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ABSTRACT  

Calibration accuracy and long-term precision are key on-orbit performance metrics for Earth observing spaceborne 
sensors. The accuracy and consistency of environmental measurements across multiple instruments in low Earth and 
geostationary orbits are directly connected to the scientific understanding of complex systems, such as Earth’s weather 
and climate. It is common for instruments to carry on-board references for calibration at various wavelengths, but these 
are subject to degradation with time spent in-orbit, and also increase complexity, mass and power requirements. 
 
ARCSTONE is a mission concept that provides a solution to the challenge of achieving and maintaining required 
instrument calibration accuracy on-orbit in the reflected solar wavelength range.  As an orbiting spectrometer flying on a 
small satellite in low Earth orbit, ARCSTONE will provide lunar spectral reflectance with accuracy sufficient to establish 
the Moon as an SI-traceable absolute calibration standard for past, current, and future Earth weather, land imaging, and 
climate sensors in both low and geostationary Earth orbits. 

The ARCSTONE instruments are required to provide spectral measurements in a thermal environment that varies by 40 
°C or more depending on whether the instrument is in direct sunlight or shade.   A Structural, Thermal, and Optical 
Performance (STOP) analysis is conducted to assess the robustness of these instruments in this thermal setting and to 
highlight areas for possible design improvement.  The analysis is performed for transient thermal environments 
representing a thermal vacuum chamber (TVAC) test.  Analysis was performed for both the ultraviolet – visible (UVVNIR) 
and infrared (SWIR) instruments, however, this paper will focus solely on the UVVNIR instrument.  Additional 
considerations for the future flight units are presented, including modeling effects of preloads and sliding of lenses in their 
mounts on outcomes of the thermoelastic model. The ARCSTONE instrument design has been optimized based on the 
results of this analysis.  
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1. INTRODUCTION 

The ARCSTONE mission concept [1] is a pair of spectrometers orbiting in low Earth orbit that operate in both the 
ultraviolet – visible (UVVNIR) and infrared (SWIR) wavelength ranges (Figure 1).  These instruments provide a solution 
to the challenge of achieving required instrument calibration accuracy on-orbit in the reflected solar wavelength range by 
establishing lunar spectral reflectance as SI-traceable absolute calibration standard.  The thermal environment that the 
spectrometers operate in can vary by 40 °C or more from nominal. As such, a Structural, Thermal, and Optical Performance 
(STOP) analysis is performed to assess the characteristics of these instruments on-orbit, to provide predicted performance 
during a first round of environmental testing, and to aid in further design development.  The analysis of the UVVNIR 
instrument is presented here, including methodology for thermal, thermoelastic, and optical simulation models, highlights 
of the results, considerations for future analysis, and recommended design optimizations. 
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Figure 1. Conceptual ARCSTONE observatory shown in low earth orbit with the spectrometers viewing the Sun and Moon. Cubesat 

bus representation – courtesy to Blue Canyon Technologies, Inc. 

2. THERMAL ANALYSIS 

2.1 Thermal Analysis Overview 

Thermal finite element analysis (FEA) begins with generation of a finite element model (FEM) of the UVVNIR 
ARCSTONE instrument (Figure 2) for analysis in Thermal Desktop version 6.0 [2].  The thermal FEM will be used to 
determine transient temperatures throughout the assembly during testing in a thermal vacuum (TVAC) chamber.  The 
environments of the chamber were determined from preliminary on-orbit thermal analysis performed by NASA Langley 
Research Center (LaRC) [3].  One hot case (+53°C) and one cold case (-23°C) were identified for transient analysis of the 
UVVNIR system.   
 

 
Figure 2. Thermal finite element model of UVVNIR spectrometer. 

 
2.2 Thermal Modeling Details 

The FEM includes all components of the UVVNIR instrument: cradle mount, all lenses and retaining rings, lens barrel, 
camera sensor, and representative TVAC chamber.  The FEM includes ~29k nodes and ~46k elements.  The total mass of 
the UVVNIR assembly is 1.2 kg.  Nearly all metallic components are aluminum 6061-T6, with a few exceptions being 
stainless steel.  Optical components include glass lenses, a diamond-turned aluminum mirror (6061-T6), and a silicon 
detector.  The optical layout is shown in Figure 3, and materials and properties are summarized in Table 1.  Material 
densities are specified on a part by part basis in order to match the expected design mass of 1.2 kg. 
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Figure 3. Optical layout and components of UVVNIR spectrometer. 

Table 1. Thermal material properties for UVVNIR spectrometer. 

 
 

Thermal emissivity values are assigned to all surfaces based on the material and finish properties or the coating that 
overlays it.  Reflectivity values as a function of wavelength are available for the anti-reflection coatings on the optical 
components. For the purpose of emissivity definition, it is assumed that these coatings are transparent in the relevant 
wavelength range so that the emissivities of the underlying substrates are the relevant ones needed for thermal analysis.    
Minimal transmission and absorption spectrum curves are available for specified substrates.  Those available show very 
low transmission past 3 microns.  For the purposes of this preliminary STOP analysis, it is assumed this behavior is 
common amongst the optic materials and emissivity for the glass is used.  The TVAC chamber and interface plates are 
assumed to be chemical conversion coated and average values are assumed.  A summary of the emissivities is shown in 
Table 2.  Given the preliminary nature of this analysis, nominal values for emissivities are used.  It is expected that as the 
design matures, more detailed values for beginning of life (BOL) or end of life (EOL) will be utilized.   
 

Table 2. Emissivity values for UVVNIR spectrometer. 

 
 

Thermal connections are modeled in a variety of ways.  Standard vacuum contact resistance is modeled at each interface 
assuming high contact pressure is maintained at all interfaces.  Bond resistances are calculated using the thermal 
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conductivity of the bond material.  The thermal strap is modeled according to the manufacturer specification.  A summary 
of the thermal connection values is shown in Table 3.   
 

Table 3. Thermal model connection values for UVVNIR spectrometer. 

 
 
2.3 Thermal Analysis Loads & Boundary Conditions 

Standard model checks are performed on the completed thermal model.  These checks include a uniform soak to ensure 
proper connectivity among all elements of the model and a detailed examination of the heat balance to ascertain how heat 
is flowing from one part to another.   
 
Following model checks, two transient analysis cases are performed as representative of the TVAC testing.  The Hot Case 
starts with a steady state soak at +53°C.  The Cold Case starts with a steady state soak at -23°C.  At time = 0.0, the enclosure 
is maintained at either +53°C or -23°C and the camera heat sink load is applied at 3.6 Watts for the first 10 minutes of the 
load case.  The camera heat sink application is shown in Figure 4.  At time = 10 minutes, the camera heat sink load is 
turned off and the assembly is allowed to return to steady state for an additional 30 minutes.  The complete total solution 
time is 40 minutes for each load case.  Temperatures throughout the assembly are calculated for the entire duration.    
 

 
Figure 4. Illustration of thermal load applied to UVVNIR spectrometer. 

2.4 Hot Case Temperature Results 

Average optic temperatures for the Hot Case are plotted versus time in Figure 5.  A contour view of temperatures 
throughout the thermal model at time = 10 minutes (600 seconds) is shown in Figure 6.  The camera heat sink shows the 
highest temperatures at 60.8°C, with temperatures varying from that maximum back to the boundary condition temperature 
of +53°C.  Temperatures throughout the assembly are mapped to the structural model at time = 1 minute and time = 10 
minutes.   
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Figure 5. Hot case average optic temperatures. 

 

 
Figure 6. Hot case temperatures at time = 10 minutes (600 seconds). 

2.5 Cold Case Temperature Results 

Average optic temperatures for the Cold Case are plotted versus time in Figure 7.  A contour view of temperatures 
throughout the thermal model at time = 10 minutes (600 seconds) is shown in Figure 8.  The camera heat sink shows the 
highest temperatures at -15.0°C, with temperatures varying from that maximum back to the boundary condition 
temperature of -23°C.  Temperatures throughout the assembly are mapped to the structural model at time = 1 minute and 
time = 10 minutes.   

Proc. of SPIE Vol. 10925  1092503-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 
Figure 7. Cold case average optic temperatures. 

 

 
Figure 8. Cold case temperatures at Time = 10 minutes (600 seconds). 

 

3. STRUCTURAL ANALYSIS 

3.1 Structural Analysis Overview 

Structural FEA begins with generation of a detailed FEM of the UVVNIR spectrometer (Figure 9) for analysis in 
NX/Nastran 11.0.2 [4].  The structural FEM is used to determine nodal displacements throughout the assembly due to the 
applied temperatures recovered and mapped from the thermal analysis.  Nodal displacements at each optic face are 
converted to Zernike coefficients and rigid body translations using a proprietary Matlab [5] code developed by Quartus 
Engineering Incorporated called Optical Surface Analysis [6]. These values are then imported into Zemax [7] along with 
the optical element temperatures to complete the optical performance analysis. 
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Figure 9. Structural finite element model of ARCSTONE’s UVVNIR spectrometer. 

 
3.2 Structural Modeling Details 

The structural FEM includes detailed representations of all components of the UVVNIR instrument: cradle mount, all 
lenses and retaining rings, lens barrel, and camera sensor.  The FEM includes ~2.2 million nodes and ~1.8 million elements.  
The total mass of the system and material assignments are identical to the thermal model described above.  Mechanical 
properties for the materials in the system are summarized in Table 1.   

Table 4. Structural FEM Mechanical Properties. 

 
Bolted connections throughout the FEM are modeled using beam elements to average the interior bolt-hole surface to a 
single node and 6 degree of freedom (DOF) spring elements (Nastran element type CBUSH) to connect both sides of the 
connections.  Alternatively, averaging elements (Nastran element type RBE3) could be used in place of the averaging 
beams, however, this methodology can lead to artificial stress at the connections under thermal loading.  Using beams with 
the same coefficient of thermal expansion (CTE) as the parent material alleviates this artificial stress without having to 
use rigid CTEs. 

Bonded and clamped connections were modeled with merged nodes.  Using merged nodes at clamped connections is 
selected based on schedule constraints and does lead to some artificial bending in the optics; once observed, a parallel 
analysis is performed using applied preload and friction connections at the clamped interfaces.  This methodology, which 
is described in more detail in Section 6, shows more realistic deformations and will be used for any new phases of 
ARCSTONE analysis. 

3.3 Structural Analysis Loads & Boundary Conditions 

To represent the displacement of the interface plate under thermal loading, the three mounting locations at the base of the 
cradle are connected via stiff beam elements which account for the CTE of the aluminum interface plate (Figure 10).  This 
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allows the three mounting locations to expand or contract as they would if attached to an interface plate set to a boundary 
condition temperature.  For the hot case, the beams are set to +53°C.  For the cold case, the beams are set to -23°C.  
Temperatures at all nodes are then mapped from the thermal model to the structural FEM at two timesteps: time = 1 minute 
and time = 10 minutes.  These temperatures are shown in Figure 11 and Figure 12.  The material reference temperature 
for both the hot case and the cold case is +20°C. 

 
Figure 10. Structural FEM boundary conditions. 

 
Figure 11. Temperatures applied to structural FEM in Hot Case: Left - 1 minute; right – 10 minutes. 

 

 
Figure 12. Temperatures applied to structural FEM in Cold Case:  Left - 1 minute; right – 10 minutes. 
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3.4 Hot Case Structural Results 

The resulting nodal displacements for the Hot Case at time = 1 minute and time = 10 minutes are shown in Figure 13.  An 
example of the nodal displacements at an optic face are shown in Figure 14 for the Hot Case at time = 1 minute for the 
secondary mirror (M2).  These nodal displacements are transformed to Zernike coefficients using a custom Matlab 
program.  Zernike coefficients and optic in-plane rigid body displacements are imported to Zemax along with the average 
optic temperature.   

 
Figure 13. Nodal displacements in structural FEM in Hot Case:  Left - 1 minute; right – 10 minutes. 

 

 
Figure 14. Nodal displacements in M2 face: Hot Case, 1 minute. 

 
3.5 Cold Case Structural Results 

The resulting nodal displacements for the Cold Case at time = 1 minute and time = 10 minutes are shown in Figure 15.  
An example of the nodal displacements at an optic face are shown in Figure 16 for the Cold Case at time = 1 minute for 
the secondary mirror (M2).  Similarly, to the Hot Case, these nodal displacements are transformed to Zernike coefficients 
using a custom Matlab program.  Zernike coefficients and optic in-plane rigid body displacements are imported to Zemax 
along with the average optic temperature. 
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Figure 15. Nodal displacements in structural FEM in Cold Case:  Left - minute; right – 10 minutes. 

 

 
Figure 16. Nodal displacements in M2 face: Cold Case, 1 minute. 

4. OPTICAL PERFORMANCE ANALYSIS 

4.1 Optical Analysis Overview 

With the results of the structural FEA in hand, the effects of thermal stress on optical performance can be assessed.  As 
noted above, surface displacements from the structural FEM are estimated in terms of the first 37 Zernike Standard 
polynomial terms with the exception of piston and tilt (Z1 – Z3).  These polynomials can be utilized directly by Zemax in 
its sequential raytracing mode.  Additionally, rigid body displacements (i.e., linear translations and rotations of surfaces) 
derived from the structural FEM are imported directly into Zemax.  Once in Zemax, the thermoelastic distortions are 
interpreted using standard analysis tools. 
 
To simplify the discussion, performance is described in terms of the width of the image of the 587 nm spectrum line, 
although the waveband of the instrument extends from 350 to 900 nm.  Figure 17 clarifies the point.  This figure shows 
two stylized pixel arrays with three spectrum lines on each one.  The left-hand side illustrates the spectrum lines without 
thermoelastic effects; the right-hand side includes these effects.  This paper focuses on the changes in the width of the 587 
nm spectrum line, even though this is just one of a continuum of spectrum lines generated by the instrument.  Furthermore, 
in this paper, only the Cold Case is examined, as described above.  Linewidth is measured as two times the root mean 
squared deviation of the spectrum line from the line centroid.  This measure will henceforth be referred to as “RMS 
linewidth.”  The primary optics of interest are the prism-grating-prism unit (PGP) and the focusing lenses, which receive 
most of the attention below.   
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Figure 17. Hypothetical illustration of a pixel array with three spectrum lines. Left - array and spectrum lines in the absence of 

thermoelastic effects; center – 3D illustration of array, spectrum lines, and proximate optics; right – array and spectrum lines in the 
presence of thermoelastic effects.   

4.2 Prisms-Grating-Prism   

The PGP is illustrated in Figure 18.  It is composed of a front prism (Prism 1) bonded to a volume phase holographic 
grating (Grating) bonded to a rear prism (Prism 2).  The bonding agent is NOA 88 from Norland Products.  The literature 
cautions to beware of thermal stress at bonded interfaces [8][9], but this problem should not be significant in the present 
context because the CTEs of the prisms and grating are very similar, i.e. within 0.2 PPM of one another.   

 
Figure 18. Left - PGP at the nominal temperature (20 °C); right - PGP in Cold Case (~ -23 °C ) with thermoelastic deformed shape 

scaled upwards by a factor of 200. 

The shape of the PGP in the Cold Case is illustrated on the right-hand side in Figure 18.  The distortions of the optical 
surfaces are hard to see even at high magnification, but at the micron level both outward facing prism faces are bowed 
outwards (convex).  This creates a small amount of one-dimensional positive power on the nominally flat prism faces, 
which in turn shortens the one-dimensional focal length of the system.  The effect on spectral line width is illustrated 
Figure 19.  The RMS linewidth decreases 5 percent from its nominal value of 4.0 µm.  Since the nominal system is 
imperfect, deviations from the nominal may help, hurt, or not affect performance, depending on the particular spectrum 
line under analysis. 
 

Proc. of SPIE Vol. 10925  1092503-11
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 
Figure 19. Geometric line spread of 587 nm spectrum line.  Orange:  Line spread in Cold Case without inclusion of thermoelastic 

effects. Blue:  Line spread including thermoelastic deformation of front and rear faces of PGP and no thermoelastic deformations of 
any other optical surface. 

4.3 Focusing Lenses 

Light dispersed by the PGP is brought to a line focus on a CCD using three cylindrical lenses.  A depiction of the lenses 
in their mounts is provided in Figure 20.  The front surface of Lens 1 is in tangential contact with a machined chamfer on 
the Rear Barrel.  It is held in place using a spacer that also serves to separate it from Lens 2.  The latter lens is attached to 
a “poker chip” mount [10] that is inserted in the barrel.  The pair of lenses is fixed in place within the barrel using a 
retaining ring on the back side of the Lens 2 mount.  Lens 3 also is mounted on a poker chip and inserted in the barrel.  It 
is held in place by a cap that presses against the outside edge of the rear surface of the lens. 
 

 
Figure 20. Left - Focusing lenses and their housing.  Right - decomposition of thermally induced changes in surface sag for Lens 2 in 

Cold Case. 

The effects of thermoelastic changes of the focusing lenses on spectral linewidth are illustrated in Figure 21.    Lens 1 
bows outward as a result of the thermal stress.  This creates an incremental amount of positive power, which shortens the 
focal length.  The RMS linewidth increases about 29 percent from the stress-free value of 4.0 µm.  Lens 2 is more 
problematic.  It is biconcave and hence narrowest at its center.  Since it is cylindrical in profile, it stays narrow all the way 
to the edge in the direction of zero power.  The zone most susceptible to stress is the narrow region along the central axis.  
In effect, the lens acts like a hinge, swinging one way or the other depending on the direction of stress.  A graphical 
depiction of the thermoelastic changes in surface sag of Lens 2 is shown on the right-hand-side of Figure 20.  The graph 
indicates that the rear surface of Lens 2 bows inwards quite a bit due to thermoelastic stress.  Additionally, the whole lens 
seems to be tilted in the powered dimension by about 10 arcseconds.  The effect on spectral line width is much larger than 
in other cases, as illustrated in Figure 21.  The RMS linewidth increases to 320%.  Lens 3 is squeezed inwards by its mount.  
The left and right-side mounting contacts are roughly symmetric about an X-Y plane through the center of the lens, and 
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the thermoelastic deformations of the front and back optical surfaces are similar.    The effect on spectral performance is 
modest, as shown in Figure 21.  The RMS linewidth increases about 6 percent.   
 

 
Figure 21. Geometric line spread of 587 nm spectrum line for Cold Case.  Orange:  Line spread without inclusion of thermoelastic 
effects. Yellow:  Line spread with thermoelastic deformation on Lens 1 only.  Green:  Line spread with thermoelastic deformation on 
Lens 2 only.  Magenta:  Line spread with thermoelastic deformation on Lens 3 only. 

The change in the radius of a lens due to temperature is determined by two factors.  First, there is a thermal scaling factor, 
i.e., the dimensional change as determined by the change in temperature and the CTE of the lens.  Second, there are changes 
caused by thermally induced stress.  The relative contributions of these two effects are shown in Table 5.  This table shows 
the change in radius of the surfaces of each focusing lens at different temperatures with and without consideration of 
thermal stress.  In most (but not all) cases, thermal scaling is the most important factor affecting lens radius.  For the rear 
surface of Lens 2, the thermoelastic effects are more important than the scaling effects by a factor of three.  In this case, 
the combination of a stress prone lens geometry and a mounting scheme that exposes the lens to radial stress leads to 
trouble.   
 

Table 5. Thermally Induced Changes to Lens Radii. 

 
 

4.4 Aggregated Thermal Effects  

To obtain a performance estimate for the system as a whole, thermoelastic effects for each optical surface in the system 
need to be combined in the model.  In addition to the lenses and PGP discussed above, there are five other optical 
components in the system, as depicted in Figure 3.  Three of these components are filters, which are mounted using an 
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elastomer.  This adhesive, Momentive RTV566, has enough flexibility to mitigate stresses that otherwise might deform 
the substrates.  The other two components are mirrors.  One mirror substrate is a glass rod.  It is mounted in a V-groove 
and retained by flexures.  The flexures dissipate most of the stress caused by thermal dimensional changes.  The second 
mirror is composed of aluminum and mounted in an aluminum barrel.  It is well known that, in the presence of adiabatic 
temperature changes, an optic composed of the same material as its housing will normally not experience much 
thermoelastic stress [11]. 
   
The change in the line width for the whole system in the Cold Case is illustrated in Figure 22.  The RMS linewidth is 4.6 
µm at the nominal temperature (i.e., 20 °C) and 4.0 µm in the Cold Case in the absence of thermally induced stress.  With 
the inclusion of thermoelastic stress in the Cold Case, the RMS linewidth increases to 6.6 µm (65%).  This line width is 
considerably narrower than the line width associated with thermoelastic stress on Lens 2 alone.  Apparently, the focus 
changes brought on by the bending of Lens 2 are largely offset by thermoelastic changes to the other components; basically 
the system is almost self-compensating.   

 
Figure 22. Geometric line spread of 587 nm spectrum line. Blue: Line spread at the nominal temperature (20 °C).Orange:  Line 
spread in Cold Case without inclusion of thermoelastic effects. Grey:  Line spread in Cold Case including thermoelastic effects. 

5. DESIGN MODIFICATIONS 

The STOP analysis identified design features that degrade thermal and optical performances of the instrument.  The next 
step is to modify the design to mitigate the uncovered problems.  The biggest problems occur in the mounts of the focusing 
lenses.  All three lenses suffer from the same basic problem, i.e., temperature-induced stress in the direction orthogonal to 
the optical axis.  This section explains this phenomenon and shows how the mounting scheme for the lenses is modified 
to mitigate the problems it creates. 
 
Yoder [10] provides a clear discussion of how axial preload on a convex lens surface creates radial force.  Figure 23 
summarizes the primary idea.  This diagram shows an axial force, F, applied at a point on the front surface of a plano-
convex lens.  It is assumed that no sliding occurs along the lens surface.  The force orthogonal to the optical axis (henceforth 
“radial” force) that results is given by  
 

𝑟𝑎𝑑𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 = 𝐹 sin 𝐼 cos 𝐼 , (1) 
 
where “I” is the angle of incidence with respect to the surface normal at the point of contact.  In this case, the only way to 
reduce radial force is to reduce F, I, or both. 
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Figure 23.  Relationship between axial and radial force in a lens mount. 

For Lenses 1 and 2, axial force can be reduced by equalizing the temperature-induced change in length of the Lens 1 – 
Lens 2 stack with the corresponding dimensional change of the housing.  This is accomplished by adding a Rulon spacer 
to the lens stack.  For a temperature change in the linear regime, axial thermal expansion of the housing matches that of 
the Lens 1-Lens 2 stack if the following relationship holds: 
 

𝛼𝐴𝐿𝑇𝐻𝑜𝑢𝑠𝑖𝑛𝑔 = 𝛼𝐿𝑒𝑛𝑠1
𝑇𝐿𝑒𝑛𝑠1

+ 𝛼𝐴𝐿𝑇𝑆𝑝𝑎𝑐𝑒𝑟 + 𝛼𝐿𝑒𝑛𝑠2
𝑇𝐿𝑒𝑛𝑠2

+ 𝛼𝐴𝐿𝑇𝐿2 𝑀𝑜𝑢𝑛𝑡 + 𝛼𝑅𝑢𝑙𝑜𝑛𝑇𝑅𝑢𝑙𝑜𝑛 (2) 
 
Following Yoder’s notation, the character α denotes CTE and the letter T denotes axial thickness.  Thickness specifications 
for each element are shown in Figure 24.  All thickness values except for 𝑇𝑅𝑢𝑙𝑜𝑛 are obtained from the solid model.  
Technically, the value 𝑇𝐿𝑒𝑛𝑠_1 is nonlinear with temperature since this lens is mounted on a convex surface.  This point is 
explained by Rogers [12], who also notes that the effect tends to be small for non-extreme parameter values.    
       

 
Figure 24.  Specification of the thickness values used in Equation (2). 

Since the thermoelastic effects associated with Lens 1 are not large, thermal stabilization of the lens stack should provide 
adequate relief for thermal stress.  For Lens 2, additional relief is provided by eliminating the angled mounting flat on the 
back side of the lens.  Nominally at least, this reduces the angle “I” in Equation (1) to zero.   
 
For Lens 3, the mounting scheme is revised with an eye towards reducing both axial force and the incidence angle of the 
mount. This is accomplished by redesigning the Lens 3 Cap in the style of a flexure mount, as shown in Figure 25.  
Thermally induced flexing of the Lens 3 Cap should greatly reduce thermally induced flexing of Lens 3.      
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Figure 25.  Revised mounting scheme for Lens 3. 

6. CONSIDERATIONS FOR FUTURE ANALYSIS 

As mentioned above, using merged nodes to connect parts that are clamped with preloaded retaining rings caused some 
artificial bending of the optics.  In reality, under temperature changes, the parts will slide relative to one another and 
potentially show gapping if the preload is reduced to zero.  An advanced nonlinear solution with contact surfaces (solution 
601 in NX/Nastran) was used to capture these effects as a comparison.  A subassembly of the full ARCSTONE UVVNIR 
system, the rear barrel (Figure 26), was analyzed using preloaded retaining rings, friction, and an applied temperature soak, 
to examine the resulting displacements.  The displaced shape is shown in Figure 27.  Sliding along the contact faces is 
observed and the artificial bending seen in the linear analysis is eliminated.  However, some rigid body rotation of the 
optics is witnessed – this can be attributed to the asymmetry in the mounting and thus in the applied preload.  Future 
analysis of the ARCSTONE systems will utilize these refinements to better capture the optic displacements.  Symmetry 
of applied preloads can be further investigated and corrected.   
 

 
Figure 26. UVVNIR rear barrel subassembly used for advanced nonlinear analysis. 
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Figure 27. Advanced nonlinear analysis with preload & contact of rear barrel assembly. 

7. SUMMARY & CONCLUSION 

The ARCSTONE UVVNIR instrument is analyzed for STOP.  The thermal cases selected are intended to predict behavior 
during a TVAC test and to inform future design changes.  The thermal and thermoelastic results conclude with the results 
of the optical performance analysis, thus indicating thermal expansion to be the largest driver of optical distortion (as 
opposed to thermoelastic stresses) in most but not all cases.  The most notable exception is the Lens 2 Rear Face, which 
shows a large amount of bowing under thermoelastic stress.  Future analysis will utilize higher-fidelity modeling, including 
preloaded retaining rings and friction, to more accurately predict the magnitude of these effects.  This methodology has 
also been applied to the SWIR instrument, though not presented here.  The combined ARCSTONE instruments will 
undergo environmental testing in the near future, at which point, the simulation models can be further validated. 
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