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1. Introduction

1.1 Background

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

insights 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 atmosphere, which  causes
temperatures to swing from a high of 400 K
(260°F, 127°C) during the day to a low of 100
K (—280°F, —173.15°C) at night [1]. Similarly,
the thin atmosphere on Mars, composed
primarily of carbon dioxide, nitrogen, 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 [2].

To protect against such extreme temperatures,
various types of coatings are used on space
robots. White coatings, including 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 release heat. A few white
coatings also offer resistance to atomic oxygen.
These coatings have an absorptivity ranging
from 0.15 to 0.25 and an emissivity greater
than 0.85 [3]. A high emissivity (close to 1)
means a material absorbs and emits thermal

radiation very well, like that of blackbody. A
low emissive value (near zero) means that the
material reflects or scatters more radiation and
absorbs less.

In contrast to white coatings, black
coatings are designed to absorb and retain
heat, which helps robots stay warm and
regulate their temperature. Materials such as
carbon-based coatings, black anodized
aluminum, and MLS-85SB silicates perform
well because they have high absorptance and
emissivity. These materials have absorptivity
and emissivity values higher than 0.9 [3]. It
should, however, be noted that not all materials
are reliable for use as coatings. Polyurethane-
based blacks do not hold up well against
atomic oxygen and are not suitable for all
missions. Choosing the right coating depends
on the mission environment and the specific
temperature required to maintain for each
robotic system.

Advanced materials for extreme
environments are often described in terms of a
“life ring” of three key capabilities: multi-
functionality, adaptivity, and self-restoration.
In the present work, the proposed multilayer
coatings  primarily  demonstrate  multi-
functionality, simultaneously providing low
solar absorptivity and high mid-infrared
emissivity to regulate thermal loads on robotic
systems. This enables passive thermal
management without additional active cooling
systems. Lessons from spacecraft thermal
control technologies provide useful guidance
for the design of coatings intended for robotic



systems operating on the Moon and Mars.
Modern spacecraft commonly employ optical
solar reflectors and multilayer dielectric
coatings that combine low solar absorptivity
with high infrared emissivity to regulate
thermal loads [4]. Materials such as SiO.,
ALOs, and TiO: are widely used in these
coatings due to their optical stability and
durability in space environments [4].

1.2 Problem

For this research paper, WPTherml
was used [5]. 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
uses the transfer matrix method to calculate
quantities such as absorptivity and emissivity.
It enables the design of materials to control
how much heat they emit, which is important
for allowing robots to withstand extreme
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.

2. Investigation

2.1 Methodology

To address the extreme temperature
conditions faced by robots in space,
simulations of emissivity and absorptivity were
carried out to identify candidate materials for

thermal management coatings for space robots.

WPTherml (v1.1.1) [5], a Python-based
package, was used to simulate how different
combinations of materials behave under
temperatures across the infrared spectrum and
visible light range.

This  research includes running
simulations on both individual and multilayer
combinations of the materials (SiO:, HfO:, Au,
AlLOs, TiO., Ag) and evaluating their
performance across different thicknesses
ranging from 10 nm 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 net cooling power (Pcool), Which indicates
whether a coating causes cooling (positive Pcoor)
or heating (negative Pcool). This metric was
used to assess each material’s effectiveness in
managing heat under space conditions [5]. The
transfer matrix method implemented within
WPTherml was used to calculate quantities
such as absorptivity and emissivity for the
multilayer coating stacks [5].

2.2 Results

The objective of this study is to identify
a novel surface coating that can help space
robots manage heat in extreme environments,
such as the Moon or Mars. Graphs generated
from the simulations were used to assess
whether each coating met the thermal
management criteria. Greater absorptance
was indicated by a larger area under the
absorptance curve, while a larger area under
the emissivity curve corresponds to greater
emissivity [5].

Most single materials did not perform
well for cooling. For example, gold (Au) at 100
nm produced a negative net cooling power,
indicating significant heating. In contrast, SiO:
at 200 nm showed a moderately effective
cooling result, meaning it cooled by radiating
heat away. However, if only SiO: were used,
achieving sufficient thermal control would
require relatively thick layers, increasing the
overall mass of the coating, which is not ideal
for space missions where minimizing weight is
essential.
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Figure 1. The relationship between thickness
and cooling power (Pcool) for SiO: at various
thicknesses.  Increasing  SiO:  thickness
improves cooling performance, although the
rate of improvement decreases at larger
thicknesses.

Some dielectric-only multilayer
combinations showed improved cooling
performance. For example, HfO: + TiO: at 100
nm each produced positive cooling values,
indicating effective cooling behavior. During
the exploration of three-layer stacks, A-0; +
TiO: + HfO:, each with a thickness of 100 nm,
demonstrated improved cooling performance
with low absorptance and high emissivity.
These results suggest that multilayer dielectric
coatings can improve passive thermal
regulation for robots operating on the Moon
and Mars.
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Figure 2: The absorptivity for Al.Os + TiO: +
H{fO., each with a thickness of 100 nm
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Figure 3: The emissivity for ALOs + TiO: +
H{fO., each with a thickness of 100 nm, overlaid
with terrestrial atmospheric transmittance for
reference.
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3. Conclusion

3.1 Related Work

Previous studies have investigated
spacecraft thermal control technologies and
multilayer dielectric coatings for regulating
heat in extreme space environments. Gilmore
described how white coatings with low solar
absorptivity and high infrared emissivity are
commonly used for spacecraft thermal
regulation [3]. Similarly, Baturkin discussed
the use of multilayer dielectric coatings and
optical solar reflectors for thermal control in
small spacecraft systems [4]. Varner et al.
developed WPTherml, a Python package that
simulates the optical and thermal properties of
multilayer materials using the transfer matrix
method [5]. Building upon these studies, the
present work specifically investigates how
multilayer dielectric coatings composed of
Si0:, HfO: TiO: and Al:Os; can improve
passive thermal management for robots
operating on the Moon and Mars.

3.2 Limitations

This study is limited to simulations
performed using WPTherml and does not
include experimental validation of the
proposed coatings under real lunar or martian



environmental conditions. Additionally, only a
limited set of materials and thickness
combinations were evaluated, meaning other
multilayer configurations could potentially
achieve greater cooling performance. Factors
such as long-term radiation exposure, atomic
oxygen degradation, and manufacturing
constraints were also not experimentally
investigated.

3.3 Societal Impact

Improved passive thermal management
coatings could benefit future robotic
exploration missions on the Moon and Mars by
increasing the durability and operational
lifespan of robotic systems while reducing
dependence on active cooling systems.
Multilayer dielectric coatings that provide high
emissivity and low absorptivity may also
reduce overall energy consumption and
improve mission efficiency. These technologies
could  support scientific  exploration,
autonomous robotic operations, and future
space infrastructure development.

However, the development of advanced
thermal coatings may increase manufacturing
complexity and material costs. Some materials
used in multilayer coatings may also require
resource-intensive  production  processes.
Additionally, the results presented in this work
are simulation-based and further experimental
testing is required before these coatings can be
implemented in practical robotic systems for
extraterrestrial missions.
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