
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Finite element analysis of the
MezzoCielo monocentric optical
system and other mechanical issues

S. Di Rosa, R. Ragazzoni, D. Magrin, C. Arcidiacono, M.
Dima, et al.

S. Di Rosa, R. Ragazzoni, D. Magrin, C. Arcidiacono, M. Dima, J. Farinato, S.
Zaggia, Stefano Debei, "Finite element analysis of the MezzoCielo
monocentric optical system and other mechanical issues," Proc. SPIE 12182,
Ground-based and Airborne Telescopes IX, 121823S (29 August 2022); doi:
10.1117/12.2629947

Event: SPIE Astronomical Telescopes + Instrumentation, 2022, Montréal,
Québec, Canada

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Finite Element Analysis of the "MezzoCielo" monocentric optical 

system and other mechanical issues 
S. Di Rosa*a, R. Ragazzoniab, D. Magrina, C. Arcidiaconoa, M. Dimaa, J. Farinatoa, S. Zaggiaa, S. 

Debeic 

aINAF – Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122, Padova, Italy; 
bDepartment of Physics and Astronomy, University of Padova, Padova, Italy 
cDepartment of Industrial Engineering, University of Padova, Padova, Italy 

ABSTRACT   

Mezzocielo is a proposed innovative type of telescope, conceived for achieving simultaneous observations of the available 

sky using a single monocentric collecting optical unit and leaving to an array of optical correctors the purpose of detecting 

the final starlight. Thanks to a spherical array of field lenses, encompassing an optical fluid and illuminating the correctors, 

the telescope allows to realize a whole-sky surveying (the estimated Field of View is more than 10 thousand square 

degrees), with the aim of detect and observe space debris, even if other possibilities are available (the observatory could 

be configured for different astronomical purposes, like ecliptic observations, extragalactic monitoring or Milky Way 

monitoring). Objective of the present work is demonstrating the actual feasibility of this instrument and, at the same time, 

developing a model employable for its first sizing, namely for the selection of the most appropriate dimensions of the 

whole telescope and its most stressed component, according to the mechanical and hydraulic loads, the boundary conditions 

and few other constraints. The analytical procedure was eventually verified through a Finite Element Analysis of the most 

loaded field lens, which has demonstrated the reliability of our approach in terms of safety.  

Keywords: Wide Field Telescopes, Large Optical Telescopes, Monocentric Optical System, Liquid Optics. 

 

1. INTRODUCTION  

In this article, we describe the mechanical details of an innovative type of telescope devoted to the observation of almost 

the entire sky (in Italian language: “Mezzo” = half, “Cielo” = sky). Two, in particular, are the peculiarities that distinguish 

Mezzocielo from the traditional optical devices1: the extremely wide Field of View (about two orders of magnitude greater 

than the FoV offered by instruments characterized by a comparable field depth) and the modular structure, since the 

telescope will be composed of several elementary optical systems. 

Mezzocielo is the first telescope of its kind: this means that there is no a well-known methodology available for its 

implementation. Therefore, the development of a complete feasibility study, aimed at identifying both the potentials and 

the critical issues connected to the design and construction of the telescope itself, is mandatory.  

Our approach predicts to realize a focusing sphere by fitting several meniscus field lenses with the proper choice of inner 

and outer radii in order to attain, from an optical view point, a segmented hollow sphere which can be filled with liquid. 

The use of a suitable liquid is crucial in order to make the telescope actually convergent with a reasonable focal ratio. 

Using lenses of class of one meter in diameter, made of common glass (like BK7), and low refractive index optical liquids, 

one can obtain a converging lens with a manageable focal ratio1. Although refractive concepts with a purely monocentric 

design are known, they usually employ extremely small apertures with a bulk glass monocentric spherical lens2. In the 

case described here, however, a large sized sphere, having a hypothesized diameter between tens of centimeters and few 

meters, is envisaged.  

The aim of this article is to constrain the lens thickness t and the diameter of the whole sphere D1 such that the glass 

displacements do not exceed a certain value (chosen arbitrarily, but it can be constrained to the optical quality one wants 

to achieve). Moreover, the calculation of the maximum tensile stress and deformation will be performed in order to verify 

the suitability of the glass element for each pair (t, D1).  
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Finally, these analytically obtained results will be compared with the output of a software simulation analysis. The entire 

procedure will be carried out considering the most loaded (and deformed) lens, located at the bottom of the telescope, in 

this way demonstrating the actual feasibility of the optical instrument in terms of glass resistance and deflection. 

Ultimately, such proceeding will allow to realize lenses with initial shape suitable for compensating the displacement due 

to the gravitational loads: knowing the amounts of such displacement and the overall geometry of the deformed surface, it 

will be possible to build “pre-deformed” lenses, which, while in operation, will achieve the desired spherical surface 

required for optimal observations.  

 

2. METHODOLOGY 

Initially, the analysis of stresses and deformations for the lowermost lens will be carried out analytically, then it will be 

validated through a numerical simulation. Our work is based upon three main hypotheses: 

1. the lens’ material (glass) exhibits a linear elastic behavior (actually part of the outcome of the study is to verify 

such hypothesis);  

2. for the sake of calculation, the lens will be considered circular, symmetrically loaded and simply supported along 

its edges; 

3. the lens is seen as a thin plate element, in which the thickness t is significantly lesser than the lens diameter and, 

in turn, the deflection in every point is small compared to t itself. Consequently, the middle plane is the neutral 

one, which doesn’t undergo any deformation due to the applied load and the plate deforms such that cross-sections 

remain plane after bending3. Moreover, this means that the shear stresses and strains are negligible, even though 

the corresponding shear forces are of the same order of magnitude as the applied pressure load3. 

The overall structure of the Mezzocielo telescope could be dodecahedral, icosahedral or a fullerene1: these geometries 

reveal themselves useful for defining the meniscus elements and are here taken as reference, however other options are 

possible. The optical devise will be made up of a certain number of cells or plate elements (e.g., 12 for a dodecahedron, 

20 for an icosahedron) of glass, equal to each other and each one supported along its edge by the structure itself. The sphere 

circumscribed to these geometrical constructions represents the actual optical surface. 

Let’s take, for example, a dodecahedral structure where every pentagonal face represents a telescope’s lens. In figure 1 a 

schematic representation of the telescope’s dodecahedral structure is illustrated, along with four (of the twelve) lenses.  

 

(a) 
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(b) 

Figure 1. Dodecahedral structure of the Mezzocielo telescope, illustrated with its circumscribed circumference having diameter 

D1 (left) and simplified representation of the mechanism of focusing carried out by the telescope (right): (a) front view, (b) 

rear view. The blue shells represent the glass lenses of the instrument.  

                  

Notice that the uppermost lens and the lowermost one, being specular lenses, form an elementary optical system, but, as 

we can see from figure 1, depending upon the line of sight, different meniscus elements concur to the image formation. 

2.1 Loading condition determination 

In order to derive a relation between the lens thickness and the overall diameter, the loads acting on the bottom lens must 

be computed. These loads present gravitational nature and are due to: 

1. the hydrostatic pressure exerted by the optical fluid; 

2. the lens’ weight. 

Both of them have to be expressed making explicit the dependence upon the main structural parameters (t and D1); the first 

one, in particular, can be easily computed using the typical geometrical formulas of the dodecahedron.  

For the definition of the load conditions, the telescope’s structure can be sketched with its circumscribed spherical shell, 

having radius R1 (notice that R1 = 0.5D1). Moreover, for the hydrostatic pressure estimation, the thickness t is considered 

negligible in comparison with R1. Such simplified illustration is depicted in figure 2. 

 

Figure 2. Simplified representation of the telescope’s structure for load definition (the drawing is not in scale). The x-z reference 

system for the bottom lens load and geometry definition is also illustrated. Note that R1 = 0.5D1. 
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In figure 2, the segment OA represents the radius of the circumference circumscribed to the lowermost pentagonal face a, 

while the angle α is employed to describe the angular distance between the uppermost point of the sphere and edges of the 

bottom lens. Observing that the hydrostatic pressure acting at the quote of the line AA’ can be expressed as4:  

pAA’ = 0.5D1 ρf g [1 - cos(α)]                                                                  (1) 

with ρf fluid density and g gravity acceleration, the evolution of the pressure due to the liquid along the circular arc profile 

of the lens can be written as follows:   

ph(x) = - 
 0.5D1 ρf g [1 + cos(α)]

a2
x2 + ρf g D1                                                          (2) 

with -a ≤ x ≤ a. We can also notice that, from the characteristic relations of the dodecahedron5, the angle α is constant and 

equals to 2.4892 rad, while the radius a can be easily expressed as a function of the sphere’s diameter D1: 

a ≈ 0.3035D1                                                                             (3) 

Finally, the total applied load q is given by the sum of the hydrostatic pressure (eq. (2)) and the weight of the glass plate 

Pg. Calling ρg the glass density, we obtain:  

q(x) = Pg + ph(x) = ρg g t - 
0.5D1 ρf g [1 + cos(α)]

a2
x2 + ρf g D1                                            (4) 

From (4), chosen the glass and fluid type, the applied load is function of t and D1 only. 

2.2 Stress and deformation determination 

Since the load is symmetrically distributed on a circular plate, the middle plane of the lens will also bend symmetrically4,6: 

this means that, in all points equally distant from the center of the plate, the deflection will be the same and, therefore, it 

will be sufficient to consider only the displacements in one of the diametral sections passing through the axis of 

symmetry4,6. 

Taking the origin of coordinates at the center of the undeflected plate and denoting by x the radial distance of points in the 

middle plane (hence, the lesser the curvature of the lens, the more accurate the x-z system depicted in figure 2), their 

displacement in the downward direction w can be computed, from the theory of thin plates3,4,6, through the following 

derivative equation: 

d
3
w

dx
3 +

1

x

d
2
w

dx
2 -

1

x2

dw

dx
 = 

Q

D
                                                                          (5) 

with D flexural rigidity of the plate, function of the glass thickness and mechanical properties, such as the Young’s modulus 

E and the Poisson’s ratio μ, via the relation: 

D =  
E t3

12(1 - μ2)
                                                                                 (6) 

and Q shearing force per unit length of the cylindrical section of radius x: 

Q = 
∫ (xq

x

0
) dx

x
                                                                                  (7) 

Integrating eq. (5), after some calculations, the deflection w is determined for each point x: 

w(x) = 
1

2D
 {-

0.5 D1 g ρf [1 + cos(α)] 

288a2
x6 + 

ρg g t + ρf g D1   

32
x4} - 

C1x
2

4
 - C2 ln(x) + C3                               (8) 

For small deformations, the slope of the deflected surface in each point is equal to: 

φ(x) = -
dw(x)

dx
                                                                                 (9) 

therefore: 

φ (x) = - 
1

2D
 {-

0.5 D1 g ρf [1 + cos(α)] 

48a2
x5 + 

ρg g t + ρf g D1   

8
x3} + 

C1x

2
 + 

C2

x
                                     (10) 

The constants of integration C1, C2 and C3 in equations (8) and (10) can be determined from the boundary conditions of 

the plate.  
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For a simply supported plate, the following conditions apply3,4,6: 

a. w(x) = 0 for x = a 

b. φ(x) = 0 for x = 0  

c. Mx(x) = bending moment around x axis = - D [
d

2
w

dx
2 -

μ

x

dw

dx
] = 0 for x = a 

and the constants of integration result functions of t and D1, if the glass and fluid properties are fixed. Knowing their 

expressions, the deflection and the slope in every point of the lens (eq. (8) and (10) respectively) are obtained. 

Now, from the thin plate theory3,4,6, it’s possible to calculate the stresses σxx and σyy due to the applied load and acting 

perpendicularly to the cross sections of the plate: 

σxx(x,z) = - 
Ez

(1 - μ2)
[

d
2
w

dx
2 +

μ

x

dw

dx
]                                                                (11) 

σyy(x,z) = - 
Ez

(1 - μ2)
[

1

x

dw

dx
+ μ

d
2
w

dx
2 ]                                                              (12) 

with - 0.5t ≤ z ≤ + 0.5t. The corresponding normal strains εxx and εyy are related to the normal stresses by the Hooke’s law: 

εxx(x,z) = 
[σxx(x,z) - μ σyy(x,z)] 

E
                                                                  (13) 

εyy(x,z) = 
[σyy(x,z) - μ σxx(x,z)] 

E
                                                                  (14) 

Note that the zz component of the stress σzz(x,z) - and of the normal deformation εzz(x,z) as well - is considered negligible 

with respect to the xx and yy components since t << 2a. As it can be noticed from (11) and (12), a surface (parallel to the 

middle plane) of a simply supported edges plate is subjected to only one tensional state (either always tensile or always 

compression). In particular, the upper and lower surfaces of the lens are the most stressed: the first one (characterized by 

z = + 0.5t) exhibits a compression state since both σxx and σyy are negative for every x, while the second one is everywhere 

in a tensile state. Hence, for a glass lens, the latter represents the most critical in terms of safety. The maximum value of 

the stresses lies at the center of the surfaces (x = 0). 

At the outer surfaces, since the shear stress is zero3,4,6, the normal stresses [σxx(x),σyy(x)]z = +0.5t and [σxx(x),σyy(x)]z = -0.5t 

coincide with the principal stresses [σ1(x),σ2(x)]z = +0.5t and [σ1(x),σ2(x)]z = -0.5t, respectively and, similarly, the xx and yy 

components of the normal deformations result respectively equal to the first and second principal deformations (denoted 

by ε1 and ε2 respectively)7,8. 

2.3 Relation thickness t – sphere’s diameter D1 for a fixed maximum deflection 

In order to obtain the relation t = f (D1) for a specified maximum displacement wf, in eq. (8) x must be set equal to zero. 

The following expression is then easily attained: 

wf = w(x = 0) = C3(t, D1)                                                                 (15) 

where C3(t, D1) derives from the boundary conditions’ application. Re-arranging the complete expression coming from eq. 

(15) in order to explicitly show the dependence on the thickness t and the diameter D1, after some manipulations, a third-

order equation in t with non-constant coefficients is achieved. In compact form, such equation can be expressed as follows: 

a3(D1) t3 + a1(D1) t + a0(D1) = 0                                                          (16) 

where the coefficients ai are function of D1 only if the glass and fluid characteristics are known, along with wf. Defining 

two other coefficients, namely: 

j(D1) = 
a1(D1)

a3(D1)
                                                                          (17) 

k(D1) = 
a0(D1)

a3(D1)
                                                                          (18) 

it’s possible to apply the Cardano’s formula9 in order to solve the cubic equation (16). Eventually, the following expression 

is achieved: 
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 t(D1,wf) = √−
k(D1,wf)

2
+  √

k(D1,wf)
2

4
+

j(D1,wf)
3

27

3

+ √−
k(D1,wf)

2
− √k(D1,wf)

2

4
+

j(D1,wf)
3

27

3

                           (19) 

In eq. (19), the lens thickness dependence upon the maximum deflection has been made explicit, along with that on D1. 

Therefore, the same eq. (19) represents the desired expression since, having chosen wf and fixed the glass and fluid 

properties, the only free parameter remains D1. Employing eq. (19), it’s also possible to express the maximum stresses and 

deformations as a function of the sphere’s diameter: therefore, this equation reveals itself a useful tool for a preliminary 

sizing of the telescope.  

 

3. DATA 

The sizing of the telescope’s structure and its most loaded component can be carried out if the mechanical properties of 

the filling fluid and the lens glass are known. Moreover, some constraints must be applied in order to attain realistic results, 

namely in order to avoid, for instance, excessive deformations and/or glass thickness too big or too small. 

As stated in 1, a spherical surface made up of conventional glass is a slightly diverging element if kept empty, a wildly 

focusing one if filled with water, or a more gentle positive lens if filled with a liquid characterized by a low refractive 

index. A comprehensive selection of fluids eligible for the present application is reported in 10. Following those guidelines, 

the choice falls on two equally suitable fluorine fluids: the perfluorohexane C6F14, commercially known as FC-72, and the 

ethoxy-nonafluorobutane C4F9OC2H5, commercially known as Novec7200. Both produced by the 3M company and 

characterized by several positive properties, such as11,12: 

- high transparency in the visible range; 

- low refractive index; 

- chemical and thermal stability; 

- no toxicity or flammability; 

- no hazard for the environment; 

they differ mainly in the values of refractive index (more favourable the FC-72 one) and density (more favourable the 

Novec7200 one). A list of the main properties of such fluids is reported in tables 1 and 2. 

 

Table 1. FC-72 main characteristics evaluated at 25°C11. 

ρ [kg/m3] 1680 

Boiling point  [°C] 56 

Freezing point [°C] - 90 

Coefficient of expansion [K-1] 0.00156 

Absolute viscosity [cP] 0.64 

Vapor pressure [kPa] 30.9 

Index of refraction 1.25 

Ozone Depletion Potential  0 
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Table 2. Novec7200 main characteristics evaluated at 25°C12. 

ρ [kg/m3] 1430 

Boiling point [°C] 76 

Freezing point [°C] - 138 

Coefficient of expansion [K-1] 0.0016 

Absolute viscosity [cP] 0.61 

Vapor pressure [kPa] 14.53 

Index of refraction 1.282 

Ozone Depletion Potential 0 

 

In order to perform a sizing analysis, the liquid characterized by the highest density must be taken into account since it 

will generate the highest values of stresses and deformations. Therefore, from now on, the FC-72 fluorine fluid will be 

considered as the telescope’s filling material and, consequently, the liquid density ρf will be equal to 1680 kg/m3. 

Regarding the glass type for the lenses, the choice is guided by two principles: affordability and possibility to realize large 

size components. Hence, a first idea consists of employing the BK7 Schott glass, a very common material whose main 

mechanical properties, listed in 13, are summarized in table 3. 

 

Table 3. BK7 mechanical characteristics evaluated at 20°C13. 

ρ [kg/m3] 2510 

Young’s modulus, E  [MPa] 82000 

Poisson’s ratio, μ 0.206 

Shear modulus, G [MPa] 34000  

Maximum tensile strength, σMAX,T  [MPa] 49 

Maximum compression strength, σMAX,C  [MPa] 1100 

Maximum tensile deformation, εMAX,T 0.000597 

 

Finally, in performing the analysis, we have considered: 

1. five different values of the maximum deflection at the centre of the lens, namely wf,1 = 1 μm, wf,2 = 5 μm, wf,3 = 

10 μm, wf,4 = 20 μm, wf,5 = 40 μm; 
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2. an optimal lens thickness - sphere diameter ratio equal to 0.1, namely a thickness t - plate’s diameter d ratio of 

about 0.16, based on eq. (3) and observing that d = 2a.  

In this way, we are able to avoid excessive deformations and unrealistic lens dimensions: for t << 0.1D1, the lens would 

become too thin and unable to adequately resist the applied load, therefore, we will be limited to only very small structures; 

for t >> 0.1D1, the lens’s weight and complexity of construction would increase excessively and, moreover, our initial 

hypothesis of thin lens would lose of validity. 

 

4. RESULTS 

Equation (19) can now be solved in order to achieve the optimal (t,D1) combinations which satisfy the design constraints. 

The results of such an elaboration are reported in figure 3, in which the lens thickness is plotted against D1 for the five 

different values of maximum deflection taken into account. 

 

Figure 3. Lens thickness t vs sphere diameter D1: the green, cyan, blue, black and red curves represent eq. (19) evaluated 

considering a BK7 simply supported lens subjected to the hydrostatic pressure of FC-72 fluorine fluid and characterized by a 

maximum displacement at the centre equal to 1, 5, 10, 20 and 40 μm respectively. 

 

The relations t = fi (D1,wf,i), with i = 1, 2, 3, 4, 5, meet the requirement expressed by the condition t = 0.1D1 at the diameter’s 

values listed in table 4 and denoted by D1,opt, where opt means optimal.  

From the plot in figure 3, we can see that, for a fixed diameter, the lesser the desired deflection, the higher the required 

thickness: the lens weight’s increasing due to a greater t, a fact which would tend to increase the deformation, is, indeed, 

compensated by the higher strength associated to the thick lens itself. For this reason, the wf,1 curve (green one) requires, 

in general, rather high t and is, therefore, characterized by unrealistic t - D1 ratios: for instance, for a sphere diameter of 2 

m, the required thickness would correspond to about 0.5 m, that is, 25% of the whole diameter. Hence, the tiny 

displacement of 1 μm can actually be considered only for very small telescopes. Opposite considerations can be made 

regarding the maximum deflection value taken into account, namely 40 μm: in this case, the required thickness is rather 

small, becoming more appropriate only for very large diameters.  
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For wf,2, wf,3 and wf,4, instead, figure 3 highlights the fact that the optimal range for D1 is encompassed between 1.5 and 3 

m: for D1 > 3 m, the thickness required to produce a certain value of deflection increase rapidly, while, for D1 < 1.5 m, 

small changes in t determine the maximum displacement to change by a factor of 2 or 4, a fact revealing that, in such 

region of the diagram, the corresponding lens would result excessively thin and more subject to structural instability. In 

the selected range for D1, the thickness-diameter ratio remains within the interval 0.1 ± 0.05 for all three maximum 

displacements of 5, 10 and 20 μm. 

Regarding the maximum (tensile) stresses and the corresponding deformations, for a simply supported plate, as previously 

stated, they occur at the centre of the lower surface. Therefore, considering the coordinates denoting such point, i.e. x = 0 

and z = 0.5t, and inserting eq. (8), with the constants C1, C2 and C3 computed from the boundary’s conditions, into (11) 

and (12), these equations become: 

σ(D1,wf) = σxx,max = σyy,max = σ1,max = σ2,max = - 
Et

2(1 - μ2)
[

d
2
w

dx
2 +

μ

x

dw

dx
]|x = 0 = 

E t(D1,wf) C1(D1,wf)

4(1-μ)
                     (20) 

Since t is function of D1 and wf only, so is C1 and eq. (20) expresses the maximum principal stresses as a function of such 

parameters.   

The maximum principal deformations are, instead, given by eq. (13) and (14) in which σxx = σyy = σ and are located at the 

centre of the lower surface: 

ε(D1,wf) = εxx,max = εyy,max = ε1,max = ε2,max =  
σ(D1,wf) (1 - μ)

E
                                        (21) 

In figures 4 and 5, eq. (20) and (21) are respectively plotted against the sphere’s diameter for the five maximum deflections 

considered. As it can be seen, both the maximum stress and deformation decrease almost exponentially with D1 for all the 

wf,i (with i = 1, 2, 3, 4, 5), a fact which can be explained by considering that, with increasing diameter, also t increases, and 

the material exhibits more resistance to the applied load. This situation happens because of our condition of constant 

maximum displacement. Instead, for a certain value of D1, the higher wf, the higher the maximum stress and deformation: 

this can be explained by noting that the greater the desired deflection, the lesser the thickness and, hence, the strength 

material. 

 

Figure 4. Maximum stress vs sphere diameter: the green, cyan, blue, black and red curves represent eq. (20) evaluated 

considering a BK7 simply supported lens subjected to the hydrostatic pressure of FC-72 fluorine fluid and characterized by a 

maximum displacement at the centre equal to 1, 5, 10, 20 and 40 μm respectively. 
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Figure 5. Maximum deformation vs sphere diameter: the green, cyan, blue, black and red curves represent eq. (21) evaluated 

considering a BK7 simply supported lens subjected to the hydrostatic pressure of FC-72 fluorine fluid and characterized by a 

maximum displacement at the centre equal to 1, 5, 10, 20 and 40 μm respectively. 

 

Similarly to figure 3, also figures 4 and 5 demonstrate that the optimal values of D1 are greater than 1.5 m: below such 

limit, indeed, both stress and deformation tend to increase exponentially, while for diameters > 1.5 m a plateau is achieved 

for all the wf,i. 

In table 4, the values of σ and ε are reported for the corresponding maximum deflection and optimal sphere diameter, 

where the latter, as previously explained, derives from the intersection between eq. (19) and the condition t = 0.1D1. 

 

Table 4. Optimal sphere diameters coming from eq. (19) and the condition t = 0.1D1 for different values of maximum deflection 

and corresponding maximum stress and deformation. The values belonging to the yellow highlighted row will be used as a 

case of study in the following Finite Element simulation. 

wf [μm] D1,opt [m] σ [MPa] ε [x10-6] 

1 0.7684 0.1598 1.549 

5 1.728 0.3550 3.439 

10 2.448  0.5003 4.849 

20 3.461 0.7072 6.868 

40 4.893 1.002 9.708 
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Now, we have chosen to focus our analysis upon the fourth row of table 4, namely the simulation results will be illustrated 

only for a lens having radius of curvature R1,opt = 0.5D1,opt = 1.224 m and thickness topt = 0.2448 m. Of course, the 

simulations have been performed for many combinations of the main parameters (D1,t) related to the different values of 

wf,i so far taken into account, but the chosen one will be useful a case study.    

In table 5, σ and ε are listed for few values of D1 within the range [0.5,5] m and for wf = 10 μm. In the same table, also the 

safety factor F, computed via the relation: 

F = 
σMAX,T

σ
                                                                            (22) 

with σMAX,T maximum BK7 tensile strength, and the ratio between the maximum BK7 tensile deformation and the maximum 

tensile strain actually existing within the lens (analytically computed), εMAX,T/ε, are reported for the corresponding values 

of the sphere’s diameter. See table 3 for the BK7 mechanical properties. Note that, for the evaluation of the safety factor 

F, a maximum allowable stress σall, deriving from σMAX,T multiplied by a suitable safety coefficient c, with c < 1, should 

be used instead of σMAX,T in eq. (22): in this way, the effects due to inaccuracies in the lens’ construction, uncertainties in 

the knowledge of the glass properties, presence of small cracks on the lens’ surface and the other ones which could 

determine an actual resistance of the glass lesser than that expressed by σMAX,T, would be taken into account. However, 

since there is no a reference international regulation regarding the more appropriate value of c (which, indeed, is a function 

of the specific lens’ application and morphology) and, above all, the actual glass strength will probably be greater than 

σMAX,T (in fact the lens which will be employed will allegedly be made of tempered glass having a tensile resistance much 

higher than the non-tempered value σMAX,T), it was chosen to consider σall = σMAX,T, at least for this first sizing. Analogous 

reasonings apply to εMAX,T/ε. 

 

Table 5. t, t/D1, σ, ε, F and εMAX,T/ε for several values of D1. Maximum deflection: wf = 10 μm. The values in yellow will be 

used as a case of study in the following Finite Element simulation, while the green rows refer to the optimal range [1.5,3] m 

identified for D1. 

D1 [m] t [m] t/D1 σ [MPa] ε (x10-6) F εMAX,T/ε 

0.5 0.0162 0.0324 0.8861     8.580 55.30 69.58 

1 0.0526 0.0526 0.6981   6.781 70.19 88.04 

1.5 0.1046 0.0697 0.6056     5.865 80.91 101.8 

2 0.1728 0.0864 0.5429    5.259 90.26 113.5 

2.448 0.2448 0.1000 0.5003    4.849 97.94 123.1 

2.5 0.2543 0.1017 0.4963     4.804 98.73 124.3 

3 0.3522 0.1174 0.4582 4.437 106.9 134.6 

3.5 0.4631 0.1323 0.4263 4.128 114.9 144.6 

4 0.5927 0.1482 0.3980     3.859 123.1 154.7 

4.5 0.7369 0.1638 0.3732     3.617 131.3 165.1 

5 0.8957 0.1791 0.3508 3.396 139.7 175.8 

 

The green rows refer to the optimal range [1.5,3] m previously described for D1, while the yellow one highlights the 

parameters’ values chosen as a case study for the subsequent simulation. As we can see, within the selected interval, the 

minimum safety factor amounts to around 80, while the minimum ratio between the BK7 maximum tensile deformation 

and that analytically computed results of about 100. We can conclude that such preliminary design provides encouraging 

results in the context of the telescope’s feasibility study. 
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4.1 Simulation 

We can now verify the accuracy of the analytical results achieved up to this point through a Finite Element Analysis (FEA) 

of the MezzoCielo’s component considered so far, namely its lowermost lens. In order to carry out such procedure, 

Fusion360, a cloud-based 3D modeling software platform for product design and implementation, was employed: in 

particular, it has allowed us to statically analyze the lens and to visualize the deformation that the latter will allegedly 

undergo while in operation14. Moreover, it will be useful to perform a thermal stress analysis, as well as a modal one, in 

the context of a more refined (subsequent) sizing.   

First of all, some geometrical considerations. The simulated lens exhibits the characteristics reported in table 6. 

 

Table 6. Selected properties of the telescope’s lowermost lens 

Radius of curvature R1,opt [m] 1.224 

Thickness t [m] 0.2448 

Diameter d [m] 1.486 

Material BK7 glass 

 

Its corresponding sketch, realized in the virtual environment of Fusion360, is instead depicted in figure 6. 

 

Figure 6. Sketch of the telescope’s bottom lens. Its main geometrical quantities can be appreciated, along with their measures 

in mm 
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The FEA in Fusion360 requires the definition of the constraint and load conditions. Being the lens depicted as a simply 

supported plate, the boundary condition to select is denoted as pin in the software; moreover, in order to consider only the 

actual degrees of freedom, the axial and tangential movements must be prevented, leaving only the radial one. 

Regarding the load conditions, Fusion360 provides the opportunity to apply the gravity load due to the lens’ weight and a 

“customized” hydrostatic pressure, namely, it allows to insert the desired fluid density and column length: the first property 

is, then, set equal to 1680 kg/m3, while the second one equal to D1,opt = 2.448 m. In this respect, note that the hydrostatic 

pressure ph(x) expressed by eq. (2) is computed considering a fluid column length proportional to D1, while, instead, it 

should be proportional to (D1 – 2t): this simplification has been made in order to achieve a full analytical treatment of the 

problem. This also means that, since we are considering a thickness – sphere’s diameter ratio equal to 0.1, the hydrostatic 

pressure taken into account in the simulation (and deriving from the analytical calculations) is higher than the actual one 

acting upon the lens by a factor of 1.25: the latter can be seen as a safety coefficient. The maximum hydrostatic pressure 

acting at the lowest point of the lens is therefore equal, from eq. (2), to ph,max ≈ 0.04 MPa. 

Finally, concerning the refinement control for the discretization process (that is, for the generation of the mesh), it was 

chosen to consider the following settings in order to obtain an output characterized by a high accuracy: 

1. Element type: 6-node quadratic triangular; 

2. Average element length relative to the diagonal measurement of the model bounding box: 5%; 

3. Curved mesh elements allowed with parabolic order (the latter is used in order to add mid-side nodes and 

conforms mesh to curved surfaces); 

4. Minimum element size (mesh size lower limit): 20% of average element size; 

5. Maximum aspect ratio: 10 (medium);  

6. Results convergence tolerance: 5%; 

7. Maximum number of mesh refinements: 6; 

8. Results for baseline accuracy: total displacement.  

The main results of the simulation are illustrated in figures 7, 8, 9, 10 and 11, reporting the total displacement, the 

distribution of the xx component of stress and deformation and the distribution of the first principal stress and deformation 

respectively.  

 

Figure 7. Simulated displacement for the circular curved plate representing the MezzoCielo’s lowermost lens  

 

Proc. of SPIE Vol. 12182  121823S-13
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Figure 8. Simulated xx normal stress component for the circular curved plate representing the MezzoCielo’s lowermost lens  

 

 

Figure 9. Simulated first principal stress for the circular curved plate representing the MezzoCielo’s lowermost lens  

 

Proc. of SPIE Vol. 12182  121823S-14
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Figure 10. Simulated xx normal deformation component for the circular curved plate representing the MezzoCielo’s 

lowermost lens  

 

 

Figure 11. Simulated first principal deformation for the circular curved plate representing the MezzoCielo’s lowermost lens  

 

Note that the yy component of stress and deformation is almost identical in value and distribution to the xx one, as well as 

the second principal stress and deformation with respect to the first principal quantities. In table 7 the maximum simulated 

and analytical values of the main stress parameters taken into account are listed, along with the relative difference computed 

with respect to the analytical data: in the last column, in particular, the minus sign indicates that the simulated quantity is 

lesser than the corresponding one evaluated analytically, while the plus sign denotes the opposite situation. 
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Table 7. Comparison between simulated and analytical values of the main mechanical parameters 

Parameter Simulated 

value 

Analytical 

value 

Difference respect to 

the analytical data [%] 

Maximum displacement [μm] 6.947 10 - 30.5 

Maximum xx stress [MPa] 0.3828 0.5003 - 23.5 

Maximum yy stress [MPa] 0.3828 0.5003 - 23.5 

Maximum first principal stress [MPa] 0.3880 0.5003 - 22.4 

Maximum second principal stress [MPa] 0.3880 0.5003 - 22.4 

Maximum xx deformation 3.618x10-6 4.849x10-6 - 25.4 

Maximum yy deformation  3.615x10-6 4.849x10-6 - 25.5 

Maximum first principal deformation 5.470x10-6 4.849x10-6 + 12.8 

Maximum second principal deformation 5.470x10-6 4.849x10-6 + 12.8 

 

Based on the previous figures and table, the following considerations can be made: 

1. All the parameters taken into account, expect for the principal deformations, exhibit simulated values lesser than 

those computed analytically; 

2. All the parameters taken into account, expect for the principal deformations, show a simulated distribution 

coherent with that computed analytically: in particular, their (tensile) maximum values are located at the centre 

of the lower surface. 

Such results can be explained by considering the fact that the lens is actually not thin, despite our initial hypothesis. A 

thick lens exhibits a higher strength with respect to a thin one and, therefore, fixed the load and constraint conditions, its 

displacement will be in general described by a relation different from eq. (8) and its stresses and deformations will change 

as well. This also means that our analytical procedure confirms itself useful for a first sizing, since all the predicted stresses 

are presumably higher than the actual ones.  

Regarding the principal deformations, the deviation in maximum value and distribution between the simulated approach 

and the analytical one is due to another effect coming from having considered a thin lens instead of a thick one. In the 

latter, indeed, also the zz component of the normal stress arises and, although the simulations have clearly shown that its 

maximum value (located in the lower surface, around its centre) is about one third of the xx one, it influences the principal 

deformations which, indeed, depend upon all the three normal components of stress in a triaxial state of stress (note that 

also the principal stresses are slightly affected by the presence of σzz, since they differ a little bit with respect to σxx and 

σyy)7. Actually, in a thick lens, also the tangential stresses should not be neglected, however our simulations have 

demonstrated that their positive maximum values remain one order of magnitude lesser than those associated with the 

normal stresses and, moreover, they are located in regions of the lens subjected to compressive, less dangerous, σ. As 

already stated, in a thin lens, these stress components are tiny and, hence, neglected, however, our simulation has proved 

that also for a thick curved plate their contribution, if not negligible, still doesn’t constitute a source of structural instability 

since the glass strength is two orders of magnitude greater. 

Finally, data coming from Finite Element simulations performed considering different (wf,D1,t) combinations (in turn, 

deriving from eq. (19)), allow us to state as follows: 

1. For t/D1 > 0.1 (therefore t/d > 0.16), the thin lens’ hypothesis becomes increasingly approximated and the 

deviation between the analytical and simulated results grows; 

2. For t/D1 = 0.1 (t/d = 0.16), the deviations reported in the last column of table 7 are the same for all the five cases 

listed in table 4, therefore the maximum deviation (for wf) does not exceed 30%; 

3. For t/D1 < 0.1 (t/d < 0.16), the thin lens’ hypothesis holds and the deviation between the analytical and simulated 

results decreases. However, for sphere’s diameters lesser than about 0.6 m, the high curvature of the lens 
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introduces an additional resistance effect not predicted by our analytical model, therefore all the main quantities 

considered so far exhibit simulated values slightly lesser than those analytically computed.  

The above results are valid for all the five values of wf taken into account. In each of the simulated cases, the material 

behavior remains elastic and linear, showing that, for the defined loading and constraints type, the glass never approaches 

a critical condition in terms of safety. 

 

5. CONCLUSIONS 

The present work was devoted to develop a simple and intuitive model of the MezzoCielo’s most loaded component, 

namely its lowermost lens, with the aim to determine, even if preliminary, a suitable thickness-overall dimension 

combination. The validity of such a model was then tested via a Finite Element Analysis of the lens itself. 

Based on few working hypotheses, concerning the lens material and the loading and constraint conditions, and on the 

theory of thin plates, our analytical model, described by eq. (19), (20) and (21), revealed itself useful for demonstrating 

the feasibility of the telescope, as well as for its preliminary sizing. The Finite Element simulations have, indeed, proved 

that (almost) all stresses, deformations e deflections are overestimated by the analytical model, a fact favorable in terms of 

safety: in particular, in the case of D1 = 2.448 m and t = 0.1D1, the simulated maximum deflection amount to about 7 μm, 

while its expected value should have been 10 μm, showing a deviation of about 30%. Such deviation is mainly due to our 

simplifying hypotheses, which neglect the effects related to the lens’s high thickness and curvature. Nevertheless, the 

simulations have confirmed that, in any case, the glass approaches a failure condition, remaining always linear and elastic.  

Eventually, analytical model and simulations demonstrated that the best results in terms of accuracy among the two 

methods, as well as in terms of lens’s thickness, stress and deformation, are achieved employing overall diameter between 

1.5 and 3 m: for D1 < 1.5 m the lens thickness tends to become too small and the maximum stress and deformation increase 

rapidly, while for D1 > 3 m the thickness required to produce a certain value of wf increases excessively and soon attains 

unrealistic values. Such range of optimal diameters is, indeed, related to a maximum deflection at the centre of the lens 

between 5 and 20 μm and is characterized, based on eq. (19), by a t - D1 ratio around 0.1; anyway, the simulations have 

shown that the optimal range could probably be larger (in particular extending above 3 m) than that obtained through the 

analytical model, since the latter tends to overestimated the stress parameters.   

Future developments will have to focus, first of all, on refining the sizing analysis: chosen the desired combination (wf,D1,t) 

coming from the considerations described in the present work, other simulations will have to take into account the actual 

morphology of the lens (polygonal instead of circular) and compute the actual stresses, deformations and deflections. This 

procedure will have to be repeated for all the telescope’s field lenses, in order to determine their actual load-induced 

distorted surface and, therefore, the “pre-deformed” one required to compensate the displacements themselves, in this way 

achieving the desired spherical profile while in operation. Eventually, a prototype of the instrument will allow us to 

characterize its actual mechanical and optical performance. 

 

REFERENCES 

[1] Ragazzoni, R., “Mezzocielo: an attempt to redefine the concept of wide field telescopes”, Proc. SPIE 11445 (2020). 

[2] Shafer, D., “Some odd and interesting monocentric design”, Proc. SPIE 5865, 586508 (2005). 

[3] Megson, T. H. G., “Aircraft Structures for Engineering Students”, 4th edition, Elsevier, Oxford (UK), 217-325 

(2007). 

[4] Timoshenko, S. and Woinowsky-Krieger, S., “Theory of plates and shells”, 2nd edition, McGraw-Hill, 51-78, 436-

438 (1959). 

[5] https://mathworld.wolfram.com/RegularDodecahedron.html 

[6] Timoshenko, S., “Strength of materials. Part II: Advanced Theory and Problems”, 3rd edition, D. Van Nostrand 

Company, Inc., 76-108 (1956). 

[7] Timoshenko, S., “Strength of materials. Part I: Elementary Theory and Problems”, 2nd edition, D. Van Nostrand 

Company, Inc., 1-65 (1940). 

Proc. of SPIE Vol. 12182  121823S-17
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[8] Giovannozzi, R., “Costruzione di macchine. Volume 1”, 3rd edition, Patron Editore, Bologna (Italy), 170-180 

(1980). 

[9] Dunham, W., “Cardano and the Solution of the Cubic”, Ch. 6 in “Journey Through Genius: The Great Theorems 

of Mathematics”, New York: Wiley, 133-154 (1990). 

[10] Di Rosa, S., “Modellizzazione della robotica associate alla camera del telescopio a campo globale per la 

mappatura dello spazio esterno (GLOMAP)”, Thesis for Aerospace Engineering, supervisors: Debei S., 

Ragazzoni R., Arcidiacono C., University of Padova, Italy (2020). 

[11] 3M Science Applied to Life™, “3M™ Fluorinert™ Electronic Liquid FC-72”, Technical Data, Sept. 2019, 

retrieved from: 

       https://multimedia.3m.com/mws/media/64892O/3m-fluorinert-electronic-liquid-fc72-en.pdf 

[12] 3M Science Applied to Life™, “3M™ Novec™7200 Engineered Fluid”, retrieved from: 

       https://multimedia.3m.com/mws/media/199819O/3m-novec-7200-engineered-fluid-en.pdf 

[13] http://www.glassdynamicsllc.com/bk7.html  

[14] https://www.autodesk.com/solutions/simulation/overview 

 

Proc. of SPIE Vol. 12182  121823S-18
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 09 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


