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Foreword

Welcome to the first edition of our Editorial Focus eBook on
Space Technology. As humanity ventures deeper into space, the
convergence of innovation, engineering, and scientific inquiry is
opening up new possibilities, both in orbit and here on Earth. This
collection of articles looks at how space tech is extending our
reach beyond the planet while tackling the challenges of operating
in some of the most extreme environments imaginable.

From advanced sensors that support deep-
space navigation to quantum technologies
reshaping communication and detection,
the innovations featured in this eBook are
laying the foundation for the next era of
exploration. Robotics and Al are becoming
essential tools, taking on high-risk tasks
and making more complex missions
achievable. At the same time, new advances
in materials science and optics are driving
improvements in everything from telescope
capabilities to satellite durability.

We also take a closer look at the

broader impact of these developments.
As commercial space activity accelerates,
there's a growing demand for scalable,
autonomous systems that can support

everything from satellite maintenance

to off-world resource extraction. Meanwhile,
quantum technologies are challenging
existing frameworks, offering new levels

of precision and computational power that
could redefine the future of space missions.

Together, these articles provide a snapshot
of where the industry stands today,

and where it's headed next. As space
becomes an increasingly important arena

for science, business, and international
collaboration, keeping pace with these
advancements is more important than ever.
We hope this eBook offers valuable insights
and sparks new ideas as we continue to
explore what lies beyond Earth’s atmosphere.
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ESA's Vigil: Monitoring Space Weather

Thought Leaders

Giuseppe Mandorlo

Vigil Project Manager
European Space Agency

AZoQuantum sat down at the UK Space Conference with Giuseppe Mandorlo, Project Manager for
ESA's Vigil mission, to discuss how this groundbreaking space weather satellite will enhance
solar storm forecasting, drive international collaboration, and deliver unmatched cost-benefit for
global space safety.

Could you please introduce yourself, your role at ESA and
how you came to work on the Vigil project?

I'm Giuseppe Mandorlo, the Project Manager of Vigil at the European Space Agency’s Space
Technology Centre in Noordwijk. My core responsibility is to deliver the Vigil satellite on time,
within budget, and to performance specifications. This involves building and leading a strong
internal team at ESA, overseeing contractor selection and procurement, and managing key
technical milestones throughout the mission lifecycle, as well as interfacing with internal
stakeholders (the ESA member states), and external parties such as NASA, NOAA.

I'm also responsible for advocating for funding, ensuring stakeholders understand the
mission's value, and securing the financial support needed to bring it to life. This last part is
absolutely critical, because when you consider the potential economic impact of a major solar
storm (up to €2.4 trillion over five years), the cost-benefit of Vigil, at just over €800 million, is
unmatched.
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Could you give us an overview of the Vigil mission and its
primary goals within ESA’s broader Space Safety
Programme?

Vigil is the cornerstone of ESA's Space Weather activities within the Space Safety Programme.
It joins Ramses, focused on planetary defense, and ADRIOS, which targets orbital debris and
in-orbit servicing. Vigil is Europe’s first operational space weather satellite and the first ESA
mission to be deployed at Lagrange Point Lb. It's an operational, service-driven mission that
aims to improve the monitoring, forecasting, and mitigation of space weather events that can

impact satellites, astronauts, power grids, and aviation.
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How does Vigil improve our ability to monitor space weather
events compared to the current systems?

Vigil's unique position at L5 provides a unique side view of the sun and solar activity. It allows
for earlier detection of solar events, and improves our ability to track these events as they
move along the Sun-Earth line. This allows us to calculate the speed, impact location, and

arrival time of solar storms with greater accuracy.

Almost more importantly, Vigil is designed for rapid data turnaround. It is critical to bring down
and process data within strict latency windows, especially for “nowcasting” scenarios where
we may only have 12-18 hours of lead time.

How will the Vigil spacecraft’s unique positioning at
Lagrange Point L5 enhance its ability to detect solar activity
before it impacts Earth or space assets?

L5 offers a side-on view of solar events moving toward Earth, as opposed to the head-on
perspective from L1. This geometry lets us determine speed and direction much more reliably,
similar to watching an arrow from the side rather than facing it head-on. Vigil also monitors
the far side of the Sun, allowing us to observe the sources of solar activity such as flares and
coronal mass ejections before they rotate into view, potentially extending warning times from

hours to several days with further scientific advances.
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Image Credit: European Space Agency

What exactly does this increased granularity in the data
involve, and why is it so critical for early warning and
response?

Vigil provides 24/7 monitoring of solar activity, including high-resolution imaging and direct in-
situ measurements of solar winds and magnetic fields. One key instrument, the Photospheric
Magnetographic Imager (PMI), is best-in-class. There are only a couple of institutions
worldwide capable of building it. The continuous data stream it provides allows for higher
temporal and spatial resolution.

Once Vigil issues a warning, what are the immediate steps
taken by operators on Earth to protect satellites, astronauts
aboard the ISS, or ground-based infrastructure?

The datais processed by the Space Weather Network and turned into tailored warnings. Each
domain has specific concerns: astronauts need radiation dose forecasts, while power grids
look at geomagnetic storm probabilities, and aviation needs timely alerts to reroute long-haul
flights. Satellite operators may shut down sensitive payloads to reduce radiation damage, like
NASA did during the May 2024 solar storm. Aircraft traffic may be the sector most in need of
latency, since you may have only a few hours’' notice to reroute the most remote aircraft.

Can you elaborate on how Vigil will coordinate with existing
international monitoring systems to form a more cohesive
global space weather alert network?

Vigil is built on international collaboration. For instance, we're flying one NOAA instrument and
they’ll fly one of ours, with both sides sharing complete datasets to maximize scientific value.
We're also looking to cooperate with Korea's planned L4 mission, as well as Japan and India for
ground station integration. This data sharing enhances global coverage and enables the
creation of 3D reconstructions of solar events by combining standard image data collected
from both the L1and L5 vantage points.
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From a project management perspective, what have been
some of the key engineering or logistical challenges in
designing a mission with such a crucial role in operational
safety?

Because Vigil is Europe’s first L5 and first operational space weather mission, we had to build a
world-class team of engineers within ESA. Identifying what the critical technologies were
going to be was capital for the success of the mission.

Another major challenge is technology readiness. Because Vigil's instruments are so
advanced, we had to prioritize developing some of them ahead of the satellite platform itself,
which is the opposite of the typical mission development sequence. Managing the risk around
these instruments is crucial, as payloads typically drive mission complexity, cost, and
schedule risk.

How do you see Vigil shaping future policies or international
cooperation in the domain of space weather mitigation and
space safety at large?

Vigil is already acting as a catalyst for international cooperation and data standardization. The
insights we generate will inform how agencies assess risks tied to new technologies, guide
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multinational policy, and improve coordination between spacefaring nations. Looking further
ahead, as we look toward becoming a multi-planetary species, consistent and reliable space
weather forecasting will be critical, not just for Earth-based systems, but for the safety of
astronauts and off-planet infrastructure as well.

No matter how you look at it, the mission’s cost-benefit is clear, especially when weighed
against the potential damage solar storms can inflict on satellites, power grids, and
communication systems. While Vigil is primarily an operational mission, it also holds
significant research value, and will offer new insights into solar activity and space weather

dynamics.

Does the Sun feel too far? Learn how to make black holes at home

About the Speaker

Giuseppe Mandorlo is the Project Manager for the European Space
Agency's (ESA) Vigil mission, Europe's first operational space
weather satellite. In this role, he leads efforts to provide early
warnings of solar events that could disrupt Earth's infrastructure.
He started his career in ESA over 22 years ago as a Data Handling
engineer in the Technology Development directorate before moving
to Galileo as a payload engineer. Prior to his current role of Vigil
Project Manager, Giuseppe was head of the Copernicus Sentinel-2
System, Engineering, and Operations section.

Disclaimer: The views expressed here are those of the interviewee and do not necessarily
represent the views of AZoM.com Limited (T/A) AZoNetwork, the owner and operator of
this website. This disclaimer forms part of the Terms and Conditions of use of this website.
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Spectroscopy on Mars: How NASA's SHERLOC
is Redefining Planetary Exploration

Spectroscopy plays a vital role in planetary exploration, offering a powerful tool for
analyzing the molecular structure of matter. In astrobiological missions, it enables
researchers to study mineral surfaces in detail and investigate potential signs of
extraterrestrial life. By capturing and interpreting spectral data, scientists can efficiently
characterize planetary materials and environments, making spectroscopy an essential

technique in the search for life beyond Earth."

Image Credit: Shutterstock.com

The Perseverance Mars rover is an astrobiology-focused mission designed to search for signs
of microbial life on Mars, that incorporates a seven-instrument suite for performing high-
quality imaging and spectroscopic analysis. Central to this effort is SHERLOC (Scanning
Habitable Environments with Raman and Luminescence for Organics and Chemicals), a Raman
spectroscopy instrument that enables fine-scale metrological analysis and the detection of
organic compounds. By analyzing the mineralogy and chemistry of Martian rocks and soil,
SHERLOC helps scientists assess the planet’s past habitability and potential biosignatures.

What is SHERLOC and How Does it work?

Read this article online 10
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The SHERLOC instrument is located at the end of the robotic arm of the Perseverance Mars
rover. This advanced instrument is equipped with an auto-focusing camera that captures
black-and-white images and supports WATSON (Wide Angle Topographic Sensor for
Operations and eNgineering), SHERLOC's companion system designed for taking high-
resolution color images and analyzing rock textures. SHERLOC also features a high-powered
laser that targets the precise center of geological samples on the Martian surface. This laser is
essential for conducting Raman spectroscopic analysis, enabling the detection of mineralsin
microscopic rock features with pinpoint accuracy.?

Spectroscopy Modes for Detection of Life

SHERLOC analyzes the availability of key organic elements, including organic macromolecules,
steranes, and energy sources on the Martian surface, rocks, and outcrops. It includes micro
and macro-mapping modes, allowing for the analysis of the morphology and mineralogy of bio-
signatures using Deep UV (DUV) native fluorescence and resonance Raman spectrometry
techniques.

Using deep UV laser-induced fluorescence, SHERLOC employs a laser to excite atoms and
molecules within Martian geological samples. As these excited particles return to their ground
state, they emit photons through the fluorescence process. This emission provides critical
data, enabling the detection of biological microorganisms, organic compounds, and other
materials present in the soil and minerals. Thanks to its high spatial resolution, SHERLOC can
analyze these features with exceptional detail, making it a powerful tool in the search for past
or present life on Mars.’

Furthermore, SHERLOC's narrow-linewidth (<3 GHz) DUV laser (248.6 nm) also makes it
possible to perform fluorescence-free resonance and pre-resonance Raman spectroscopic
analysis, which helps further classify aromatic and aliphatic organics as well as minerals.*
These attributes make SHERLOC a crucial instrument for astro-biological Mars exploration
missions.

Key Discoveries So Far

In February 2021, NASA's Perseverance rover explored Jezero crater. During the first
campaign, the SHERLOC instrument collected microscale, 2-D images displaying mineral and
organic molecule detections on 10 different natural and abraded targets.

During the Crater Floor Campaign, SHERLOC analyzed 10 distinct targets; three from the
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Seéitah region, all of which had abraded surfaces, and seven from the Maaz region, consisting
of three natural surfaces and four abraded ones. The mineral identifications across these
targets included a range of compositions, such as undefined silicate, olivine, phosphate,
pyroxene, and sulfate. These findings help build a clearer picture of the geological diversity
and past environmental conditions on Mars.

In the Seitah region, SHERLOC identified a variety of minerals at the Dourbes abrasion site,
with carbonate and pyroxene emerging as the most prominent. Using laser-induced
fluorescence spectroscopy, the instrument delivered spatially resolved data on elemental
composition, revealing the presence of silicon, magnesium, and aluminum. These results offer
valuable insights into the mineralogical makeup and potential habitability of ancient Martian
environments.®

Inits first 400 days on Mars, the Perseverance rover detected a wide range of organic
molecules, including polycyclic aromatic hydrocarbons (PAHs), compounds often considered
potential building blocks of life. SHERLOC plays a key role in this process, working in tandem
with the WATSON camera to capture detailed images of rock textures and mineral structures.
By integrating these images with spectral data, SHERLOC creates spatial maps that show the
distribution of minerals and organic compounds across rock surfaces, helping scientists
understand the chemical and environmental history of the region.®

Experts analyzed samples from different craters, like the Jezero crater, and published the
findings in the journal Nature. The research paper revealed that the detections by both
fluorescence and Raman spectroscopy are consistent with the presence of organic materials.
The analysis suggests that the organic molecules may have been deposited through abiotic
aqueous processes or formed within the altered volcanic materials on the crater floor.
However, confirming their organic origin and precisely identifying these molecules will require
returning the samples to Earth for laboratory study.’

Future Implications

SHERLOC continues to play a crucial role in collecting targeted samples from Martian rocks
and sub-surfaces. In 2023, two key samples were acquired with the help of SHERLOC's camera
system, which was instrumental in identifying core mineral surfaces and capturing detailed
imagery to quide successful drilling operations. These efforts are part of the broader Mars
Sample Return mission, which, following approval by the U.S. Congress, aims to bring these
samples back to Earth by 2030.8
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Experts continue to refine spectroscopy techniques and instruments to enhance accuracy
and efficiency in space and planetary exploration. In a recent breakthrough, researchers from
the Netherlands developed a compact, lightweight terahertz spectrometer, measuring just a
few centimeters, that has the potential to replace traditional, bulkier spectroscopy
equipment. This advancement could significantly reduce payload weight and fuel
consumption for future missions. At the core of this innovation is a high-performance
metasurface, which enables the spectrometer to outperform many conventional systems

despite its smaller size.?

Recent innovations underscore the critical role of spectroscopy and optical instruments in
planetary exploration. With growing investment in advanced imaging technologies,
researchers and space agencies are focused on improving performance while reducing
operational costs. Looking ahead, we can expect to see increasingly intelligent and
miniaturized spectroscopy systems used not only in the search for life on distant planets, but
also in probing large-scale cosmic phenomena like the expansion of the universe.
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Disclaimer: The views expressed here are those of the author expressed in their private
capacity and do not necessarily represent the views of AZoM.com Limited T/A AZoNetwork
the owner and operator of this website. This disclaimer forms part of the Terms and
conditions of use of this website.
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Advancing Aerospace with Sustainable
Composites

In this interview, AZoQuantum speaks to Catherine Yokan at the National Manufacturing
Institue Scotland about advanced composite materials for aerospace and space
exploration, Scotland’s growing role in the space industry, and more.

Can you tell us about your role as a Senior Research &
Development Engineer at the Lightweight Manufacturing
Centre?

At the LMC, | work between industry and academia, developing advanced composite materials
and new ways of manufacturing them. These materials are used in a range of applications,
such as aerospace and , SO my work can involve anything from designing
parts for a space launch vehicle to figuring out how to recycle composite materials more
efficiently. What excites me the most is seeing the research we do turn into something
tangible and real - whether it's making a spacecraft lighter or helping to reduce waste in
manufacturing.

Your work involves advancing space exploration in Scotland.
Can you walk us through your current project and some of
the key challenges you‘'ve encountered?

Right now, I'm overseeing the design, assembly, and production of a recoverable second-stage
demonstrator for a launch vehicle. Essentially, we're figuring out how to build part of a rocket
that can be reused. One of the biggest challenges is making sure the materials and
manufacturing methods are efficient and sustainable - we have to balance technical
performance with cost and environmental impact, which means constantly looking at how we
can improve the way we make things while keeping them practical and affordable.
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How do you see Scotland’s role evolving in the space
industry, and what unique contributions do you think
Scottish research institutions bring to the field?

Scotland is already making huge strides in the space industry, and | think that's only going to
continue. Research centres like NMIS bring together engineers, researchers, and companies
to tackle real-world challenges. There's a lot of collaboration here, which is key for making
aerospace materials more sustainable or finding better ways to manufacture complex parts.
Scotland isin a great position to lead in space technology because we have innovative
research, extensive industry expertise, and strong networks to link them together.

During your time at NASA Langley Research Centre, you
worked on anti-icing polymeric coatings and composite
manufacturing for aerospace applications. How did that
experience shape your approach to materials engineering
and manufacturing in your current role?

Working at NASA gave me hands-on experience with materials that have to perform in extreme
environments. | worked on coatings that stop ice forming on aircraft and helped with
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manufacturing composite parts for wind tunnel fan blades. That experience shaped the way |
approach my work because it showed me the importance of precision and testing - making
sure materials don't just work in theory but can actually handle the conditions they're designed

for.

You've worked with composite materials in both aerospace
and manufacturing - what innovations do you see emerging
to make composites more sustainable, and how is your team
contributing to this effort?

One of the biggest shifts we're seeing is towards recyclable composites - materials that can
withstand performance requirements, can be taken apart, and then reused. We're also working
on ways to make manufacturing more efficient, using automation to cut waste and reduce
energy use. At NMIS, we're looking at the whole lifecycle of composite materials - not just how
to make them but how to extend their use and find better ways to repurpose or recycle them at
the end of their life. The goal is to make these materials more sustainable without losing the
qualities that make them useful in the first place.
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With International Women'’s Day celebrated earlier this
month, what are your thoughts on the current state of
gender diversity in STEM fields? Have you faced any
challenges as a woman in engineering, and what advice
would you give to young women aspiring to careers in
science and technology?

We've made progress but there's still a long way to go. Engineering and aerospace are still very
male-dominated, and there have been plenty of times when |'ve been the only woman in the
room. That can be isolating, but I've learned to focus on the work and not let that hold me back.
My advice to young women is, dont doubt yourself. It's easy to feel like you don't belong, but the
more women we have in these fields, the more that will change. Find mentors, take
opportunities when they come, and trust that you deserve to be here as much as anyone else.

In addition to your technical work, you actively participate in
STEM outreach. Why is this an important aspect of your
career, and what impact do you hope to have on the next
generation of engineers and scientists?

STEM outreach is really important to me because | want to show young people - especially girls
and those from underrepresented groups - that engineering is for them. When | was younger, |
didn't see many people like me in these roles, and | want to help change that. By working with
schools and universities, | hope to encourage more students to see STEM as something they
can be part of. The more diverse the industry becomes, the better ideas we'll have and the
stronger our future workforce will be.

About the Speaker

Catherine Yokan from the National Manufacturing Institute Scotland -

is playing a key role in advancing space exploration in Scotland. Her .
background includes roles at NASA and the Fraunhofer IFAM
Institute, as well as contributions to a range of cutting-edge ’
aerospace projects. We've put together a short summary below,
including her thoughts on IWD 2025, and would be happy to develop
this further depending on what you're looking for.

About the National Manufacturing Institute
Scotland

Read this article online 18



https://www.azonetwork.com/go/?ruid=952355b768b94d1689cf5a38e944400c

Article

The National Manufacturing Institute Scotland (NMIS)is a group of industry-led manufacturing
R&D, innovation and skills facilities supported by a network of Partners across Scotland, all
working together to transform the future of manufacturing.

The group has a national mandate to create and deliver inspiring, sustainable and translational
research and skills for all by accelerating innovation in the manufacturing community.

It is where industry, academia and the public sector work together on ground-breaking
manufacturing research to transform productivity levels, make companies more competitive
and boost the skills of our current and future workforce.

The NMIS Group includes the University of Strathclyde’s Advanced Forming Research Centre
(AFRC), Lightweight Manufacturing Centre, Factory, Digital Process Manufacturing Centre and
researchers working with companies across the manufacturing community in Scotland, the
wider UK and beyond - from aerospace giants to renewable energy disruptors, first-time
inventors to household automotive names. It also includes the Manufacturing Skills Academy,
which is transforming the manufacturing workforce of today and tomorrow and a Capability
Network bringing together leading organisations from across the Scottish research and
innovation, education and training communities.

NMIS is operated by the University of Strathclyde. It is supported by the Scottish Government,
Scottish Enterprise, Highlands and Island Enterprise, South of Scotland Enterprise, Skills
Development Scotland, Renfrewshire Council and the Scottish Funding Council. It is part of the
UK's High Value Manufacturing Catapult.

The flagship NMIS building is at the heart of the Advanced Manufacturing Innovation District
Scotland in Renfrewshire. The distinct 11,500m2 heather-coloured building, opened in June
2023, houses the NMIS Digital Factory, Manufacturing Skills Academy, Lightweight
Manufacturing Centre and publicly accessible, collaboration hub, with a window to the world
welcoming all who pass to look inside the world of advanced manufacturing.

Disclaimer: The views expressed here are those of the interviewee and do not necessarily
represent the views of AZoM.com Limited (T/A) AZoNetwork, the owner and operator of
this website. This disclaimer forms part of the Terms and Conditions of use of this website.
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Article ROBOTICS

The Role of Robotics in NASA's Evolving
Mission Architecture

Robotics has become one of NASA's most reliable tools - not always in the spotlight, but

almost always there, doing the work that makes exploration possible.

Image Credit: Triff/Shutterstock.com

In places where it's too risky or too remote to send astronauts, robotic systems are the ones
collecting data, scouting terrain, and keeping missions running. They‘ve helped us land on the
Moon, drive across Mars, and operate spacecraft millions of miles from Earth, often with little
or no real-time control."

Over time, these systems have evolved from simple landers to complex, autonomous
explorers. And as NASA plans for longer missions and human crews further from Earth,

robotics is only becoming more central to how we explore space.

Early Robotic Missions

NASA's use of robotics began in the 1960s, during the height of the US-Soviet space race.
These early systems weren't advanced by today’s standards, but they played a crucial role in

proving what was possible, and, in many cases, in making future crewed missions feasible.
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The Surveyor program (1966-1968) was a major first step. These robotic landers performed soft
landings on the Moon, collecting data on the surface and soil mechanics - information that
directly informed the Apollo missions.

Less than a decade later, the Viking 1and Viking 2 landers became the first US missions to land
on Mars in 1975, returning both images and scientific data. Though they were stationary, both
featured surprisingly capable instruments and a degree of autonomy for the time.

By 1997, robotic exploration had moved into a new phase. Mars Pathfinder introduced
Sojourner, a small rover that could navigate semi-autonomously and avoid obstacles on its
own. This was a major moment that helped to prove that mobile robotics could play an active
role in planetary science, opening the door to more ambitious rover-based missions in the
decades that followed.?

What started as cautious, fixed-position landers quickly grew into mobile platforms capable of
exploring terrain, performing science, and operating far beyond their expected lifespans. And
as mission goals expanded, so did the need for better materials, smarter autonomy, and

systems that could operate reliably in extreme conditions.3

Innovations in Space Robotics

As missions have grown more ambitious, NASA's robotic systems have had to keep up, not just
in terms of durability, but also in terms of intelligence, precision, and adaptability. The last two
decades, in particular, have brought major advances in how robots move, think, and interact
with their environment, making them more capable of handling challenging and unpredictable
conditions.

Mobility is a prime example. Modern rovers are designed to handle rough terrain with far
greater stability, using rocker-bogie suspension systems and adaptive wheels that adjust to
changing surface conditions. These upgrades are essential for ensuring rovers can complete
science objectives without getting stranded or damaged.

Robotic arms have also become far more capable. With greater precision, more degrees of

freedom, and improved force feedback, they can carry out increasingly complex tasks, from
handling delicate samples to drilling into solid rock. Swappable tools make them even more
versatile.

But what's made the biggest difference is autonomy. Deep-space communication comes with
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delays, so robots need to operate without waiting for human input. Today’s systems can make
navigation decisions on their own, detect faults in real time, and adjust to unexpected
obstacles or mission changes.? That kind of onboard intelligence has become a mission

requirement, not a luxury.

Size and weight constraints have driven advances in miniaturization as well. Small, low-cost
systems like CubeSats and nano-rovers allow NASA to send out multiple robotic platformsina
single launch, increasing mission flexibility. Meanwhile, advances in power systems like dust-
tolerant solar panels and high-efficiency RTGs are helping these smaller systems stay
operational longer, even in power-scarce environments.

Communication and data handling have kept pace too. Robots now carry more advanced
processing power, allowing them to prioritize what gets sent back to Earth. That's especially
important on missions where bandwidth is limited, and every byte counts.

These innovations aren't just making existing missions more efficient; they’re expanding
what's possible, allowing NASA to design robotic systems for entirely new mission profiles and
environments.

Lunar Robotics

For NASA, the Moon has always served as more than a target - it's a testing ground. Robotic
systems first touched down there in the 1960s to gather data that would help plan the Apollo
missions. Decades later, that same idea still holds: if we want to send humans deeper into
space, robotics needs to go first.

What's changed is the scope. Today’s lunar robots aren't just there to collect samples or scout
terrain; they're becoming essential infrastructure for future missions.

As NASA prepares for a longer-term presence on the Moon under the Artemis program,
robotics is being asked to do more: map landing zones, search for water ice, and demonstrate
how we might operate on the surface for months at a time. One key mission, VIPER, is
designed to explore the Moon's south pole and locate subsurface ice, which is critical for both

science and future life support systems.>*

But operating on the Moon means contending with a uniquely hostile environment.
Temperatures swing from searing heat to deep cold, and long nights (up to 14 Earth days) can
shut down solar-powered systems entirely. That's forced NASA to develop robotic platforms
that can survive and adapt: systems that combine autonomous navigation with hybrid power
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sources like RTGs and advanced batteries to stay operational through those extremes.

Mobility and thermal control are just as critical. Navigating cratered, unpredictable terrain
requires more than pre-planned paths. These systems need to make real-time decisions based
on local conditions. At the same time, their instruments and internal electronics must be
protected from temperatures ranging from +127?°C during the day to -173?°C at night. That
means insulation, active heating, and durable hardware built for long-haul work.?

With increasingly capable payloads, including drills, spectrometers, neutron detectors,
modern lunar robots are gathering more than surface data. They're proving what's technically
feasible and identifying what still needs to be solved. And that’s the real shift: robotics on the
Moon is no longer just about exploration. It's about laying the foundation for sustained human
presence and building experience for even more remote missions to come.

Mars Rovers

Few platforms have shaped NASA's approach to planetary science as much as its Mars rovers.
Over the past two decades, these robotic explorers have done more than just send back
photos; simply put, they‘ve rewritten our understanding of Mars and demonstrated what's
possible when mobility meets autonomy.?

It started with Spirit and Opportunity, twin rovers launched in 2003 as part of the Mars
Exploration Rover (MER) program. They were designed for 90-day missions, but each went far
beyond that.

Spirit operated until 2010, and Opportunity kept going for nearly 15 years. Their tools were
relatively simple compared to the tools used today: spectrometers, panoramic cameras, and
rock abrasion tools. But with those instruments, they uncovered compelling evidence of past
water activity, and most famously, the “blueberries” found by Opportunity, small mineral
spheres formed in liquid water.?

Their longevity wasn't just a technical win; it gave NASA time to learn what worked and what
didn't in a rover-based mission. Lessons from MER directly informed the design of Curiosity,
which landed in Gale Crater in 2012. At nearly a metric ton, Curiosity was a different class of
machine. It was powered by an RTG for year-round energy, equipped with a full mobile lab, and
capable of drilling, analyzing, and processing samples on-site.

Curiosity brought a new level of science to the mission, studying surface features as well as
the chemical makeup of rocks and soils. Instruments like the CheMin and SAM labs enabled on-
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board analysis of organics and isotopes, helping assess whether ancient Mars might have
supported microbial life. And perhaps just as importantly, it proved that complex robotic
systems could remain operational for years - even in the face of dust storms, seasonal cycles,

and rugged terrain.’

Then came Perseverance, which touched down in Jezero Crater in 2021. Its mission reflects
how far NASA's goals have evolved. Perseverance is not only looking for signs of ancient life; it's
actively preparing for a sample return mission. With its caching system, it's collecting and
sealing Martian rock samples for future retrieval and return to Earth.%3

It's also testing technologies with a view toward human missions. MOXIE, for example, is
generating oxygen from the Martian atmosphere, an early test of how we might produce life
support resources in situ. And then there's Ingenuity, the helicopter that flew on another planet
for the first time. This was actually a side mission that ended up proving the value of aerial
scouting in thin atmospheres.

Each rover has expanded NASA's ability to explore Mars not just by distance, but by depth.
They're shaping the systems and strategies that will eventually bring humans there.

Robotics for Future Missions

As space missions push farther and stay longer, robotics is starting to move into a different
role. It's no longer just about collecting data or scouting terrain - robots are now expected to
help build, sustain, and even manage the environments we're sending humans into.

On Mars, that shift is already visible. The upcoming sample return campaign is a series of
coordinated robotic systems working together. A fetch rover will collect sealed rock samples.
A'lander will receive them. A small rocket will launch them into orbit for pickup. It's complex,
and it has to work without direct human involvement. That kind of orchestration simply isn't
possible without reliable autonomy.

The same idea is starting to shape surface operations, too. NASA is looking at how robots
might prep landing zones or even construct habitats using Martian soil and additive
manufacturing techniques. These will help provide answers to real logistical problems: How do
you build a base before astronauts arrive? How do you reduce the volume of materials you
need to launch from Earth?

We are also seeing similar thinking with the Lunar Gateway. The station’s robotic arm,
Canadarm3, will operate with a high level of independence, handling inspections,
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maintenance, and cargo transfers even when out of communication with Earth. The ability to
operate autonomously in orbit isn't a nice-to-have anymore. For deep space missions, it's

essential.

Even beyond the Moon and Mars, NASA is using robotic missions to test what's needed for
future exploration. OSIRIS-REX, which grabbed a sample from asteroid Bennu using a robotic
arm, showed how delicate that kind of operation can be, and how important fault protection
and autonomous decision-making really are. The Psyche mission is pushing those ideas even
further, heading for a metal-rich asteroid with systems built for long-distance navigation and

onboard adaptation.®®

There is also already talk about robots for asteroid mining, debris removal, planetary defense.
None of that would be able to happen without the last few decades of building up capability,
piece by piece, in missions like these. In short, robotics is creating the conditions that make
future missions like the above possible in the first place.

Challenges

It's easy to get excited about what space robotics can do, but the reality can be a little trickier.

Every mission runs up against the same brutal equation: limited power, no real-time control,
no repair crew, and an environment that will absolutely try to break anything you send. Dust
grinds down mechanical joints. Temperatures swing hundreds of degrees in hours. Radiation
slowly eats away at electronics. Even “flat” terrain turns out to be full of traps for a six-wheeled
robot.

The experts at NASA have learned how to build around some of that - redundancy, thermal
shielding, fault-tolerant software. But there's a ceiling. Space doesn't care how clever the
designis. At some point, what matters is how well a system can function after something goes

wrong.

Autonomy helps, but it's not a silver bullet. Teaching a robot to detect a hazard is one thing.
Teaching it what not to do next is much harder. And when comms delays stretch into minutes,
especially on Mars or deep space missions, there's no tapping someone on the shoulder for
help. Every decision has to be made with partial information, limited power, and a narrow
margin for error.

Energy is a constant constraint. Solar panels are efficient until they’re covered in dust - or you
hit a 14-day lunar night. RTGs give you reliability but come with political, logistical, and safety
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baggage. There's no ideal solution, just options that come with trade-offs.

And even if the system works flawlessly, you're still bottlenecked by data. Most missions can
only send back a fraction of what they collect. That forces tough calls about what's worth
transmitting. Onboard processing helps, but handing off those decisions to a robot means
accepting that you'll never see most of what it saw.

Add in cost, launch mass limits, and long development timelines, and every design becomes a
negotiation between ambition and risk. Sometimes you get lucky. Opportunity lasted 15 years.
Sometimes you don't - and a mission ends on Day 1because a parachute didn't deploy.?

Conclusion

Robots go first. That's always been the logic. They can handle what humans can't, operate
where we won't, and fail (if they must) without putting lives at risk.

But there's more to it than that.

Space roboticsisn't just a placeholder for human presence; it's a parallel path. These systems
aren't just clearing the way for astronauts; they're becoming part of how we explore, build, and
even exist beyond Earth. The more capable they become, the more the model shifts from
“robot first, human later” to “robot and human, working together - or not at all.”

The future of space exploration won't be built on autonomy alone. But it also won't happen
without it. And that tension between control and independence, between presence and
delegation, is what makes robotics one of the most interesting, unsolved parts of the entire
equation.

Want to Learn More?

If you're interested in where robotics is headed next, here are a few topics worth exploring:

¢ International Women's Day; In Conversation with Maria Bualat of NASA's Ames

Research Center

e What Do Aerospace Robots Do?
o ALook Inside NASA's Curiosity Rover
o The Essential Role of Robotic Assistants in Modern Space Stations
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Ancient Martian Coastlines: New Evidence
from Tianwen-1

In July 2020, China launched Tianwen-1, its first interplanetary mission. By May 2021, the
Zhurong rover safely touched down on the Martian surface in southern Utopia Planitia, a

vast impact basin long suspected of holding evidence of ancient oceans.'

Image Credit: cobalt88/Shutterstock.com

For decades, planetary scientists have debated whether Mars once hosted large standing
bodies of water. With Tianwen-1, China joined the small circle of nations capable of conducting

orbiting, landing, and roving in one integrated mission.?

Recent analyses from orbital imagery and rover data have identified terrain features on Mars
that resemble ancient shorelines, such asridges, terraces, and layered sediments. If
confirmed, these findings would lend strong support to the theory that a northern ocean
existed on the planet around 3.5 billion years ago. They also offer valuable new insights into
Mars' past climate and its potential to have supported life."?

What Is the Tianwen-1Mission?

China's first Mars exploration mission, Tianwen-1, consists of an orbiter, lander, and the
Zhurong rover, which successfully touched down in southern Utopia Planitia in May 2021. The
orbiter carries seven instruments, including high-resolution and moderate-resolution imaging
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cameras, a mineralogical spectrometer, a subsurface radar, a magnetometer, and particle
analyzers. These were designed to map the Martian surface, study its ionosphere, and search

for subsurface ice.’

The Zhurong rover is equipped with six payloads including navigation and terrain cameras, a
multispectral camera, ground penetrating radar, a magnetometer, a climate station, and the
Mars Surface Composition Detector, allowing it to perform in situ geological and
environmental surveys of the landing site.”

The mission’s primary objectives are to study Martian topography and geological structures,
investigate soil characteristics and the distribution of water ice, analyze the composition of
surface materials, and examine the atmosphere, ionosphere, and internal physical fields of the
planet. These goals are pursued through complementary roles: the orbiter conducting a global
survey from space, while the rover focuses on detailed exploration of the Utopia Planitia basin,
aregion with geological evidence suggesting past water activity.?

Tianwen-1has achieved several major milestones. The Zhurong rover became the first to
explore southern Utopia Planitia, successfully driving across the plains and conducting high-
resolution surveys well beyond its planned 92 Martian-day mission. Meanwhile, the orbiter
entered a stable relay orbit to transmit rover data and later shifted to an elliptical orbit to

continue its global mapping for one Martian year.%™®

The mission demonstrated a range of technological breakthroughs, including deep-space
navigation, entry-descent-landing systems, autonomous rover operations, and integrated
orbiter-lander-rover mission design.”

The Discovery: Evidence of an Ancient Martian Ocean

The Zhurong rover’s landing site lies within the Vastitas Borealis Formation, a geological unit
long thought to preserve traces of past water activity. High resolution mapping of ridges,
troughs, mesas, and rampart craters reveals a landscape shaped by both volcanic processes
and volatile rich deposits.®

Among the most striking observations are ridge like landforms, polygonal terrains, and terrace
structures that may correspond to the remains of ancient shorelines. Geomorphologic analysis
shows linear ridges that resemble inverted stream beds or eroded dikes, as well as terrace like
slopes that suggest episodic water levels once stood across the region. In addition, layered
sediments and the morphology of rampart craters are consistent with impactsintoice rich or
muddy substrates, reinforcing the role of subsurface volatiles." 8
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Crater counting indicates that the surface of Utopia Planitia dates to approximately 3.3 to 3.5
billion years ago, coinciding with the Late Hesperian epoch when liquid water was more stable
on Mars.

Earlier missions, such as Mars Global Surveyor and Mars Reconnaissance Orbiter, had
proposed the existence of northern oceans on the basis of topographic and radar evidence,
yet these interpretations were debated. The Tianwen-1mission provides direct in situ
confirmation that the geomorphologic features of Utopia Planitia are compatible with coastal
processes, lending strong support to the long-standing ocean hypothesis."

Scientific Implications: Climate, Water, and Potential Life

The shoreline like features documented in Utopia Planitia point to the existence of a stable
hydrosphere on ancient Mars, where large volumes of liquid water may have pooled within its
northern basins. This evidence strengthens models of a warmer and wetter planet, challenging
earlier interpretations of Mars as a world that was perpetually cold and dry.®

If this region once hosted an ocean, it could have provided an environment conducive to
microbial life. Shallow marine settings, together with volcanic heat sources inferred from
magmatic dikes, may have supported hydrothermal systems, which on Earth are recognized as
natural incubators of life.®

The discovery of aqueous sediments further increases the scientific value of Mars sample
return missions. Sedimentary deposits near possible shorelines are promising targets for the
preservation of biosignatures, organic molecules, and isotopic markers of past habitability. In
this way, the Tianwen-1findings provide a crucial foundation for site selection in Tianwen-3,

China's forthcoming Mars sample return mission.®

Commercial and Technological Relevance

The mapping of volatile rich regions such as Utopia Planitia carries significant implications for
the future of space resource utilization. Subsurface ice deposits identified in this region could
one day serve as a critical supply of water for human explorers or be converted into fuel to

support long duration missions.’

The Zhurong rover also demonstrated advanced autonomous mobility, successfully navigating
across dust covered and uneven terrain, an achievement that highlights technological
progress in robotics and artificial intelligence systems designed for extreme environments.’
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Beyond Mars exploration, the imaging, radar, and sensor technologies developed for Tianwen-1
offer valuable applications on Earth. These include improvements in remote sensing,
subsurface imaging, and materials analysis, with potential benefits ranging from mineral
exploration to climate monitoring. In this way, Tianwen-1contributes not only to planetary

science but also to technological innovation with tangible commercial relevance.®

Global Collaboration and Competitive Edge

The success of Tianwen-1has firmly established China as a leading player in planetary science,
delivering datasets on Martian geology at both global and local scales that surpass many

earlier missions in scope and resolution.

At the same time, the mission’s findings in Utopia Planitia place China within a dynamic
landscape of exploration where NASA's Perseverance rover continues its investigations in
Jezero Crater and the European Space Agency advances the ExoMars program. In this context,
Tianwen-Trepresents both a source of competition and an avenue for collaboration. The
sharing of complementary datasets could greatly accelerate discoveries in Martian climate,

geology, and the search for biosignatures.?

Beyond the scientific community, international aerospace firms, sensor developers, and
artificial intelligence companies stand to benefit from partnerships with the China National
Space Administration, using Tianwen-1's data as a foundation for technology transfer and new

innovations.®

Future Outlook: Mars Exploration and Commercial Frontiers

The CNSA is advancing preparations for Tianwen-3, scheduled for launch around 2030, with
the goal of returning samples from one of three candidate landing regions: Amazonis, Chryse,
or Utopia Planitia. To ensure mission safety, comprehensive dust storm risk assessments are

already being conducted to refine landing scenarios.®

Looking further ahead, exploring Mars’ subsurface oceans oricy reservoirs will demand
significant technological progress, including high-power ground-penetrating radars capable
of probing depths beyond 500 meters, precision landing systems able to target rugged coastal
or glacial terrains, and autonomous drilling and sampling equipment designed to recover
buried sediments.®

Meeting these challenges requires not only new tools but also new approaches. Investigating
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potential Martian coastlines will depend on breakthroughs in propulsion, autonomous
robotics, scientific instrumentation, and planetary protection protocols. By fostering broad
interdisciplinary collaboration, humanity can move closer to a fuller understanding of Mars,
laying the groundwork for a sustainable human presence on the Red Planet.
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Where Are We on Space Debris in 20257

Space debris, made up of non-functional, human-made objects orbiting Earth, is becoming
a growing threat to the long-term sustainability of satellite operations and space research.
Once considered a minor issue, it has escalated rapidly due to the sharp increase in space

launches.

Image Credit: Frame Stock Footage/Shutterstock.com

The Growing Threat of Orbital Congestion

Space debris, which comprises spent rocket stages, dead satellites, and pieces from more
than 640 break-up incidents, has threatened spacecraft integrity, satellite performance, and
orbital stability since the start of the space age in 1957.! The high velocity of space debris
significantly amplifies the risk it poses. For example, impacts on the International Space
Station (ISS) Cupola windows, and the more than 30 collision avoidance maneuvers conducted
since 1999, highlight how even millimeter-sized particles can cause serious damage. In Low-
Earth Orbit (LEQ), debris can travel at speeds of up to 17,500 mph, making their kinetic energy
enough to puncture spacecraft or compromise critical systems.? Collisions involving larger
debris(objects over 10 cm) can lead to catastrophic fragmentation, significantly worsening the
problem. Such events risk triggering the Kessler Syndrome, a cascading chain of collisions
that could render entire orbital regions unusable for decades, severely impacting both current

and future space operations.?2
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The long-term untreated harm is predicted to negatively affect roughly 1.95% of global GDP,
making addressing this challenge not just an operational but also an economic one.® To
maintain the orbital environment, a systematic, all-encompassing approach that emphasizes
mitigation, control, and protection is essential.

Mapping the Debris - What's in Orbit Today?

The magnitude of the debris problem is highlighted by the vast amount and diversity of
material that is now orbiting the Earth. Currently there are more than 10,800 tons of space
objects in orbit overall.* Even though approximately 45,300 objects larger than 10 cm are
actively tracked and catalogued by major space organizations including the US Space
Surveillance Network (SSN)and the European Space Agency (ESA)?, these tracked objects only
make up a small portion of the threat. More importantly, an alarming 130 million pieces smaller
than 1cm are currently circling the earth, with an estimated 1 million chunks between 1and 10
cm.

These smaller, untracked, yet extremely destructive fragments provide a constant and
unpredictable threat. The density of debris is highest in low Earth orbit (LEO) because of the
concentration of operational satellites, new large-scale constellations, and the buildup of
older rocket bodies and non-functional spacecraft. Debris is found at different altitudes,
ranging from the crowded LEO to Medium-Earth Orbit (MEO) and (GEO)."2

Debris sources are primarily divided into three categories: pieces from anomalous events,
mission-related debris, and satellite breakup debris. The devastating potential of collisions
was glaringly demonstrated by the 2021 ASAT test on the abandoned Cosmos 1408, which
produced over 1,500 pieces of trackable debris and greatly exacerbated the orbital
environment?.

Despite international efforts to address the issue, the growing debris population is being
fueled by inconsistent compliance with post-mission disposal guidelines and the increasing
use of short-lived satellites like CubeSats. Some countries continue to overlook established
reqgulations, complicating global mitigation strategies. This highlights the urgent need for
more advanced tracking systems and a unified approach to prioritize the removal of the
largest and most hazardous debris

Mitigation and Prevention - Keeping New Missions Clean

Preventative debris mitigation requires a four-step strategy for long-term orbital
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sustainability®.

o Step 1: Design for Impact Resistance
This begins with selecting durable materials, simplifying structural designs, and
minimizing exposed surface areas. These choices reduce the likelihood and severity of
damage from high-speed debris impacts.

o Step 2: Remote Monitoring and Tracking
Global sensor networks are used to continuously track space debris, predict its orbital
paths, and compile detailed risk databases. This real-time monitoring is essential for
early threat detection and informed decision-making.

o Step 3: Active Avoidance Maneuvers
Equipped with onboard sensors, modern spacecraft can autonomously assess collision
risks and execute real-time course adjustments. These maneuvers help avoid debris
without requiring ground intervention.

o Step 4: Impact Mitigation Strategies
As a final layer of defense, spacecraft employ physical shielding and adjust their
orientation strategically to reduce the likelihood of critical damage during unavoidable

encounters with smaller debris.

Additionally, global Debris Mitigation Standards enforce responsible design, including built-in
deorbiting mechanisms and rocket body passivation to prevent future fragmentation.

Active Debris Removal (ADR) - Technology in Action

While preventing the creation of new debris is essential, Active Debris Removal (ADR) is
equally critical for reducing the current collision risk. Massive, high-risk objects already in
orbit pose a persistent danger, and their removal is necessary to prevent further
fragmentation and protect the long-term viability of space operations.? The goal of ADR is to
create technologies that are specifically designed to remove big fragments that may
otherwise start a Kessler cascade. Robotic arms, nets, harpoons, and even contactless
techniques like lasers or concentrated air drag enhancement to safely deorbit debris are
among the key technologies being developed and tested. ADR is an essential intervention
because the orbital environment cannot be stabilized by only adhering to future deorbiting
restrictions; active cleanup is necessary to halt the current accumulation tendency.

In-orbit servicing technologies, which concentrate on repairing, refueling, and repurposing
existing satellites, are becoming more popular as a complement to ADR. These services
greatly contribute to a more sustainable orbital economy by prolonging the operational
lifetime of satellites, which effectively lowers the frequency of new launches and, in turn, the
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rate of debris creation. However, many of these technological solutions remain prohibitively
expensive, requiring significant investment. To make them viable, creative financing
strategies are essential,such as establishing dedicated funds contributed by satellite
operators or enforcing penalties for non-compliance with disposal regulations. These
approaches could help share the financial burden and incentivize more responsible behavior in
orbit. The issue of legacy debris is directly addressed by the development of both ADR and in-
orbit servicing, which represents a required transition toward a proactive and restorative
approach to orbital management.

Policy, Governance, and International Collaboration

Strong international cooperation and sound policy are essential for managing space debris.
Guidelines like the IADC's 25-year deorbiting rule must become universally enforced standards.
Crucially, comprehensive Space Traffic Management (STM) systems are needed to coordinate
launches, manage orbital slots, and enforce safe separation distances, reducing collisions in
congested orbits. This requires urgent action due to the growing number of commercial space

actors.”

End-of-Life Protocols must be strictly enforced, mandating safe deorbiting or graveyard
orbits. Finally, public-private partnerships, like those involving the European Space Agency
(ESA)and the National Oceanic and Atmospheric Administration (NOAA), play a vital role in
ensuring space remains a sustainable and accessible resource. By combining government
oversight with private-sector innovation and funding, these collaborations help accelerate the
development and deployment of effective debris mitigation and removal strategies.

Commercial Opportunities and Industry Outlook

While space debris presents a serious challenge, it has also created new business
opportunities and fostered industry specialization in orbital sustainability. From debris
tracking and mitigation technologies to active removal services, a growing sector is emerging
to address these risks. By quickly developing capture techniques and deorbiting platforms,
companies specializing in Active Debris Removal (ADR) are turning cleanup into a profitable
service sector. Comparably, the commercial repair, refueling, and life-extension services
provided by In-Orbit Servicing (I0S), a growing industry, promise to lessen the financial strain
on replacement launches. In addition to providing physical services, commercial companies
are actively working to improve tracking and monitoring systems. They are creating better
sensor technologies, sophisticated analytics, and machine learning models to enhance
collision prediction and cataloguing, which is an essential service for all satellite operators.
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The market for lighter, more durable materials and propulsion systems made for low debris
generation and dependable end-of-life disposal is being driven by the need for greener
missions, which has sparked technological innovation in spacecraft design. The space
industry is progressively implementing Education and Awareness initiatives to assist these
expanding sectors, encouraging a culture of responsibility among engineers, designers, and
operators. The vision for the future indicates an integrated space economy where market
demand for safe and sustainable orbital operations will make debris management a key and
lucrative component of mission planning rather than just a requlatory burden. The direction is
clear: the industry is steadily moving toward a model where commercial collaboration,
regulatory frameworks, and advanced technologies work together to support the long-term
sustainability of the space environment. This integrated approach is becoming essential for
maintaining safe and reliable access to orbit in the decades ahead.
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Meet EZIE, Our Key to Understanding Auroral
Electrojets

A newly launched NASA Earth science CubeSat mission, Electrojet Zeeman Imaging
Explorer (EZIE), aims to investigate the electrojets that are instrumental in forming the

northern lights in more detail.

High-intensity currents known as electrojets travel in the ionosphere, close to the North and
South Poles, 100 kilometers above Earth's upper atmosphere’. Every second, they force almost
one million amperes of electricity around the poles.

Launched on March 14, 2025, on SpaceX's Transporter-13 mission from Vandenberg Space
Force Base in California, EZIE will map and produce images of the electrojets within the

aurora.

The three 6U CubeSats that make up EZIE were developed by Johns Hopkins University's
Applied Physics Laboratory (APL). The three satellites' main goal is to investigate the
production and behavior of auroral electrojets?, in an effort to evaluate how well the scientific
models that describe the electrojets match reality and get a better understanding of the
physics of the Earth's magnetosphere. It is anticipated that the data gathered by EZIE would
allow the scientific community to propose more precise models pertaining to auroras and
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geomagnetic storms.

What Are Auroral Electrojets?

The Sun's energy interacts with Earth’s magnetic field and upper atmosphere to create
powerful electrojets.

As the solar wind (a constant stream of charged particles from the Sun) reaches Earth, it flows
through our planet’'s magnetic field and enters the ionosphere near the Poles. These particles
generate intense electric currents as they move through this upper atmospheric layer. In the
process, they also excite atmospheric gases, lighting up the sky with the brilliant displays
known as the Northern and Southern Lights. However, they are also a threat to space assets
like satellites and critical terrestrial infrastructure'.

Earth and space are linked by a vast electric circuit, one that includes electrojets as a key
component. These powerful currents can cause sudden disturbances in Earth’s magnetic field,
leading to abrupt shifts that are often detected during geomagnetic storms.

Measuring Magnetism from Space: The Zeeman Effect

The physical phenomenon called the Zeeman effect is used to study the properties of
electrojets.

Atoms and molecules in their natural unperturbed state are occupied by electronsin the
ground state energy level structure. When the atom is exposed to a magnetic field, particular
energy levels can split into several sub-levels. This splitting of energy levels due to a magnetic
field is called the Zeeman effect?.

When excited electrons relax between the Zeeman levels they emit photons. By measuring
these emitted photons, scientists can gather valuable insights into both the molecular
structure and the magnetic fields that caused the energy level splitting.

For example, oxygen molecules subjected to a magnetic field emit microwave radiation at 118
GHz, a result of Zeeman splitting?.

Inside the EZIE Mission

EZIE contains detection equipment capable of measuring molecular radiation generated by
the Zeeman effect. The three CubeSats are outfitted with the Microwave Electrojet
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Magnetogram (MEM) sensor to carry out their job. Four integrated 118 GHz heterodyne
spectropolarimeters, which are the main parts of the MEM payload, will be utilized to detect
the 118 GHz microwave radiation released by oxygen molecules during Zeeman splitting?.

The strength and of the magnetic field influencing the oxygen molecules can be determined by
examining the strength of the Zeeman splitting. The current causing the magnetic field is then
back calculated using the magnetic field data.

EZIE In Orbit

Each of the three suitcase-sized CubeSats is moving two to ten minutes apart. These
CubeSats are positioned about 550 kilometers above the ground and follow one anotherina
polar orbit.

What makes this spacecraft concept unique is that the satellites glide rather than rely on
traditional propulsion. By adjusting the orientation of their solar panels, similar to how a glider
controls its wings, the satellites can maneuver and maintain proper spacing relative to one
another.

The evolution of the electrojets over time requires at least two spacecraft. Finding out how
much the currents'size, shape, and flow patterns have changed in the two to ten minutes
between satellites gives valuable insight into the current's direction, intensity, and structural
evolution.

Scientific and Technological Significance

The goal of the EZIE mission is to advance the understanding of the auroral electrojets'’
composition, development, and effects on space weather. This is a pioneering mission
conducting such a thorough analysis of the aurora.

The region where electrojets occur is at an altitude that is too high for high-altitude balloons
and too low for traditional satellites to operate effectively, which has historically made it
challenging to research. EZIE's sensors are precisely focused on the phenomena of interest,
and the device itself is positioned at the optimal distance. Prior to this, the technology
required to conduct such an investigation was unavailable.

Future Outlook

One important component of space weather prediction that currently lacks data is auroral
electrojets, which EZIE is now positioned to solve. Along with other NASA missions like the
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THEMIS (Time History of Events and Macroscale Interactions during Substorms) mission
investigating Earth's magnetosphere® and HelioSwarm, a heliophysics mission designed to
investigate solar wind plasma turbulence®, EZIE bridges another knowledge gap.

Scientists will be better able to lessen the effects of space weather with the capabilities
provided by such NASA missions. Furthermore, a thorough grasp of origins and effects of
electrojets will benefit future generations engaged in space travel.

Want more? Read on to discover the latest on the origins of water
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Article ROBOTICS

The Biggest Space Tech Breakthroughs of
2025

Space robotics in 2025 has reached a pivotal stage, with autonomous systems operating
across domains from planetary exploration to orbital servicing. This article reviews the
year’s most significant technological breakthroughs that are reshaping the future of space

exploration, in-situ resource utilization, and long-term orbital sustainability.

Image Credit: Triff/Shutterstock.com

The pursuit of space travel has long been one of humanity’s most ambitious endeavors, driven
by the desire to explore beyond Earth’s boundaries and extend our presence into the solar
system. Robots have played a central role in this quest, acting as our pioneers where humans
could not yet venture.

Since the launch of Sputnik 1in 1957, robotic spacecraft, rovers, and landers have journeyed far
and wide, even into interstellar space, collecting invaluable data and expanding our
understanding of the cosmos.

Recent advancements in robotics have made space exploration safer, more efficient, and
increasingly autonomous, enabling robotic systems to perform complex tasks such as
navigating challenging terrains, conducting scientific experiments, and maintaining orbital

infrastructure without direct human intervention.

The US’ First Private Robotic Lunar Rover

42
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The Mobile Autonomous Prospecting Platform (MAPP), developed by Colorado-based Lunar
Outpost, has become the first commercial exploration vehicle to land on the lunar surface. The
rover launched aboard Intuitive Machines' Athena lander on February 26", 2025, from Cape
Canaveral, Florida, on a SpaceX Falcon 9 rocket. After an eight-day journey, the Athena lander
attempted to land near the Moon’s south pole on March 6", 2025, targeting the Mons Mouton
region.

Unfortunately, during landing, Athena tipped onto its side, preventing MAPP from deploying
onto the lunar surface, but the rover still managed to operate successfully in cislunar space
and continued transmitting data for about 2.7 hours from its position inside the lander.
Despite the off-nominal landing, MAPP collected valuable sensor data, including real-time
environmental measurements and payload operations such as deploying MIT's micro-rover

AstroAnt and testing Nokia's LTE/4G communications system for lunar surface networking.

This mission marked the first commercial American rover sent to the Moon and the first
attempt to operate near the lunar south pole, laying the groundwork for future private lunar
exploration missions. Lunar Outpost plans a follow-up lunar rover mission, Lunar Voyage 2, set
for 2026 to explore the Reiner Gamma region.

All'in all, MAPP serves as a versatile solar-powered platform designed to support high payload
capacity while providing critical data to enhance future crewed and robotic lunar missions like
NASA's Artemis 3 planned for 2027.

However, future iterations will need to address challenges such as regolith abrasion, thermal
extremes, and limited energy availability during prolonged lunar nights.
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Next-Generation Space Robotic Servicing System: Northrop
Grumman’s MRV

Northrop Grumman's Mission Robotic Vehicle (MRV), integrated with a robotics payload from
the US Naval Research Laboratory, marked a significant advancement in June 2025 when the
payload was fully integrated onto the MRV spacecraft bus at the company's Dulles, Virginia,
facility. This integration is part of DARPA's Robotic Servicing of Geosynchronous Satellites
program, aimed at enabling robotic servicing, repair, inspection, relocation, and life extension

of satellites in geosynchronous Earth orbit (GEO).

The MRV builds upon Northrop Grumman's prior successful satellite servicing missions using

the Mission Extension Vehicle (MEV) series, which extended the lives of commercial satellites
such as Intelsat 901 and 1002. The MRV will carry multiple Mission Extension Pods (MEPs) that
it can attach to client satellites, effectively serving as propulsion "jetpacks" to extend satellite
operational life by five or more years.

Northrop Grumman planned to subject the MRV with its integrated robotics payload to
environmental testing to ensure it is space-ready, with an expected launch in 2026. Once
operational, the MRV will perform complex tasks, including satellite inspection with over 20
onboard cameras, installing life-extending pods, performing repairs, relocating satellites to
different orbits, and potentially upgrading satellite payloads. The system is designed to
address critical satellite fleet management challenges, reduce orbital debris, and optimize

satellite lifecycle, supporting both commercial and national security missions.!

Still, requlatory frameworks, secure communications protocols, and collision-avoidance
systems will need to evolve to manage the increasing complexity of servicing operationsin
densely populated orbits.

China's Space Mining Robot Prototype

Looking beyond Earth orbit, China is investing in robotic mining for deep-space resource
extraction. The China University of Mining and Technology (CUMT) has recently developed
China's first multifunctional space mining robot, engineered for operation in microgravity

environments on asteroids and lunar surfaces.

The prototype features a six-legged configuration with wheeled and clawed limbs, ensuring
stable mobility under low-gravity conditions. It utilizes an insect-inspired claw mechanism
that enhances adhesion and anchorage, overcoming the limitations of gravity-dependent
drilling. This design allows for stable operation across irregular terrain while conducting
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sampling tasks.

Over the next decade, such robotic systems are expected to enable safe and efficient mining
on extraterrestrial bodies, allowing continuous resource recovery while minimizing risks to
human crews and supporting the establishment of sustainable lunar bases and deep-space

missions.23

Still, significant technical challenges remain - ranging from long-distance communication
delays and radiation tolerance to dust mitigation and energy storage in extreme environments.

Vyommitra: India's Humanoid Space Assistant

The Indian Space Research Organization (ISR0O) is also making huge progress, with plans to
launch Vyommitra, the nation’s first humanoid robot, into space in December 2025, marking a
milestone in India's human spaceflight program.

Vyommitra is a semi-humanoid robot designed to function as an intelligent companion for
astronauts under the Gaganyaan mission. It will evaluate spacecraft systems, control modules,
and environmental parameters before crewed missions commence. The robot integrates voice
recognition, advanced sensors, and limited artificial intelligence to simulate human
physiological responses and autonomously manage basic operational tasks.

While Vyommitra does not replicate full physiological responses, it will simulate critical human
functions such as thermal regulation and environmental monitoring to help validate life-
support systems. Its deployment will validate the safety and reliability of the Gaganyaan crew
module, paving the way for India’s first human spaceflight in 2027.*

If successful, Vyommitra may influence the broader adoption of robotic assistants in long-
duration missions, especially those requiring reduced crew workload or enhanced system
autonomy.

NASA's CADRE: Collaborative Multi-Robot Exploration

NASA's Cooperative Autonomous Distributed Robotic Exploration (CADRE) mission also marks
a major advancement in autonomous multi-robot exploration. Scheduled for launch to the
Moon's Reiner Gamma region in 2025-2026 aboard Intuitive Machines’ IM-3 lander, it will deploy
three solar-powered, suitcase-sized rovers and a base station capable of coordinated, self-
directed operations without human control.

Each rover integrates cameras and multi-static ground-penetrating radar to conduct
synchronized surface imaging, subsurface mapping, and three-dimensional terrain
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reconstruction while maintaining precise formation. The mission's software framework
integrates centralized planning with distributed execution, enabling collaborative task
allocation, real-time coordination, and resource management under lunar environmental

constraints.

CADRE could set a precedent for future planetary exploration missions, where robotic fleets
work together to conduct large-scale scientific operations, prepare terrain for human arrival,
and reduce mission risk and cost.®

Nevertheless, CADRE's performance will be closely watched, with an eye on issues related to
its resilience against lunar dust accumulation, fluctuating surface temperatures, and potential

communication blackouts between units.

NASA's CADRE: Mifili overstoloreeoonasaearE

JAXA's MMX: Sample Return from Mars’ Moon

The Japan Aerospace Exploration Agency's (JAXA) Martian Moons eXploration (MMX) mission,
scheduled for launch in 2026, will attempt the first-ever sample return from Phobos, Mars'’
largest moon.

The spacecraft will use two sampling systems: a coring sampler (C-SMP) for subsurface
material beyond 2 cm and a pneumatic sampler (P-SMP) for surface collection. Together, these
tools aim to retrieve over 10 grams of material within a 2.5-hour window. Samples will then be

transferred by a robotic arm to a return capsule, with delivery to Earth expected in 2031.

This mission is hoped to provide Earth with access to rare or critical extraterrestrial materials
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while informing the selection of minerals and resources necessary for future Mars

infrastructure and sustained off-world operations.®

However, the extended return timeline and unknown mechanical stresses over multiple years
of travel make MMX a particularly ambitious test of robotic durability and interplanetary
navigation.

Implications for Future Space Operations

As 2025 draws to a close, it's clear that space robotics has significantly influenced the
landscape of space exploration, infrastructure development, and extraterrestrial resource

utilization. Whether it's mining asteroids, servicing satellites, or exploring with intelligent rover

teams, robotic systems are becoming integral to every stage of space operations.

While optimism surrounds these innovations, future missions must contend with technical

fraqgility, uncertain funding, and the evolving legal frameworks surrounding resource rights and

robotic autonomy in space.

Nonetheless, one thing is clear: these developments are creating the framework for a
sustainable and interconnected extraterrestrial infrastructure, positioning human-robot
collaboration as a central element of future space missions.

Want to Learn More About Robotics in Space? You Might
Find These Topics Interesting:

¢ The Essential Role of Robotic Assistants in Modern Space Stations

e Why Are There Robots in Space?

e What Do Aerospace Robots Do?

¢ International Women's Day: In Conversation with Maria Bualat of NASA's Ames

Research Center
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Sensors in Space: Making Interstellar
Exploration Safe

In the harsh realities of space, sensors can make interstellar exploration safer. Whether
guiding autonomous decisions or taking precise measurements to monitor the cosmic

environment, here's how sensor technology is keeping astronauts safe.

Sensors are key to all safe space missions, enabling navigation, monitoring, and control across
avast and hostile environment. Successful interstellar exploration requires precise knowledge
of local and remote phenomena, including cosmic radiation, plasma environments, and micro-

meteoroid impacts.

Modern sensors must survive vacuum, intense radiation, and dramatic temperature changes
to acquire stable measurements throughout a spacecraft's life cycle. These demands have
encouraged researchers and engineers to design robust sensors that prioritize reliability,
redundancy, and maintenance-free operation during multi-year and even multi-decade
flights.!
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Monitoring Spacecraft and Crew Safety

Safety in space hinges on the early detection of environmental and operational anomalies.
Inertial sensors, such as micro-electromechanical systems (MEMS) or fiber-optic and ring
laser gyroscopes, continuously track a spacecraft's position, speed, and orientation.

These technologies are built to resist shocks, vibrations, and electromagnetic disturbances,
all while maintaining low drift over time. Such high-quality inertial sensors are especially
important when communication delays make real-time support from Earth impractical.”

Wearable sensor systems are also playing a growing role in astronaut health monitoring.
Integrated biosensors track vital signs such as heart rate and breathing to identify stress or
health issues. Systems already in use aboard the International Space Station (ISS) track vital

signs, alerting crews to dehydration, stress, or other physiological changes.®®

Detecting and Addressing Environmental Hazards

During interstellar missions, spacecraft pass through regions that contain high-energy
particles, plasma fields, and interstellar dust. Sensors that monitor these hazards must be
finely tuned to pick up gases, radiation spikes, and plasma, but still be robust enough to

survive their harsh environment.

Recent studies highlight the importance of reliable gas sensing for monitoring spacecraft
cabin air, identifying trace contaminants, and providing breath analysis for astronaut health. A
study by Elias Abi-Ramia Silva, T. et al. showed that, in deep space, these sensors must
operate without maintenance, frequently relying on redundant sensor arrays and self-
checking algorithms to maintain data quality throughout long missions. ’

Particle and field detectors assess radiation exposure and shielding effectiveness, capturing
fluctuations in cosmic rays and solar winds. These sensors feed the data they collect into
onboard systems that can trigger safety protocols when threats are detected, such as
reorientation or powering down sensitive equipment.'?

Autonomous Navigation and Deep Space Positioning

Human-managed navigation is usually impractical for interstellar distances because signal
delays can mean control changes take hours or even days to take effect. As a result, missions
rely on autonomous navigation through high-precision sensor suites. Recent advancements
incorporate astrometric and spectrometric measurement systems that allow spacecraft to
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navigate by comparing onboard observations of stars and other celestial bodies to stored
databases.

Relativistic navigation models further refine these measurements by compensating for the
effects of high speeds during interstellar travel. However, measurement noise can cause
issues in long-distance navigation. Researchers have shown that well-designed algorithms
and low-noise sensors can significantly lower navigation errors. Tests by Doga Yucalan and
Mason Peck in the Journal of Guidance, Control, and Dynamics demonstrate that modern
spacecraft can determine their position and velocity with an error of less than 0.001 %. This

emphasizes the importance of sensor quality for successful navigation in space.?

Innovations in Quantum and Cold Atom Sensing

Quantum sensor technology is beginning to reshape how deep space measurements are made.
Cold atom sensors operate at very low temperatures and can detect small vibrations and tiny

changes in gravity. The use of the Cold Atom Lab on the ISS is a major step toward using these
sensors on space probes. They can measure gravitational waves, identify small changes in the

environment, and may even play a role in exploring unknown areas in space.?

As research progresses, these quantum sensors will enhance gyroscopic measurements. This
could allow spacecraft to maintain accurate orientation even in places without clear reference

points. Future missions may use these sensors for navigation, environmental monitoring, and

scientific data collection with unprecedented accuracy.®

NASA and Quantum Sensors

Quantum
Sensors
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Video Credit: WebsEdgeScience/Youtube.com

Remote Sensing for Hazard Avoidance

Remote sensing systems expand situational awareness, detecting hazards like dust clouds or
energetic events well in advance. Multi-spectral imagers, including optical, UV, and X-ray
sensors, deliver rich data on interstellar collisions, dust clouds, and energetic events.
Technologies like energetic neutral atom (ENA) imagers and hydrogen Lyman-alpha sensors

provide valuable data about the heliosphere and the nearby interstellar medium.2?

Additionally, stereo imaging and onboard autonomous systems allow spacecraft to handle
uncertain situations more effectively. For example, an interstellar probe can use data from
various sensors and onboard algorithms to analyze complex scenarios, ensuring faster and
more accurate course corrections. These remote sensing techniques are useful for mapping
asteroid belts, identifying regions with debris, and planning safe paths through complex

regions.'

The Role of Data Integrity and Redundancy

Sensor reliability underpins every protocol in deep space missions. Guaranteeing long-term
data integrity is important, as loss or corruption of sensor data can result in mission failures or
catastrophic safety incidents.

To enhance reliability, sensor design strategies include duplication of critical components,
periodic self-checks, and automatic switching to backup systems upon detection of
anomalies. Creating backups in both hardware and software helps prevent temporary failures

from affecting mission operations.”

In addition to physical backups, new sensor designs use onboard analytics to maintain data
accuracy. Self-diagnosing systems can detect when sensor readings do not match expected
values, which can indicate calibration issues or hardware malfunctions. These alerts allow the
spacecraft’s autonomous systems to adjust sensor calibration or weighting accordingly,
further safequarding mission safety."

Sensor Reliability in Harsh Interstellar Environments

Space presents extreme challenges in longevity for aircraft sensors. These sensors face
issues such as radiation exposure, temperature changes, and potential damage from
micrometeoroids. To prepare for these conditions, sensors are rigorously tested to simulate
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the impact of radiation and thermal fluctuations, aiming to reduce the chances of failure.
MEMS sensors and specific ceramic or metal materials are commonly chosen for their

durability against these factors.*’

Engineering studies show that reducing moving parts, improving sensor packaging, and
adding active shielding can extend the lifespan and reliability of these sensors. As a result,
strict qualification standards are now mandatory in sensor development to ensure only the

most resilient components are used in interstellar missions."?
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Future Prospects and Ongoing Research

Research in sensor technology and safety for interstellar missions is advancing in several
promising directions. Efforts focus on the miniaturization of sensor arrays, the development
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of fault-tolerant architectures, and enhanced data compression techniques that allow more
information to be returned to Earth with minimal bandwidth. Machine learning-guided sensor
fusion is also being explored to further improve autonomous operations and flexibility during

missions.® 71112

Exciting advancements in quantum, plasma, and hyperspectral sensors are set to enhance the
understanding of previously uncharted regions of space. Investment from academic
institutions, national space agencies, and private firms is accelerating these developments.
With each innovation, space missions grow safer, smarter, and even better equipped to face

the unknown.?

Conclusion

Interstellar safety is entirely dependent on the precise and constant monitoring provided by
advanced sensors. Their evolution from simple environmental monitors to complex,

autonomous, and self-checking systems marks a significant leap in spacecraft engineering.

As new sensor technologies mature, interstellar missions will become safer and more
efficient, allowing humanity to tackle the challenges that exist beyond the solar system.
Continued investment and testing in these technologies will support future scientific
discoveries and help make deep space exploration safer for everyone involved.
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