. The frequencies
of the last two mode shapes are identical, equal to 3509 [Hz]. However, the magnitude of the bending in
the blades is inverted: the lower blades exhibit smaller bending displacement compared to the top blade,
which shows the largest displacement of this mode shape at its midpoint. The two planes at the ends of
the blades remain parallel and do not exhibit relative motion with respect to each other.

Front view Side view

Figure 2.7: Sixth mode shape representation, frequency = 3509 [Hz]

Based on this model, a parametric study is conducted. It is structured into five parts: model validation,
methodology for result generation, presentation of results, and a discussion.

2.1 Verification of the model

The verification of the model is very important. This step ensures that the results computed numerically
are close to those that can be obtained in reality. The verification is carried out in four parts. First, the
assumptions of the model are stated in order to identify its limitations. Then, a mesh convergence study is
performed to determine the minimum number of elements per side required to ensure simulation accuracy.

21



CHAPTER 2 2.1. VERIFICATION OF THE MODEL

After that, the model is compared with the analytical solution presented in Section 1.4.1. Finally, the
model is compared with vibration test data obtained by CSL on the EUI instrument.

2.1.1 Assumptions of the model

Several assumptions are made during the parametric simulation. Solving a numerical model involves
simplifying the physics and introducing modeling assumptions. Future modal analyses are performed under
the hypothesis of linear elasticity, neglecting plasticity and other non-linear effects. Small displacements
are also considered, their order of magnitude is not comparable to the dimensions of the geometry. The
damping of the structure is also neglected, and the simulations solve an undamped free vibration eigenvalue
problem. Perfect boundary conditions are assumed at the screw connections. The material is Ti-6Al-4V,
also known as titanium grade five, and is considered isotropic with the properties listed in Table 2.3 [20].
The Young’s modulus is higher than that reported in the cited sources, but this is discussed in Section
2.1.4. This value is still acceptable and has been experimentally demonstrated as possible [23].

Density ρ 4430 [kg/m3]
Young’s modulus E 120 [GPa]
Poisson’s ratio ν 0.34 [-]

Thermal conductivity k 7 [W/mK]

Table 2.3: Ti6Al4V properties

The mesh is made of linear quadrilateral elements (Quad4). To reduce computation time, the detector
is considered to be much stiffer than the support. The entire detector is then modeled as a lumped mass
(P6) located at the incenter of the assembly triangle. This lumped mass has no rotational inertia, this
choice is made because the detector mass may vary, and computing its inertia would be difficult due to
this variability. This node is connected to the screw fixation using RBE. These assumptions may limit
the accuracy of the results, particularly regarding boundary condition modelling and potential nonlinear
effects.

2.1.2 Convergence of the model

In this section, a convergence test is performed to determine the minimum number of elements per side
and to avoid numerical shear locking. This effect makes the model artificially stiffer than reality and is due
to an insufficient number of finite elements in a given dimension. In this case, the thin parts are meshed
with 2D elements, but the thicker part where the screws are fixed was initially meshed with 3D tetrahedral
elements. The convergence study is carried out by varying the mesh size. It revealed that the first six
natural frequencies do not converge with a reasonable number of 3D elements.

The solution was to model each blade using three planar surfaces discretized with 2D shell elements.
Natural frequencies as a function of the number of elements across the blade width are shown in Figure 2.8.
For clarity, only the error of the first sixth modes are presented in this section, the frequency convergence
graphs are included in Appendix A. As expected, the relative error, computed with respect to the results
obtained with 50 elements, decreases as the number of elements increases. Shear locking appears at low
mesh densities, as the frequency converges from above, a low number of elements makes the structure
artificially too stiff. In the remainder of this thesis, a discretization of 40 elements is chosen to ensure a
relative error below 0.5 percent. This value was also used by Hongan Xu et al. [24]. A dynamic meshing
strategy is used to ensure at least 40 elements per side. To achieve this, the mesh size on the blade is set
equal to the smallest dimension between the length and width divided by 40.
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Figure 2.8: Convergence of the relative error for sixth first modes

2.1.3 Comparison with Euler-Bernoulli analytical solution of hollow triangular section
beam

The purpose of this section is to compare the numerical results obtained with NX Siemens to analytical
results computed using the Euler–Bernoulli beam theory. This theory is applied to a hollow triangular
cross-section beam. Since the first mode corresponds to bending of the blade structure, only pure bending
is considered in the analytical model. The second moment of area of the triangular cross-section is
computed as [7]:

Iyy =

√
3

96
a4 (2.1)

Where a is the side length of the triangular cross-section. The moment of inertia of the hollow triangular
cross-section is computed by subtracting the inertia of the inner triangle from that of the outer triangle.
From Equation 1.12, and using the β parameter for a clamped-free beam given in Table 1.1, the first
natural frequency can be computed and expressed as a function of the beam length. The side length
of the triangle can be compared with the width (P2) of the numerical model. The wall thickness of the
hollow beam is compared with the thickness (P3) of the structural model. The schematic of the beam
cross-section is shown in Figure 2.9.

Figure 2.9: Hollow triangular beam cross-section
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The results are represented in the figure below. The variation of the dimensions is within the range
summarized in Table 2.4.

Parameter’s name Range [mm]
Length 30-100
Width 5-50

Thickness 0.5-2

Table 2.4: Blade geometry parameter ranges

These ranges are chosen to explore a wide range of possible designs while remaining physically rea-
sonable. The length variation could be wider, but it would not make sense to consider a design with a
length greater than 100 [mm]. A shorter length could also be considered, but it would eventually violate
the beam assumption which is that on dimension is greater than the two others. The width has a large
variability, but the highest values cannot be implemented due to the thermal decoupling requirement. The
thickness is kept small to reduce thermal conduction through the blades. A thickness larger than the width
could be considered, but the first mode would then be torsion around the detector, similar to the fourth
mode shown in Figure 2.5. Comparing this mode to a pure bending analytical model would therefore be
meaningless. Note that some parameter combinations may violate the beam assumption.
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Figure 2.10: Comparison of the analytical and numerical solution with a length’s variation

Figure 2.10 shows similar results. These results are obtained by fixing the width at 10 [mm] and the
thickness at 0.5 [mm], while varying the length. For short lengths, the analytical solution predicts higher
frequencies, due to the beam not having a sufficiently large aspect ratio. The beam assumption is no
longer valid when the length becomes small. Qualitatively, both solutions show an exponential decay of
the first natural frequency as the length increases.
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Figure 2.11: Comparison of the analytical and numerical solution with a width’s variation

The variation of the width represented in Figure 2.11 shows a clear difference in behaviour between the
analytical and numerical results. This is due to the different influence of the width in the two approaches.
In the analytical model, the width variation is introduced by modifying the side of the cross-section of the
beam. This change affects the second moment of area in Equation 2.1. The Euler-Bernoulli formulation
predicts the response of a beam with an increased second moment of inertia, the structure is therefore
stiffer and the natural frequency increases. Furthermore, the analytical solution is restricted to bending
modes, but as the width increases, torsional effects appear in the beam. The Euler–Bernoulli formulation
does not account for this phenomenon, leading to an overestimation of the first natural frequency.

The FEM model captures the torsional behaviour of the blade, and the natural frequency therefore
decreases when the width increases beyond 10 [mm]. Another explanation is that the beam hypothesis-one
dimension being much larger than the two others-is violated, as the blade length is 25 [mm] and the width
becomes greater than the length. The decrease in natural frequency can also be explained by the increase
in mass with width. As the mass increases, the natural frequency decreases. This is due to the fact that
the resonant frequency is inversely proportional to the square root of the mass, as explained in Section
2.3.1.
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Figure 2.12: Comparison of the analytical and numerical solution with a thickness’s variation

Figure 2.12 shows similar behaviour between the analytical and numerical results. Even if the first
natural frequency values are not similar, both approaches show a linear, or nearly linear in the case of the
numerical results, increase in frequency as the thickness increases. The difference in order of magnitude
can be explained by the analytical solution assuming pure bending and by the violation of the beam as-
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sumptions.

Overall, the numerical model and the analytical solution show good agreement. The observed discrep-
ancies can be attributed to the limitations of Euler–Bernoulli beam theory and to situations in which its
underlying assumptions are not satisfied. The FEM model therefore provides physically consistent results.
The next step is to compare these results with experimental data in order to assess their validity.

2.1.4 Comparison with Extreme UV Imager (EUI) vibration test

In this section, the model is compared to data obtained from a vibration test performed on the EUI
instrument at the CSL. The test is based on a low-level sine sweep and has the following characteristics:

Frequency Level Sweep rate
5-2000 [Hz] 0.5 [g] 2 [Oct/min]

Table 2.5: Sine sweep test characteristics

A similar test is performed in NX Siemens. The geometry is modeled in the software with several
simplifications. As the structure is composed mainly of plates, it is modeled using 2D shell elements,
with a mesh density consistent with the number of elements per side obtained in the convergence study
in Section 2.1.2. The detector is assumed to be much stiffer than the support and is modeled as a node
located at the geometric center of the support. Dimensions are preserved during simplification, although
some plate thicknesses are adjusted to account for stiffer elements not represented in the simplified model.
The connections between the plates, the bracket, and the blades are made using RBE. Initially, Young’s
modulus was set to 114 [GPa], but it was tuned to 120 [GPa] to match the first mode frequency more
accurately. The simplified and full models are shown in Figure 2.13.

Original model Simplified and meshed model

Figure 2.13: Comparison of the original model and the simplified

The sine excitation was applied in the direction parallel to the blades. In the shaker test, the ac-
celerometer was placed on the side of the detector, in the model, the acceleration is extracted at the
detector node. The directions used in the result comparison are:
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• x-axis: parallel to the optical path (excitation direction).

• y-axis: perpendicular to the optical path and in the horizontal plane.

• z-axis: vertical.

With the model and the data from the vibration test, the modes can be identified using the Modal
Assurance Criterion (MAC), by comparing the experimentally and numerically obtained mode shapes. The
MAC is based on the following equation:

MACi j =
|φTexp,iφnum,j |2

(φTexp,iφexp,i)(φ
T
num,jφnum,j)

(2.2)

Where φ is the mode shape, including the acceleration of the measured Degree of Freedom (DoF). A
MAC value close to 100 [%] indicates that the numerical mode is comparable to the experimental mode.
During the experiment, three accelerometers were placed: two on the bracket and one on the side of
the detector. Figure 2.14 shows the placement of these accelerometers for the vibration test. In the
numerical simulation, equivalent measurement node locations are used to track the acceleration at these
points and to apply Equation 2.2. As the detector is modeled using a single 0D node, the acceleration
measured on the side of the detector corresponds to the displacement of this node itself. The bottom
bracket accelerometer cannot be replicated in the numerical model because the bottom of the bracket is
assumed to be fixed. The MAC is applied using two DoFs, namely the detector-side and the top-bracket
accelerometers.

Bottom of the bracket Top of the bracket and detector

Figure 2.14: Accelerometer placement during the EUI shaker experiment

The MAC matrix and the modal frequencies are summarized in Table 2.6. The experiment identified
three modes at 392, 574, and 726 [Hz], while the numerical model identified four modes at 338, 383,
866, and 1159 [Hz].

Numerical modes Mode 1 Mode 2 Mode 3 Mode 4

Experimental modes Frequency [Hz] 338 383 866 1159
Mode 1 392 20.59 % 0.59 % 0.3 % 1.60 %
Mode 2 574 10.02 % 55.06 % 83.59 % 85.42 %
Mode 3 726 38.83 % 0.28 % 0.16 % 0.42 %

Table 2.6: Comparison of the numerical and experimental mode with the MAC

Table 2.6 shows that the MAC is close to 100 [%] for the association of the third and fourth numerical
modes with the second experimental mode, with a correlation close to 85 [%]. The first mode from each
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method correlates at 20 [%], which is not sufficient to be significant. The same analysis can be performed
for the association of the first numerical mode with the third experimental mode. The correlation of 38
[%] is not significant enough to draw any conclusion. The poor agreement between the two methods is due
to the fact that only two useful accelerometers were available during the experiment. The mode shapes
are not well identified with two sensors and only six DoFs. For future comparisons of the model, it would
be beneficial to include more sensors during the experiment. Multiple tests may also be required to avoid
influencing the modal dynamics of the structure through the mass and stiffness of the accelerometers.

As the MAC does not provide a clear modal correspondence between numerical and experimental
results, the comparison is instead performed by associating natural frequencies and effective masses. The
results are separated into three groups for each acceleration direction. The comparison is presented in
Figures 2.15, 2.16, and 2.17.

Acceleration along X-Axis

Figure 2.15: Power spectral density comparison with the experimental and numerical responses to a
excitation along the X-axis

Figure 2.15 shows similar behaviour between the experimental test and the numerical model. The differ-
ences in the natural frequencies at the peaks can be explained by material uncertainties, differences in
boundary conditions, damping effects, or structural non-linearities at the fixations, for example. These
non-linearities may also explain the lower peaks observed before the main resonance peak. Non-linearities
can generate harmonics preceding the natural frequency, these are referred to as subharmonics [25]. Their
frequency corresponds to the resonance frequency divided by an odd integer. As the model assumes a linear
response, these peaks cannot be reproduced by the software. Peaks that do not correspond to a fractional
division of the resonance frequency may be interpreted as subharmonics of higher-frequency modes (above
2000 Hz) or as experimental noise. The experimental and numerical frequencies are compared in Table
2.7.

Experimental [Hz] Numerical [Hz] Effective mass [%] Relative error [%]
574.45 866.64 85.67 50.86

Table 2.7: Frequency comparison shaker and model results X-axis

The error is not negligible, but the purpose of this study is to predict the first mode and its corresponding
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frequency, the third mode shows a larger relative error than the first one. Qualitatively, the dynamic
behaviour is dominated by a single mode influencing the acceleration along the X-axis.

Acceleration along Y-Axis

Figure 2.16: Power spectral density comparison with the experimental and numerical responses to a
excitation along the Y-axis

The same analysis can be performed for Figure 2.16, where the numerical model appears to represent the
dynamics of the structure adequately. The two peaks in the shaker test at 393 and 726 [Hz] are compared
with the four peaks at 338, 383, 866, and 1159 [Hz] obtained from the numerical simulation. Once again,
nonlinear effects and subharmonics can be observed in the shaker data. It can also be noted that, as the
mode number increases, the agreement becomes less clear.

Experimental [Hz] Numerical [Hz] Effective mass [%] Relative error [%]
392.57 338.73 0.00004 13.71
392.57 383.19 84.66 2.39
726.10 866.64 0.00000 19.36
726.10 1159.48 3.84 59.69

Table 2.8: Frequency comparison shaker and model results Y-axis
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Acceleration along Z-Axis

Figure 2.17: Power spectral density comparison with the experimental and numerical responses to a
excitation along the Y-axis

The numerical model produces results that are similar to the experimental data. Two peaks can be observed
in both graphs in Figure 2.17. The frequencies of the experimental peaks are 392 and 726 [Hz], and they
are compared to the numerical results of 338 and 866 [Hz]. Based on this comparison, the two modes at
386 and 1159 [Hz] identified in the Y-direction are not supported and are likely misidentified. The peak
frequency values are summarized in Table 2.9.

Experimental [Hz] Numerical [Hz] Effective mass [%] Relative error [%]
392.57 338.73 73.96 13.71
726.10 866.64 0.0076 19.36

Table 2.9: Frequency comparison shaker and model results 2-axis

The error on the first mode is close to 14 [%]. This error is considered acceptable, as the purpose
of this thesis is to estimate the first natural frequency for preliminary design. High accuracy is not the
primary objective. The error may be influenced by the assumptions made in the bracket model. However,
the brackets will not be modeled in the remainder of this study. The error on the first mode induced by
the support model is therefore less than 14 [%] when only the blade support is considered.

2.2 Methodology

The remainder of the study conducted with NX Siemens requires multiple modal simulations. A Python
script was developed to automate the simulation process and reduce the workload for the rest of this
thesis. This was made possible thanks to the NXOpen API in Python. The script is able to generate the
parameter list for each analysis, apply these parameters to the model, and run the simulations. The results
are stored in Excel files and analyzed using a separate Python script to generate plots and meaningful
results.
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2.3 Parameter’s influence

This section aims to analyze the effect of each parameter on the modal response of the structure. The
variation is performed by varying each parameter independently in order to isolate its influence. The baseline
case is defined using the same blade geometry as the EUI instrument, while the assembly geometry and
detector mass are chosen within a realistic range. The baseline case parameters are summarized in Table
2.10. These values are the same as those used for the mode shape representation in Table 2.2. When
varying a given parameter, all others are kept constant and equal to the values listed in the table mentioned
above.

Length Width Thickness Triangle’s base Triangle’s height Detector’s mass
25 [mm] 7 [mm] 0.4 [mm] 40 [mm] 40 [mm] 0.1 [kg]

Table 2.10: Standard value for the parameter’s variation

This study is divided into two parts: first, without any consideration of the thermal constraint, then,
a thermal limitation is introduced to ensure the required thermal decoupling.

2.3.1 Excluding thermal limitation

The influence of the first three parameters is presented in Section 2.1.3. However, one difference is the
addition of the detector mass at the end of the support. The variation of the last three parameters
is studied to visualize their impact on the first natural frequency. In this section, thermal conduction
is neglected as a design constraint, and the dimensions are free to take any value. The first analysis
concerns the variance of the first three parameters (length, width, thickness). The second study focuses
on the shape of the assembly triangle, followed by an investigation of the influence of its size. Finally, the
influence of the detector mass is studied.

Blade’s geometry variation

In this section, the variation of the blade geometry is analyzed. Similar results are presented in Figures
2.10, 2.11, and 2.12, but in this section the mass of the detector is also considered. The variation of the
three blade parameters is studied and presented in Figure 2.18. The parameter ranges are the same as
those used in Section 2.1.3.
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Figure 2.18: Blades’ parameters variation

The variation of the length with mass follows a similar trend to that shown in Figure 2.10. The differ-
ence lies in the order of magnitude of the resonance frequency. The effect of the applied mass is studied
in Section 2.3.1. The presence of mass leads to a decrease in the natural frequencies, while the trend
induced by the variation of length remains unchanged. The first natural frequency decreases exponentially
with increasing length. The total variation of the frequency ranges from 68 to 503 [Hz] and represents
87 [%] of the maximum frequency. The length therefore has a major impact on the frequency.

The width has a different impact on the modal analysis with and without the detector mass. We
expect a similar behaviour to that observed in Section 2.1.3, but in this case the frequency appears to
decrease at a slower rate as the width increases. The main discrepancy is that the detector mass is
taken into account in these simulations, whereas it is not included in the comparison with the analytical
solution. The influence of the added mass is reduced because the ratio between the structural mass and
the detector mass is small.

Quantitatively, the variation of the blade width affects the first natural frequency, which ranges from
282 [Hz] for the smallest width to 625 [Hz] for the largest width, passing through a maximum of 651
[Hz] at a width of 24 [mm]. This variation represents 56 [%] of the maximum frequency. This difference
corresponds to the behaviour before the maximum, after the peak, the variation is only 4 [%], which means
that the influence of width becomes nearly negligible at high values. In other words, it is preferable to
have a width greater than the optimal value rather than a lower width.

The thickness variation results are similar with and without consideration of the detector mass. The
curves show an approximately linear increase in frequency as a function of blade thickness. As in the
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simulations above, the added mass reduces the first natural frequency. The variation is bounded between
423 and 643 [Hz]. This range represents 34 [%] of the maximum frequency.

Table 2.11 summarizes the variation of the frequency induced by changes in the parameters.

Parameter Parameter’s range Frequency range [Hz] Frequency variation [%]
Length [mm] 20-100 67.89-503.45 86.50
Width [mm] 5-50 282.18-651.71 56.70

Thickness [mm] 0.5-2 423.23-643.17 34.20

Table 2.11: Blades’ parameters variation results

These results can be used to classify the parameters according to their importance and their impact
on the first natural frequency, based on the frequency variation. It appears that the order of importance
is length > width > thickness. This analysis is further investigated in the next section using the ANalysis
Of VAriance (ANOVA) method.

ANalysis Of VAriance (ANOVA) on the three first parameters

The ANOVA method is commonly used in parametric statistical studies. The method relies on the funda-
mental identity given in Equation 2.3. This formula is applicable to the variation of one parameter with
a levels and n observations. Multiple observations are useful in real-life experiments where measurement
errors may occur. In a deterministic analysis such as a prediction of a FEM modal response, a single
observation is sufficient.

a∑
i=1

n∑
j=1

(yi j − ȳ)2 = n
a∑
i=1

(ȳi − ȳ)2 +
a∑
i=1

n∑
j=1

(yi j − ȳi)2 (2.3)

where:

• a is the number of level of the parameter.

• n is the number of observation for each level.

• yi j is the jth observation for the ith level.

• ȳ is the mean of all the observations.

• ȳi is the mean for the ith level.

The equation above can be rewritten as Equation 2.4 considering the total sum of squares SST , the
sum of square due to the parameter SSparameter and the sum of square of the error SSE [26].

SST = SSparameter + SSE (2.4)

These equations can be adapted to multiple parameters, in this case, three: the length, the width,
and the thickness of the blades. Equation 2.3 then becomes:

N∑
i=1

a∑
j=1

(yi j − ȳ)2 =
N∑
i=1

N2
a∑
j=1

(ȳj − ȳ)2 +
N∑
i=1

a∑
j=1

(yi j − ȳi)2 (2.5)

SST = SSL + SSW + SST + SSE (2.6)
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Where N represents the number of parameters. Since several parameters are considered, their inter-
actions can be included in the error term in Equation 2.5. There is no error if all interactions are taken
into account, in that case, the sum of squares associated with the error can be decomposed as follows:

SSE = SSLW + SSLT + SSWT + SSLWT (2.7)

SSLW = N

a∑
i=1

a∑
j=1

(yi j − ȳL,i − ȳW,j + ȳ)2 (2.8)

SSLT = N

a∑
i=1

a∑
j=1

(yi j − ȳL,i − ȳT,j + ȳ)2 (2.9)

SSWT = N

a∑
i=1

a∑
j=1

(yi j − ȳW,i − ȳT,j + ȳ)2 (2.10)

SSLWT =

a∑
i=1

a∑
j=1

a∑
k=1

(yi jk − ȳL,i − ȳW,j − ȳT,k + ȳLW,ij + ȳLT,ik + ȳWT,jk − ȳ)2 (2.11)

(2.12)

where:

• ȳParameter,i is the mean of the observation with the i-th value of the parameter.

The ratio of each sum of squares to the total sum of squares gives the importance of each term.
Comparing these ratios provides the ranking of the parameters and their interactions in terms of influence.

In this study, this method is applied with five levels for each parameter. The parameter values are
summarized in Table 2.12. A full factorial design is used with three factors at five levels, covering all
possible combinations. The total number of simulations is 53, i.e. 125

Parameter Value 1 Value 2 Value 3 Value 4 Value 5
Length [mm] 20 27.5 35 42.5 50
Width [mm] 5 7.5 10 12.5 15

Thickness [mm] 0.5 0.875 1.25 1.625 2

Table 2.12: Parameter’s values for the ANOVA method

The results are computed and summarized in Table 2.13. The table shows the ratio of each term to
the total sum of squares. The influence of each term is quantified for the first six modes. Based on these
results, the physical behaviour of the model can be better understood.

Term Formula Mode 1 [%] Mode 2 [%] Mode 3 [%] Mode 4 [%] Mode 5 [%] Mode 6 [%]
L SSL/SST 59.21 59.46 45.76 81.63 69.12 70.38
W SSW /SST 30.58 30.86 11.66 2.37 9.27 10−2 4.64 10−2
T SST /SST 9.17 8.65 38.52 9.92 29.88 28.29

L-W SSLW /SST 4.19 10−3 4.25 10−3 5.56 10−3 6.98 10−3 8.77 10−4 1.75 10−3
L-T SSLT /SST 6.66 10−5 7.23 10−5 2.32 10−2 4.93 10−2 6.69 10−3 7.27 10−3
W-T SSWT /SST 5.94 10−3 5.80 10−3 4.35 10−3 6.40 10−4 1.11 10−3 2.75 10−3

L-W-T SSLWT /SST 1.04 1.03 4.06 6.08 9.11 10−1 1.29

Table 2.13: ANOVA method results

A quick look at Table 2.13 shows that second-order interactions are negligible. All interaction terms
between two parameters are below 0.1 [%] and can be considered physically negligible. The influence of
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each factor depends on the mode considered.

For the first two modes, which correspond to bending behaviour, the length has a dominant impact of
nearly 60 [%]. The influence of the width accounts for 30 [%] of the total effect on the natural frequency.
The remaining 10 [%] is distributed between the thickness 9 [%] and higher-order interactions 1 [%]. The
ranking defined in Section 2.3.1 is therefore confirmed for the first two modes.

The third mode corresponds to a compression of all three blades. The length and thickness are im-
portant because the response is governed by bending in each blade. Their influences are respectively 46
[%] and 39 [%]. The influence of the width represents 11.66 [%] of the total variation. The remaining 4
[%] is attributed to third-order interactions. Its impact is negligible with respect to the primary factors.
For the third mode, the ranking changes, with thickness having a greater influence than width.

The fourth mode corresponds to a torsional deformation of the global structure. The variation in
frequency is mainly driven by the blade length, with an influence of 82 [%]. The width, thickness, and
third-order interactions account for 2 [%], 10 [%], and 6 [%], respectively. This mode exhibits the largest
contribution from third-order interactions among the six first modes. Although this result may appear
counterintuitive, it is consistent with the variation range of the fourth natural frequency with respect to
the three parameters. The frequency range associated with length variation is 216–4016 [Hz], corre-
sponding to a 95 [%] variation relative to the maximum value. The frequency variations due to width
and thickness changes are 24 [%] and 17 [%], respectively, of the maximum frequency obtained in these
simulations. The results are presented in Appendix B.

The fifth and sixth modes are similar and show similar results in their factors of influence. The length
is the main parameter, accounting for around 70 [%], while the width is negligible, with an influence on the
order of magnitude of 10−2. The thickness represents approximately 29 [%] of the frequency variation,
and the remaining 1 [%] is due to third-order interactions.

Equilateral ratio variation

The equilateral ratio categorizes the shape of the triangle. It is dimensionless and defined as:

Eqrat =
2height

base
√
3

(2.13)

Eqrat =
2P5

P4
√
3

(2.14)

A ratio of less than one means that the triangle is wider than it is tall, while a ratio greater than one
indicates the opposite. If the ratio is equal to one, the triangle is equilateral. The variation is performed
within the following boundaries:

Eqrat ∈ 0.2− 2[−] (2.15)

The shapes at the bounds are represented in Figure 2.19. The triangle base remains constant at 40
[mm], while the height varies from 7 mm to 70 [mm]. Beyond these boundaries, the triangle becomes
ill-shaped and no longer corresponds to past or potential future applications. Such ill-shaped triangles
would exhibit poor performance in terms of modal response.

35



CHAPTER 2 2.3. PARAMETER’S INFLUENCE

Eqrat = 0.2

Eqrat = 2

Figure 2.19: Representation of the boundaries of the equilateral ratio

The variation is performed over 20 iterations. It is linear, with a constant step between two successive
iterations. The first natural frequency is represented in Figure 2.20. From a physical standpoint, the first
natural frequency is expected to be maximized for an equilateral triangle, as this configuration ensures a
more uniform stress distribution.
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Figure 2.20: Variation of the equilateral ratio

The maximum is obtained when the equilateral ratio is equal to one. This result was expected, as
an equilateral triangle is the most regular and symmetric geometry possible for a triangle. The curve
decreases on both sides of this maximum. The minimum value is obtained for the simulation with the
lowest equilateral ratio. The minimum frequency is 312 [Hz] and the maximum is 397 [Hz]. This variation
corresponds to 21 [%] of the maximum frequency. This parameter therefore has a major influence on the
design of an FPA support.
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An interesting observation in Figure 2.20 is that the slope for ratios lower than one is steeper than for
ratios greater than one. As a result, for a given shape, a three-point fixation yields a higher first natural
frequency when the height of the assembly triangle is greater than its base. In other words, in Figure 2.21,
for supporting the same rectangular shape, the green fixation configuration is stiffer than the red fixation
configuration.

Figure 2.21: Fixation optimization representation

For future applications, if an equilateral triangle is not possible, it is preferable to mount the detector
using a triangle with an equilateral ratio greater than one. This results in a triangle that is taller than it
is wide in its own reference frame.

Assembly’s triangle size variation

The next variation concerns the size of the assembly triangle. The equilateral ratio is kept constant while
the side length of the triangle is varied. The equilateral ratio is set to the same value as in the standard
parameters in Table 2.10. This ratio is equal to 1.15, as in the base case. The side length of the triangle
varies within the following range.

P3, P4 ∈ 20− 200[mm] (2.16)

Although the considered parameter range exceeds typical application values, it is deliberately chosen
to encompass a wide range of potential configurations and to provide a comprehensive understanding of
the system behaviour. The variation is performed using 20 simulations, with a linear sampling of the
parameter range. The results of these simulations are presented in Figure 2.22. This graph shows the
first natural frequency as a function of the size of the assembly triangle.
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Figure 2.22: Variation of the assembly triangle’s size

The results of the variation show a logarithmic increase in the first natural frequency. The minimum
frequency is obtained for the smallest triangle side, while the maximum is obtained for the largest value in
the range. The slope of the curve decreases as the triangle side increases. Quantitatively, the frequency
lies in the interval 390-397 [Hz]. This range represents 2 [%] of the maximum value. This parameter
therefore has a limited impact on the modal response of the structure.

As stated above, the parameter range is broad, and in a real application a 20 [mm] triangle cannot
be integrated into the instrument due to the inability to access the screw fixation holes. The variation in
frequency is even lower than 1.82 [%]. As long as the mounting triangle can be integrated, the influence
of the triangle side length on the first natural frequency of the structure can be considered negligible.

Detector’s mass variation

In this section, the mass of the detector, modelled as a lumped mass at a node, is varied. This is important
in order to account for cases where the detector changes during the design phase of its support. To mount
a mirror, a similar design can be applied, and mirrors are usually heavier than a detector. The mass is
expected to have a major impact on the modal response. For a system with a lumped mass at a point,
the natural frequency is defined as:

f =

√
k

m
(2.17)

This implies that the frequency is inversely proportional to the square root of the mass. The frequency
decreases as the mass increases. The effective stiffness kef f of the baseline case can be computed from
the known mass and the first resonance frequency of the structure.

kef f = mf
2 (2.18)

kef f = 16680.41[kg/m] (2.19)

The natural frequency of the structure can be estimated for different masses using the effective stiffness
of the structure in Equation 2.17. This computation is compared with the numerical results in Figure 2.23.
The numerical results are computed for a mass varying from 0.05 [kg] to 0.5 [kg]. This range is wide,
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but it includes applications involving heavier mirrors. The study is performed using 20 simulations, with a
linear discretization of the mass range.
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Figure 2.23: Variation of the detector’s mass

As predicted, the decrease in frequency is inversely proportional to the square root of the mass. The
impact of the same variation in mass is greater at low mass values than at higher mass values. A larger
mass generally requires a stiffer,and therefore heavier, structure. For this mass range, the frequency varies
from 180 Hz to 556 [Hz]. This variation represents 67 [%] of the maximum value.

The results are very close to each other. This is due to the fact that the detector is modeled as a
node, increasing the mass does not modify the stiffness of the structure, and the effective stiffness of the
initial design can be used to compute the new natural frequency. In a real structure, this would not be
the case. A variation in mass would also affect the detector’s inertia, and the response would not remain
as close to the analytical prediction. This effect arises from the assumption that the detector is much
stiffer than the support and can be represented as a lumped mass at a node. However, the differences are
negligible because this hypothesis is close to reality.

The results show that the mass of the supported object is critical for first natural frequency optimiza-
tion. A decrease by a factor of three can be observed if the mass is multiplied by ten. Even if such a
change in order of magnitude would not occur in practical applications, the mass should be minimized to
ensure favorable modal behaviour. These results emphasize the importance of optimizing the detector or
mirror mass.

Conclusion

Those five variations presented above can be used to establish a guideline to maximize, or at least increase,
the first natural frequency of a blade support. These conclusions are drawn without considering thermal
conduction limitations through the blades. The table below summarizes which parameters should be
maximized, minimized, or have no significant influence on the result.
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Parameter Impact Optimization process
Length High Minimize
Width Moderate Maximize

Thickness Little Maximize
Equilateral ratio Moderate Greater than or equal to 1
Triangle’s size Negligible /

Detector’s mass High Minimize

Table 2.14: Optimization process summary for a support without thermal consideration

The most important parameters are the blade length and the detector mass. Both parameters should
be minimized, and the evolution of the first natural frequency with increasing parameter values shows
an exponential decay. Next in order of importance are the width and the equilateral ratio. The width
should be maximized, while the equilateral ratio is optimal at one and becomes nearly negligible for values
greater than one compared to the optimum. If the equilateral ratio is greater than or equal to one, the
design can be considered acceptable. The thickness has a smaller influence on the natural frequency, but
increasing thickness still improves the response. Finally, the size of the triangle has a negligible impact on
the frequency, realistic sizes can therefore be considered optimal.

2.3.2 Including thermal limitation

This section aims to consider thermal conduction through the support. Thermal decoupling of the detector
or other optical components is a requirement for many space instruments. The maximum allowable
thermal conductance is known, therefore, it will be kept constant in future computations for all parameter
variations. The interactions between the three parameters are studied:

• Length-Width

• Width-Thickness

• Length-thickness

The parameter tables for the simulations are generated using a linear variation of the smallest pa-
rameter, with the second parameter computed using Equation 1.3. If the second parameter falls outside
the range defined in Table 2.1, the boundary value of the range is used, and the first parameter is then
computed using the thermal conduction equation.

The following simulations are performed using a common approach. Since thermal conduction is
included, only the three parameters related to the blade geometry are varied. Then, for each interaction
between two parameters, three simulations are performed, varying the thermal conductance, the third
parameter, and the detector mass.

Width variation with a length adaptation

The first interaction studied is the relationship between the length and the width. The width is varied
linearly from 5 to 50 [mm]. The blade length is then computed using Equation 1.3. As mentioned above,
several values of thermal conductance, thickness, and mass are fixed in order to explore the evolution of
the first natural frequency. The variation for different thermal conductivities is shown in Figure 2.24.
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Figure 2.24: Width-length interaction with different thermal conductance

The general behavior is that the frequency decreases as the width increases. This is due to the fact
that a larger width, for a fixed thermal conductance, implies a shorter length, which in turn reduces the
frequency. As discussed in Section 2.3.1, variations in length have a greater impact on the frequency than
variations in width. It can also be observed that higher thermal conductance increases the feasible range
of parameters.

Another observation concerns the second derivative of the curves, i.e., their concavity. For high
thermal conductance, the curve is strictly concave, whereas for lower thermal conductance there is an
inflection point where the concavity changes. This phenomenon is due to the fact that the frequency
decays exponentially with the length of the support. For large lengths, the rate of decrease slows down,
which explains the concave shape of the curves.

The inflection point does not occur at the same width because the length computed for a given width
depends on the thermal conductance. For example, with a conductance of 0.001 [W/K], a width of 15
[mm] corresponds to a length of 126 [mm], whereas for the same width and a conductance of 0.002
[W/K], the corresponding length is 63 [mm]. The exponential decay of frequency with respect to length
is therefore shifted depending on thermal conductance.

It is also possible that a maximum could appear for very low thermal conductance, but this was not
observed within the chosen parameter range. If smaller widths were considered, an optimum might emerge
for low conductance cases. However, in general, smaller widths lead to higher first natural frequencies
within the explored parameter space.

The same variation is performed for several thickness values. The results are presented in Figure 2.25.
The thermal conductance is fixed at 0.002 [W/K].
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Figure 2.25: Width-length interaction with different blade’s thickness

The behavior of the curves is consistent, showing a decreasing frequency as the width increases. The
same phenomenon appears with an inflection point, where the rate of decrease in frequency due to in-
creasing length begins to slow down. The effect of thickness variation is to limit the feasible range of
the other two parameters. A large thickness prevents the width from taking high values as well as low
values. Minimizing the thickness is critical to obtaining favorable modal behavior. However, there is a
limit to this minimization: since the support is structural, it must withstand static loads without failure.
These loads and constraints are not considered in this thesis. As long as the blades satisfy the static load
requirements, the thickness should be minimized.

The mass of the detector is varied in Figure 2.26 to assess its impact.
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Figure 2.26: Width-length interaction with different detector’s mass
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The curve still shows a decreasing trend in the first natural frequency, with an inflection point where
the curvature changes from convex to concave. The effect of the mass is to shift the curves upward as
the mass decreases. However, for large widths, which imply large lengths, the effect of reducing the mass
becomes less significant. This is a consequence of the support mass increasing and becoming dominant
compared to the detector mass. At maximum width and length, the support mass is 50 [g], which is
non-negligible compared to the total mass. This is why the detector mass has less influence for larger
supports.

Thickness variation with a width adaptation

In this section, a linear variation is applied to the blade thickness. An adjustment is made to the width
to ensure the required thermal conduction. The same methodology is applied to the parameters: if the
computed width is outside the bounds defined in Table 2.1, the boundary value is used, and the thickness
is then computed using Equation 1.3. The results of three variations are shown below for different thermal
conductivities, blade lengths, and detector masses. The first analysis is performed with varying thermal
conductance and is shown in Figure 2.27. The simulations presented use the standard values for blade
length and detector mass, these values are summarized in Table 2.10.
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Figure 2.27: Thickness-width interaction with different thermal conduction

Figure 2.27 shows the evolution of the first natural frequency as a function of thickness (left) and
cross-sectional Aspect-Ratio (AR) (right). The formula for the cross-sectional AR is given as follows:

ARcross−section =
thickness

width
(2.20)

The second representation is necessary because it is easier to analyze and identify trends. The following
analyses are performed on the second graph.

The curves show different behavior depending on the allowed thermal conduction. For high conduc-
tance, the curves are strictly decreasing with respect to the AR, whereas for low conductance they increase
with the AR. For some intermediate values of GL, the curves exhibit a maximum, which defines an optimal
value of the cross-sectional AR. The optimization process therefore depends on the conductance.

As in the simulation presented in Figure 2.24, low thermal conductance restricts the number of feasible
configurations. The minimum GL can be computed using Equation 1.3, based on the smallest width and
thickness. For this thermal conductance, only one case is possible.

Overall, increasing the allowed thermal conductance increases design freedom and leads to higher first
natural frequencies. This is due to the width and thickness taking larger values, thereby stiffening the
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structure.

The next variation studied involves several blade lengths. It is represented in Figure 2.28. The simulations
are performed with a fixed thermal conductance of 0.003 [W/K].
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Figure 2.28: Thickness-width interaction with different length

The graph displayed in Figure 2.28 shows that varying the thickness while adapting the width to
ensure a given thermal conductance leads to a decreasing natural frequency, with an inflection point that
changes the concavity of the curves. At low thickness, the curves are concave and may therefore exhibit
a maximum for a given thickness. However, this maximum lies outside the range considered in this study.
For larger lengths, the maximum shifts toward higher thickness values. This explains why a maximum
natural frequency is observed for a length of 200 [mm]. The decreasing trend comes from the fact that
increasing thickness at constant thermal conductance implies a reduction in width. As discussed in Section
2.3.1, the width has a greater influence on the first natural frequency. The reduction in width decreases
the frequency even as thickness increases.

As expected, shorter lengths lead to higher frequencies. However, reducing the length also limits the
feasible combinations of width and thickness. It can also be observed that at low length, the slope of
the frequency curves is steeper. Changing the thickness by the same amount has a greater effect on the
frequency at shorter lengths than at larger lengths.

The last variation studied involves changing the thickness while adapting the width, and is performed for
several detector masses. The resulting curves are displayed in Figure 2.29. The simulations are performed
with a thermal conductance of 0.005 [W/K].
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Figure 2.29: Thickness-width interaction with different detector’s mass

The frequency shows a decreasing trend, as explained above, but the influence of mass shifts the
curves upward or downward. The curves corresponding to different masses are almost parallel to each
other. This can be explained by the geometry, which does not change, only the mass at a single node is
modified in the FEM model. The same method as in Section 2.3.1 is used, relying on the effective stiffness
to recompute the frequency without requiring additional FEM simulations, thereby reducing computation
time.

Thickness variation with a length adaptation

The last interaction studied involves varying the thickness while adapting the length to match the thermal
conductance. The thickness variation is the same as before, with a linear range from 0.5 to 2 [mm]. The
evolution of the first natural frequency is represented in three graphs for several thermal conductivities,
widths, and detector masses, respectively in Figures 2.30, 2.31, and 2.32.
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Figure 2.30: Thickness-length interaction with different thermal conductance
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The evolution of the natural frequency is mainly driven by the increasing length resulting from the
increase in thickness. The curves show an exponential decay with increasing thickness. The ANOVA
analysis indicates that length has a greater impact on the frequency than thickness, as shown in Figure
2.30. The variation in thermal conductance influences the range of feasible parameters: higher thermal
conductance allows a wider range of thickness and length values. The general optimization strategy is to
reduce the thickness in order to shorten the length and increase the frequency.

The next variation concerns the third blade dimension, namely the width. Using four width values, the
evolution of the natural frequency is represented in Figure 2.31. The thermal conductance fixed for these
simulations is 0.006 [W/K].
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Figure 2.31: Thickness-length interaction with different width

The evolution of the frequency shows an exponential decay influenced by the increasing length of the
blades. The lower the width, the higher the first natural frequency. An interesting phenomenon observed
in Figure 2.31 is that for a width of 5 [mm], the frequency would be higher with lower thickness, but the
resulting length becomes too short and falls outside the feasible range. The issue with a short length is
that the assembly process of the support cannot be performed properly. The blade length must be large
enough to allow insertion of the fixation screws connecting the blades to the detector and the bracket.

The last variation involves implementing several detector masses. This is represented in Figure 2.32. The
thermal conductance is set to 0.006 [W/K].
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Figure 2.32: Thickness-length interaction with different detector’s mass

The effect of mass on the frequency, for the variation of thickness while adapting the length, is similar
to that observed in the previous interaction (see Figure 2.29). The mass shifts the curves vertically:
increasing the mass decreases the frequency, and vice versa. The frequency can be predicted using
Equation 2.17 by using the effective stiffness and updating the mass.

Conclusion

This section summarizes the choices required to optimize the first natural frequency of a support, including
a thermal conduction constraint. The process is summarized in Table 2.15 for each blade dimension.

Parameter’s name Optimization choice
Length Minimize
Width Minimize

Thickness Minimize

Table 2.15: Optimization process on the blades’ dimensions including thermal limitation

Table 2.15 shows that all dimensions should be minimized. This is due to the strong influence of
length on the first natural frequency. Decreasing the length increases the first natural frequency, as shown
in Section 2.3.1. This can seems counterintuitive but the objectives of this study is to maximize the
frequency not minimize the thermal conductance. The two remaining dimensions must also be minimized
to allow the length to take lower values under the thermal constraint. As long as the support can be
integrated into the instrument, the first natural frequency is maximized when the support dimensions are
as small as possible.

2.4 Frequency prediction

The next step of this study is to predict the first natural frequency for a given parameter set. This can
be achieved using regression based on a large number of simulated cases. The regression fits coefficients
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to the results of modal simulations. The result is a set of coefficients multiplying the parameters in a
polynomial form.

The first step in frequency prediction is generating data from modal simulations. Each parameter set
is chosen randomly using the Latin Hypercube Sampling (LHS) method. The regression is then computed,
and its degree is selected to ensure accurate results while maintaining a simple analytical expression. A
convergence study is performed on the relative error between the regression and the numerical simula-
tions. It is used to determine the appropriate number of training samples for the regression, ensuring
accuracy while reducing computation time. The regression can then be improved by neglecting less influ-
ential coefficients and adjusting the parameter ranges. The results of both predictions are compared and
analyzed.

2.4.1 Latin Hypercube Sampling (LHS)

The LHS method is chosen over pure random sampling because it covers the domain more uniformly.
The LHS method consists of dividing each parameter range into equal intervals. If m points are required,
the range is divided into m subintervals. Then, one random point is selected within each interval. This
method avoids repetitive patterns in the sampling and improves the distribution of points. It is therefore
well suited for covering large domains with a limited number of samples. For the regression performed
in this study, the sampled domain is six-dimensional because there are six parameters. The comparison
between the LHS method and pure random sampling is shown in Figure 2.33.

Pure random LHS method

Figure 2.33: Comparison of two different sampling method in a 2D domain

The figure above shows that pure random sampling can produce samples that are clustered close to
each other, introducing unnecessary redundancy, while leaving other regions unsampled. The LHS method
distributes samples more evenly, this is why this thesis adopts this sampling method [27].

2.4.2 Frequency regression

In this section, the regression is explained in order to understand the obtained results and the possible
improvements. The goal of the regression is to derive a formula capable of predicting the first natural
frequency of the support. This formula depends only on the structural parameters. The polynomial degree
of the regression is four, and first-order nonlinear interactions between the parameters are included. The
resulting formula is defined by the equation below:

f (P) = a0 +

6∑
i=1

biPi +

6∑
i=1

ciP
2
i +

6∑
i=1

6∑
j=i+1

di jPiPj +

6∑
i=1

eiP
3
i +

6∑
i=1

fiP
4
i (2.21)
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The number of coefficients is 40: one corresponding to the constant term a0, six linear coefficients
bi , six quadratic coefficients ci , six cubic coefficients ei , and six quartic coefficients fi . The remaining
15 coefficients correspond to parameter interaction terms di j The regression is fitted on 1000 frequency
samples randomly generated using the LHS method described above.

The regression is performed using a Python script with the linalg.lstsq function from the Numpy library.
The regression finds the coefficient vector x that solves the following linear equation:

Px = b (2.22)

Where x is the coefficient vector. It is a one-dimensional vector containing the regression coefficients.
Its length corresponds to the number of coefficients in the regression, here 40. The matrix P contains the
terms multiplying the coefficients in the analytical expression. It depends on the parameters, which have
been normalized to the interval [-1,1] using Equation 2.23. The dimensions of this matrix are the number
of samples by the number of coefficients in the model. The vector b contains the frequencies computed
for each sample, and its length equals the number of samples. The number of samples is chosen in Section
2.4.3, which determines the size of the matrix introduced above.

Pnormalized = 2
Punnormalized − Pmin
Pmax − Pmin

− 1 (2.23)

Where:

• Pnormalized is the normalized parameter within [-1,1]

• Punnormalized is the unnormalized parameter

• Pmin is the minimum boundary of the parameter’s range

• Pmax is the maximum boundary of the parameter’s range

The function solves Equation 2.22, or, if an exact solution is not possible which, is usually the case
for large datasets, it minimizes the Euclidean 2-norm: ||b − Px||. The resulting solution is the set of 40
coefficients contained in the vector x, which best fits the frequencies obtained from the sampled numerical
simulations.

2.4.3 Convergence study

This section aims to determine the appropriate number of training samples to achieve acceptable accuracy
while maintaining low computational time. The error is defined as the difference between the frequency
obtained from numerical computations with NX Siemens and the frequency predicted by the regression for
the same parameters. The error is computed over 1000 simulations sampled using the LHS method across
the parameter domain. The standard deviation of the error is then computed from these 1000 errors for
each training dataset size. The standard deviation is chosen as a convergence indicator instead of the
mean or median error, which oscillate around zero. As the number of samples increases, the error tends
toward a normal distribution with a mean of zero because there is a similar number of overestimations
and underestimations in the predictions. The standard deviation is always positive and characterizes the
uncertainty of the prediction through a confidence interval. The confidence interval is discussed in Section
2.4.6. The evolution of the standard deviation of the error is shown in the figure below.
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Figure 2.34: Convergence study of the error from the regression

Figure 2.34 shows that the number of training data required to achieve accurate prediction is 50
samples. The figure also reveals an interesting phenomenon, namely overfitting at 40 samples. This
is due to the fact that the number of samples is equal to the number of coefficients in the regression.
The least-squares method fits the coefficients exactly to the samples when there are 40 equations and
40 unknowns. The fitting error is therefore very low, but the coefficients do not generalize well to other
samples, leading to a significant increase in the standard deviation of the error computed over 1000 test
samples. To avoid such issues, increasing the number of training samples is generally recommended. The
study by Yeonjong Shin and Dongbin Xiu [28] states that a general rule of thumb is to use a number of
samples 1.5 to 3 times larger than the number of coefficients. For a stable regression, the number of
samples (M) should therefore satisfy:

M = p log(p) (2.24)

Where p is the number of coefficients in the regression. In this case, the number of samples should be
greater than 64. For the rest of the study, a regression with 100 samples is used to ensure good accuracy
and stability.

2.4.4 Results

The regression provides coefficients to compute the first natural frequency of the system. These coef-
ficients are summarized in the table below, including for each coefficient its symbol from Equation 2.21,
the parameters it multiplies, and its numerical value.

a0 1 205.81 c2 W 2 -54.06 d4 Lh 5.41 d12 Tm 28.65 e5 h3 -1.90
b1 L -118.55 c3 T 2 2.73 d5 Lm -0.41 d13 bh -11.84 e6 m3 -7.00
b2 W 35.79 c4 b2 -9.11 d6 WT -38.54 d14 bm -34.82 f1 L4 0.55
b3 T 27.97 c5 h2 -4.42 d7 Wb 107.61 d15 hm -1.98 f2 W 4 1.11
b4 b -4.48 c6 m2 40.54 d8 Wh -4.44 e1 L3 -0.62 f3 T 4 -12.44
b5 h 5.69 d1 LW -87.72 d9 Wm -10.07 e2 W 3 78.57 f4 b4 5.96
b6 m -64.45 d2 LT 28.32 d10 Tb -0.96 e3 T 3 4.19 f5 h4 -3.49
c1 L2 39.89 d3 Lb -5.01 d11 Th 0.29 e4 b3 0.98 f6 m4 -5.95

Table 2.16: Regression coefficients results

With the coefficients from the table 2.16, several observations can be made. The coefficient analysis
is done based on their magnitude in absolute value and also their sign. The range of the absolute value
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of the coefficients is from less than on to 206. A coefficient with a value less than 10 is considered to
be negligible due to the two orders of magnitude between the coefficient and the maximum value of the
coefficients. This simplification can be done because the parameters are normalized in the regression.
Their value is in the [-1,1] range. Multiplying the parameters together or applying a power keeps the
multiplying terms in the same range.

The first observation is that the overall values of the coefficients are decreasing with the complexity of
the multiplying factor. This is predictable because the higher the order of the polynomial terms, the lower
the impact it has on the frequency. The quartic terms of the regression are related to coefficients fi , which
are lower than the coefficient for the linear terms bi . In the set of coefficients relative to the linear terms
bi , only those related to the assembly geometry are negligible (b4 and b5). For the quadratic coefficients
ci , in addition to the two related to the assembly geometry (c4 and c5), the thickness coefficient can be
neglected (c3). Lastly, for the cubic and quartic terms only one coefficient is sufficient not to be neglected,
respectively the width e2 and the thickness f3. The rest of the coefficients can be neglected for these two
orders of terms.

The sign of the coefficient is also important. A positive sign of the coefficient means that the fre-
quency increases with the corresponding parameter, as is the case for the width and thickness and for
the parameters b2 and b3. On the other hand, a negative sign means that an increase in the correspond-
ing parameter decreases the natural frequency, for example the length or the mass, associated with the
coefficients b1 and b6.

The linear terms associated with the coefficients bi confirm what the ANOVA method states and the
results obtained from the parameter variation in Section 2.3.1. The length and the mass have the great-
est negative influence on the natural frequency. The width and the thickness have a moderate positive
influence on the natural frequency. Lastly, the assembly triangle dimensions are negligible regarding their
impact on the first natural frequency of the structure.

The magnitude of the coefficients relative to the interaction terms di j can be explained by the decou-
pling between the blade geometry and the assembly geometry. In other words, coefficients associated with
interactions linking a parameter from the blade geometry (L,W or T ) and a parameter from the assembly
geometry (b or h) should be small. This is confirmed by the coefficients d3, d4, d8, d10 and d11, which are
lower than ten in absolute value. The exception is the coefficient d7, which is significantly larger than
expected, with a value of 107. The coefficients associated with interactions within each geometry are not
negligible, as can be expected, this applies to the coefficients d1, d2, d6 and d13.

The next step is to neglect the terms associated with coefficients lower than ten. A comparison with
the original regression is performed in order to assess the impact of low-order coefficients.

2.4.5 Regression improvement

In this section, the objective is to improve the regression model. Two factors can be modified in order to
increase either the accuracy or the simplicity of the regression. The first method consists of neglecting
the terms associated with low coefficients. The number of coefficients becomes 18 instead of 40. The
regression computation is faster, and the formula is shorter, with less than half of the original terms. The
other method is to change the range of the parameters because the regression’s precision depends on
the domain. Areas where the regression has lower accuracy due to parameters taking extreme values are
excluded.

Coefficient reduction

As stated above, the coefficients with an absolute value under ten are neglected to reduce the number of
parameters from 40 to 18. The 22 neglected coefficients are summarized in Table 2.17.
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b4 b -4.48 d3 Lb -5.01 d11 Th 0.29 e5 h3 -1.90 f5 h4 -3.49
b5 h 5.69 d4 Lh 5.41 d15 hm -1.98 e6 m3 -7.00 f6 m4 -5.95
c3 T 2 2.73 d5 Lm -0.41 e1 L3 -0.62 f1 L4 0.55
c4 b2 -9.11 d8 Wh -4.44 e3 T 3 4.19 f2 W 4 1.11
c5 h2 -4.42 d10 Tb -0.96 e4 b3 0.98 f4 b4 5.96

Table 2.17: Neglected terms for the enhanced regression

The same convergence study can be performed on the regression by increasing the number of training
samples. The regression is then compared with a testing set of 1000 samples, as in the previous section.
The standard deviation of the error made on those 1000 predictions as a function of the training dataset
size is shown in the figure below.
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Figure 2.35: Convergence study of the enhanced regression with 28 coefficients

The number of coefficients required to achieve an accurate prediction is above 50. Above this threshold,
the error converges, and increasing the number of training samples does not significantly affect the standard
deviation of the error. In this case, there is no overfitting when the number of samples equals the number
of coefficients computed by the regression. In the upcoming computations, the number of training samples
used for the regression is 100. With this training dataset, the regression yields 18 coefficients, summarized
in Table 2.18.

a0 1 189.69 b6 m -93.31 d1 LW 19.41 d9 Wm 7.43 e2 W 3 2.36
b1 L -181.85 c1 L2 138.19 d2 LT -3.89 d12 Tm -1.77 f3 T 4 4.57
b2 W 48.18 c2 W 2 -59.40 d6 WT 3.42 d13 bh -15.33
b3 T 18.57 c6 m2 44.78 d7 Wb -18.09 d13 bm -15.18

Table 2.18: Enhanced regression coefficients results

Domain reduction

In this section, the full regression is considered, with 40 coefficients, but the parameter domain is modified
to increase accuracy. With a large testing sample set, the mean of the parameters for which the error is
highest can be used to identify the region where the regression does not fit the FEM computation. The

52



CHAPTER 2 2.4. FREQUENCY PREDICTION

figure below shows the relative error from the regression using a training dataset of 100 samples and a
testing dataset of 2000 samples.
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Figure 2.36: Relative error from a 2000 testing dataset with a regression of 100 training samples

In Figure 2.36, the errors from the frequency prediction are separated into two categories: the 80 [%]
of points with the lowest error, shown in blue, and the remaining points with the highest error, shown in
red. The mean values of the parameters used to compute the worst predictions are summarized in the
table below. The average relative error on the worst 20 [%] of predictions is 120 [%], the regression does
not give satisfactory results for these sets of parameters.

Length [mm] Width [mm] Thickness [mm] Base [mm] Height [mm] Detector’s mass [kg]
Range 20-100 5-50 0.5-2 20-200 20-200 0.05-0.5

Range’s mean 60 27.5 1.25 110 110 0.275
Worst 20% mean 76.63 30.62 1.09 109.49 112.51 0.27

Table 2.19: Mean parameter values for the worst 20% predictions compared to the overall ranges

Table 2.19 shows that the highest errors occur across the entire domain for most parameters, except
for the length. The worst 20 [%] set of parameters has an average length of 77 [mm], which is significantly
greater than the range average of 60 [mm]. The regression does not fit well for large lengths. For the
enhanced regression, the length range is set to 20–50 [mm]. To understand the region where the regression
does not fit the FEM results, a histogram of the number of simulations for each parameter is shown in
the following figure.
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Figure 2.37: Histogram of the number of error in the 20 % worst case for each parameter

The figure 2.37 confirms what has been stated previously based on the average of the parameters:
the probability of high error increases with length. Reducing its range is useful to decrease the error on
the predicted first natural frequency. The second histogram shows that the probability of high error is
higher for large widths. This is because the mode exhibits some flexion along the width of the blade for
large widths. The probability of a non-negligible error also increases for small widths, but since the width
must be minimized to increase the frequency, low widths will not be removed from the range. The new
range for the width becomes 5-25 [mm]. The probability of a high error increases for low thicknesses.
However, as with the width, the thickness must be reduced to ensure thermal insulation. The thickness
range will therefore not be changed for the same reason. The last three parameters, the triangle base and
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height, and the detector mass, show a nearly constant distribution of the probability of high error over
their entire ranges. Their values do not affect the error in a significant way. The new parameter intervals
are summarized in the table below.

Parameter Old range [mm] New range [mm]
Length 20-100 20-50
Width 5-50 5-25

Table 2.20: New parameter’s range for the enhanced regression

The regression is computed using the same method as previously, with the new parameter range. The
convergence of the error with respect to the training dataset size is shown in Figure 2.38.
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Figure 2.38: Convergence study of the regression with a reduced parameter domain

Figure 2.38 shows the error evolution, with and without overfitting, as a function of the training dataset
size. The left graph shows the phenomenon of overfitting when the training dataset has 40 samples. On
the right graph, the results are the same but without the results from the 40-sample training dataset.
The error curves seem to stabilize for a training dataset size of 500 samples. This value is used for the
comparison of the three regressions in the following section.

2.4.6 Comparison of the three regression

The comparison of these three regressions is based on their accuracy, ease of computing predictions, and
computation time. The table below summarizes the regression characteristics and results.

# Coefficients # Samples Mean[Hz] Median [Hz] Standard deviation [Hz] Computation time [s]
Normal 40 100 4.64 2.02 30.55 0.05018

Coefficient reduction 18 100 0.39 -3.71 51.84 0.04205
Domain reduction 40 500 1.22 0.68 23.77 0.05969

Table 2.21: Comparison of the three regressions

Table 2.21 shows the number of coefficients computed by each regression and the number of samples
used for each regression. It also summarizes the mean, median error, and standard deviation of the error
computed from 1000 predictions over the entire domain. The last column shows the average computation
time over 100 regression evaluations.

The first two columns are related to the ease of computation of the regression. The regression with
the reduced number of coefficients is easier to implement, as it involves only 18 coefficients and not 40, see
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Table 2.18. The formula is shorter than for the two other regressions. However, the coefficient selection
is not straightforward, with some coefficients neglected for the quadratic terms and others retained for
the cubic and quartic terms. Knowing which interactions are kept is also not intuitive. The second column
shows the sample size of the training data required for the regression to converge. The last regression
requires a larger training dataset than the other two. This is reflected in the computation time, which is
faster for the second regression, as it has the lowest number of coefficients and a small number of samples
needed for convergence. The slowest regression is the third one because it requires an increased number
of samples to converge. This higher computational cost is balanced by its accuracy, which is discussed
later in the study. However, the difference in computation time is not significant, as it is less than a tenth
of a second.

The accuracy of the surrogate model is also very important, even more so than the ease of imple-
mentation. As stated previously, the mean and median converge toward zero because, for a sufficient
sample size, the error distribution tends to a normal distribution centered at zero. The analysis that can
be made from these results is that the full regression tends to overestimate the frequency, as both the
mean and median are positive. Similarly, the regression with the reduced domain tends to overestimate
the frequency, and the regression with 18 coefficients cannot be characterized by its mean or median error,
as they have opposite signs. The standard deviation is an indicator of confidence in the results because
it is used to compute the confidence intervals. It is computed by adding and subtracting the standard
deviation from the mean. The table below summarizes the confidence interval of each regression based
on their mean error and standard deviation.

Regression 68 % interval [Hz] 95 % interval [Hz] 99.7 % interval [Hz]
Normal [-25.91;35.19] [-56.46;65.74] [-87.01;96.29]

Coefficient reduction [-51.45;52.23] [-103.29;104.07] [-155.13;155.91]
Domain reduction [-22.55;24.99] [-46.32;48.76] [-70.09;72.53]

Table 2.22: 68-95-99.7 % confidence interval for the regression

These confidence intervals characterize the probability that the true solution lies within each interval.
For the 68 [%] confidence interval, the frequency computed by solving the FEM model has a 68 [%] chance
of falling within this interval relative to the predicted frequency. This is valid under the assumption that
the error distribution follows a normal distribution. The error distribution for each regression is shown in
the figure below.
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Figure 2.39: Regressions’ histogram compared with a theoretical normal distribution

The error distribution shown in Figure 2.39 appears to follow a normal distribution, as expected. The
normal curves in orange in each graph correspond to the normal distributions computed using the mean
and standard deviation of the error. The theoretical curves differ from the observed distributions due to
outliers in the error data, which increase the standard deviation. The curves are wider than the actual
distributions and do not fit the data as intended. However, the error distributions from the predictions
follow a Gaussian distribution with a lower standard deviation if outliers are not considered. The confidence
intervals from Table 2.22 can be used to estimate the margin of error of the predictions. A comparison
between the frequencies obtained from the predictions and from the numerical computations is shown in
the figure below. The 95 [%] confidence interval is also represented in order to assess whether it includes
the majority of the predictions.
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Figure 2.40: Comparison of the prediction with numerically computed frequency

Figure 2.40 represents the comparison between the predicted frequency and the frequency computed
numerically with NX Siemens. The red line corresponds to the region where the prediction matches the
numerical frequency perfectly. The green lines represent the lower and upper bounds of the 95 [%] confi-
dence interval from Table 2.22. Overall, the predictions are included within the confidence interval. The
predictions tend to underestimate high frequencies, with several data points falling below the confidence
interval. However, this region is not of primary interest because the frequencies are typically much lower,
around 300–500 [Hz], where the predictions lie within the interval. If high frequencies are required to
fall within the 95 [%] interval, the standard deviation of the relative error could be used to compute the
boundaries. The interval would then be wider for high frequencies and narrower for low frequencies. This
standard deviation is not considered here because using a fixed interval is more meaningful in a real-world
case.

The original regression has a 95 [%] confidence interval of -56 to +66 [Hz] relative to the true value of
the frequency. This can be considered a wide range of inaccuracy, as it can lead to an error of 20 [%] for a
predicted frequency of 300 [Hz]. The regression begins to underestimate frequencies above 420 [Hz], and
for frequencies above 600 [Hz], the predictions are all below the confidence interval. An underestimation
is not a major issue, as the true natural frequency is higher than the prediction. If the prediction meets
the minimum frequency requirement, the true frequency would also satisfy the same requirement.

The regression with 18 coefficients shows the widest confidence interval of all the regressions. Its 95
[%] confidence range is -104 to +104 [Hz], which is not satisfactory. For a typical minimum frequency
requirement of 300 [Hz], the relative error can reach up to 30 [%]. This regression was implemented
to simplify the regression computation at the cost of accuracy. The reduction in coefficients makes the
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regression faster, but the model becomes too inaccurate.
The regression with the reduced parameter domains has the narrowest confidence interval, indicating

that it is the most accurate. The confidence interval ranges from -46 to +48 [Hz], which can be adequate
for preliminary design considerations. This interval is most influenced by errors at high frequencies. This
regression provides the best accuracy among the three cases considered.

2.5 Discussion

Several results have been obtained with this parametric simulation. First, the variation of each parameters
have been studied and the optimization process are resumed in the section 2.3.1 if the thermal limitation
is not considered and in the section 2.3.2 otherwise.

Then a surrogate model have been created using a regression to predict the frequency with an analytical
formula. The regression have been subject to modification to decrease its computation time or increase
its accuracy. The comparison and analysis of the results obtained from the surrogate model are resumed
in the section 2.4.6.

These results are valid for a design with three blade in a isosceles assembly. This design have been
used in several recent space mission as states in the section 1.3.1. The three blades setup provides
satisfactory results, but its optimality has not been demonstrated. This is explored in the following section
with topology tools.
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Topology optimization

The second part of this study is to explore different support designs applicable to similar requirements.
This research is conducted using the topology optimization software OOFELIE developed by the Open
Engineering company. The use of designs resulting from topology optimization is made possible by ad-
ditive manufacturing. This technology is particularly attractive for aerospace applications, as it enables
the creation of optimized designs for each part of a space instrument depending on its requirements [29].
This manufacturing method can reproduce the complexity of topology optimization results.

The first step is to translate the requirements into objectives and constraints that can be applied
in a topology optimization problem. The main requirement is to achieve a high first natural frequency.
Thermal decoupling between the fixation and the supported object can also be considered.

This study using topology optimization is divided into two parts. The first section excludes the thermal
decoupling constraint, and the second section focuses on optimized designs considering the minimization
of thermal conduction through the support. In each part, two different boundary conditions are studied: a
parallel and a perpendicular fixation. These two boundary conditions are represented in the figure below.

In each configuration, two cases are considered: the first with fixed attachment points on the detector
to simulate screw holes, for example. The second case does not impose any fixation points, the optimizer
is free to create a support that connects to the detector anywhere on its back surface. The study and
comparison of these two cases is interesting because, in topology optimization, increasing design freedom
generally leads to more efficient optimal solutions. Imposing predefined attachment points restricts the
design space and can prevent the optimizer from converging toward potentially better configurations that
do not involve these regions.
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Parallel fixation

Perpendicular fixation

Figure 3.1: Side view (left) and rear view (right) of the two boundary conditions

In Figure 3.1, the two geometries are shown. The parallel fixation is applicable when a structure similar
to the blades is used with a bracket that is not included in the optimization domain. This design is also
valid if the detector is mounted on a vertical panel of the instrument, for example the rear panel of the
instrument casing.

In the second geometry, the optimizer searches for a structure replacing both the blades and the
bracket. The domain is larger than for the parallel fixation case. The boundary condition is a fixed surface
perpendicular to the detector’s face. The results obtained from this configuration can be applied to a
fixation on a base plate, similar to what has been done in the EUI.

The dimensions of the optimizable domain are taken from the EUI instrument. The indentations on
the top of the optimizable domain are due to copper braids linking the detector to a passive radiator.
These links cool the detector to maintain its operational temperature.
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3.1 Without thermal limitation

The purpose of this section is to find an optimized shape that satisfies the mechanical requirement: a
minimum frequency. A topology optimization problem is usually formulated as follows:

Minimize fi(x) (3.1)

Subject to gj(x) ≤ 0 (3.2)

Where fi(x) are called objective functions, gj(x) are inequality constraints, and x is the vector of design
variables: the density of each element. Without any thermal consideration, the objective function in this
section is the material volume. Minimizing the volume reduces the mass of the support, which when
increasing can lead to higher launch energy requirements for the instrument and a decrease in natural
frequency, as studied in Chapter 2. The objective function is stated as follows:

f1(x) = V (x) (3.3)

The constraint applied to the topology optimization problem is that the frequency must remain above
certain limits: 300 [Hz] and 500 [Hz]. These two values are chosen because the first natural frequency of
a sub-system in a space instrument is usually set to be approximately twice the requirement for the overall
instrument. In addition, the results obtained with these two constraints can be compared to determine
whether the optimizer finds two radically different topologies. The constraint formulation for the topology
optimization problem is as follows:

g1(x) ≥ 300[Hz ] (3.4)

g1(x) ≥ 500[Hz ] (3.5)

The objective function and constraints describe the optimization problem to be solved. However,
the optimizer does not converge to a feasible solution when only these two functions are considered. In
fact, the optimization problem sets the density of every element to zero, effectively disconnecting the
detector. The volume is then minimized. To avoid this issue, a static analysis is performed, including a
downward acceleration equivalent to Earth’s gravity. An objective function is introduced to minimize the
displacement at the top of the detector. This second objective prevents forward tilting of the detector.
This second function is stated as follows:

f2(x) = unode(x) (3.6)

The optimization problem is formulated with two objective functions and one constraint. The two
objective functions are combined into one using a weighted sum of their values. The weighted sum can
be written as the following equation.

f3(x) = w1f1(x) + w2f2(x) (3.7)

f3(x) = w1V (x) + w2unode(x) (3.8)

f3(x) = 0.99V (x) + 0.01unode(x) (3.9)

The weights are defined to prioritize the minimization of the first objective function over the second,
as the second is included to ensure that the optimizer connects the detector to the boundary condition.
Setting the second weight to 1 [%] of the first allows the optimizer to focus on minimizing the volume.

The problem can be formulated as the equation below.
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Minimize f3(x) = 0.99V (x) + 0.01unode(x) (3.10)

Subject to g1(x) ≥ 300[Hz ] (3.11)

Or subject to g1(x) ≥ 500[Hz ] (3.12)

3.1.1 Parallel fixation

In this section, the first configuration is considered, and the problem stated in Equation 3.10. This topology
optimization problem is applied to the geometry represented in Figure 3.1 for the parallel fixation. The
detector, shown in gray in the figure above, is meshed using 3D hexahedral elements with a side length
of two millimeters. In the case of the parallel fixation, since the optimizable domain is smaller than
for the perpendicular fixation, this region is meshed using 3D hexahedral elements with a side length of
one millimeter. The mesh is perfectly symmetric with respect to the front-to-back vertical plane. This
symmetry ensures that the computed solution is not biased toward one side. As the problem is symmetric,
the solution should also be symmetric. A symmetric mesh ensures the symmetry of the solution.

The detector is considered a passive region, in other words, its mesh is not subject to a SIMP law. Its
density is constant and equal to one. This region is not considered in the sensitivity analysis but is taken
into account in the eigenfrequency computation. To ensure the imposed fixation points, three passive
regions are modeled between the optimizable domain and the passive detector region. They are located
at the screw holes used in the EUI instrument. The optimizer is free to connect to one or several of
these links, but they are the only paths available to support the detector. In the case of the free fixation,
the optimization domain is directly connected to the passive detector. These models are represented in
Figures 3.2 and 3.3.

Side view
Front view without the

detector

Figure 3.2: Meshed geometry with parallel imposed fixation points
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Side view

Front view without the
detector

Figure 3.3: Meshed geometry with parallel free fixation

The result obtained with these simulation are analyzed in the following section.

With imposed fixation point

This section aims to discuss the results obtained from the topology optimization stated in Equation
3.10, with the geometry represented in Figure 3.2. The number of iterations was set to 100 to ensure
convergence and a low NDR. A convergence criterion on the NDR was set to 0.5 [%]. The final topology
obtained at the last iteration is displayed in Figure 3.4, with a 300 [Hz] minimum frequency constraint,
and in Figure 3.5, for a 500 [Hz] minimum frequency constraint.

Figure 3.4: Mechanical topology optimization result for a parallel fixation with fixed attachment point
with a minimum frequency constraint of 300 [Hz]

Figure 3.4 shows results similar to a three-blade design, with three diagonal elements connecting each
fixation point. The top blade is the widest, with a separation in the middle forming a V-shape. The two
bottom elements are more like beams with a constant cross-section. They differ from blades because their
cross-section is not a thin rectangle but closer to a square.
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The results also show disconnected elements near the top of the detector. These are numerical
artifacts and should be neglected. The two bottom beams appear to be disconnected from the detector,
but this is not the case due to the formulation in Equation 1.20. A mesh with a density of zero still has
a small influence on the dynamics of the system. This influence is not negligible. It is discussed after the
analysis of the results with a minimum frequency constraint of 500 [Hz].

Figure 3.5: Mechanical topology optimization result for a parallel fixation with fixed attachment point
with a minimum frequency constraint of 500 [Hz]

Figure 3.5 shows results similar to those obtained with the 300 [Hz] minimum frequency constraint.
The similarity arises because the converged topology, obtained with a minimum frequency constraint,
achieves a final frequency above the 500 [Hz] requirement. The frequency convergence is represented in
Figure 3.6.

Frequency Non-discreteness rate

Figure 3.6: Convergence of the frequency and the NDR for the parallel imposed fixation

Figure 3.6 shows similar frequency and NDR evolution over the iterations. The two curves overlap
almost perfectly. This explains the fact that the two different constraints produce the same result. The
final frequency obtained with the 300 [Hz] constraint is above 800 [Hz]. There is no need to change the
result for the 500 [Hz] constraint, as the first result already obtained with the 300 [Hz] constraint already
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satisfies the second constraint.
However, the numerical treatment of material properties means that material is still present in regions

where the density is close to zero. The material with minimum density properties still has an impact on the
modal computation. The frequency obtained from the converged result may therefore be overestimated.
In future studies, a model reproducing the optimal topology should be analyzed to confirm these results

With free fixation point

This section aims to find the optimal design for an optimizable parallel fixation without imposed fixation
points. The design is free to connect to the detector anywhere. The same topology optimization problem
from Equation 3.10 is considered. The first results shown in Figure 3.7 have a first natural frequency
above the 300 [Hz] constraint.

Figure 3.7: Mechanical topology optimization result for a parallel fixation with free attachment point with
a minimum frequency constraint of 300 [Hz]

Figure 3.7 represents a design similar to the one obtained with imposed fixation points. The design is
composed of three elements connecting the bracket to the detector. The top blade is wide and thin, while
the bottom two are like beams with an approximately square cross-section. The blades seem to have a
larger section at the connection with the bracket.

The difference between the two previous simulations is that the fixation points are not located in the
same places. The top fixation is roughly in the same position as in the imposed fixation case. However,
the bottom two are much lower than in the previous simulation.

The same topology optimization problem can be applied with a minimum frequency of 500 [Hz]. The
result obtained is represented in Figure 3.8.
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Figure 3.8: Mechanical topology optimization result for a parallel fixation with free attachment point with
a minimum frequency constraint of 500 [Hz]

The result displayed in Figure 3.8 is identical to the result obtained with the 300 [Hz] constraint. The
topology consists of one blade fixing the top of the detector and two beams connecting the bottom of
the detector on each side. As for the previous simulations, the evolution of the frequency and NDR can
be represented over the iterations. The curves are shown in the following graphs.

Frequency Non-discreteness rate

Figure 3.9: Convergence of the frequency and the NDR for the parallel free fixation

Figure 3.9 shows two overlapping curves for each minimum frequency constraint. The first topology
optimization problem, with a minimum frequency of 300 [Hz], converges to a frequency of 931 [Hz]. The
second topology optimization problem converges to the same topology, as the first already satisfies the
500 [Hz] minimum frequency constraint. This explains the similarity and the equivalent results for the two
topology optimization problems.
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3.1.2 Perpendicular fixation

After the parallel fixation case, the bracket is also optimized. The model is composed of a topology region
subjected to a SIMP-alpha law and a detector modeled as a passive region. The model is represented in
the scheme in Figure 3.1. For the same reasons as in the parallel imposed fixation case, three passive links
are modeled in order to force the topology optimizer to connect to the fixation points.

The passive region modeling the detector is meshed with 2 [mm] hexahedral elements. Meanwhile,
the optimizable region is meshed with 1.5 [mm] hexahedral elements. As for the parallel fixation case, the
mesh is perfectly symmetric with respect to the vertical plane passing through the longitudinal axis of the
structure. This symmetry avoids side-biased solutions that would not be consistent, since the problem is
symmetric.

The mesh is represented in Figures 3.10 and 3.11.

Side view
Front view without the

detector

Figure 3.10: Meshed geometry with perpendicular imposed fixation points

Side view
Front view without the

detector

Figure 3.11: Meshed geometry with perpendicular free fixation

The problem from Equation 3.10 is applied to the described geometry, with a convergence criterion
defined as the NDR becoming less than 0.5 [%]. The results obtained are separated into two categories:
imposed and free fixation. Each category includes two topology optimization problems, corresponding to
minimum frequency constraints of 300 and 500 [Hz].

68



CHAPTER 3 3.1. WITHOUT THERMAL LIMITATION

With imposed fixation point

The results obtained by applying the topology optimization problem from Equation 3.10 to the numerical
domain represented in Figure 3.10 are shown in Figures 3.12 and 3.13.

Figure 3.12: Mechanical topology optimization result for a perpendicular fixation with imposed attachment
point with a minimum frequency constraint of 300 [Hz]

Figure 3.12 shows a truss structure that can be divided into two parts, similar to the bracket and the
blades. The bracket consists of a planar truss connecting the optical bench to the blades, similar to the
EUI design. The bracket can be reduced to four beams. The three blades behave more like beams with a
square cross-section. The top beam is horizontal, continuing the curvature of the bracket. The bottom
two beams connect the base of the bracket to the detector in a diagonal V-shaped configuration.

The next topology optimization is performed with the same problem but with a minimum frequency
constraint of 500 [Hz]. The result is represented in Figure 3.13.

Figure 3.13: Mechanical topology optimization result for a perpendicular fixation with imposed attachment
point with a minimum frequency constraint of 500 [Hz]
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The results show a similar truss structure that can also be divided into two parts: the bracket and
three beams. As the minimum frequency increases, the bracket is no longer a 2D truss but consists of
six beams with two V-shaped assemblies. The three beams connecting the detector are similar to the
previous result. The top beam is horizontal, and the bottom two connect the base of the bracket to the
fixation points diagonally. They are more parallel than in the previous result in the horizontal plane.

The two results obtained with the two different constraints differ, unlike the case with the parallel
fixation. The convergence plot of the frequency and NDR is represented in Figure 3.14.

Frequency Non-discreteness rate

Figure 3.14: Convergence of the frequency and the NDR for the perpendicular imposed fixation

The two evolutions are clearly different, and the first optimization converges to a frequency of 446,
while the second converges to a frequency of 520. The second optimization converges closer to the
constraint and appears consistent. A post-processing analysis is still required to ensure that the frequency
is correct and not too strongly influenced by the numerical treatment of elements with zero density.

As the problem is more complex, the optimization takes more time and iterations to converge. The
first optimization converges with a NDR below 0.5 [%] after 70 iterations, and the second takes 79
iterations to meet the convergence criterion.

With free fixation point

In this section, the optimizer is free to choose the fixation points on the detector. In general, the freer
the problem, the more optimal the solution. The problem from Equation 3.10 is applied to the domain
shown in Figure 3.11. Two constraints are considered, with minimum frequencies of 300 [Hz] and 500
[Hz]. The converged topology with a 300 [Hz] minimum frequency is represented in Figure 3.15.
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Figure 3.15: Mechanical topology optimization result for a perpendicular fixation with free attachment
point with a minimum frequency constraint of 300 [Hz]

The topology obtained is a truss structure with two fixation points to the detector. The entire structure
lies in a vertical plane. The structure can be decomposed into seven beams with a constant cross-section.
This result may be over-influenced by the vertical downward acceleration used to ensure that the optimizer
connects to the detector. In reality, such a structure has a high probability of not fulfilling the requirements
and therefore cannot be used.

The next optimization is performed with a minimum frequency constraint of 500 [Hz]. The optimization
did not converge within 100 iterations, so a new optimization with 200 iterations was performed in order
to satisfy the convergence criterion. The obtained topology is shown in Figure 3.16.

Figure 3.16: Mechanical topology optimization result for a perpendicular fixation with free attachment
point with a minimum frequency constraint of 500 [Hz]

Unlike the 300 [Hz] frequency constraint case, Figure 3.16 shows a truss structure connecting the
detector through three fixation points. This design appears to be more effective than the previous one
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with an isostatic fixation. The fixation locations are: two at the top of the detector, on the left and right
sides of the rear face, and one at the bottom center. This setup is the opposite of the imposed fixation
configuration.

The truss structure is composed of eleven beams. Three are used to connect the bracket-equivalent
structure to the detector, imitating the blades from the three-blade design. The bracket consists of the
eight remaining beams with two V-shaped assemblies.

The frequency and NDR evolution can be represented over all iterations. This representation is shown
in Figure 3.17.

Frequency Non-discreteness rate

Figure 3.17: Convergence of the frequency and the NDR for the perpendicular free fixation

Figure 3.17 shows the frequency decreasing as the number of iterations increases. The evolutions
exhibit sawtooth-shaped curves. This is due to the fact that the optimizer gradually converges toward the
final solution through a trial-and-error process, which can lead to an initially too low frequency estimate.
This can be particularly seen in the curves with the 500 [Hz] constraint. The frequency curve drops from
1346 [Hz] at the sixth iteration to 431 [Hz] at the next iteration. This frequency is below the minimum
frequency constraint, so the optimizer must find a new topology that satisfies the constraint.

The NDR curves follow the same trend, with a sharp decrease when the optimizer finds a topology that
reduces the objective function. If this topology does not meet the constraint requirements, the NDR starts
to increase as the optimizer searches for a new topology. This process is repeated until the convergence
criterion is met.

3.2 With thermal limitation

This section aims to consider the thermal properties of the materials and minimize heat conduction through
the support. The topology optimization problem becomes a thermo-mechanical problem. The geometry
of the problem is the same as for the mechanical optimization. The mesh includes a temperature field
in addition to the displacement field. The topology optimization is formulated in the same way as in
Equation 3.1, with objectives and constraints. The thermal properties of the material are summarized in
Table 3.1 [30–32].

Material Thermal conductivity [W/mK] Coefficient of thermal expansion [W−1]
Ti6Al4V 7 8.5e-6

AlN 150 5.6e-6

Table 3.1: Thermal properties of materials
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The main objective is still the volume minimization, the formulation is the following:

f1(x) = V (x) (3.13)

The other objective is the minimization of heat flux conduction through the support. However, com-
puting a flux crossing a surface is not yet possible in OOFELIE. The second objective must therefore be
formulated to synthesize the same effect in the optimization. Using the thermal conduction equation, the
thermal conductance of the support can be computed.

q = GLth∆T (3.14)

GLth =
q

∆T
(3.15)

The minimization of thermal conductance can be achieved either by minimizing heat conduction or
by maximizing the temperature difference between the two ends of the support. In this study, the second
option was chosen. The optimization of the temperature gradient is represented in Figure 3.18.

Figure 3.18: Thermo-mechanical optimization scheme

Figure 3.18 shows that minimizing the temperature at the connection between the support and the
detector maximizes the temperature gradient. The thermal conductance is minimized for a given constant
heat source. This objective is easy to implement with the imposed fixation case: the temperature of the
middle node of the passive links is minimized.

However, with the free fixation case, the fixation point is unknown. Minimizing the temperature of
each node on the rear surface of the detector would require the sensitivity analysis of each objective
function and would significantly increase the computational cost. The approach adopted in this thesis is
to maximize the thermal compliance [33]. The thermal compliance in a FEM model is computed using
Equation 3.16.

Cth = q
TT (3.16)

Where Cth is the thermal compliance, qT is the heat flux vector, and T is the temperature field. Equa-
tion 3.16 shows that, for a given heat flux, maximizing the thermal compliance involves maximizing the
temperature field. The only way to achieve this is by increasing the temperature and thus limiting heat
conduction to the detector.

The second objective function can be formulated in two ways depending on whether the fixation is
imposed or not. The objective functions are summarized in Equation 3.17.
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f2,imposed(x) = Tnode(x) (3.17)

f2,f ree(x) = Cth(x) (3.18)

(3.19)

As already explained above, these two objective functions lead the optimizer to completely disconnect
the detector. A third objective function is added in order to force the optimizer to connect the clamped
boundary condition to the detector. The same objective function from Equation 3.6 is added to the
problem. This function consists of minimizing the displacement of the middle node on the top surface of
the detector.

The two objective functions are combined into a single sum. This sum is not weighted due to insta-
bilities in the optimizer that can lead to crashes. The combination of the objective functions is written in
Equation 3.20.

f4(x) = f1(x) + f3(x) (3.20)

f4(x) = V (x) + unode(x) (3.21)

The constraints are the same as in the purely mechanical optimization problem, with a minimum first
natural frequency requirement. Since the topology does not change significantly between the 300 and
500 [Hz] minimum frequency cases, the optimization is performed only with a 500 [Hz] constraint. The
formulation of the constraint is written in Equation 3.22.

g1(x) ≥ 500[Hz ] (3.22)

The topology optimization problem can be written using the objectives and constraint described above.
The formulation in Equation 3.23 was applied in all subsequent optimizations where the fixation location
is imposed.

Minimize f4(x) = V (x) + Tnode(x) + unode(x) (3.23)

Subject to g1(x) ≥ 500[Hz ] (3.24)

(3.25)

The other problem, formulated in Equation 3.26, was used when the fixation locations are undeter-
mined.

Minimize f4(x) = V (x) + unode(x) (3.26)

Maximize f2(x) = Cth(x) (3.27)

Subject to g1(x) ≥ 500[Hz ] (3.28)

(3.29)

3.2.1 Parallel fixation

In this section, the thermo-mechanical topology optimization problems formulated in Equation 3.23 and
Equation 3.26 are applied to the domains represented in Figures 3.2 and 3.3, respectively. The mesh is
the same as for the purely mechanical problem, using thermo-mechanical hexahedral elements with a one-
millimeter edge length. As the temperature field is unknown in the model, each DoF has seven unknowns:
three translations, three rotations, and the temperature.

The following optimizations are performed with 100 iterations and a convergence criterion defined by
the NDR falling below 0.5 [%]. A density filter is used to avoid checkerboard patterns. Its radius is set
equal to three times the average mesh element size.
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With imposed fixation point

In this section, the fixation considered is parallel, and the fixation points are imposed at the same locations
as in the EUI. The result obtained is represented in Figure 3.19. The Heaviside filter explained in Section
1.4.2 is applied to improve convergence, because without it the optimization would not converge to a
coherent topology.
The result obtained from the topology optimization problem in Equation 3.23 is represented in Figure
3.19.

Figure 3.19: Thermo-mechanical topology optimization result for a parallel fixation with imposed attach-
ment point with a minimum frequency constraint of 500 [Hz]

Despite the Heaviside filter, Figure 3.19 shows that the optimization has not converged after 100
iterations. If the number of iterations is increased, the filter would create holes in regions where the mesh
has not converged. Another problem formulation must be found in order to obtain a converged topology.

However, the optimization seems to converge toward a structure with two supports connecting the
two bottom fixation points. A thin organic-blade-like structure connecting the three upper fixation points
above the two other structures can also be observed. This thin part has not converged, and the problem
in Equation 3.23 cannot be solved by the optimizer.
The graphs of the frequency and NDR for each iteration are represented in Figure 3.20.
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Frequency Non-discreteness rate

Figure 3.20: Convergence of the frequency and the NDR for the perpendicular free fixation

The graph of the frequency in Figure 3.20 shows a slow decrease in frequency from iteration 15 to
iteration 79. After iteration 79, the frequency remains constant until the last iteration. This phenomenon
occurs because the Heaviside filter modifies the density of mesh elements that are already disconnected
and therefore do not influence the frequency.

The NDR evolution shows a slowly decreasing trend until iteration 53, when the Heaviside filter starts
and increases the slope of the projection. Each step observed from this iteration corresponds to a change
in the filter slope.

With free fixation point

In this section, the parallel fixation case with no imposed fixation locations is considered. The topology
optimization problem from Equation 3.26 is applied to the domain in Figure 3.3. The Heaviside filter
is also applied to improve the convergence of the optimizer. The results obtained by the software are
represented in Figure 3.21.

Figure 3.21: Thermo-mechanical topology optimization result for a parallel fixation with free attachment
with a minimum frequency constraint of 500 [Hz]

In Figure 3.21, the obtained topology shows a clamped detector. The topology does not appear op-
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timal: the material volume is too high, and the topology does not provide sufficient thermal decoupling
between the detector and the bracket fixation. As mentioned previously, the software is still under de-
velopment, the issue may arise either from the topology optimization problem formulation or from the
software itself.
However, the evolution of the frequency and NDR can be analyzed using their representation in Figure
3.22.

Frequency Non-discreteness rate

Figure 3.22: Convergence of the frequency and the NDR for the perpendicular free fixation

The frequency evolution shows a relatively constant plateau from iteration 20 to 53, when the Heaviside
filter starts its projections. After this iteration, the frequency increases at each change in the filter slope
until the convergence of the optimization.

The NDR shows a slowly decreasing trend over the iteration interval 20–53. After that, the Heaviside
filter causes a sharp decrease in the NDR until convergence at iteration 89.

3.2.2 Perpendicular fixation

The purpose of this section is to apply the thermo-mechanical problems from Equation 3.23 and Equation
3.26 to a perpendicular fixation configuration. This configuration is represented in Figure 3.1, and the
mesh is shown in Figures 3.10 and 3.11. The mesh is composed of thermo-mechanical hexahedral elements
with a size of 1.5 [mm] in the optimizable domain and 2 [mm] in the passive regions.

The topology optimization is performed with a maximum of 100 iterations and a convergence criterion
based on the NDR falling below 0.5 [%]. A density filter with a radius equal to three times the average
mesh element size is applied to avoid checkerboard patterns.

With imposed fixation point

The first optimization problem considers the perpendicular imposed fixation, including thermal conduction
through the support. The problem from Equation 3.23 is solved by the optimizer. The optimizer converges
to a solution quickly enough that the Heaviside filter is not included in this topology optimization run.
The result obtained is represented in Figure 3.23.
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Figure 3.23: Thermo-mechanical topology optimization result for a perpendicular fixation with imposed
attachment point with a minimum frequency constraint of 500 [Hz]

The topology obtained by the optimizer is a stair-like structure connecting the closest boundary condi-
tions to the passive links. The final structure has a large volume and does not minimize thermal conduction
through the support. The optimization may have converged to a local minimum that is not the optimal
solution to the problem.

The first natural frequency and NDR evolution are represented in Figure 3.24.

Frequency Non-discreteness rate

Figure 3.24: Convergence of the frequency and the NDR for the perpendicular imposed fixation

The curves seem to follow a typical optimization evolution, with a large decrease at the beginning up
to iteration 15, followed by a slow decrease in both the frequency and the NDR until convergence at the
75th iteration. The use of the Heaviside filter to improve convergence is not necessary.
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With free fixation point

In this section, the final topology optimization of this study is performed. The optimization problem from
Equation 3.26 is applied to the domain represented in Figure 3.11. Both density and Heaviside filters
are applied to improve the solution. The radius of the density filter is set to three times the average
mesh element size. The maximum number of iterations is the same as in the previous thermo-mechanical
optimizations, with a value of 100. The NDR convergence criterion is set to 0.5 [%]. The converged
topology is shown in Figure 3.25.

Figure 3.25: Thermo-mechanical topology optimization result for a perpendicular fixation with free at-
tachment point with a minimum frequency constraint of 500 [Hz]

Figure 3.25 represents the optimal topology corresponding to the problem in Equation 3.26. It can
be clearly seen that the obtained topology does not make sense and that the optimizer did not converge
properly, while the Heaviside filter forces convergence.
his phenomenon is visible in the frequency and NDR evolution graphs represented in Figure 3.26.

Frequency Non-discreteness rate

Figure 3.26: Convergence of the frequency and the NDR for the perpendicular free fixation

The curves in Figure 3.26 show that the frequency converges to a value of 965 [Hz] with normal
behavior. The NDR curve shows an almost linear decrease with respect to the iterations. This is not a
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typical trend compared to the curves obtained in previous optimizations. The stair-step pattern from the
44th iteration until the last iteration shows that the NDR decreases from 43 [%] to 1 [%] only due to the
Heaviside filter. The optimizer did not find an optimal topology.

3.3 Conclusion

In conclusion, topology optimization proves to be a powerful tool for identifying designs that satisfy
thermo-mechanical requirements. The results obtained for the purely mechanical topology optimization
are consistent and demonstrate good physical relevance, suggesting their potential applicability to real
engineering cases. Furthermore, the optimized topologies presented in Section 3.1 can be effectively
interpreted and simplified into equivalent truss-like structures composed of a relatively small number of
structural members. This highlights the ability of topology optimization to provide not only optimal mate-
rial distributions but also meaningful conceptual designs that can serve as a basis for subsequent structural
interpretation and engineering design.

However, the thermo-mechanical modal topology optimization cases presented in Section 3.2 were
not handled satisfactorily by the OOFELIE software. The observed difficulties may originate from several
sources, including limitations in the problem formulation itself or shortcomings in the current implemen-
tation of the topology optimization algorithm. In particular, the coupling between thermal, mechanical,
and modal objectives or constraints introduces a high level of complexity, which can lead to convergence
issues or non-physical optimization results. Such limitations are not unexpected, as thermo-mechanical
topology optimization functionalities are still under active development within the software. Consequently,
the results obtained in this section should be interpreted with caution and are primarily intended as an
assessment of the current capabilities and limitations of the implemented framework.
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Chapter 4

Conclusions and perspectives

4.1 Conclusions

The first section of this study aims to implement a parametrical simulation to explore the influence
of several parameters on the first natural frequency. The first step with this parametrical simulation
consisted in validating the numerical model of the parametrical simulation in order to ensure its reliability
for subsequent parametric analyses and optimization tasks. Several complementary approaches were used
to achieve this objective.

A first validation was performed through comparison with the analytical Euler–Bernoulli beam formu-
lation, which showed a consistent agreement in terms of global structural behaviour and confirmed that
the model correctly captures the expected bending response.

In addition, a mesh convergence study was carried out in order to assess the sensitivity of the results
to spatial discretization. This study made it possible to determine the minimum number of finite elements
required, depending on the characteristic dimensions of the geometry, to ensure that the numerical error
remains below 0.5 [%], thus guaranteeing a sufficient level of accuracy for design purposes.

Finally, the model was further validated against experimental vibration measurements performed on
the FPA of the EUI instrument. This comparison showed a discrepancy of approximately 14 [%] for the
first vibration mode, which, while not negligible, remains acceptable within the context of a preliminary
design phase and given the inherent uncertainties associated with experimental boundary conditions and
modeling assumptions.

Once the model had been validated, a purely mechanical parametric simulation was conducted in order
to identify and quantify optimization trends based on geometric parameters. The influence of each design
variable was systematically evaluated, which made it possible to distinguish the most sensitive parameters
governing the global stiffness and dynamic behaviour of the structure. This parametric study provided
a clearer understanding of how each geometric feature affects the overall performance, and allowed the
definition of relevant directions for optimization.

A similar methodology was then extended to a multiphysics framework by taking into account heat
conduction through the support structure. In this context, the objective was to identify trade-offs between
mechanical performance and thermal constraints. The resulting analysis led to the definition of optimiza-
tion strategies aimed at increasing the first natural frequency while simultaneously respecting a constraint
on maximum thermal conductance. This coupling highlighted the inherent compromise between thermal
and mechanical requirements, and provided quantitative guidance for the design of an optimized structure.

The final part of this section focused on developing a predictive approach for estimating the resonance
frequency of the model without relying on full numerical simulations. To this end, three regression mod-
els were constructed based on the sampling using the Latin Hypercube method. These regressions were
compared with their accuracy, computational time and ease to implement. The best regression enables
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the prediction of the resonance frequency with an accuracy of approximately ±40 [Hz], corresponding to
a 95 [%] confidence interval. Although simplified, this predictive tool provides sufficiently reliable esti-
mates for early-stage design iterations and allows rapid evaluation of design changes without the need
for computationally expensive simulations. Overall, this level of accuracy is considered fully acceptable
for the preliminary design of a detector support structure, where rapid exploration of the design space is
prioritized over high-fidelity prediction.

The second part of this work consisted in the use of topology optimization techniques in order to
explore and potentially identify new optimal design concepts. For this purpose, the software OOFELIE,
developed by Open-Engineering, was employed. The approach aimed at going beyond classical parametric
studies by allowing the material distribution itself to evolve under the influence of some objective and
constraint function, thereby enabling the discovery of non-intuitive structural layouts.

A first purely mechanical optimization was carried out, with the objective of minimizing the structural
volume while imposing a constraint on a minimum required natural frequency. The results obtained were
consistent and physically meaningful, leading to solutions that naturally converged towards truss-type
structures. These optimal topologies also revealed a clear dependence on boundary conditions: config-
urations with parallel fixation tended to converge towards blades support structures which confirm the
optimality of this design, while imposing a perpendicular freed the optimizer to found truss-structure that
are totally consistent with the problem.

A similar procedure was then applied in a thermo-mechanical context, with the intention of incor-
porating both structural and thermal performance criteria into the optimization process. However, the
results obtained in this case were not fully conclusive. This limitation is mainly attributed to the fact that
the software is still under active development and may contain numerical instabilities or unresolved bugs
affecting the robustness of coupled thermo-mechanical simulations. Consequently, the outcomes of this
part can not be used or interpreted to design a detector support.

82



CHAPTER 4 4.2. PERSPECTIVES

4.2 Perspectives

This section outlines several possible directions for extending the present work. It is divided into two main
parts, focusing respectively on the continuation and improvement of the parametric simulation approach
and on further developments in topology optimization. The objective is to identify potential enhancements
of the results presented in this thesis.

4.2.1 Three blades design parametrical simulation

A first area for improvement concerns the validation of the numerical model of the parametrical simulation.
Although the comparison with the experimental data available from the EUI instrument yielded satisfactory
results, the observed discrepancies indicate that further refinement of the model may be possible. A more
comprehensive validation campaign could therefore be conducted through dedicated vibration testing on
representative support structures. Such experimental work would provide additional data for calibrating the
numerical model, improving the representation of boundary conditions, and reducing uncertainties associ-
ated with material properties. Ultimately, this would increase confidence in the results of the simulation
framework.

Then, the frequency prediction methodology could be further improved through the implementation
of Kriging-based surrogate models. This approach was frequently encountered in the literature reviewed
during this work, particularly in studies focusing on the prediction of structural dynamic behaviour without
resorting to computationally expensive numerical simulations. Kriging has the potential to provide more
accurate predictions than conventional regression models, especially when dealing with highly non-linear
relationships between design parameters and system responses. However, this method was not pursued
within the scope of the present work due to its greater implementation complexity and lower interpretabil-
ity. In contrast, the analytical regression model developed here offers a straightforward mathematical
formulation that can be easily understood and applied during the preliminary design phase.

Finally, the parametric study and frequency prediction model developed in this work can be regarded as
the first building blocks towards the implementation of a complete shape optimization framework. Such a
tool could automatically generate optimal geometries based on a set of user-defined objectives and con-
straints, including dynamic, thermal, mass. By combining predictive models with optimization algorithms,
it would become possible to efficiently explore large design spaces and identify candidate solutions that
best satisfy the system requirements. This would significantly reduce design iteration times and provide
valuable support during the early stages of detector support structure development.

4.2.2 Thermo-mechanical topology optimization

First, the results obtained could be compared with those produced by alternative topology optimization
formulations. Different objective functions, constraint definitions, and optimization strategies may lead to
significantly different optimal topologies and performance levels. Such a comparative study would make
it possible to identify the most suitable formulation for the design of detector support structures. In par-
ticular, alternative formulations may help overcome the limitations encountered in the thermo-mechanical
optimization cases, where the results obtained in the present work were not entirely satisfactory. Con-
sequently, the observed limitations may originate not only from software-related issues but also from the
formulation of the optimization problem itself.

Another promising avenue would be to perform the optimization process using finer finite element
meshes. The simulations conducted in this work were necessarily limited by computational resources, and
mesh refinement could provide a more accurate representation of the material distribution and structural
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behaviour. Such an investigation would also make it possible to evaluate the sensitivity of the resulting
topologies to the mesh density and potentially reveal structural features or optimization trends that were
not captured with the current discretization.

Furthermore, the optimized topologies should be validated by reconstructing and analyzing the final
geometries after removing the elements considered void by the optimization algorithm. This verification
step is important because the dynamic behaviour predicted during the optimization process may differ
from that of the reconstructed geometry. Performing additional finite element analyses on the final de-
signs would therefore allow the consistency and reliability of the optimization results to be assessed and
would provide greater confidence in the practical applicability of the generated structures.

Finally, the static loading objective introduced through a vertical acceleration constraint to ensure
structural connectivity may have influenced the resulting topologies by favoring stiffness in a specific di-
rection. As a consequence, the optimized structures may exhibit anisotropic behaviour and perform less
effectively under loads applied in other directions. To evaluate the robustness of the obtained designs,
similar optimization studies could be performed using acceleration constraints along different axes. Such
investigations would help determine whether the resulting topologies are genuinely optimal for the overall
design requirements or whether they are biased by the specific loading conditions considered during the
optimization process.

Overall, these future developments would contribute to a more comprehensive understanding of the
topology optimization process and increase confidence in the applicability of the generated designs to
real detector support structures. They would also provide valuable insights into the influence of modeling
assumptions, optimization formulations, and numerical discretization on the final structural performance.
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Appendix A

Convergence study of mode 1-6
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Figure A.1: Convergence study of the three last modes
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Fourth mode variation
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Figure B.1: Fourth natural frequency with blade geometry variation
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