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Abstract

The low Earth orbit (LEO) environment presents unique challenges for spacecraft
materials causing their progressive degradation. While ground-based simulations
and mathematical models attempt to replicate these conditions, they cannot fully
capture the nature and extent of material degradation in LEO. This research
characterizes natural space environment effects on material stress using the
Materials International Space Station Experiment Flight Facility (MISSE-FF).
Building on MISSE-16, which captured temporal spectral changes in spacecraft
materials, the current MISSE-22 mission evaluates mechanical property alter-
ations in innovative materials under LEO exposure. We utilize the photoelastic



effect, where mechanical stress induces birefringence, assessed through a special-
ized polariscope integrated within MISSE-FF. Shifts in color patterns serve as
qualitative indicators of mechanical stress in thin films. Details of the MISSE-22
mission parameters, material selection criteria, payload integration testing, and
pre-launch control data serving as ground truth for evaluating space-exposed
materials are discussed.
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1 Introduction

The harsh environments found in Earth’s orbits lead to progressive degradation
of spacecraft materials, affecting their mechanical, optical, and chemical proper-
ties ultimately compromising system performance and mission longevity. The effects
of exposure to the low Earth orbit (LEO) environment include surface erosion,
microcracking, changes in reflectivity and transmissivity, and increased corrosion sus-
ceptibility due to exposure to ionizing radiation, charged particles, atomic oxygen
(AO), and extreme thermal cycling [1-3]. While laboratory-based studies attempt to
simulate such conditions on Earth, they often fail to fully replicate the dynamic and
multifactorial nature of the actual LEO environment. Variables such as solar activity,
orbital velocity, and concentrations of chemical species are difficult to reproduce accu-
rately in ground-based facilities [4-6]. Further, the determination of the accuracy of
space-weathering simulations can be ambiguous without directly comparable on-orbit
measurements.

The International Space Station (ISS), through the Materials International Space
Station Experiment Flight Facility (MISSE-FF), offers a unique opportunity to over-
come these limitations by serving as a true space environment testbed [7]. It enables
direct, long-term exposure of test articles to LEO conditions under closely moni-
tored settings and the ability to perform quantitative measurements on-orbit. As
such, data obtained from experiments conducted onboard the ISS provide a crucial
baseline reference for validating and calibrating ground-based material degradation
simulations.

Our team previously investigated the spectral degradation (in four color bands,
B,G,R, and near-infrared, NIR) of a variety of novel and heritage spacecraft polymer
materials exposed to the space environment aboard the MISSE-16 mission, returned
from the ISS in 2023 after six months LEO exposure [8-10]. Material sets were mounted
in three orientations on the MISSE-FF, allowing us to study the effects of high-energy
particle exposure (wake face), vacuum ultraviolet (VUV) radiation (zenith face), and
AO impact (ram face), each representing a unique component of the LEO environment.

Building upon MISSE-16, which captured temporal changes in the visual and IR
spectral properties of heritage and novel spacecraft materials, the upcoming MISSE-
22 mission (scheduled for Spring 2026 launch) evaluates how mechanical properties
of innovative materials evolve under prolonged LEO exposure. Among LEO envi-
ronmental factors, AO is recognized as the most aggressive threat to spacecraft



surfaces [11, 12]; therefore, the experimental payload is positioned on the ram-facing
surface of the MISSE-FF science carrier to maximize AO fluence.

Historically, MISSE projects have primarily focused on post-flight assessment of
materials exposed to LEO space weather, with limited emphasis on in-situ mechanical
property evaluation. Notable exceptions include MISSE-1, which employed a tensile
test fixture to subject samples to strain during exposure; post-retrieval analysis subse-
quently measured tensile strength and elongation to failure of surviving materials [13].
Similarly, MISSE-7 utilized a flexural stress fixture to investigate bending effects on
samples [14]. The Active Polymer Strain Experiment (APSE) aboard MISSE-6 exam-
ined environmentally induced shrinkage in free-standing polymers as a function of
exposure duration [15]. Despite these efforts, no prior mission has captured dynamic,
real-time changes in material mechanical properties under continuous LEO exposure.

This study addresses this gap by characterizing temporal evolution of mechanical
properties in novel materials under AO exposure through integration of an advanced
photoelasticity-based imaging system. The approach utilizes the photoelastic effect,
wherein mechanical stress induces birefringence in a material [16, 17]. When polar-
ized light enters a stressed birefringent material, it splits into two component beams
traveling at different velocities. This velocity difference, termed optical retardation,
produces characteristic interference fringe patterns with distinct color bands when
viewed through a polarizing filter. These fringe patterns directly correspond to the
stress distribution within the material, enabling visualization of internal mechanical
states that evolve as materials degrade under LEO exposure.

To exploit this phenomenon for LEO material characterization, we developed a spe-
cialized polariscope purpose-built for MISSE-FF integration. Samples are subjected to
controlled tensile stress through mechanical deformation, producing baseline interfer-
ence patterns prior to launch. Throughout the mission, shifts in fringe color patterns
and distributions serve as qualitative indicators of mechanical property changes in the
thin films resulting from cumulative AO exposure.

The material suite comprises eleven novel AO-resistant polymers, including
siloxane-, polyhedral oligomeric silsesquioxane (POSS)-, and polyimide (PI)-based
films. To monitor temporal evolution of mechanical properties, polariscopic images will
be captured at monthly cadence, complemented by standard RGB imaging to track
surface degradation throughout the mission duration.

This paper details the MISSE-22 mission parameters, material selection crite-
ria, and payload integration and functional testing conducted by our partner, Aegis
Aerospace. We establish pre-launch control datasets serving as ground truth baselines,
describe the photoelastic imaging methodology, and outline the polariscope design
enabling continuous in-situ stress monitoring. By correlating temporal stress evolution
with cumulative AO exposure, this research bridges critical gaps between ground-based
testing and actual LEO conditions. The resulting data will inform predictive models
for material degradation and support development of next-generation space-resistant
polymers essential for long-duration missions beyond Earth orbit.



2 Materials and Methods
2.1 Materials

Material candidates for this mission were required to meet several key criteria: optical
transparency or translucency to enable photoelastic imaging, sufficient birefringence
to produce detectable stress-induced interference patterns, mechanical flexibility to
accommodate controlled tensile loading, and novelty in AO-resistant formulation or
design approach. To identify optimal candidates, we conducted extensive ground-based
screening of 32 materials, evaluating photoelastic response in both pristine and AO-
exposed states using laboratory hardware. This down-selection process yielded eleven
polymers demonstrating favorable optical and mechanical characteristics suitable for
flight. Discussion herein focuses exclusively on these flight-selected materials

Unlike MISSE-16, which utilized commercially available polymers, the MISSE-22
payload comprises a diverse suite of novel, purpose-developed materials representing
collaborative efforts across industry, academia, and government research institu-
tions. Partner-contributed materials include: novel AO-resistant compounds developed
by DuPont; polyhedral oligomeric silsesquioxane (POSS)-based films synthesized at
Georgia Institute of Technology (GT); Bendable Electrostatic Dust Shield (BEDS)
components fabricated by Hedgefog Research Inc. (HFR); and siloxane-based films
designed and synthesized at Air Force Research Laboratory (AFRL), Wright-Patterson
Air Force Base. For reference purposes, two well-characterized heritage materials,
Melinex® 453 and Kapton® HN, were included to enable direct comparison between
novel compounds and materials with extensively documented LEO degradation behav-
ior. These reference standards provide established benchmarks against which the AO
resistance performance of experimental materials can be assessed.Table 1 and Figure 1
detail MISSE-22 material specifications and pristine form appearance.

Table 1 MISSE-22 Examined Materials.

ID Material Type Thickness (um)  Manufacturer
1 AFRL RX-1 PI/D4HV 25 WPAFB
2  AFRL RX-2 PI D4HV 25 WPAFB
3  BEDS-1 BEDS 125 HFR
4  BEDS-2 BEDS 50 HFR
5  GT-1 PI/POSS 25 GT

6  GT-2 PI/POSS 25 GT

7  GT-3 PI/POSS 25 GT

8 Kapton® CRC PI 25 DuPont
9 Kapton® CR PI 25 DuPont
10 Kapton® HN PI 50 DuPont
11 Melinex® 453 PET 75 DuPont

Siloxane-based polymers constitute promising class of materials for LEO appli-
cations. Their silicon-oxygen backbone structure with organic side groups provides
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Fig. 1 Optical micrographs of pristine MISSE-22 payload materials acquired using a Keyence VHX-
7000 microscope at 20x magnification.

excellent resistance to VUV radiation, vacuum-induced outgassing, and extreme ther-
mal cycling [18, 19]. The siloxane-based composites prepared for the MISSE-22 mission
consist of a single layer of oxide fiber embedded in a highly cross-linked siloxane-based
matrix. Further details on the synthesis of materials and exact molecular structure
remain restricted.

The BEDS is a dust-mitigation technology developed by HFR in collaboration
with NASA Kennedy Space Center [20]. BEDS utilizes electrodynamic principles to
actively repel and remove dust particles from surfaces through application of oscillating
electric fields, addressing a critical challenge for long-duration lunar and planetary
missions. While BEDS demonstrates proven dust-mitigation capabilities, its polymer
substrate and embedded electrode system remain vulnerable to AO degradation in
LEO transit. Inclusion in MISSE-22 enables evaluation of AO-induced mechanical
property changes that could compromise dust shield flexibility and electrode integrity
during extended space exposure. Two samples were selected for the payload, consisting
of copper electrode layers deposited onto Kapton® HN and ITO electrodes on PET
substrates.

POSS-based polymers represent another promising class of advanced materials
for enhanced AO resilience. Under AO oxidative attack, siloxane structures con-
vert to silica, self-organizing into a protective barrier layer [21, 22]. The cage-like
silica core imparts exceptional thermal stability, radiation resistance, and oxidative
durability, while the tunable organic periphery enables incorporation into diverse
polymeric systems for coatings, structural composites, and multifunctional spacecraft



components. The GT samples utilize a CORIN® XLS polymer matrix modified with
aminopropylisobutyl POSS (AM0265).

Kapton® CR and CRC are advanced PI films engineered to withstand the syner-
gistic effects of coronal discharge and AO erosion. Both variants utilize a modified PI
backbone and an AO-resistant coating to provide a dual-defense mechanism against
ionization and reactive oxygen species. By combining these chemical enhancements
with high dielectric strength, these films maintain superior thermal and structural
integrity where standard PIs would otherwise fail.

Finally, two well-characterized benchmark materials were included in the MISSE-22
payload: Kapton® HN (polyimide, PI) and Melinex® 453 (polyethylene terephtha-
late, PET). PI films are widely utilized as lightweight, flexible substrates for multilayer
insulation (MLI) due to their exceptional thermal stability, high temperature resis-
tance, and superior dielectric properties [23]. Similarly, PET films serve as a critical
component of MLI blankets, which provide passive thermal control for spacecraft exte-
rior surfaces. By incorporating multiple layers of these thin reflectors separated by
spacer materials, these composite systems effectively minimize radiative heat transfer,
ensuring the thermal integrity of the spacecraft in the vacuum of space.

2.2 Flight Hardware and Optical System Design

This experimental hardware utilizes the photoelasticity phenomenon, in which bire-
fringence is induced in a material when it is subjected to mechanical stress [24]. To
capture and quantify this effect, the system employs a bottom-up, transmission-based
optical setup designed to evaluate an array of 11 individual samples. At the base of
the instrument, each sample is equipped with its own dedicated illumination source,
consisting of a 12-volt LED light engine (DynaSquare, 150 Im, 120 mA drive current,
1”7 x 1”7 base, 5000K). To ensure a highly uniform light distribution, LEDs array is
paired with a diffusion plate made of 0.02”-inch thick Delrin® film. The diffused light
then propagates upward through a right-handed circular polarizer (0.106-inch thick
soda lime float glass, 42% transmission, API Optics, Inc.), establishing a baseline
polarization state before reaching the sample plane.

At the sample plane, each of the 11 samples is integrated into a custom-developed
holder specifically designed to secure the material in a bent state, as shown in Figure 2.
This induced mechanical stress ensures a consistent and repeatable color pattern
for analysis. As the circularly polarized light travels through these stressed samples,
the resulting birefringence alters the light’s polarization state proportionally to the
material’s internal strain.

Positioned above the lower polarizer is the upper analyzer assembly. To significantly
improve image contrast, this system utilizes two circular polarizers with opposite ori-
entations; thus, the upper assembly features a left-handed circular polarization filter
(16 mm outside diameter slip mount, MidOpt). This analyzer is coupled directly to
a Basler daA1600-60uc camera—the same model currently utilized on the MISSE-
FF. Finally, this entire upper imaging assembly is mounted to a lateral translation
stage, enabling automated, horizontal scanning across all 11 independently illuminated
samples without disrupting the precise optical alignment. Fully integrated MISSE-22
hardware assembly is shown in Figure 3.



The experiment is designated for installation on the ram face of the ISS to ensure
appropriate environmental exposure. Once operational, the system will execute a
monthly imaging sequence, translating across the sample holder to capture isolated
data for each stressed material. These images will then be downlinked to Earth,
allowing for time-resolved monitoring of the photoelasticity.

Fig. 2 MISSE-22 holder with integrated payload materials. Samples are numbered 1 through 11 in
a left-to-right configuration.

Fig. 3 MISSE-22 fully integrated hardware.

2.3 Image Analysis Approach

To estimate stress via image analysis, the stress-optic law is applied to the total
fringe order distributed across the sample. In cases of pure bending, where the stress
state is approximately uniaxial, the stress (o) can be calculated using the following
relationship 1:

N
o= —tfa (1)
where (o) is the calculated uniaxial stress (MPa), f, is the material fringe constant
(N/mm) specific for each material, ¢ is the sample thickness (mm) along the optical
path, and N is the fringe order determined from the observed optical patterns.
We utilize a Gaussian mixture model (GMM) [25] to cluster each pixel based on

its RGB value. A GMM is a probabilistic clustering algorithm that assumes all data



points are generated from a mixture of a finite number of Gaussian distributions. In
image analysis, it is highly effective for segmentation tasks, as it can evaluate the
continuous spectrum of RGB pixel values and group them into distinct, statistically
defined clusters (such as individual fringes) with a high degree of precision.

3 Results and Discussion

Figure 4 presents polariscopic images of selected MISSE-22 payload samples taken
during the functional testing performed by Aegis Aerospace. To clearly illustrate our
GMM-based tracking methodology, this figure specifically highlights representative
specimens that exhibited distinct isochromatic fringes during initial ground testing.
These visible initial stress states serve as the baseline for demonstrating how the
algorithm isolates and tracks fringe migration. A zero-stress optical baseline was estab-
lished during ground testing for a select subset of the samples, including the AFRL
RX-1, GT-synthesized, and Kapton® CR and CRC films. By continuously monitor-
ing these initially featureless specimens, we can precisely isolate and quantify any
environment-induced stress evolution throughout the mission.

AFRL RX - 2 BEDS - 1 BEDS - 2

Kapton CR Kapton HN Melinex 453

Fig. 4 Polariscopic images of selected MISSE-22 payload samples taken during the functional testing
at Aegis Aerospace

Figure 4 displays characteristic photoelastic fringe patterns. These color bands rep-
resent contours of constant principal stress difference, visualizable via stress-induced
birefringence. Each fringe corresponds to a specific integer or fractional fringe order,
N. Specifically, the black fringe is the N = 0 order, marking the material’s zero-stress
principal stress difference and, in bending scenarios, the neutral axis.

Figure 5 illustrates the GMM-based fringe analysis applied to the Melinex® and
Kapton® HN samples. Despite minor noise and isolated pixel misclassification, the
algorithm successfully segments the primary fringe patterns. Because the orbital envi-
ronment is expected to alter the size and spatial distribution of these fringes, we will
track the centroid (center of mass) and the vertical width (along the y-axis) of each
cluster as our primary metrics for stress evolution. Note that the assigned number of



clusters is specific to each sample and is determined empirically based on its initially
observable fringes.

Raw Image Clustered Pixels Raw Image

Clustered Pixels

(a) (b)

Fig. 5 Raw polariscope image alongside with the cluster assignments for (a) Melinex® 453 (b) and
cluster assignments of Kapton® HN.

To establish a quantitative pre-flight baseline, the observable fringe orders for each
sample were first extracted via visual inspection of the polariscopic images (Figure
4). These optical measurements were then converted into the baseline residual stress
values summarized in Table 2 using the uniaxial stress-optic relationship (Equation
1). The requisite material fringe constants for these calculations were derived from
established literature values for PI-based [26] and PET-based [27, 28] polymer films.

Currently, several samples exhibit identical calculated stress values, largely due
to similarities in their respective stress-optic coefficients. However, we hypothesize
that these internal stress states will evolve during orbital exposure. Because previous
research [8] demonstrates that space aging induces significant optical and chromatic
changes in these materials, it is highly probable that their underlying stress fields and
associated photoelastic parameters will also undergo measurable alterations.

Table 2 Baseline calculated stress values for payload samples based on initial visual fringe orders.

Material Thickness Fringe constant, f, Fringe order Calculated stress
(mm) (N/mm) (N) (MPa)
AFRL RX-2 0.025 0.46 1 18.4
BEDS-1 0.125 3.05 2 48.8
BEDS-2 0.050 0.46 2 18.4
Kapton® CR 0.025 0.46 1 18.4
Kapton® HN 0.050 0.46 3 27.6
Melinex® 453 0.075 3.05 4 162.7

Calculated stress values (table 2) reveal a that the PI-based films (AFRL RX-
2, BEDS-2, and both Kapton® variants) exhibit relatively low and consistent initial
stresses, ranging from 18.4 MPa to 27.6 MPa. In contrast, the Melinex® 453 sample



demonstrates a significantly higher baseline stress of 162.7 MPa, indicative of the high
residual stresses inherently locked in during the biaxial orientation manufacturing
process of PET films. The BEDS-1 composite, approximated here as a homogenous
Melinex layer, yielded an intermediate baseline of 48.8 MPa.

4 Conclusion

This work describes the design and pre-flight validation of a photoelastic imaging
system for monitoring spacecraft material stress changes during orbital flight on the
MISSE-22 mission. This system enables observation of internal stress in polymer films
exposed to the LEO environment.

Ground-based testing established baseline fringe patterns and stress estimates for
various materials, including both heritage and novel AO-resistant polymers. These
measurements serve as a reference for interpreting on-orbit changes. The stress is esti-
mated through material-specific constants and fringe order. Fringe order was decided
through visual inspection. However, for the actual on-orbit research, the stress will be
determined by physical changes in the size and location of the fringes. These values
will be estimated by clustering the pixels, finding the fringe clusters, and determining
the overall changes in these fringe clusters during aging.

This approach moves beyond traditional post-flight analysis by enabling time-
resolved, in-situ stress measurements throughout the mission. Periodic imaging of
stressed samples will allow observation of changes in the stress under real environ-
mental conditions. This work will progress over the next year as the on-orbit data is
collected and analyzed. Ultimately, we will expect to have conclusive results describing
how material stress changes under the LEO environmental effects.
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