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A B S T R A C T   

The aerospace sector is evolving due to reduced launch costs and standardization of small satellite platforms. 
This research, aligned with European Guidelines for Thermo-Elastic Verification, addresses the pointing precision 
gap in small satellites by assessing space telescope performance using uncertainty propagation in thermo-elastic 
models. The methodology will be directly applied to an Earth observation space telescope, VINIS, currently under 
development by the Instituto de Astrofísica de Canarias (IAC). This procedure helps to identify key design ele
ments impacting its functionality. Thirteen elements were identified as main contributors to the deformations in 
the optical bench. Due to the bench’s crucial role in the telescope’s performance, this paper also explores how 
results vary with different sandwich panel modelling techniques and the enhancements from design modifica
tions. While the focus is on space telescopes, this approach has broader applicability to thermo-elastic analysis of 
various space instruments.   

1. Introduction 

1.1. Growth of the space telescopes missions and increasing relevance on 
performing thermo-elastic analyses 

In recent years, there has been a remarkable increase in the use of 
space-based telescopes, emerging as essential tools for driving scientific 
progress [1]. The study and advancement of these cosmic observatories 
had an immense impact on humanity across several domains, serving as 
sources of invaluable information that profoundly benefits both the 
scientific community and society at large. One of the most important 
advantages of space telescopes lies in their capacity to investigate the 
cosmos beyond the constraints of the Earth’s atmosphere. By deploying 
telescopes into orbit, astronomers are able to explore celestial objects 
with unprecedented precision and detail. This, in turn, has propelled our 
comprehension of the universe’s origins and evolution to new levels. 

Furthermore, these space-based instruments are pivotal for Earth 
observation, delivering crucial data for applications ranging from 
disaster management to strategies addressing the pressing issue of 
climate change [2,3]. There is a rise in the number of space missions 
equipped with telescopes, including both those currently under devel
opment and those scheduled for launch by organizations such as the 
European Space Agency (ESA) in the upcoming years. This scenario 
highlights the shifting paradigm within the realm of space exploration 
and satellite deployment. Traditionally, mission design prioritized 
safety above everything else. However, there is a prevailing trend to 
assume higher risks in exchange for significantly reduced costs. This 
shift is particularly evident with the implementation of small satellite 
platforms, which have democratized access to space through lower 
launch costs and increased standardization [4]. 

Nevertheless, ensuring the precise pointing accuracy and stability of 
these space telescopes, especially for the smaller satellite platforms, 
presents a significant challenge [5]. As telescopes continue to enhance 
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their optical capabilities, they become progressively more sensitive to 
deviations from the desired pointing attitude. Although some small 
satellite platforms have achieved impressive pointing stability, their 
performance has been till now insufficient for certain applications, 
including optical communications, astrophysics research, and precise 
Earth observation. Consequently, this technological gap needs to be 
bridged to allow these compact platforms reaching their full potential. 
To address this issue comprehensively, it is imperative to consider all the 
sources of error and disturbances contributing to the pointing error 
budget. Following the formal definitions provided in the ESA standards, 
known as the European Cooperation for Space Standardization (ECSS), 
these error sources can be categorized into four primary groups: bias, 
drifts, harmonics, and noise. Although high frequency vibrations also 
influence the satellite control system [6], this research focuses on 
developing a methodology for analysing quasi-stationary low-frequency 
disturbances associated with thermo-elastic deformations. This is 
because the slow nature of temperature variations that induce structural 
deformations which in turn cause optical performance errors and 
degradation [7,8]. The simulations predicting the thermo-elastic de
formations are of immense importance since, once in orbit, detecting 
these disturbances is challenging. 

1.2. Building upon the European guidelines: adapting the framework 

Aware of these problems, ESA has recently published the first Eu
ropean Guidelines for Thermo-elastic Verification [9]. Their approach 
acknowledges the diverse nature of these problems, each presenting 
unique characteristics. Often, these distinctions are attributed to the 
innovative instruments implemented, suggesting that reliance on data 
from previous missions may not always be applicable. Consequently, the 
objective is not to offer a step-by-step guide for these analyses. Instead, 
the emphasis is on a methodology that facilitates the identification and 
mitigation of potential thermo-elastic issues by professionals developing 
such projects. 

The methodology developed includes a systematic numerical pro
cess, aimed at verifying the system’s compliance with the requirements. 
This process consists of four steps: (i) identification, (ii) modelling, (iii) 
classification and (iv) final performance compliance verification. For 
this methodology to be applicable to any thermo-elastic study, the 
guidelines need to introduce several definitions. The most important are 
the concept of “performance parameter” and “deformation 

mechanisms”. The first relates to the quantification of the environmental 
effects on instrument performance, while the second is associated with 
structural deformations potentially compromising performance [9,10]. 
These guidelines employ the Influence Matrix (IM) approach, which has 
been previously used by Thales Alenia Space for the Improvement of 
Methodologies For Thermo-Elastic Predictions And Verification 
(I-METER) studies [11], demonstrating the validity of the methodology. 

Researchers of the present study, however, focus their attention on 
the application of a methodology for the thermo-elastic performance 
evaluation of space telescopes. The procedure implemented in this 
research article is based on the recommendations provided in Ref. [9], 
and emphasizes the use of performance parameters to quantify the 
system response. While the heart of this approach is derived from these 
guidelines, certain aspects have been adapted based on methodologies 
applied to previous thermal studies developed by the authors of this 
paper [12–16], which have proven to be efficient. The primary aim of 
this work is to evaluate the feasibility of extending a procedure based on 
uncertainty quantification to the thermo-elastic evaluation. 

1.3. Uncertainty-based methodologies for predicting system performance 

Space engineering demands rigorous error control due to the strict 
weight, space, and cost constraints. Applying corrections once the sat
ellite is in orbit is seldom possible; thus, minimizing errors during design 
and production becomes vital. One approach to achieve this objective is 
by conducting an exhaustive uncertainty assessment and impact anal
ysis. Complex systems rely on mathematical models for performing 
trade-offs, design refinements, supporting mission compliance verifica
tion. Model validation is essential, ensuring they accurately represent 
the system and efficiently predict its behaviour [17]. Model accuracy is 
influenced by uncertainties in parameter values, representation limita
tions, and the impracticality of running every possible configuration. 
Parameter values are often ideal or from limited lab tests, which may not 
align with the actual system. Moreover, engineers typically introduce 
effective parameters due to complexity and hardware interactions, 
which are hard to replicate, especially in complex systems. Therefore, 
model outcomes have inherent uncertainties, impacting design de
cisions, cost, and performance. Currently, there is no standardized 
method for computing uncertainties in space thermo-elastic analysis. 
Nevertheless, approaches as application of pre-established margins, One 
At a Time (OAT), and stochastic methods are common [18]. 

Abbreviations 

BEE Back End Electronics 
CTE Coefficient of Thermal Expansion 
CONOPS Concept of Operations 
DoF Degrees of Freedom 
ECSS European Cooperation for Space Standardization 
ESA European Space Agency 
FEM Finite Element Model 
FPA Focal Plane Assembly 
GMM Geometrical Mathematical Model 
GSA Global Sensitivity Analysis 
HST Hubble Space Telescope 
I-METER Improvement Of Methodologies For Thermo-Elastic 

Predictions And Verification 
IM Influence Matrix 
IP Input Parameter 
IAC Instituto de Astrofísica de Canarias 
JWST James Webb Space Telescope 
LoS Line of Sight 
MCRT Monte Carlo Ray Tracing 

MCS Monte Carlo Simulations 
OAT One At a Time 
PWT Patch-Wise Temperature 
PP Performance Parameter 
PLATO PLAnetary Transits and Oscillations of stars 
PDR Preliminary Design Review 
PAT Prescribed Average Temperature 
M1 Primary mirror 
RSS Root Sum Square 
M2 Secondary mirror 
SEA Statistical Error Analysis 
S Structural Parameter 
STOP Structural-Thermal-Optical-Performance 
TEV Thermo-Elastic Verification 
TGR Thermal Geometrical-Radiative Parameter 
TMM Thermal Mathematical Model 
TNR Thermal Non-Radiative Parameter 
TNRP Thermal Non-Radiative PAT Parameter 
TR Thermal Radiative Parameter 
TEDM Thermo-Elastic Deformation Mechanisms 
URQ Univariate Uncertainty Quadrature  
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The primary and widely used approach involves applying pre- 
established margins, usually derived from comparisons between model 
results and flight data [19,20]. However, this method lacks uncertainty 
propagation and, is trying to cover the uncertainty with safety factors to 
add conservatism, can sometimes give a false sense of safety [21–23]. 

OAT methods, such as Statistical Error Analysis (SEA) [24], initiated 
in 1953, propagate uncertainties via sensitivity coefficients. Specifically, 
the SEA method computes final uncertainty from Root Sum Square (RSS) 
of contributions, correlating parameter effects with performance. This 
simplicity facilitates initial uncertainty exploration but overlooks 
parameter interactions. It is aligned with ESA procedures recommended 
in thermal analysis standards, but recent standards lack specific uncer
tainty calculation methods [13,25–27]. Finally, this analysis identifies, 
classifies, models, and propagates uncertainties, enhancing system un
derstanding, performance impact, and compliance with key parameters. 

Advances in computing capabilities have paved the way for the use of 
stochastic techniques in uncertainty analysis, such as Monte Carlo 
Simulations (MCS) [28–31]. These methods, while relying on some 
simplifications, require more extensive resources and preparation. In 
contrast, the 2k+1 Rosenblueth method [32], which is a point estimate 
approach, may prove inadequate when dealing with substantial input 
dispersion. Univariate Uncertainty Quadrature (URQ) emerges as an 
alternative, offering both efficiency and precision. Notably, URQ does 
not rely on derivatives, rendering it especially advantageous in the 
context of gradient-based optimization [33]. These computational 
methods hold immense potential across diverse applications within the 
field of space projects. Incorporating a thorough assessment of proba
bility distributions pertaining to input parameters is of huge relevance. 
Valuable data sources, as listed in Refs. [34–40], serve as critical ref
erences to this end. It is frequently observed that, in the absence of data, 
the default assumption of either uniform or normal distributions pre
vails, underscoring the limitations of our knowledge concerning 
parameter distributions. 

1.4. Uncertainty analysis applied to space telescopes 

With the progress of technology, the resolution requirements placed 
upon telescopes have increased. To support these increasing needs, it is 
required to perform a comprehensive analysis evaluating the thermo- 
elastic effects and Structural-Thermal-Optical Performance (STOP) ef
ficiency, addressing factors contributing to optical performance degra
dation [7]. The implications of thermo-elastic effects on space telescopes 
have been widely recognized [41], as evidenced by their decisive role in 
missions like PLATO, whose 34 telescopes must be kept aligned, and 
where stability has proven to be a challenge [42]. The relevance of these 
factors is further accentuated by in-orbit issues that have affected mis
sions such as Herschel and Hubble Space Telescope (HST), emphasizing 
the relevance of thermo-elastic and STOP analysis [43,44]. 

The design of telescopes has emerged as a critical juncture where the 
mitigation of thermal and mechanical deformations is mandatory to 
ensuring successful optical performance [45–47]. The literature reveals 
a scarcity of published papers focused on telescope performance eval
uation through uncertainty analysis [48]. Nevertheless, there have been 
noteworthy endeavours in this direction, including a study developed by 
authors of this paper to assess the Earth observation telescope VINIS 
[15]. Another study which applied multifid uncertainty quantification 
techniques to evaluate the performance of the James Webb Space 
Telescope (JWST) under the influence of thermal loads is [49]. These 
multifid approaches have demonstrated their potential in rendering 
uncertainty quantification and optimization viable across a spectrum of 
applications. Global Sensitivity Analysis (GSA) has emerged as a tool for 
quantifying the sensitivity of performance parameters within numerical 
models to their underlying inputs [50]. Moreover, the cutting-edge 
introduction of a novel multifid estimator designed to compute the 
global sensitivity has increased the efficiency and streamlined the 
analysis, as it promises to significantly reduce computational time [49]. 

1.5. VINIS telescope 

This paper implements the thermo-elastic evaluation methodology to 
VINIS, an innovative, cost-effective telescope currently under develop
ment by Instituto de Astrofísica de Canarias (IAC). Its platform falls under 
the small satellite category, as the telescope weights around 12 kg. The 
maximum dimensions of the complete telescope assembly are 650 ×

480 × 450 mm. VINIS is designed to capture high-resolution images 
with a resolution of one pixel per 5 m. Its capabilities make it particu
larly effective for capturing images of urgent global events. These sce
narios include natural disasters such as earthquakes, floods, and 
wildfires, but also instances related to global warming or monitoring of 
oil spills in oceans. 

VINIS has just undergone the Preliminary Design Review (PDR). This 
is well aligned with one of the potential benefits of this methodology, 
which is to showcase the potential in detecting issues from preliminary 
designs. As depicted in Fig. 1, the telescope’s design employs a Casse
grain configuration. Its operation involves incident rays reflecting on the 
primary mirror (M1) and then on the secondary one (M2), directing 
them toward the focal plane, which is situated slightly behind the pri
mary mirror. Here, a set of lenses in an optical vehicle correct aberra
tions. Behind them lies the Focal Plane Assembly (FPA) with the 
detector. 

The telescope was designed based on the principles of iso-thermal 
and iso-static mounting. To implement the iso-thermal design concept, 
the engineers responsible for the optical design proposed an aluminium 
structure surrounding the M1 and M2 mirrors, which are also metallic, 
providing thermal stability and preventing optical performance degra
dation under all temperature conditions. 

To ensure an iso-static mounting, VINIS is structurally supported by 
three titanium bipods. These bipods are attached to an optical bench 
comprised of a sandwich panel, orthogonal to the observation direction. 
The sandwich panel supporting the telescope assembly also has the main 
baffle and an electronic box attached, with the latter located on the 
opposite side of the telescope mounting. This optical bench is assembled 
with another sandwich panel mounted at 90◦ along the telescope axis, 
which also supports part of the central baffle structure with the help of a 
small sandwich panel support. All sandwich panels are joined together 
via carbon-fibre brackets. In conclusion, this design aims to offer a cost- 
effective solution with exceptional image resolution capabilities, mak
ing it well-suited for capturing global images during critical situations. 

There are some preliminary findings about the thermo-elastic anal
ysis of VINIS telescope in Ref. [15]. From this initial exploration, it 
became evident that the modelling of sandwich panels from the optical 
benches were essential in determining the final optical performance. 
Consequently, the future research lines that emerged from that study 
were aligned with the examination of the sensitivity of the results to the 
implementation of 2D or 3D formulation of the sandwich panels. 
Further, it would be interesting to introduce modifications to the orig
inal design based on these findings. This would offer a robust evaluation 
of the methodology’s efficiency and its potential to address 
thermo-elastic challenges. 

1.6. Article outline 

This paper is organized as follows. The (i) Introduction highlights the 
rising number of space telescope missions and underscores the signifi
cance of thermo-elastic analyses, especially for high-precision pointing 
systems. It also evaluates the reliance on uncertainty-based methods for 
predicting system performance. The (ii) Objectives section sets out our 
primary goal: to showcase the efficiency of uncertainty methodologies in 
this domain and to assess how different modelling techniques impact 
sandwich panels response. The (iii) Methodology section provides a 
thorough breakdown of the thermo-elastic analysis process, the princi
ples of the uncertainty-based approach, and an overview of the key 
parameters. In the (iv) Numerical Models section, the thermal and 
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structural models’ formulation and parametrization have been pre
sented. The (v) Results section emphasizes the thermo-elastic design 
elements that most influence telescope performance. Lastly, the (vi) 
Discussion and (vii) Future lines sections capture the study’s main 
findings while suggesting potential fields for further refinement and 
exploration. 

2. Objectives 

The main objective of this paper is to further evaluate the perfor
mance of a novel analysis methodology based on uncertainties to iden
tify and quantify degradations in space telescopes due to thermo-elastic 
effects. It also aims at collecting the best practices in an analysis pro
cedure, for optimal evaluation of thermo-elastic deformations. 

The secondary objectives were identified based on the preliminary 
findings from Ref. [15]. Consequently, the study evaluates the impact of 
using either a 2D or 3D representation of the optical benches’ sandwich 
panels in the analysis. Additionally, the study seeks to propose design 
changes based on uncertainties results, specifically to meet strict the 
performance requirements. These objectives are set to provide a deeper 
understanding of how the modelling choices influence the overall 
findings. 

Moreover, the developments made shall be compatible with the 
employment of the software preferred in most ESA-led missions: ESA
TAN, SINAS, and NASTRAN software (for thermal analysis, temperature 
mapping, and structural analysis, respectively). Regardless of the spe
cific tools mentioned, the analytical process shall be seamlessly adapted 
and applied to alternative software platforms. 

3. Methodology 

3.1. Detailed procedure for developing thermo-elastic analysis 

In most spacecraft projects thermal and structural analysis are self- 
contained and executed in isolation from other disciplines. However, 
one of the primary challenges in conducting thermo-elastic stems for its 
intrinsic multidisciplinary nature. There is a need for involving a variety 
of fields to evaluate the thermo-elastic performance of an instrument, 
which, in the case of space telescopes, includes at least thermal, struc
tures, optics, and systems engineering disciplines. For the sake of effi
cient planning, coordination, data transfer and communication it is 
recommended to form at the beginning of the project a dedicated team 

with specialists from the mentioned disciplines specifically for the 
complete thermo-elastic verification process [9]. To coordinate all of 
them, it is essential to understand from outset the different steps to be 
carried out, as well as their interrelation. 

The literature review revealed that there are several sources 
providing isolated advice on how to develop thermo-elastic analysis of 
space telescopes. Here, the guidelines made a comprehensive compila
tion of all these suggestions, easing the process. However, sometimes 
given the numerous interdependencies between the analyses, applying 
all the recommended processes in the most efficient manner was the 
result of multiple iterations. For this reason, the establishment of an 
analytical procedure is of great interest. Authors of this paper compile in 
Fig. 2 a six-phase nominal thermo-elastic analysis procedure that out
lines the steps to be taken, indicating their sequence and interrelation. It 
is relevant to mention this procedure is specified for the use of ESATAN, 
SINAS and NASTRAN software — chosen due to their prevalent usage in 
ESA-led missions. In case other software is employed, there are steps 
which may be subjected to some changes. As example, the employment 
of the Prescribed Average Temperature (PAT) method for temperature 
mapping (implemented in SINAS) [7,51,52], requires the creation of a 
structural conductive numerical model. Conversely, when methods like 
Patch-Wise Temperature (PWT) [7] are employed, phase 4.3 could be 
omitted. 

The process for nominal thermo-elastic analysis begins with Phase 0, 
where the requirements and scope of the study are identified, based on 
the performance parameters of the instrument being analysed. This first 
step ensures that all parties share a unified understanding of the mis
sion’s objectives. With this overview, phase 1 accentuates the impor
tance of building consensus around the modelling approach. In this 
context, the multidisciplinary TEV (Thermo-Elastic Verification) team, 
primarily comprising thermal and structural engineers and guided by 
optical engineers, determine the most effective representation of the 
instrument’s component based on previous experience and initial un
derstanding of the behaviour of the structure. Therefore, the primary 
goals for building the model shall be to (i) accurately represent all 
Thermo-Elastic Deformation Mechanisms (TEDM), (ii) to guarantee that 
every TEDM aligns with a model parameter suitable for an uncertainty 
analysis, and (iii) to build a model as simple as possible that meets the 
first two objectives. 

Progressing to phase 2, the emphasis on establishing agreement on 
the level of idealization of the actual often detailed geometry of the 
structure for implementation in both the thermal and structural model. 

Fig. 1. VINIS telescope assembly components indicated with blue arrows and main telescope train in green. Hidden components marked with dotted arrows. 
Nomenclature employed in the paper within parenthesis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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This step is essential for streamlined temperature mapping in the 
following phases. With these geometries set, phase 3 shifts the focus to 
the detailed development of the thermal and structural models. While 
these models can be concurrently developed, it is important to ensure 
that data (e.g., material’s properties) is gathered from the same sources 
of information. 

Phase 4 entails the compilation of essential inputs necessary for 
executing the temperature mapping. This process involves three simul
taneous tasks: computing the temperature distributions through thermal 
analysis, performing the overlap detection between the thermal and 
structural meshes, and adapting the structural model to its conductive 
variant. This conversion accounts for thermal linkages, ensuring that the 

upcoming temperature mapping is executed with precision. Phase 5 
performs the temperature mapping, based on the three inputs coming 
from the previous phase. Finally, phase 6, involves executing the 
structural analysis and obtaining the performance parameter’s results, 
either directly from the deformations or through subsequent computa
tions. Phases 4 to 6 are grouped as they encompass the processes that 
must be implemented for the application of the uncertainty 
methodology. 

3.2. Implementation of the thermo-elastic uncertainty analysis 

Implementation of the thermo-elastic uncertainty analysis, as 

Fig. 2. Procedure proposed to perform a nominal thermo-elastic analysis.  
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highlighted in the introduction of this paper, deviates slightly from the 
nominal procedure as presented in the European guidelines [9]. This 
deviation is motivated by the requirement of assessing the efficiency of 
employing an uncertainty methodology for performance evaluations. 
While this methodology has proven useful in the development of ther
mal analyses [13], this research aims to determine its applicability and 
effectiveness in the thermo-elastic domain. 

An important requirement to apply the uncertainty methodology, is 
that both the thermal and structural models are set up parametrically. 
This approach facilitates the assessment of a large number of parameters 
in a simple manner. An essential component for this is having an auto
mated analysis process, which in this case was implemented using Py
thon. One of the advantages of this method is that it simplifies the phase 
(i) identification. Furthermore, it might help identify critical parameters 
that were not initially considered. However, it remains crucial for the 
engineers involved in conducting the analysis to accurately describe and 
model the thermo-elastic deformation mechanisms, and to be able to 
evaluate the outputs of the analysis correctly. 

The parameter identification between the guidelines and this method 
only differentiates in the selection of the input parameters (or “fea
tures”). Whereas the European Guidelines [9] identifies the thermal, 
structural, and thermo-mechanical groups, the uncertainty-based 
methodology further differentiates the thermal parameter into three 
categories, TGR, TR, and TC, which are defined on Table 1. This is useful 
mainly when implementing the methodology since, due to the intrinsic 
characteristics of the ESATAN program, the parameters related to 
thermal analysis can affect three, two, or a single phase of the software 
run. The definitions of all the parameters involved in this analysis, is 
gathered in Table 1. 

In Fig. 3, there is a schematic representation of the complete process 
adopted for uncertainty quantification. This process is exclusively 
associated with phases 4 through 6 (Fig. 2). Like the European guide
lines [9], the methodology presented in this paper is designed to be 
applied once the instrument’s preliminary configuration is set. While the 
methodology offers the ability to automate and modify parameters, any 
significant modification of the design (e.g., geometry), will require 
repeating phases 1 to 3, needed to capture the effects of the design 
changes in the process (see Fig. 4). 

Furthermore, it is important to emphasize that the process illustrated 
in Fig. 3’s diagram corresponds solely with phases of (iii) classification 
and (iv) final performance compliance verification, from Ref. [9]. The 
intention of the classification step is to determine which parts of the 
structure are providing the highest contribution to the response of the 
performance parameters. Uncertainties in those parts are most relevant 
to investigate. However, guidelines [9] lack of a comprehensive advice 
on specific methods for evaluating these uncertainties. This research 
article aims to address this gap, offering a method which complement 
the guidelines by focusing on uncertainty analysis of the design elements 

which most contribute to the degradation of the performance 
parameters. 

After performing the review on the uncertainty methodologies for 
predicting system performances, the SEA method was selected as the 
uncertainty propagation technique, as it offers a compromise between 
the quality of the information obtained and computational effort. While 
the method itself is not new, its use in evaluating space telescope per
formance is innovative. 

Even though this method has several advantages, it also has some 
limitations. One limitation is its failure to account for interactions be
tween parameters. Additionally, it makes certain simplifying assump
tions which are not always met: (i) linearity of the models, (ii) statistical 
independence, and (iii) normal gaussian distribution of all the param
eters under study. Despite these limitations, the method still provides 
valuable insights into which parameters most significantly affect the 
thermo-elastic response. Although there may be some errors in numer
ical calculations, the results offer a qualitatively accurate approxima
tion, making it suitable for implementation even in the very early design 
phases. 

The method consists of obtaining the derivatives with respect to the 
parameters ∂Pi/∂xk (sensitivity coefficients) and calculating the associ
ated uncertainties by multiplying these by the uncertainty values wXk of 
the xk parameters for a given confidence level. The value of the per
formance parameters (Pi) can be defined as: 

Pi = Pi(x1, x2, …, xk)

Given the uncertainty values wkx for the xk parameters for a defined 
level of confidence σn, the uncertainty of the performance parameters for 
that same level of confidence can be expressed as: 

wPi =

[(
∂P(x1, …, xk)

∂x1
wx1

)2

+ … +

(
∂P(x1, …, xk)

∂xk
wxk

)2
]1/2 

Sensitivity coefficients are calculated numerically by determining 
the deviations in performance parameters (P +ΔP) resulting from slight 
modifications to the nominal values of the input parameters (x + Δx), as 
illustrated in Fig. 3. In this analysis, it was employed as Δx a 1% devi
ation from the nominal value. As the final SEA uncertainty is derived 
from the root mean square of the different contributions, the final un
certainty for each performance parameter can be easily related to the 
contributions of the input parameters. 

Following the European guidelines [9], a preliminary study of the 
potential thermo-elastic deformation mechanisms was conducted. This 
evaluation involved collaboration between performance and 
thermal-structural engineering teams. Their joint efforts ensured that 
the model captured these deformations. The initial step was identifying 
the parameters that indicate the instrument’s performance. Key in
dicators for its proper functioning include (i) the relative alignment 

Table 1 
Definitions of the uncertainty methodology implementation.  

Type Name Abbreviation Definition 

General 
process 

Performance Parameter PP An individual or combined thermo-elastic output that is pre-identified to measure the thermo-elastic design’s 
performance. If its metrics are within the performance requirements, the instrument’s performance is correct. 

General 
process 

Input Parameter IP Any potential feature of the physical or mathematical model that has potential to influence the thermo-elastic response. 

Input 
parameter 

Thermal Geometrical- 
Radiative 

TGR Characteristics that influence the instrument’s response via the Geometrical Mathematical Model (GMM). Their impact 
is evaluated through the full analysis cycle. 

Input 
parameter 

Thermal Radiative TR Parameters from the space environment. To assess their impact, almost the entire thermo-elastic review needs to be 
revisited, beginning with the radiative case. 

Input 
parameter 

Thermal Non-Radiative TNR Factors influencing only the thermal study’s final phase, the Thermal Mathematical Model (TMM), e.g., internal heat 
dissipation. Only the latter part of the thermal study, mapping, and structural analysis is required. 

Input 
parameter 

Thermal Non-Radiative 
PAT 

TNRP Thermal elements affecting all stages: thermal analysis, temperature mapping, and structural analysis. This is due to 
employing the PAT technique for temperature mapping. If a different method is applied, some factors might only 
influence the thermal analysis. 

Input 
parameter 

Structural S Structural element, that influence only the last part of the analysis process. The standard temperature field supplied by 
SINAS can be used to directly conduct the structural study.  
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between mirrors (M2 tilt), (ii) in-plane displacement of the M2 mirror 
(M2 de-center), and (iii) the distance between mirrors (M1-M2 dis
tance). The acceptable limit values for the telescope’s performance were 
also determined. 

Table 2 shows the parameters evaluated for the thermo-elastic 
model, including their type and associated uncertainties. In total 148 
are considered. The uncertainty associated to thermal parameters was 
determined using Table.6–1 and 6–2 from Ref. [54], while the uncer
tainty for structural parameters was based on experience. Uncertainties 
for properties like thermal conductivity (k) and Young’s Modulus (E) 
vary by material type: 10% for isotropic, 20% for orthotropic, and 30% 
for anisotropic materials, when their effective properties are used. 
Moreover, the uncertainty in calculating sandwich stiffness differs be
tween 2D (50%) and 3D (30%) formulations. 

4. Numerical models 

4.1. Thermal model 

Besides developing the thermo-elastic analysis of VINIS, authors of 
this paper also conducted in parallel a thermal analysis for defining a 
passive protection for its platform. These activities proved to be very 
useful in understanding the Concept of Operations (CONOPS) and, 
consequently, the most demanding thermal environment conditions. 
Fig. 5 presents the geometrical thermal model with schematic repre
sentation of the primary components in a preliminary conceptual design 
of the VINIS platform. 

Thermo-elastic analysis uses detailed Thermal and Geometric 
Mathematical Models (TMMs and GMMs) to represent temperature 
maps [27]. These models differ from standard thermal models, as they 
incorporate more detailed geometry to capture temperature changes in 
joints that can influence the state of constraint. Regular, thermal control 
models, developed for thermal control purposes, often overlook these 
details [7,55]. 

The VINIS geometric model (GMM, illustrated in Fig. 6) has the main 
parts divided into five modules: telescope assembly (orange), bipods 
(purple), electronic box (green), optical benches (blue), and baffle 
(grey). The radiative calculations were conducted using the Monte Carlo 
Ray Tracing (MCRT) method. Settings for the radiative calculations were 
determined based on sensitivity tests to ensure accurate temperature 
readings. 

The TMM for VINIS builds on the GMM and incorporates both 
conductive and radiative boundaries. Radiative exchange factors and 

Fig. 3. Diagram of the methodology for thermo-elastic uncertainty assessment (see Table 1 for acronyms).  

Fig. 4. Possible misalignments between the two mirrors (in blue), forming the 
three performance parameters (in green). Diagram modified based on: [53]. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Main Input Parameters categories for thermo-elastic analysis, and its standard 
deviation for the analysis of the VINIS telescope [16].  

Input Parameter 
(IP) 

Symbol Type Uncertainty of the 
nominal value (2σ) 

Number of 
parameters 
analysed 

IR emissivity ε TGR 3% 4 
Solar absorptance α TGR 3% 4 
Solar constant JS TR 0.36 % 1 
Earth albedo a TR 0.33% 1 
Earth flux with 

Black Body 
Temperature 

JP TR 25.5% 1 

Heat dissipation Qi TNR 20% 2 
MLI efficiency MLIeff TNR 50% 1 
Conductive 

coupling 
GL TNRP 100% 1 

Contact resistance h TNRP 100% 6 
Thermal 

conductivity 
k TNRP 10–30% 9 

Young Modulus E S 10–30% 4 
CTE CTE S 10% 6 
Joint axial stiffness kj−ax S 50% 25 
Joint bending 

stiffness 
kj−be S 50% 25 

Joint shear stiffness kj−sh S 50% 50 
Sandwich in-plane 

stiffness 
ks−ip S 30–50% 2 

Sandwich bending 
stiffness 

ks−be S 30–50% 2 

Sandwich shear 
stiffness 

ks−sh S 30–50% 2 

Sandwich out-of- 
plane stiffness 

ks−oop S 30–50% 2  
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some conductive couplings are calculated with ESATAN software, while 
others are analytically determined based on the mechanical contact. The 
model also includes power dissipating equipment, external loads like 
solar and Earth infrared, and deep space as boundary conditions. The 
TMM also accounts for the through-thickness thermal gradient on the 
optical bench’s sandwich panels. This involves employing an effective 
conductance derived from the panel’s material and thickness. 

Parametrization for TGR and TR parameters involved modifying the 
ESATAN geometry and radiative files for each run. Conversely, TNR and 
TNRP parameters were centralized into a single text file, which was used 
as input for the thermal analysis case. This approach allowed for all 
variables to be linked to TNR and TNRP, enabling simultaneous ad
justments to all related elements through changes made to just the TNR 
or TNRP values in this input file. 

4.2. Finite element model (FEM) 

The VINIS FEM was developed using the same CAD as for the GMM 
and TMM. To build a FEM, it is necessary to balance between detail and 
simplicity [56]. The model should precisely represent TEDM and be 
parametrized to characterize all TEDM aspects of the TNRP and S pa
rameters listed in Table 2. For VINIS, the model was built using NAS
TRAN. Main structural components were modelled by CQUAD4 and 
CTRIA3 shell elements, including bipods, with struts represented by 1D 
CBAR elements. 

Previous studies highlighted [15] that the optical bench and the 

deformations resulting from the dissipation from the electronics box 
(situated behind the vertical optical bench), play a significant role in 
degrading optical performance. This prompted a deeper examination in 
this study of how sandwich panels are modelled, resulting in the 
development of two analysis scenarios.  

• Configuration A. 2D equivalent properties for the representation of 
the sandwich panel (PSHELL and MAT1), considering the uniform 
temperatures over the sandwich cross-section, as the average tem
perature of both sides (TEMP). 

• Configuration B. An in-depth model of the sandwich panel, speci
fying the laminate at the top and bottom skins (PCOMP and MAT8, 
2D) represented through CQUAD/CTRIA elements, and the honey
comb’s equivalent properties (PSOLID and MAT9, 3D) represented 
through CHEX elements. This approach introduces several GRIDs 
through the thickness of the sandwich allowing to simulate tem
perature variation through the cross-section of the sandwich. 

The transverse temperature gradient is consistently computed using 
interpolation with SINAS. Having three solid elements across the sand
wich thickness allows for capturing transient effects in the form of non- 
linear temperature distribution along the thickness coordinate [7]. For 
the honeycomb’s 3D representation, was relied on the property data 
provided by the manufacturer (HexWeb). 

In the case of the 2D approach, the PSHELL card enables the defi
nition of equivalent properties for membrane, bending, and shear. 

Fig. 5. VINIS’ platform thermal model, which includes an MLI passive protection.  

Fig. 6. VINIS’s GMM in ESATAN.  
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• In-plane loads on the sandwich panel are mostly handled by the 
skins, represented by MID1 (in this context, carbon fibre) with Ts 
denoting the total thickness of the two skins.  

• Bending loads are supported again by the skins. Here, MID2 is 
associated with the skin material, while 12I/T3

s represents the inertia 
of a plate (as depicted in the MSC Nastran Reference Guide), with I =

TsT2
c /4 for Tc≫Ts, where Tc is the core thickness. 

• The honeycomb core (made of aluminium) is responsible for man
aging shear loads, referenced by MID3. 

The interconnections between parts are represented by zero-length 
CBUSH elements linked by Rigid Body Elements, type 2 (RBE2). These 
embody the joint stiffness in the relevant Degrees of Freedom (DoF). 
Each RBE2 definition incorporates the Coefficient of Thermal Expansion 
(CTE) of the part it represents. Fig. 7 provides a closer look at these FEM 
models. 

Due to some changes in the definition of the thermal and structural 
numerical models, the results from the previous paper [15] are corre
spondingly revised. Although the modifications are small, it is advised to 
establish all comparisons with the updated version of the VINIS model. 

In addition to the initial two scenarios, a third variant, “Configu
ration C″, incorporates design modifications to the telescope based on 
preliminary insights. The preliminary uncertainty analysis performed to 
the telescope assembly [15] revealed that the parameters associate to 
sandwich panel stiffness do greatly contribute to loss of performance. 
Therefore, trying to reduce sandwich bending might be a way to 
improve performance of the telescope. Therefore, the authors of this 
paper decided to study a design change to try to meet all thermo-elastic 
requirements by fine-tuning the in-plane stiffness (along the direction 
coincident with the optical axis) of the connection between the rods and 
the horizontal optical bench. Physically, this would be implemented by 
installing a calibrated spring-like device. One of the two connections is 
highlighted in green in Fig. 7. The results will determine if these changes 
that were promoted by using the uncertainty methodology enhance the 
telescope’s performance. This modification will affect the stiffness of 
some parts of the structure, and therefore it should be assessed if this loss 
of rigidity can be problematic with other structural requirements, such 
as the minimum natural frequency or the strength of the structure. 

Material properties in the FEM model were directly implemented in a 
parametric way, with the CTE adjusted using the automation code which 
was developed for material and RBE2 definitions. The parametrization 
of joints was implemented via the PBUSH entry, linked to the CBUSH 
element that connects each RBE2 pair. It is important to carefully define 
the CBUSH coordinate system, to ensure that axial response aligns with 
stiffness in direction 1, shear in directions 2 and 3, and bending in 

directions 5 and 6. In this way, it is easier to consistently modify each 
joint stiffness. 

For the 2D sandwich stiffness parametrization, the PSHELL imple
mentation was employed. Despite MID1 and MID2 typically refer to the 
same material, they were duplicated to distinguish between in-plane and 
bending responses. The Young Modulus was modified accordingly, 
proportional to the in-plane (ks−ip = ETs /(1 − ν2)) and bending 
(ks−be = EI /(1 − ν2)) stiffness of a plate. In the 3D formulation, the 
Young Modulus was similarly altered, with the PSHELL and MAT2 
equivalence computed in accordance with the PCOMP and MAT8 
formulation, considering Classical Lamination Theory for sandwich 
stiffness parametrization. 

5. Results 

5.1. Worst thermo-elastic scenario selection 

The first step on performing the analysis, is to identify the most 
demanding thermo-elastic scenario. For this purpose, it is crucial to 
make the evaluation based on performance parameters, not just thermal 
outcomes. “Configuration B″ FEM nominal performance was monitored 
across Cold Operational Case (COC), Hot Operational Case (HOC), and 
Consecutive Imaging Case (CIC) scenarios, to identify the worst thermo- 
elastic conditions. Fig. 8 reveals that the M2 de-center is only parameter 
not meeting requirements. The worst-case scenario was thus determined 
when M2 de-center reaches its maximum. Nevertheless, as the perfor
mance parameters do not undergo any significant modification 
throughout the entire orbit, this criterion was combined with the iden
tification in which moment thermal gradients are higher. 

The use of the TEV tool [9] confirms the selection of the COC and t =
4320 s as the most severe thermo-elastic conditions. Fig. 9 illustrates a 
significant change in the M2 de-center in response to variations in an 
asymmetric local thermal gradient at the outer part of the central baffle. 

Finally, it was determined that the worst thermo-elastic scenario 
occurs during the science pointing after leaving an eclipse (Fig. 10). In 
this scenario, the combination of factors includes the telescope being 
oriented towards the Earth, observing the poles, with the sun impacting 
obliquely on the baffle, and performing science. This results in signifi
cant energy dissipation on the rear side of the vertical optical bench, 
about 15 W, compared to the Earth’s radiation. This leads to local 
thermal gradients on the baffle itself, as well as along the horizontal and 
vertical optical benches. This generates, as shown in Fig. 11, local 
thermal gradients on the baffle itself, as well as along the horizontal and 
vertical optical benches. 

In Fig. 12 there is a comparison between the temperature field on the 

Fig. 7. VINIS’s FEM in NASTRAN, with 2D (left) and 3D (right) representation of the sandwich panels, indicating in green the component which was modified to 
differentiate between “Configuration B” and “Configuration C”. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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thermal and structural numerical models, after performing the temper
ature mapping. According to this figure, the temperature mapping ap
pears to be accurate and representative of the problem. 

With respect to “Configuration C″, after careful adjustment of 
kj−sh,HOR−OB to ROD, the value of the calibrated spring was set to 2⋅105 N/ 

m. This becomes then the nominal value for performing the uncertainty 
analysis of “Configuration C”. 

The evaluation of the uncertainty results will proceed in two steps. 
Firstly, by assessing the overall uncertainty associated to each perfor
mance parameter and determining if it fulfils the design limit values. 

Fig. 8. Performance parameter evolution along the orbit for COC, HOC and CIC scenarios.  

Fig. 9. M2 de-center response to the variation of thermal nodes temperature corresponding to an asymmetric local thermal gradient located the central baffle, using 
the TEV tool [9]. 

Fig. 10. Diagram of the most demanding thermo-elastic scenario.  
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Secondly, by evaluating the contribution of the uncertainty in each input 
parameter to the overall performance parameter’s uncertainty. 

To assist in identifying the Thermo-Elastic Deformation Modes 
(TEDM), Fig. 13 presents the displacement profiles of the complete 
telescope assembly across the three configurations, under the worst 
thermo-elastic scenario conditions. These visualizations highlight that 
the vertical optical bench, along with the central baffle and electronic 
box, are the components that contribute most to the displacements in the 
space telescope assembly. 

5.2. Global uncertainty assessment 

Results from the global uncertainty assessment are gathered in 
Table 3, Table 4, and Table 5. The outputs from both “Configuration A″ 
and “Configuration B″ show similar trends, with difficulties in achieving 
the M2 de-center performance and a narrow margin in the M1-M2 dis
tance when adding the associated global uncertainty. Conversely, the 
M2 tilt comfortably meets requirements with a wide margin and mini
mal uncertainty, suggesting this parameter is unlikely to pose any issues 
for VINIS performance. However, results from “Configuration C″ differ 
significantly from the rest. After adjusting the response to meet the 
nominal values, once the uncertainty is added, both the M2 de-center 
and M1-M2 distance performance parameter fall outside the allowable 
limits. 

5.3. Disaggregated uncertainty assessment 

The second phase of the uncertainty assessment focuses on evalu
ating the individual parameter influence to the overall uncertainty. This 
detailed analysis, covering all three performance parameters and con
figurations, aims to identify the parameters which most influence the 
performance. It also assesses the effects of changes in the sandwich panel 

formulation or FEM definition. 
When analysing these results, it is important to recognize that if the 

global uncertainty is very low, the contribution of individual input pa
rameters is correspondingly small. In such cases, minor deviations in the 
assigned uncertainty can significantly alter the results. This is particu
larly evident in the case of the M2 tilt performance parameter, where 
both its absolute uncertainty (consistently below 0.0004 mm) and its 
percentage of the performance requirement (less than 2.6%) are very 
low. Consequently, the disaggregated results for the M2 tilt parameter 
are not considered among the ones which dominate the uncertainty of 
the thermo-elastic response. 

From the 148 parameters assessed, only 13 contribute significantly 
to the total uncertainty in any section of the telescope and its assembly, 
as summarized in Table 6. These findings highlight that the thermo- 
elastic response is predominantly driven by structural concerns and 
one thermal parameter, the Earth’s infrared radiation intensity, JP. The 
JP parameter notably impacts performance, aligning with the fact that 
the telescope, being an Earth observation instrument with direct expo
sure to Earth’s radiation, is greatly affected by its pointing attitude and 
the variability of Earth’s infrared emissivity is large depending on the 
features to be observed. However, it should be pointed out that it is a 
parameter that cannot be controlled, as observing Earth is the purpose of 
the mission. The designer should live with this uncertainty and focus 
uncertainty reduction and/or redesign efforts on other features. 

Referring to Fig. 14, Fig. 15, Fig. 16, it is evident that, among the 
controllable parameters (excluding JP), the M2 de-center uncertainty in 
the response is predominantly influenced by stiffness-related factors. 
The heat dissipation at the BEE causes notable deformations in the 
vertical optical bench, as CTEAl6061T6 and kj−be,OB−VER to ELEC−BOX are large 
contributors to the M2 de-center response. Additionally, longitudinal 
and asymmetric thermal gradients on the central baffle (seen in Fig. 12) 
contribute to significant deformations through ECFRP, CTECFRP and 

Fig. 11. Telescope temperatures during the worst thermo-elastic scenario (t = 4320 s).  

Fig. 12. Temperature mapping results, on the thermal (left) and structural (right) models.  
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Fig. 13. Displacements for “Configuration A” (top), “Configuration B” (middle) and “Configuration C” (down).  

Table 3 
Global uncertainty results applied to “Configuration A”.  

Performance Parameter Requirement Nominal result Uncertainty (2σ) Nominal result + uncertainty Uncertainty (% requirement) 

M2 tilt [deg] ±0.015 0.0005 0.0003 0.0008 2.0 
M2 de-center [mm] ±0.022 0.0372 0.0074 0.0446 33.6 
M1-M2 distance [mm] ±0.085 −0.0615 0.0118 −0.0733 13.9  

Table 4 
Global uncertainty results applied to “Configuration B”.  

Performance Parameter Requirement Nominal result Uncertainty (2σ) Nominal result + uncertainty Uncertainty (% requirement) 

M2 tilt [deg] ±0.015 0.0016 0.0004 0.0020 2.7 
M2 de-center [mm] ±0.022 0.0330 0.0080 0.0410 36.4 
M1-M2 distance [mm] ±0.085 −0.0659 0.0117 −0.0776 13.8  
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kj−sh,OB−VER to CEN−BAF elements. These factors lead to considerable 
bending in the vertical optical bench, indicated by ks−ip,OB−VER and 
ks−be,OB−VER. In “Configuration C″, the impact of kj−sh,OB−HOR to OB−ROD on 
performance is more pronounced due to the changes in the FEM defi
nition, relegating JP parameter to the third place. 

Analysing the uncertainty in the M1-M2 distance from the results in 
Fig. 17, Figs. 18 and 19, it becomes clear that in this case the response is 
largely governed by CTE effects, with CTEAlSi40 as the primary 

contributor. This is a direct consequence of the telescope’s design, where 
the telescope train is entirely composed of high conductive AlSi40 ma
terial, thereby minimizing thermal gradients within the structure. 
Therefore, the primary deformation mechanism affecting the distance 
between the two mirrors arises from the expansion or contraction of the 
material in the spider structure. Again, in “Configuration C″, the 
parameter kj−sh,OB−HOR to OB−ROD also plays a significant role in the 
response. 

6. Discussion 

The main outcome of this research is that an uncertainty analysis 
methodology to assess the performance of a space telescope have been 
successfully integrated. This is relevant since, while uncertainty analysis 
and thermo-elastic analysis are well-established tools individually, their 
combined application presents a novel approach. It is important to note 
that the primary goal of these thermal and structural models is not to 
precisely simulate behaviour to the highest degree of fidelity, but rather 
to develop a parametric model that is precise enough for its end and that 
facilitates the determination of each element’s relevance through un
certainty analysis. This method proved to be effective in identifying the 
specific elements with the highest potential to cause significant thermo- 
elastic deformations, setting a method to share results between analysis 
with different mathematical bases. 

Having followed ESA’s TEV guidelines gives a very good under
standing of the main TEDM in the design. These features include local 
thermal loads on the front part of the central baffle and the assembly of 
the electronics box on the same optical bench where the telescope is 
mounted. The authors of this paper find that this process is a very 
necessary first step to understand the overall physical behaviour and 
mechanisms implied. However, performing this uncertainty analysis is 
key in identifying the specific thermo-elastic parameters and factors, in 
the early design phase, that drive those mechanisms that might risk the 
mission’s success. In this way the specific main actionable parameters, 
mainly sandwich panel and joints stiffnesses, were identified. Also, a 
thermal parameter which cannot be acted upon, the Earth’s infrared 
radiation intensity, was identified and the fact that there is some part of 
uncertainty that will be present during all the design process was 
acknowledged. 

It was not possible to find a solution that completely satisfies the 
performance parameters by solely modifying the numerical model pa
rameters. As seen in “Configuration C″, the nominal solution lies within 
specifications, but once margins are added, they exceed the established 
limits. There could be two ways forward here: either the solution could 
be taken as good, as uncertainty would expect to be reduced in the future 
with testing or a more in-depth redesign might be attempted. Observing 
the uncertainty results it can be seen that the high sensitivity of the 
results to the modified parameter indicates that the first option might 
not be advisable. Even if the spring is carefully calibrated the element 
under tension might vary its stiffness during the mission’s life. On top, 
there is some permanent uncertainty that cannot be reduced, and this 
design is quite close to its operational limits. Therefore, design modifi
cations, not just numerical model adjustments, are necessary to robustly 
meet the performance requirements. Furthermore, any proposed solu
tion should ensure a robust response not from a thermo-elastic 
perspective, but also from a structural standpoint. To achieve this, the 
engineers responsible for the VINIS telescope design can refer to the 
uncertainty analysis results to identify the mechanisms that dominate 

Table 5 
Global uncertainty analysis applied to “Configuration C”.  

Performance Parameter Requirement Nominal result Uncertainty (2σ) Nominal result + uncertainty Uncertainty (% requirement) 

M2 tilt [deg] ±0.015 0.0022 0.0004 0.0026 2.7 
M2 de-center [mm] ±0.022 0.0204 0.0069 0.0273 31.4 
M1-M2 distance [mm] ±0.085 −0.0821 0.0127 −0.0949 14.9  

Table 6 
Principal contributors to thermo-elastic uncertainty (see Fig. 1 for acronyms).  

Input Parameter 
(IP) 

Symbol Type Description 

Earth IR 
radiation 
intensity 

JP TR Radiative parameter which 
reflects the Earth’s IR 
radiation intensity, a source of 
uncertainty inherent to the 
operation of an Earth 
observation telescope. The 
telescope’s aperture 
significantly determines its 
thermal behaviour. 

Young Modulus ECFRP S CFRP Young Modulus, 
predominantly used as the 
CEN-BAF material. 

CTE CTEAl6061T6 S Al6061T6 CTE, material 
employed for the ELEC-BOX, a 
component which significant 
dissipation during science 
operation. 

CTE CTEAlSi40 S AlSi40 CTE. This material 
conforms the complete 
telescope assembly, including 
M1, M1-SUP, SPID, M2, INN- 
BAF and FPA-SUP. 

CTE CTECFRP S CFRP CTE, employed on the 
CEN-BAF. 

CTE CTETi6Al4V S Ti6Al4V CTE, material applied 
to BIP, the components in 
charge of disaggregate the 
translation of deformations 
from the vertical optical bench 
to the telescope train. 

Joint axial 
stiffness 

kj−ax,OB−VER to CEN−BAF S Joint axial stiffness between 
OB-VER and CEN-BAF. 

Joint bending 
stiffness 

kj−be,OB−VER to ELEC−BOX S Joint bending stiffness 
between OB-VER and ELEC- 
BOX. 

Joint shear 
stiffness 
(spring 
constant) 

kj−sh,OB−HOR to OB−ROD S Joint shear stiffness between 
OB-HOR and OB-ROD. 
Parameter relevant just for 
“Configuration C″, as it is the 
structural property which has 
been modified with respect to 
“Configuration B″ to adjust the 
nominal response. 

Joint shear 
stiffness 

kj−sh,OB−VER to CEN−BAF S Joint shear stiffness between 
OB-VER and CEN-BAF. 

Joint shear 
stiffness 

kj−sh,OB−VER to ELEC−BOX S Joint shear stiffness between 
OB-VER and ELEC-BOX. 

Sandwich in- 
plane stiffness 

ks−ip,OB−VER S Sandwich in-plane stiffness of 
the OB-VER. 

Sandwich 
bending 
stiffness 

ks−be,OB−VER S Sandwich bending stiffness of 
the OB-VER.  
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the uncertainty in the thermo-elastic response and seek to minimize 
them. The results of the uncertainty analysis show that the vertical 
sandwich panel’s stiffness parameters are the main driver parameters 
that can be acted upon, thus design actions relieving that panel are a 
promising way forward. One possible solution will be to re-locate the 
electronic box which lies attached to the vertical optical bench and 
detach the baffle from the vertical panel and attach it to the horizontal 
panel (checking dynamic response results as well). 

Uncertainty analysis is a complex subject so there are several 
attention points to consider. It is important to cautiously interpret the 
results of the uncertainty analysis, viewing them more as a qualitative 

measure of the dominant TEDM in the response rather than as an exact 
quantification of each one’s contribution to the overall uncertainty. One 
important factor to consider here is that knowing precisely the uncer
tainty associated to a parameter is an almost impossible task. It might be 
known if it’s high (let’s say 30%–50%) or low (3%–5%), but the exact 
number will be unknown. This will make that the rank of influencing 
parameters might vary from one consideration to another, but the 
important parameters will be present in both configurations. 

In this regard also, for example one might expect that the overall 
uncertainty results for the 3D configuration of the panels are lower than 
for the 2D equivalent model, when they appear to be slightly higher, 

Fig. 14. Main contributors to the uncertainty in the response of the M2 de-center performance parameter for “Configuration A″, 2σ global uncertainty: 0.0074. 
“TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See Fig. 1 for acronyms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 15. Main contributors to the uncertainty in the response of the M2 de-center performance parameter for “Configuration B″, 2σ global uncertainty: 0.0080. 
“TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See Fig. 1 for acronyms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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even with a larger initial uncertainty of the 2D properties. Well, in the 
3D configuration the sensitivity is slightly larger, large enough to 
compensate the decrease in uncertainty parameter (it should be recalled 
that the uncertainty is the product of sensitivity times uncertainty of the 
parameter). The main conclusion here is that these parameters in the 
end are some of the main drivers of the response and should be a key 
element when designing future tests for adjusting the models. 

Similarly, caution is needed when interpreting the results of 

disaggregated uncertainty, especially if the global uncertainty associ
ated with a specific parameter is very small. In such cases, if the global 
uncertainty is significantly smaller than the design limits (as with the M2 
tilt, always below 2.6%), the dominating TEDMs in that response can be 
considered negligible in terms of design risk. Conversely, if there is a 
very small associated uncertainty that falls outside the design limits, the 
team responsible for the thermo-elastic design should consider making 
modifications to the design itself, as it is highly unlikely that deviations 

Fig. 16. Main contributors to the uncertainty in the response of the M2 de-center performance parameter for “Configuration C″, 2σ global uncertainty: 0.0069, with 
the parameter modified with respect to “B” with striped background. “TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See Fig. 1 
for acronyms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 17. Main contributors to the uncertainty in the response of the M1-M2 distance performance parameter for “Configuration A″, 2σ global uncertainty: 0.0118. 
“TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See Fig. 1 for acronyms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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can be corrected through numerical model adjustments alone. 
There is one more point of attention to be considered. Uncertainty 

results depend on both uncertainty of input parameters and sensitivity to 
these parameters. Therefore, if the variation of a performance parameter 
with respect to an input parameter is null the associated uncertainty will 
be null to. This might be the case for irrelevant parameters, but it might 
also happen for parameters which are out of their sensitive zone. For 
example, they are too stiff so a variation in that stiffness region will not 

produce changes, but connections in that area are an important part of 
the response. This happened with results from “Configuration C”. The 
stiffness in that connection was too high to drive the response but 
reducing it took it to a point where there was a high associated uncer
tainty. For this reason, it is important to keep in mind that, even if the 
uncertainty analysis is a very powerful tool to analyse thermo-elastic 
behaviour it is important to use it in combination with an analytical 
process such as the one proposed in the TEV guidelines because 

Fig. 18. Main contributors to the uncertainty in the response of the M1-M2 distance performance parameter for “Configuration B″, 2σ global uncertainty: 0.0117. 
“TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See Fig. 1 for acronyms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 19. Main contributors to the uncertainty in the response of the M1-M2 distance performance parameter for “Configuration C″, 2σ global uncertainty: 0.0127, 
with the parameter modified with respect to “B” with striped background. “TR” parameters in green, “S” in blue, and others in grey. The full pie is 100% of wPi . See 
Fig. 1 for acronyms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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understanding physical behaviour is essential. 
So, as a final word, uncertainty analysis as a tool for assessing 

thermo-elastic performance and design has been tested and found to be a 
very powerful tool for driving design of optical telescopes. It has also 
been made evident, that there are some caution points to be considered. 
Also, the procedure in ESA’s TEV guidelines has been put to a test and 
has been found very useful in understanding the underlying physical 
behaviour. Although both methodologies have their strong and weak 
points the authors of this paper have reached the conclusion that, 
combining both methods will give both a good understanding of the 
main TEDM and a powerful analytical way of identifying which specific 
parameters drive those TEDM. In fact, the use of this uncertainty 
approach can multiply the understanding given by the TEV approach 
and the TEV might provide insight to put into context the results given 
by the uncertainty analysis. If only one of the methods should be used, 
the authors believe that uncertainty analysis might give the best overall 
result, as it provides understanding through analytical results, but the 
combination of both will give the best results for improving the design 
process of any device in which thermo-elastic effect are of concern. 

Future lines 

When evaluating future research directions, the foremost idea is to 
broaden the methodology across the full STOP analysis chain. This 
extension aims to provide more comprehensive insights into affected 
optical parameters, thereby enabling more accurate adjustments. 
Consequently, the performance metric would transition from relying on 
structural analysis results to optical outputs. 

Another topic for further insight is the TEV set of tools. It was 
released halfway through the work shown in this paper and it could only 
be used superficially, but it shows great potential for example for 
assisting in the determination of the most critical cases, so its use should 
be further explored in the future. 

Additionally, there exists the potential to follow the approach from 
Ref. [49], and employ multifid approaches, GSA or even multifid esti
mators, to compute the global sensitivity employing stochastic methods 
while decreasing the computational time of the analysis. In this context, 
a comparative analysis of the results could be conducted, assessing 
whether the increase in complexity is justified by more accurate results. 
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evaluation of the payload module of the ARIEL mission, Exp. Astron. 53 (2021) 
831–846, https://doi.org/10.1007/s10686-021-09704-0. 
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