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ABSTRACT 
 

The increasing number of successfully deployed space missions have resulted in an increased density of 
man-made objects positioned in orbital domains near Earth. With this steady accumulation of objects in 
space, it is becoming more imperative to characterize spacecraft materials, which may ultimately be 
contributors to the orbital debris population. In order to ascertain the potential damage from orbital debris, 
a laboratory hypervelocity impact test was conducted using a 56-kg modern spacecraft representative 
satellite (DebriSat) to simulate a catastrophic fragmentation event in low Earth orbit. In an effort to identify 
unique, material-specific spectroscopic markers, a select number of the spacecraft materials used to 
construct DebriSat were analyzed using reflectance spectroscopy as a characterization technique for 
assessment on material type according to optical features. Spectral measurements of DebriSat materials 
analyzed prior to the laboratory impact are presented in this paper. These data provide a spectral 
characterization baseline for modern-day spacecraft materials in their pristine conditions and are compared 
to each other to distinguish spectra of materials belonging to different classifications with an effort of 
grouping them using color index. The ongoing efforts to classify materials utilizing their reflectance 
spectroscopic fingerprint are discussed in this study. 
 
Keywords: spectral reflectance measurements; hypervelocity impact test; spacecraft materials; optical 
characterization; color index.  
 

1. INTRODUCTION 
 
As the demand for space exploration continues to thrive, it can be expected that increasing amounts of space 
hardware articles will populate the orbital regimes near Earth. With higher quantities of objects residing in 
low Earth orbit (LEO) and geosynchronous Earth orbit (GEO), objects will face increased risk of 
undergoing collisions with other nearby objects or risk of being impacted by micrometeoroids. These 
destructive events can result in the production of orbital debris. Debris objects can be considered to fall into 
as small a size within submillimeter range [1] or can be as large as a full satellite that has lost communication 
and is no longer functional. Approximately half of the many collision events that occur in LEO can occur 
from speeds of more than 14 km/s [2]. Debris size, speed, and material are factors that contribute to the 
magnitude of damage caused by such objects. The persistently increasing orbital debris population has 
amounted to 15,214 spent rocket body and debris that have been cataloged by the U.S. Space Surveillance 
Network as of 04 October 2020 [3]. It is vital that orbital debris undergo investigations to track debris 
position, speed, and material to assess any potential hazards that are associated with it.  



In order to help observe the resulted behavior from a spacecraft that experiences a major destructive event 
in LEO, a laboratory hypervelocity impact test was executed on a 56-kg high-fidelity space satellite known 
as DebriSat [4]. This simulated catastrophic satellite event was developed and executed with the objective 
of performing a thorough characterization analysis on all fragmentations, down to 2 mm in size, generated 
as a result of impact. This data would then be used to help better understand the orbital debris environment 
that is increasingly populated of fragmented space materials, therefore enhancing space situational 
awareness. One of the analysis efforts underway is to optically characterize spacecraft materials to 1) 
convert optical brightness to size and 2) classify materials with their respective densities and shapes to 
inform damage equations associated with typical modern-day spacecraft materials. Classifying debris can 
also deliver a degree of knowledge about the fragmentation event if that debris object can be linked back 
to its parent object. Specific optical characterization of resident space objects has been known to help assess 
material composition of the targets leading to more refined knowledge on the status/health of the target. 
For example, comparing the material composition of a target pre-launch and during in- orbit may provide 
insight into whether a shedding event or potentially other fragmentation event occurred that could lead to 
orbital debris generation.  
 
Debris and objects in space can be characterized through analysis of their reflectance response from 
illumination impinging on its surface. This is due to specific features present in a reflectance signature for 
any given material, serving as a fingerprint that can be used to identify the visual and chemical make-up of 
the target item. Reflectance spectroscopy is employed as a tool to measure the reflectivity response of a 
sample material for this reason. In the 1970’s asteroid examinations were performed using astronomical 
reflectance spectroscopy (ARS) and this technique expanded in the 1990’s to serve as a tool for 
characterizing spacecraft materials in orbit [5]. Reflectance measurements performed in a laboratory setting 
can be a useful reference for spectroscopic or photometric data obtained remotely.  
 
The aim for this study is to analyze the reflectance signatures of various spacecraft materials, including 
DebriSat materials, and calculate their color indices using Sloan Digital Sky Survey (SDSS) filter passbands 
with the intention of identifying optical trends between materials belonging to different classifications. 
Though reflectance spectroscopy has been employed by various entities to characterize materials [6, 7, 8, 
9, 10], there is room for advancement in enhancing the data within spectral libraries to group/sort materials 
having similar optical features into families by color index for the feasibility in assessing materials based 
on their general physical properties such as density. While ECOSTRESS [11] and USGS [12] spectral 
libraries effectively house spectral data for a variety of man-made materials, they currently only provide a 
single spectral plot per material and are heavily geared toward minerals, vegetation, and other natural 
materials. 
 
Furthermore, reflectance spectra are usually presented and analyzed as one plot per material but are not 
grouped by density or other intrinsic, physical material properties from spectral features for easier 
assessment of distinguishing materials by classification. It has been attempted by [13] for UV-VIS using 
principal component analysis (PCA) for textile fibers, and by [14] for urban materials with a focus on 
mineral classification, and by [15] using Johnson/Bessel filters with a focus on area-to-mass (A/m) ratio, 
amongst others who have aimed to improve spectral libraries in various aspects [16, 17], but can be 
furthered for specific space materials throughout the visible (VIS), near infrared (NIR), and shortwave 
infrared (SWIR) regions using SDSS color indices from reflectance spectra as a means for classification. 
 
With the large variations in human-made materials (not just composition, but also in coated/painted 
surfaces), it becomes increasingly difficult to correlate optical measurements of targets from ground-based 
assets to that of nearly 1,000 laboratory acquired measurements [18] available. Secondly, machine learning 
is being utilized more for autonomous pattern matching to associate data [19]. Therefore, the goal is to use 
a taxonomy approximation of the laboratory acquired spectral data to group similar material responses 
provided the uncertainty with unmixing models to identify specific materials from integrated material 



compositions. If materials can be sorted by metals, polymers, composites, etc. from their reflectance spectra, 
this can in turn improve spectral libraries that serve to catalogue a wide variety of constituents. Furthermore, 
knowledge of the taxonomy-based relationships that a debris material observed remotely falls into can 
provide information related to that object’s density, an advantageous approach to determine hazards 
associated with that material when traveling at elevated speed in orbit. 

2. MATERIALS & METHODS 
2.1. DebriSat Experimentation 
 
The DebriSat project initiated with  collaborations between  National Aeronautics and Space Administration 
(NASA) Orbital Debris Program Office (ODPO), the Air Force Space and Missile Systems Center (SMC), 
The Aerospace Corporation (Aerospace), the University of Florida (UF), and the Air Force Arnold 
Engineering Development Complex (AEDC) [4]. This project aimed to mimic a destructive breakup event 
of a spacecraft residing in LEO. To accomplish this a 56-kg class spacecraft, “DebriSat”, was designed and 
constructed in comparable fashion to modern satellites positioned in LEO. [4]. This developed “DebriSat” 
spacecraft was then placed inside a chamber with walls formed of soft catch panels where a hypervelocity 
impact test was executed onto the DebriSat target. The impact test employed a projectile (8.6 cm x 9 cm, 
570 g) fabricated as a nylon cap with a hollow aluminum cylinder embedded in it [4]. The impact of the 
projectile onto the DebriSat spacecraft was delivered using a two-stage light gas gun, ultimately 
administering an impact speed of 6.8 km/s and generating approximately 85,000 material fragments that 
were collected on the soft catch panel walls of the chamber [4]. More details regarding the DebriSat 
experiment can be found in [4]. 
 
2.2. Materials 
 
DebriSat was constructed with materials that are frequently used in space hardware design to resemble what 
a conventional spacecraft prepared for life in orbit would be composed of. Its design was derived from 
modern satellites observed in LEO [20, 21]. Some materials to note used in the construction of DebriSat 
included Ultra Triple Junction (UTJ) solar cells, 6061 aluminum alloy components coated with various 
colored paints, a copper colored Kapton® polyimide film (used in the Multi-layered Insulation blanket), 
carbon fiber composites, and different colored printed circuit boards.  
 
Solar cells used in space hardware are fabricated as single- or multi- junction semiconductors containing 
InGaP, GaAs, Ge or Si sub-cells [22, 23]. The UTJ solar cells used in assembling DebriSat had a 
GaInP2/GaAs/Ge structure above a germanium substrate and were topped with an anti-reflective cover 
glass [4]. Photovoltaics are vital constituents in space design, for they provide necessary power to a 
functional spacecraft and are therefore repeatedly used in the space industry. For this reason, it can be 
deduced that an abundant amount of solar cells are inhabiting LEO and GEO and their optical signatures 
should be understood thoroughly to support remote observations. 
 
Space applications often use 6061 aluminum alloy as a preferred material for constructing space hardware 
due to its high strength-to-weight ratio, thermal conductivity, corrosion resistance, low cost, and its ability 
to be easily anodized [24, 25]. They have an acceptable density for use in space applications compared to 
other metals, resulting in 2.70 g/cm3 [26, 27, 28]. DebriSat was composed of many 6061 aluminum alloys 
that were coated with either red, magenta, gold, blue, or black paint, or were unpainted but had an anodized 
coating. Anodizing aluminum introduces an oxide coating on the surface of the alloy that will provide 
enhanced corrosion and abrasion resistance [25]. This makes them suitable for use in space applications as 
protective materials to withstand impacts and desirable for their ability to inhibit surface degradation caused 
by space plasma [24, 29, 30]. 6061 aluminum alloys have proven to be an effective material in the space 



industry for its capacity to sustain life in orbit and will likely continue to be frequently implemented in 
future spacecraft missions. It was numerously incorporated on DebriSat for these reasons.   
 
Multi-layered insulation (MLI) is regularly implemented to cover the exterior surfaces of numerous 
spacecraft deployed in orbit. It is an essential component that serves to protect solid rocket motors, 
propellant tanks, and like components from reaching raised temperatures due to the harsh space 
environment while simultaneously hindering those articles from experiencing their own loss of heat [31]. 
It is postulated that high-area-to-mass-ratio (HAMR) objects largely consist of the individual layers that 
form MLI. Kapton® is a polyimide film that is a vital layer of MLI since it is durable, chemically inert, and 
can withstand elevated temperature and radiation conditions [32]. It has a density of 1.42 g/cm3 [33]. 
Kapton® was therefore included in the DebriSat material design and analyzed in this study. A Kapton® 
polyimide film, manufactured by E.I. du Pont de Nemours and Co., was used in the DebriSat MLI. Trade 
names and trademarks are used in this report for identification only. Their usage does not constitute an 
official endorsement, either expressed or implied, by the National Aeronautics and Space Administration. 
 
Carbon fiber composites are making a dramatic impact in modern space design applications. DebriSat 
included a Composite Overwrapped Pressure Vessel (COPV) and gold shimmer composite within its 
structure. It is worth noting that the gold shimmer composite was still that of a black carbon fiber composite, 
but its surface had a gold shimmer visual appearance. These two components were configured with a 6061-
T6 aluminum alloy honeycombed core embedded within a Tory T1000 carbon fiber composite. Toray 
composites have been frequently utilized in space, military, and commercial applications based on their 
tensile strength (924 ksi) and rather low density (1.8 g/cm3) [34, 35]. Carbon composites are produced 
having numerous carbon fibers arranged in a multi-directional orientation to achieve isotropic material 
properties. Like aluminum alloys, carbon fiber composites have a high strength-to-weight ratio [36], 
making them excellent candidates for modern spacecraft design.  
 
Printed circuit boards (PCB’s) that are space approved materials are often those of FR-4 epoxy composite 
laminate [37] or PTFE fiberglass [38]. These polymer-based composites can be expected to include 
quantities of organic content within the material chemistry. FR-4 epoxy has a density of 1.90 g/cm3 and 
water absorption of 0.10% [39], whereas PTFE fiberglass laminate circuit board substrate has a density of 
2.23 g/cm3 and water absorption of 0.02% [40]. Four different colored printed circuit boards, each supplied 
by different manufacturers, were included on DebriSat and analyzed in this study.  
 
2.3. Spectral Measurements 
 
Reflectance spectroscopy is a technique that can be applied toward remote optical measurements for 
material characterization and optical size calculations from albedo. Spectral measurements were performed 
on all selected DebriSat materials in this work prior to hypervelocity impact for a pre-characterization of 
the materials that would be fragmented upon impact. Test configuration involved the material specimen to 
be placed flat on a horizontal surface representing the origin of set-up, while an illumination source and a 
spectroradiometer were positioned approximately 45° to that of the specimen and directly opposite to each 
other. The spectroradiometer employed was an Analytical Spectral Device (ASD) field spectrometer with 
range capability between 350-2500 nm, and illumination was provided by a quartz lamp. The ASD was 
calibrated before and during testing using a white reference material (Spectralon) with a high lambertian 
surface; delivering a near perfect reflective signature. Measurements were performed in the Optical 
Measurements Center (OMC) at NASA’s Johnson Space Center which allowed for an ideal dark lab 
environment, providing optimal reflectance results specific to each specimen of interest and minimizing 
any interference of scattered light. 
 
 
 



2.4. Color Index 
 
The color index, or ratio of brightness between two filter passbands, for each material analyzed in this work 
was determined using Sloan Digital Sky Survey (SDSS) filters [41]. Brightness (𝐼𝐼) can be calculated from 
summing the area under a material’s reflectance curve between each incremental wavelength. The area 
(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) under the curve is estimated using the formula: 
 

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓 = �
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taken from calculating the area of a trapezoid where 𝑅𝑅 represents the reflectance value of the measured 
material at a given wavelength (𝜆𝜆), and subscript 𝑓𝑓 is used to indicate that each of the respective variables 
correspond to values within the passband of a given SDSS filter. The calculated 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 for filter 𝑓𝑓 can then 
be substituted into the equation: 

 𝐼𝐼 =  �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓
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to determine the brightness (𝐼𝐼) of a material between 𝜆𝜆1and 𝜆𝜆2, representing the wavelength at the onset 
and at the end of the filter’s passband range respectively. Having calculated the brightness (𝐼𝐼) for one filter, 
this method can be repeated for a different SDSS filter, and two filters can be compared to each other using: 
 

 𝑓𝑓1′ −  𝑓𝑓2′ =  −2.5 log10 �
𝐼𝐼𝑓𝑓1
𝐼𝐼𝑓𝑓2
�  (3) 

 
where 𝑓𝑓1and 𝑓𝑓2 represent the two different filter bands being used. This will generate a color index value 
for the material being measured. For this study, 𝑔𝑔′ band (406-544 nm), the 𝑟𝑟′ band (558-682 nm), the 𝑖𝑖′ 
band (705-835 nm), and the 𝑧𝑧′ band (839-1094 nm) were chosen for analysis to provide various color index 
outcomes using different filters that could potentially lead toward optical trends between material 
classifications. 

3. RESULTS & DISCUSSION 
A total of 14 different material samples had their reflectance signature measured in the visible (VIS), near 
infrared (NIR), and shortwave infrared (SWIR) regions of the spectrum. The features observed from each 
of the reflectance signatures in this study can be used to help understand the physical appearance and 
chemical makeup of the measured materials with the intent of possibly classifying them further into grouped 
families. Significant features in VIS (350-700 nm), NIR (700-1300 nm), and SWIR (1300-2500 nm) that 
were present in one or more of the analyzed materials are outlined in Table 1. The 6061 aluminum alloys 
and the circuit boards of various colors have their own reflectance plots illustrated below to show the 
similarities and differences between alike materials with only pigment as a variable. Reflectance results 
involving the DebriSat samples from different material classifications are also shown and superimposed in 
one plot below for comparison. 
 
The visible region (350-700 nm) of the electromagnetic spectrum is responsible for the ability to detect the 
pigmentation of an article [6]. This occurs because the illumination that impinges on a sample surface will 
excite electrons, causing them to occupy higher energy sites and result in different colors of light [42].  The 
blue painted alloy sample resulted in an initial reflectance at ~400 nm followed by absorption throughout 
the remainder of the VIS region (Fig. 1). The gold and red painted alloys had relatively low absorption at 
the onset of the VIS regime beginning at 400 nm but produced evident rise in reflection at 600 and 650 nm 



respectively. However, the alloy sample that was painted magenta exhibited a notable increase in 
reflectance at 400 nm about 2.5 times that of the gold and red painted samples, followed by some level of 
absorption before reaching ~600 nm where its reflectance curve significantly increased yet again, agreeing 
with the necessary blue and red color components used to produce magenta. As expected, the black painted 
alloy was consistently high in absorption throughout the entirety of the visible region until reaching NIR at 
~800 nm. The unpainted anodized 6061 aluminum alloy exhibited a rather high reflectance throughout VIS, 
making it stand apart from all other painted metal samples. This is likely due to the substantial reflectivity 
often perceived in bare metals [42]. 
 
Table 1. Absorption feature details present in the VIS/NIR/SWIR reflectance data for the DebriSat samples. 

Wavelength (nm) Feature Cause(s) 
350-700 High absorption Black color 
350-700 Relatively high absorption Brown color 
400 Sharp increase in reflectance Blue color 
550  Increase in reflectance Green color 
600 Sharp increase in reflectance Gold color 
650 Sharp increase in reflectance Red color 
850 Prominent absorption dip Aluminum content 
1400 Absorption dip O-H 
1700 Asymmetric absorption doublet O-H, first overtone 
1900 Single absorption dip C-O, O-H, second overtone 
1950 Single absorption dip O-H, second overtone 
2180 Asymmetrical absorption doublet N-H, second overtone 

C-H, C-O, C=O stretches 
2200 Broad absorption feature C-H 
2300 Prominent single absorption dip C-H, N-H stretches 
2450 Low intensity absorption dip O-H 

 

 
 
 
 
 
 
 

Figure 1. Absolute reflectance of red, magenta, gold, blue, black, and anodized unpainted 6061 aluminum alloy 
samples in their pre-impact condition. The 𝑔𝑔′, 𝑟𝑟′, 𝑖𝑖′, and 𝑧𝑧′ SDSS filter passbands are depicted in the spectral plot for 

reference.   
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Common between all 6061 aluminum alloy sample reflectance signatures (painted or not) is the absorption 
feature present at 850 nm; a typical indicator of aluminum content within a material that is consistent with 
literature [4, 12, 43, 44]. In the SWIR regime, all painted alloy samples demonstrated common absorption 
behavior with a pronounced absorption feature at ~1950 nm, a less pronounced absorption feature at 1400 
nm, and broad absorption at 2200 nm (Fig. 1). The small feature present at 1400 nm can be attributed to O-
H bend in the first overtone infrared (IR) region associated with water from the chemistry of the sample 
surface [45]. The absorption dip near 1950 nm is also caused by O-H stretch, but in the second overtone IR 
region, associated with water and other organics, while the broad feature centered around 2200 nm can be 
associated with C-H chemical bonds [4, 6, 44, 45, 46]. However, the unpainted anodized metal sample did 
not exhibit any of the previously described absorption qualities in SWIR, suggesting a lack of organic 
content that was present in the painted alloy correlatives. Furthermore, the evident difference in reflectance 
in the 𝑔𝑔′ band between the unpainted and painted alloy samples will lead to a separation in color index 
values in this passband for the materials. These optical differences between painted and unpainted metals 
can offer a step towards identifying different classifications of materials remotely with increased confidence. 
 

 

 
 
 
 
 
 
 
 

Figure 2. Absolute reflectance spectra of red, green, brown, and blue printed circuit board samples in their pre-
impact condition. The 𝑔𝑔′, 𝑟𝑟′, 𝑖𝑖′, and 𝑧𝑧′ SDSS filter passbands are depicted in the spectral plot for reference.  

 
Alike what was described for the painted 6061 aluminum alloys in the VIS region, the DebriSat red, green, 
brown, and blue circuit board samples exhibit optical properties between 350-700 nm that differentiate each 
of them by color. The red circuit board demonstrated high absorption throughout the lower wavelengths of 
VIS until reaching ~650 nm where reflectance peaked, and blue and green circuit boards produced evident 
quantities of reflectivity at 500 nm and 550 nm respectively, while absorbing all other wavelengths in the 
visible regime (Fig. 2). Contrarily, the brown PCB was largely absent of any notable features in VIS but 
still displayed levels of reflectance greater than 0.1 in this region possibly due to the multiple colors required 
to produce brown. All four circuit board reflectance signatures resulted in near identical absorption features 
throughout NIR and SWIR, regardless of their manufacturer. The asymmetrical absorption doublets present 
at ~1400 nm and ~1700 nm for all circuit board samples are likely related to O-H bond vibrations in the 
first overtone (associated with water) and C-H stretch in the second overtone infrared (IR) region 
respectively [6, 45]. At 1900 nm, the prominent absorption feature can be attributed to C-O or O-H bonds 
in the second overtone band [6, 45]. The asymmetrical absorption doublet at 2180 nm, more apparent in the 
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green and brown circuit board samples, are likely caused by N-H bends in the second overtone IR band, or 
C-H, C-O, or C=O stretches [6, 45]. Absorption features located at 2300 nm and 2450 nm are associated 
with C-H and N-H stretches [6, 44], and OH absorption bands [47] respectively. 
 
From the 14 DebriSat material samples measured in this work, a handful of 7 were selected in order to 
compare the reflectance signature of articles from different material classifications. The UTJ solar cell, 
unpainted 6061 aluminum alloy, Kapton®, and the gold shimmer and black COPV composites have their 
absolute reflectance signature plotted for comparison (Fig. 3). Additionally, the red painted 6061 aluminum 
alloy and the red printed circuit board were included to represent the colored alloys and circuit board 
categories of DebriSat materials respectively. 

 

 
 
 
 

 
 
 

 

Figure 3. Absolute reflectance spectra of a UTJ solar cell coupon, black painted 6061 aluminum alloy, unpainted 
anodized 6061 aluminum alloy, MLI Kapton® polyimide sheet, gold shimmer composite, black COPV composite, 

and a brown circuit board used for DebriSat in their pre-impact conditions. The 𝑔𝑔′, 𝑟𝑟′, 𝑖𝑖′, and 𝑧𝑧′ SDSS filter 
passbands are depicted in the spectral plot for reference.   

 
The UTJ solar cell produced a consistently low reflectance curve throughout the entirety of the 350-2500 
nm range, similar to the MLI Kapton® and black COPV composite samples, however the solar cell 
differentiates itself from all other materials measured by producing a pronounced peak in reflectance at 
~850 nm indicating that the cell is germanium based [4]. The two composite samples exhibited reflectance 
signatures akin to each other by remaining steadily featureless throughout VIS and NIR, though the gold 
shimmer composite was 2x times greater in absolute reflectance than its black COPV counterpart, likely 
due to the gold shine on its surface. The Kapton® sample illustrates its orange color by rising in reflectance 
near ~550 in VIS, while the red painted alloy and red circuit board don’t have increased reflection until 
reaching ~650 nm as expected. 
 
The 6061 aluminum alloy samples are the only materials that result with an absorption feature at 850 nm 
in their reflectance curve, singling them out as aluminum related metals. However, the red painted alloy 
contains absorption features in SWIR that are absent in the unpainted alloy, differentiating painted and 
unpainted surfaces. The two materials that resulted in the most apparent organic features in their reflectance 
signatures throughout NIR and SWIR are the circuit board and painted 6061 aluminum alloys. This is likely 
due to the organic chemical content in paints and in polymer-based PCB’S. Regardless of surface color, 
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optical features present in a material’s reflectance signature in NIR and SWIR beyond 800 nm can be used 
to aid in differentiating between polymeric, metallic, composite, and semiconductor photovoltaic material 
classifications.  
 

 

 
 

 

 

 
 

  
 

Figure 4. The a) 𝑟𝑟′- 𝑖𝑖′ versus 𝑔𝑔′- 𝑖𝑖′ color index plot, b) 𝑟𝑟′- 𝑖𝑖′ versus 𝑔𝑔′- 𝑟𝑟′ color index plot, and c) 𝑟𝑟′- 𝑖𝑖′ versus 𝑟𝑟′- 𝑧𝑧′ 
color index plot using SDSS filters for all measured DebriSat material samples in this study. Legend (d) outlines the 

materials and stars being plotted. 
 
In an attempt to group material samples into families by color value, the color indexes were calculated for 
each material using different SDSS filters. The color plot comparing 𝑟𝑟′- 𝑖𝑖′ and 𝑔𝑔′- 𝑖𝑖′ (Fig. 4a) appears to be 
most promising when sorting materials by classification. Most of the painted 6061 aluminum alloys have 
𝑔𝑔′- 𝑖𝑖′ values and 𝑟𝑟′- 𝑖𝑖′ values greater than 0.75 and 0.87 respectively. All circuit board material samples, 
regardless of color, have their color index values plotted at the center of the 𝑟𝑟′- 𝑖𝑖′ vs 𝑔𝑔′- 𝑖𝑖′ plot between 
0.039 and 1.07 for 𝑟𝑟′- 𝑖𝑖′ and 0.49 and 1.09 for 𝑔𝑔′- 𝑖𝑖′. The Kapton® polyimide sample has a color index that 
falls within a section of the 𝑟𝑟′- 𝑖𝑖′ vs 𝑔𝑔′- 𝑖𝑖′ plot where the circuit boards are plotted, which can be due to 
these materials having polymer based compositions. Finding themselves near the lower left corner of the 
𝑟𝑟′ -  𝑖𝑖′  vs 𝑔𝑔′ -  𝑖𝑖′  plot are the remaining UTJ solar cell, unpainted anodized 6061 aluminum alloy, and 
composite samples. The photovoltaic cell and the composites are dark in color, but unlike the black painted 
alloy, they have a consistently low reflectance response throughout the 𝑔𝑔′, 𝑟𝑟′, and 𝑖𝑖′ filter passbands (Fig. 
3). The unpainted anodized alloy is plotted separately from the painted alloys on the 𝑟𝑟′- 𝑖𝑖′ vs 𝑔𝑔′- 𝑖𝑖′ plot due 
to its reflectivity curve resulting in higher values within the 𝑔𝑔′ passband (Fig. 1). This can help better 
differentiate between unpainted and painted aluminum alloy surfaces. 

a) b) 

c) d) 



 
The 𝑟𝑟′- 𝑖𝑖′ versus 𝑔𝑔′- 𝑟𝑟′ (Fig. 4b) and 𝑟𝑟′- 𝑖𝑖′ versus 𝑟𝑟′- 𝑧𝑧′ (Fig. 4c) plots did not yield results that were as useful 
to support the grouping of materials per classification. For these two color index plots, the 6061 painted 
aluminum alloys resulted in color values that were scattered across the plot and located amongst the circuit 
board and Kapton® samples, making it difficult to arrange the samples by metal alloy or polymeric 
categories. Although the solar cell, composites, and unpainted alloy had color index values that remained 
near each other for all color index plots (Fig. 4a, 4b, 4c), the gold painted 6061 aluminum alloy generated 
a color value amongst the four aforementioned materials for the 𝑟𝑟′- 𝑖𝑖′ versus 𝑟𝑟′- 𝑧𝑧′ plot (Fig. 4c), making 
this plot unsuitable for assorting material classification by color index values. 
 
From the three color index plots generated in this study using 𝑔𝑔′, 𝑟𝑟′, 𝑖𝑖′, and 𝑧𝑧′ SDSS filters, the 𝑟𝑟′- 𝑖𝑖′ versus 
𝑔𝑔′- 𝑖𝑖′ plot produced results that were most supportive toward separating materials into their respective 
categories (metals, polymers, composites, photovoltaics) with each grouping having different material 
densities. The color values for each material were derived from their reflectivity curves produced from 
incident light impinging on the material surface. Note that the color index plot data are preliminary results 
and still need to have solar color value incorporated in each plot to serve as a reference for comparison to 
the sun.  
 
Reflectance spectra is related to the chemistry for any given material analyzed, producing absorption 
features in NIR and SWIR that correspond to chemical bonds present within the article’s structure. This is 
why polymers exhibit greater amounts of absorption features in NIR/SWIR than bare metals, why 
aluminum regularly absorbs light at 850 nm, and why photovoltaics will demonstrate specific features in 
NIR/SWIR depending on their substrate and stacked structure. There is an evident relationship between 
reflectance spectra and chemistry. Furthermore, chemistry is related to material density. Hence, it may be 
possible to directly establish a relationship between reflectance spectra and material density by 
distinguishing reflectivity and color index trends common between metals, polymers, composites, and 
photovoltaics. If possible, this information could be used for enhanced prediction of the nature and hazards 
involved with an object residing in near-Earth orbital regime based on their suggested density.  

4.  CONCLUSION 
Materials commonly incorporated into space hardware have involved aluminum and its alloys, 
photovoltaics, painted surfaces, multi-layered insulation and polymer-based articles. Composites are 
emerging as a material on the forefront for current and future space missions. It is essential that remote 
observations of materials positioned in LEO and GEO are conducted and have the capabilities to identify 
the nature of those objects. The analysis from these methods can be improved if color index, often used in 
remote observations, can be related to material density to some degree.  
 
The analysis in this work is a first step toward distinguishing trends between material classifications when 
provided with their color index values for various telescopic filters. In this study, the Sloan Digital Sky 
Survey (SDSS) filters were employed for investigation and 𝑔𝑔′, 𝑟𝑟′, 𝑖𝑖′, and 𝑧𝑧′ passbands were used. In the 
future, color index can be further explored by plotting more combinations of filters against each other. This 
will help determine which color index plots may best serve as material classification sorters.  
 
Observations in this study involved measurements on DebriSat material samples belonging to different 
material classifications and were conducted prior to hypervelocity impact. Correlations were drawn in an 
attempt to group these materials into families according to color index derived from their reflectivity 
spectral curves. Future work will involve conducting repeatable reflectance measurements on an increased 
amount of similar space hardware samples to compare the results to conclusions drawn from this study. 
Color plots using index calculations for each material measured in this study are preliminary results and 
will need to incorporate solar values in the future to serve as a reference. 
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