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Thermal management is a challenge for robots operating in the extreme environments of the Moon and Mars, but coatings can
provide passive cooling power through radiative heat transfer mechanisms. The goal of this paper is to identify coatings that
combine nanolayers of metals with dielectrics to yield an optimal net cooling power. Based on simulations, the results indicate
that silicon dioxide (SiO;) is a simple and effective coating material for cooling robotic systems; however, the effectiveness
plateaus at higher thicknesses. Additionally, the study found that a combination of materials—specifically multilayer coatings
made of dielectric materials such as SiO; and titanium dioxide (TiO,)—could provide a greater net cooling power. The outcome
suggests that multilayer coatings can be designed and engineered to enhance thermal management for robots.
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Introduction

Human-operated robotic systems are important for exploring
the Moon and Mars. These controlled robots can perform
tasks such as digging and collecting samples, providing in-
sights into geology and surface environments. During such
expeditions, one factor that can affect the durability of a robot
on the Moon and Mars is the lack of a protective atmosphere
to shield it from extreme temperatures. The Moon lacks an at-
mosphere, which causes temperatures to swing from a high
of 400K (260°F, 127°C) during the day to a low of 100K
(—280°F, —173.15°C) at night. Similarly, the thin atmo-
sphere on Mars, composed primarily of carbon dioxide, nitro-
gen, and argon, causes heat to be lost, leading to temperature
fluctuations from 70°F (20°C) to as low as —225°F (—153°C),
which can cause robots to freeze if not properly protected=.

To protect against such extreme temperatures, various types
of coatings are used on space robots. White coatings, includ-
ing those made with zinc oxide, titanium dioxide, or silicate,
help to reject heat>*. These materials have low absorptance
and high emittance, allowing them to reflect sunlight and re-
lease heat through radiative cooling processes>®. A few white
coatings also offer resistance to atomic oxygen. These coat-
ings have an absorptivity ranging from 0.15 to 0.25 and an
emissivity greater than 0.85%. A high emissivity (close to 1)
means a material absorbs and emits thermal radiation very
well, like that of a blackbody. A low emissive value (near
zero) means that the material reflects or scatters more radia-
tion and absorbs less.
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In contrast to white coatings, black coatings are designed to
absorb and retain heat, which helps robots stay warm and reg-
ulate their temperature. Materials such as carbon-based coat-
ings, black anodized aluminum, and MLS-85SB silicates per-
form well because they have high absorptance and emissivity.
These materials have absorptivity and emissivity values higher
than 0.9,

It should, however, be noted that not all materials are re-
liable for use as coatings. Polyurethane-based blacks do not
hold up well against atomic oxygen and are not suitable for
all missions. As a result, the selection of thermal control coat-
ings depends strongly on the mission environment, including
factors such as atomic oxygen exposure, ultraviolet radiation,
and thermal conditions”.

Advanced materials for extreme environments are often
described in terms of a “life ring” of three key capabili-
ties: multi-functionality, adaptivity, and self-restoration. In
the present work, the proposed multilayer coatings primar-
ily demonstrate multi-functionality, simultaneously providing
low solar absorptivity and high mid-infrared emissivity to reg-
ulate thermal loads on robotic systems. This enables passive
thermal management without additional active cooling sys-
tems.

Lessons from spacecraft thermal control technologies pro-
vide useful guidance for the design of coatings intended for
robotic systems operating on the Moon and Mars, as demon-
strated in spacecraft thermal system studies'YY. Modern
spacecraft commonly employ optical solar reflectors and mul-
tilayer dielectric coatings that combine low solar absorptivity
with high infrared emissivity to regulate thermal loads*. Ma-
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terials such as SiO,, Al,O3, and TiO; are widely used in these
coatings due to their optical stability and durability in space
environments=. These technologies demonstrate the impor-
tance of maximizing solar reflection while enabling efficient
thermal radiation, principles that also guide the coating de-
signs investigated in this work.

For this research paper, WPTherml will be used!#. This
Python package simulates the optical and thermal properties
of multilayer surface coatings to determine how they can aid in
thermal management in space. This package applies the trans-
fer matrix method (TMM) to calculate wavelength-dependent
absorptivity and emissivity of multilayer thin films314. It en-
ables the design of materials to control how much heat they
emit, which is important for allowing robots to withstand ex-
treme temperatures in space. This research investigates how
various factors can be adjusted to design surface coatings that
regulate heat and radiation exposure on the Moon and Mars.

Methodology

To address the extreme temperature conditions faced by robots
in space, simulations of emissivity and absorptivity were car-
ried out to identify candidate materials for thermal manage-
ment coatings for space robots. WPTherml (v1.1.1)1% was
used to simulate how different combinations of materials be-
have under temperatures across the infrared spectrum and visi-
ble light range (Figure 1). This research includes running sim-
ulations on both individual and multilayer combinations of the
materials (Si0;, HfO,, Au, Al;03, TiO,, Ag) and evaluating
their performance across different thicknesses ranging from
10nm to 1000 nm. This approach allowed the exploration of
how specific configurations could enhance thermal emission
control and facilitate the identification of suitable materials for
protecting robots on the Moon or Mars. The key performance
metric analyzed was Peo01(T), which indicates whether a coat-
ing causes cooling (positive Fyo) Or heating (negative Peoop) at
temperature 7. This metric was used to assess each material’s

effectiveness in managing heat under space conditions!? and
was calculated using
Pcool(T):Prad(T)_Psun_Patm (D

which is derived from standard radiative heat transfer prin-
ciples'™™, where

¢ Pad(T) is the thermally emitted radiative power from the
coating measured in W/m? at temperature T

o P, is absorbed solar radiation measured in W/m?2

* Pym is absorbed atmospheric radiation measured in
W/m?. Because the Moon lacks an atmosphere and Mars

has only a thin CO; atmosphere, atmospheric infrared ex-
change is much smaller than on Earth and is therefore
neglected in this simplified model1'2.

Radiative Cooling Simulation Workflow

User Inputs Modeling Processes Results and Outputs

Compute Solar Absorption
Malerials
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Fig. 1 Radiative Cooling Simulation Workflow

To couple coating performance to a realistic robot config-
uration, a simplified steady-state thermal model was intro-
duced. A reference temperature of 300 K was used to com-
pare cooling performance across different coating configura-
tions. The coating was assumed to be deposited on an alu-
minum substrate with a 5mm thickness and a thermal con-
ductivity of 205 W/m K, so conduction is assumed to be suf-
ficiently high such that the coating and chassis surface reach
uniform temperature. Convective heat transfer was neglected
due to vacuum conditions on the Moon and low atmospheric
density on Mars. An internal heat generation flux of ginternal =
150 W/m? was assumed to represent electronic power dissipa-
tion based on standard spacecraft thermal engineering refer-
ences?, hence P, values approaching 150 W/m? are treated
as practically significant, because they would be sufficient to
offset a representative internal heat flux for compact robotic
electronics under steady-state conditions.

An equilibrium surface temperature T4 can be determined
by solving the steady-state radiative energy balance, where the
emitted thermal radiation equals the absorbed solar irradiance
plus internal heat generation, i.e.,

Prad(T) = Psun + Ginternal 2
Rewriting in net cooling power, equilibrium occurs when
P, cool(Teq) = {internal
All the materials chosen for this research (SiO,, HfO,, Au,
Al,O3, TiO,, Ag) exhibit high melting temperatures, chemi-
cal stability, and resistance to ultraviolet radiation and atomic
oxygen exposure. These characteristics are essential for coat-
ings exposed to direct solar irradiation, ultraviolet exposure,
and vacuum conditions on the Moon and Mars. Oxide-based
dielectrics such as SiO;, TiO,, HfO;,, and Al,O3 are par-
ticularly attractive due to their environmental durability and
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proven performance in space-qualified optical coatingsZ18,

Noble metals such as gold (Au) and silver (Ag) were included
because they exhibit very high reflectivity across the visible
and near-infrared solar spectrum, making them effective lay-
ers for reducing solar absorptance in multilayer optical and
thermal-control coatings?2Y, A comprehensive list of optical
characteristics and functional roles are summarized in Table 1.

WPTherml employs the transfer matrix method to compute
spectral optical properties of planar multilayer structures. The
model evaluates radiative heat transfer only and does not in-
herently include conductive, convective, or multi-surface ra-
diative exchange effects. The simulation also assumes ideal
defect-free thin films and no degradation due to radiation or
dust deposition. It also assumes no temperature-dependent
changes in optical constants and a uniform surface tempera-
ture. There can also be numerical uncertainty that may arise
from the spectral resolution used in the simulation. To mini-
mize this effect, a dense wavelength grid was used across the
modeled spectral range, ensuring convergence of the calcu-
lated cooling power values. Additionally, optical constants
are treated as temperature-independent, and long-term envi-
ronmental degradation effects are not modeled. Therefore,
results represent idealized steady-state radiative performance
rather than full spacecraft thermal network predictions. All
the key simulation parameters and modeling assumptions used
in the WPTherml calculations are summarized in Table 2 to
ensure transparency and reproducibility of the computational
analysis.

Results and Discussion

The objective of this study is to identify a novel surface coat-
ing that can help space robots manage heat in extreme envi-
ronments, such as the Moon or Mars. Various single-material
coatings and multilayer combinations were simulated, and
their radiative cooling performance was evaluated using the
net cooling power P.oo. Graphs generated from the simula-
tions were then used to assess whether each coating met the
thermal management criteria. Greater absorptance was indi-
cated by a larger area under the absorptance curve, while a
larger area under the emissivity curve corresponds to greater
emissivity 12,

Most single materials did not perform well for cooling. For
example, gold (Au) at 100nm had a P, of —132.74 W/m?,
meaning it heated significantly. Silver (Ag) and aluminum ox-
ide (Al,O3) produced Py, values near zero, indicating mini-
mal net cooling. In contrast, SiO; at 200 nm showed a some-
what moderately effective result with P.oo = 42.27 W/m?,
meaning it cooled by radiating heat away. The use of a single
material alone is generally avoided because effective thermal
management must be carefully balanced between absorption
and emissivity, which cannot be fully achieved with only one

material. Multiple materials are used to precisely tune these
thermal properties to suit extreme environments. Addition-
ally, if only SiO; were used, achieving sufficient thermal con-
trol would require the application of relatively thick layers.
Such thickness would increase the overall mass of the coat-
ing, which is not ideal for space missions, where minimizing
weight is essential to reduce launch costs.

As the thickness of the SiO, layer increases, the cooling
power becomes more positive, indicating that the coating ef-
fectively cools (Figure 2). However, the data points show that
the rate of this change diminishes as the thickness increases.
This suggests that the Py, will likely approach a limiting
value and increases in thickness beyond a certain point will
not lead to a significant change in the Pyy.

The simulated cooling power values for SiO, are consistent
with experimentally reported passive radiative cooling mate-
rials. Previous experimental studies have demonstrated net
cooling powers on the order of 50-120 W/m? under ideal ra-
diative conditions?122, The peak simulated cooling power of
approximately 100—110 W/m? therefore falls within the exper-
imentally observed range, supporting the physical plausibility
of the model. Additionally, the observed plateau in cooling
power with increasing thickness is consistent with thin-film in-
terference theory, as optical response converges once the layer
thickness exceeds several effective optical wavelengths.

By combining materials, thinner, lighter coatings can
be produced while maintaining effective thermal regulation.
Some results improved when two materials were combined.
For example, SiO, 100nm + Au 100nm had a Py =
—150.52 W/m?, which indicated heating, but reversing the or-
der (Au + SiO;) resulted in a slightly lower heating value of
Prool = —132.25 W/m?. These high values mean the materials
absorb more heat than they radiate away. This demonstrates
that the order of layering matters. For a cooler Py, the metal
layer must be placed beneath the dielectric layer.

On the other hand, some dielectric-only combinations, such
as HfO, + TiO; at 100nm (each) showed positive values
(51.94 W/m?), indicating that they performed well at cooling.
These stacks reflect sunlight well and emit heat efficiently in
the infrared part of the spectrum, making them ideal for use
in space. However, these output values are not yet sufficient
for thermal management; a much larger positive value must
be achieved, along with low absorption. This can only be
achieved with more layers with varying thicknesses.

During the exploration of three-layer stacks, many combi-
nations resulted in poor cooling performance. For instance,
SiO, + HfO, + Au, each with a thickness of 100 nm, resulted
in a low Peoo of —161.5W/m?. To increase the emissivity
and reduce the absorptance, additional materials and varying
thicknesses were explored. An effective way to improve these
coatings was found by adding dielectrics or non-metals that
enhance cooling. As an example, Al,O3 + TiO; + HfO,,

© The National High School Journal of Science 2026

NHSJS Reports |3



Table 1 Optical properties and functional roles of materials used in the multilayer coating simulations.

Material Material Type

Key Optical Properties

Functional Role in Coating

SiO; (Silicon Dioxide) Dielectric oxide

TiO, (Titanium Dioxide)  Dielectric oxide

HfO, (Hafnium Dioxide) Dielectric oxide

Al,O3 (Aluminum Ox- Dielectric oxide

Low refractive index (~1.45), high
transparency across visible spec-
trum, high thermal stability

High refractive index (~2.4), strong
optical contrast with SiO,, stable
under UV exposure

High refractive index (~2.0), high
melting point (~2800°C), strong
chemical stability

Moderate refractive index (~1.6—
1.8), high hardness, good resistance
to atomic oxygen

Extremely high reflectivity in visi-
ble and near-IR wavelengths

High reflectivity in infrared wave-
lengths and excellent resistance to

Used as a low-index dielectric layer
to enhance solar reflection and
improve infrared emission perfor-
mance

Provides high-index contrast in
multilayer structures to enhance
spectral selectivity and thermal
emission

Improves durability and optical per-
formance of multilayer coatings un-
der extreme space conditions

Provides structural stability and en-
vironmental durability in multilayer
coatings

Enhances solar reflection and re-
duces solar absorptance in the coat-
ing stack

Used in optical coatings and ther-
mal control surfaces to enhance re-
flectivity and durability in space en-

vironments

ide)
Ag (Silver) Noble metal
Au (Gold) Noble metal
oxidation
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(]
100 o *
) [ J
£ e °
% 75 o
2 [
82 50
2 [ ]
§ 25 @
o
0
500 1000 1500 2000

Thickness (nm)

Fig. 2 The relationship between thickness and cooling power (Py01)
for SiO; at various thicknesses evaluated at a fixed surface
temperature of 7' = 300 K.

each with a thickness of 100 nm, achieved a cooling value
of 51.85W/m?, which demonstrates that using the right di-
electrics in the correct order can lead to better net cooling, with
low absorptance (Figure 3) and high emissivity (Figure 4).

Simulations with different layer orderings of AlOs, TiO;,
and HfO, while maintaining identical thicknesses changed the
resulting cooling power values only slightly, suggesting that
the radiative cooling performance is largely determined by the
overall dielectric stack rather than the specific sequence of in-
dividual layers.

Figure 3 shows that the Al,O3 + TiO, + HfO, stack has
near-zero absorptivity across the 300-2500 nm solar spectrum.
This is significant because absorbed solar irradiance is typi-
cally the largest external heating term for sunlit robotic sur-
faces. Minimizing solar-band absorptivity reduces the solar
warming power Py, which improves net cooling power and
lowers the expected equilibrium temperature under direct illu-
mination. In other words, low absorptivity in the solar band
supports thermal stability by limiting heat gain while the coat-
ing emits thermal radiation in the mid-infrared.

The solar-band absorptivity of multilayer stacks can depend
on thickness because interference effects shift the wavelength-
dependent reflectance and absorption features. To assess sen-
sitivity, the Al,O3 + TiO, + HfO, design was evaluated for
multiple thickness sets ranging from 50 to 200 nm per layer.
Across this range, the stack maintained low solar-band ab-

4 | NHSJS Reports

© The National High School Journal of Science 2026



Table 2 Input parameters and modeling assumptions used in the WPTherml simulations.

Parameter

Value / Range Used

Description

Simulation software

Optical model

Materials evaluated

Material stack format

Baseline layer thickness

Thickness variation study
Wavelength range
Number of wavelength
points

Solar spectrum used

Reference temperature

Ambient temperature

Internal heat generation

Substrate material
Substrate thickness

Aluminum thermal con-
ductivity

Cooling power definition
Convection

Atmospheric heating

Output quantities

WPTherml v1.1.1

Transfer Matrix
Method (TMM)
Si02 , Hf02 , All,

A12 03 s T102 s Ag

Air / coating layers /
Air

100 nm per layer
~10-1000 nm

300-30000 nm
2000

AMO spectrum
300K

300K
150 W/m?

Aluminum
5 mm

205 W/m-K

Pcool (T)
Psun

Neglected

= Prad(T) -

Neglected

Emissivity spectra, ab-
sorptivity spectra, Paq,
Psun» Peool

Python-based simulation framework used to compute optical
properties and radiative cooling performance of multilayer coat-
ings

Used to calculate reflectance, absorptance, and emissivity of
thin-film multilayer structures

Candidate materials selected for their optical stability, high
melting temperatures, and durability in space environments

Defines surrounding media in the optical multilayer simulation

Initial thickness used for multilayer comparison simulations

Thickness range evaluated to analyze sensitivity of cooling per-
formance to coating thickness

Covers solar spectrum (visible + near-IR) and thermal infrared
emission region

Spectral resolution used for numerical integration of radiative
heat transfer

Default solar spectrum implemented in WPTherml for solar
heating calculations

Surface temperature used when reporting cooling power vs.
thickness

Background temperature assumed for radiative heat exchange

Representative heat flux from onboard electronics in robotic
systems

Simplified representation of spacecraft structural material
Assumed structural thickness for system-level thermal analysis

Standard room-temperature value used in thermal modeling

Net radiative cooling power calculated by subtracting absorbed
solar power from emitted thermal radiation

Assumed negligible for lunar vacuum conditions and low atmo-
spheric density on Mars

Simplified model focusing on radiative heat transfer mecha-
nisms

Key outputs used to evaluate coating performance
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sorptivity, indicating that the design is not highly sensitive to
modest thickness variation in the solar spectrum. This robust-
ness is important practically because it reduces performance
sensitivity to fabrication tolerances in coating deposition.

1.0 —— Absorptivity

—— AMO Spectral Irradiance

0.8 1

0.6

Emissivity

0.2 1

\ ™

T T T T T T T T
500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

0.0

Fig. 3 The absorptivity for Al,O3 + TiO; + HfO,, each with a
thickness of 100 nm.
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—— Emissivity
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0.8
by
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w
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5000 10000 15000 20000 25000 30000

Wavelength (nm)

Fig. 4 The emissivity for Al,O3 + TiO, + HfO,, each with a
thickness of 100 nm, overlaid with terrestrial atmospheric
transmittance for reference.

Figure 4 shows that the Al,O3 + TiO; + HfO, multilayer
stack exhibits elevated emissivity across the mid-infrared re-
gion (2500-30000nm). This wavelength range corresponds
to the thermal emission band of surfaces near 250-400 K.
According to Wien’s displacement law'?, a surface at ap-
proximately 300 K emits peak thermal radiation near 9000—
10000 nm. Therefore, enhanced emissivity in the mid-infrared
region directly increases the radiative emission Py,q, thus im-
proving the net cooling power of the coating, consistent with
prior work on photonic radiative cooling structures®>. Be-
cause radiative heat transfer dominates under lunar vacuum

conditions, broadband mid-infrared emissivity is particularly
advantageous for thermal regulation of robotic systems1>%,
For Martian environments, where a thin CO, atmosphere se-
lectively absorbs portions of the infrared spectrum, emission
within atmospheric transmission regions further enhances ra-
diative cooling efficiency.

Figure 4 also shows the emissivity of the Al,O3 + TiO;
+ HfO, multilayer stack overlaid with terrestrial atmospheric
transmissivity. The coating exhibits increased emissivity
beginning near 8000 nm, overlapping significantly with the
atmospheric transparency window between approximately
8000-13000 nm. In this spectral range, thermal radiation can
escape through the atmosphere with minimal absorption. For
terrestrial radiative cooling applications, selective emission
within the 8000-13000nm atmospheric window is critical,
as emission outside this band is partially absorbed by atmo-
spheric gases such as water vapor and CO,. However, un-
der lunar conditions, where no atmosphere is present, thermal
radiation at all infrared wavelengths can radiate directly into
space. Therefore, broadband infrared emissivity contributes
to radiative heat rejection, and the atmospheric window con-
straint does not apply. In contrast, Mars possesses a thin
CO; atmosphere with selective infrared absorption bands. Al-
though less restrictive than Earth’s atmosphere, spectral emis-
sion within transmission regions remains advantageous for
maximizing radiative heat rejection.

Based on these results, adding more layers increases the
complexity of the system but improves cooling performance.
The best layer stack identified in this study achieved Pyoo =
51.94 W/m? for HfO, + TiO, at 100 nm (each). Further ex-
ploration and optimization of these multilayer stacks could
achieve cooling powers as high as P.oo = 109.586 W/m?>.
This suggests that additional research and simulations are
needed to refine these findings and potentially increase the
highest cooling power reported to date.

Conclusion

The thermal management challenges for space robots on the
Moon and Mars were investigated through the simulation of
different coatings. Using the WPTherml software'%, the per-
formance of several coatings was evaluated, with P, as the
primary metric.

The simulations revealed that metals, such as Au and Ag,
were not effective for cooling, producing high negative P01
values. While SiO;, provided cooling, the effect began to
plateau as the thickness increased. The most promising results
were achieved with multilayer coatings, especially those com-
posed of dielectric materials such as SiO, and TiO;. These
coatings exhibited large positive P.oo values, showing their
effectiveness for cooling.
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In the future, further research and simulations are suggested
to refine these findings by testing a broader range of ma-
terial combinations, aiming to improve coatings by increas-
ing emissivity while reducing absorptivity, thereby enhancing
thermal regulation for space robots. A more specific next step
would be to test zirconium dioxide (ZrO,) and silicon nitride
(Si3Ny) as additional passive dielectric layers in place of TiO;
or HfO,, and to evaluate vanadium dioxide (VO;) / barium flu-
oride (BaF,)-based variable-emissivity stacks with TiO; pro-
tective layers as an adaptive thermal-control extension. These
materials are promising because current radiative-cooling re-
search highlights the importance of dielectric intrinsic prop-
erties and multilayer design, while recent spacecraft smart-
radiator studies have shown that VO,-based multilayers with
TiO, protection can provide strong emissivity tunability under
space-relevant conditions2>27,
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