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11 As NASA prepares for Mars colonization, resource conservation will be critical for
12 survival. Artificial Intelligence (AI) powered waste sorting technologies, already emerging on
13 Earth, offer promising solutions for recycling and material recovery. These systems use
14 advanced sensors and machine learning algorithms to identify and separate materials with
15 remarkable accuracy. On Mars, where every item has significant value, efficient recycling will
16 be essential to reduce resupply needs and support closed-loop life support systems. This paper
17 explores how terrestrial Al-based trash sorting technologies can be adapted for Martian
18 conditions, focusing on challenges such as the harsh surface environment, minimizing system
19 mass, power, and volume, and estimating waste composition. Addressing these issues will be
20 key to enabling sustainable operations on the Red Planet.
21 Nomenclature
22 Al = artificial intelligence
23 ESM = equivalent system mass
24 ML = machine learning
25 PnP = pick and place
26 RTMDet = real-time models for object detection
27 YOLO = vyou only look once
28 I. Introduction

29 rtificial intelligence (Al) refers to the ability of computers to simulate human thought and perform tasks in real-
3 world environments. Machine learning (ML), a subset of Al, encompasses the technologies and algorithms that

31 enable systems to identify patterns, make decisions, and improve performance through experience and data. An Al
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system typically combines ML with robotics and automated processes, and is generally designed to operate
autonomously or with minimal human intervention.

The adoption of Al in terrestrial trash-sorting systems is accelerating as municipalities seek to reduce landfill
use and improve recycling efficiency. For instance, AMP™[ 1] has expanded on a two-year pilot project in Portsmouth,
VA, where its system processes up to 150 tons of locally sourced municipal solid waste daily. ZenRobotics®, a
division of Terex Corporation, has been a pioneer in Al-powered sorting for over 15 years and now operates globally.
Its Fast Picker® [2] achieves up to 80 picks per minute, making it well-suited for lightweight materials such as
packaging waste and dry mixed recyclables. In contrast, Machinex Industries Inc. offers the SamurAI® Optima™
robot [3], designed for smaller-volume environments. Mounted directly on the conveyor, it can be installed within a
single day and delivers up to 70 picks per minute with approximately 95% accuracy in targeted product recognition.
These innovations highlight a trend toward faster, more precise, and easily deployable solutions, signaling a future
where fully automated waste management systems become standard practice.

Developing an Al-based trash-sorting robot for use on Mars presents unique challenges. This paper explores the
potential benefits of leveraging an Al sorting mechanism to enable recycling for Martian missions and examines the
technical hurdles that must be overcome to implement such a system.

II. Economics

A. Mars

For any sustained operations on Mars, one of the most important reasons for sorting the trash is the value of these
items for recycling. It is difficult to evaluate their worth due to the number of uncertainties associated with any Mars
mission. However, one way to estimate it is using previous uncrewed missions. For example, the Mars Perseverance
Rover[4] landed on Mars on February 18, 2021 with a mass of 1,025 kg. The rover is expected to cost $2.7 billion
dollars [5] in total, of which $2.2 billion was for spacecraft development, $243 million for launch services, and about
$300 million for operations and scientific analysis. Considering just the launch services budget equates to a cost of
$237,073/kg for the landed mass. For a crewed mission the costs will be higher. One scientist estimates that in just
fuel expenses[6] it will cost $1M/lbm of cargo. Additionally, a mass-cost analysis does not consider available cargo
volume on the spaceship, which will always be minimal. The ability to recycle materials on Mars will have a major
beneficial impact for sustained Martian presence. If the mass, power, volume and crew time can be kept to a minimum,
recycling should always be worthwhile.

B. Lunar

Flying from Earth to the moon is also expensive. For chemical rockets[7] it costs $1M to $1.2M to fly a single
kilogram from Earth to the Moon. For missions to low Earth orbit there are many reports indicating launch costs have
decreased[8][9]. However, a recent study [10] has found that although the privatization of making spacecraft has
resulted in reduced costs, NASA is charged a premium for launch operations.

III. Environment

Whether intended for use on the Moon or Mars, the sorting robot will ideally operate inside the habitat. These
habitats are expected to maintain an environment similar to Earth's atmosphere, with a cabin pressure of 101.3 kPa
(14.7 psi) and an oxygen concentration of 21% by volume. However, the environment could also be at a reduced
pressure of 10.2 psi combined with an increased oxygen concentration of 26.5%, similar to those being discussed for
exploration missions and used on the Shuttle [11]. This enhanced oxygen environment introduces a greater fire hazard,
so material selection must account for this risk.

If the sorting robot is instead used or stored on the lunar or Martian surface, these extreme environments pose
significant challenges. The goal is for a trash-sorting robot to survive for 20 years or more on the surface of Mars. For
reference, the environmental conditions on Mars and the Moon are summarized in Table 1.
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Table 1. Lunar and Martian Environmental Conditions

Martian Surface Lunar Surface Inside a Pressurized Habitat
Gravity 3.73 m/s? 1.625 m/s? Same as external surface
Atmospheric 636 Pa 0.3 nPa 57.2 kPa
pressure
Temperature -153°C to 20°C -223°C to -23°C 18°C to 27°C
range
Atmospheric 95% CO2, 2.7% No, N/A ~34% 02, 66% N2, and water vapor
composition 1.6% Ar, and trace
amounts of Oz, CO, and
water vapor
Radiation 40-50 times Earth ~200 times Earth To be determined
Soil composition Regolith contains Electrically charged, N/A
issues for perchlorates, and dust sharp, and irregular
machinery particles dust particles

Radiation levels on Mars are significantly higher than on Earth due to the planet's lack of a global magnetic field
and a thin atmosphere, which offer minimal protection from cosmic rays and solar particles. The radiation dose rate
[12] for MSL/RAD was 0.21-0.31 mGy/d (Martian day), which is about 40-50 times the daily amount on Earth[13].

Galactic cosmic radiation (GCR) can affect metals by creating crystal lattice defects, which decreases density,
reduces toughness, and make the metal more brittle despite a potential increase in hardness. While metals are generally
more resistant to radiation damage than other materials, these changes in mechanical properties can degrade their
performance over time in a space environment [14].

IV. Waste Generated

A growing body of work is being established in the literature regarding the anticipated waste stream for future
crewed exploration missions.[15][16]. The reported waste models leverage existing datasets of waste generation rates
and materials realized onboard the International Space Station. Common crew-related trash items include food
packaging, used clothing, containment bags (e.g., cargo transfer bags, plastic recloseable bags, etc.), hygiene items,
and metallic structures. Table 2 shows a list of crew-related trash items that are used to test the Trash Compaction and
Processing System.

A previous study [17] was performed assessing the value of using advanced trash management capabilities to both
mitigate the waste footprint on planetaryu bodies and to generate value-added products within the lunar segments of
NASA’s Moon to Mars (M2M) Architecture [18]. A lunar waste resource estimate was generated and is shown in
Figure 1. This figure showcases estimates are various waste resources for lunar missions from short stay, small crew
missions (7 days on lunar surface; crew of 4) to longer duration and larger crews (365 days on lunar surface; crew of
8). Although this figure centralizes on the lunar campaign, similar waste items are assumed to be prevalent for a future
mission to Mars. Accordingly, various waste resources may be of high utility to a Mars mission, including polymers,
textiles, biologics, and metallics. If the use of one particular waste stream is desired, effective sorting and separation,
with minimal crew intervention, is required.
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Figure 1. Potential resources in the waste stream. Estimates were generated for the lunar segments of the Moon to
Mars Architecture. These values are total estimates for Human Lunar Return (HLR), Foundational Exploration (FE),
and two reference missions for Sustained Lunar Evolution (SLE): Increased Science Capability and Increased Crew
Size and Duration. Please refer to the publication [18] for more details

Table 2. Examples of Trash Items
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Trash Component

Trash Component

Trash Component

Athletic Running Shoe Cotton T-shirts Beef Patty
Shorts Towels Scrambled Eggs
Socks Wet Wipes Beef Franks
Leather belt buckle Dry lab. Chem Wipes Macaroni
Exercise shirt Disinfectant Wipes Tortilla
Thermal Protective Glove | Nitrile Gloves Rice pilaf

Electric shaver

Shampoo on Towels

Sweet & Sour Chicken

Adjustable tether

Toothpaste on Towels

Cream Spinach

Polyethylene

Mini Flashlight terephthalate (PET) Orange-Pineapple Drink
plastic

Flashlight nylon belt . . .

holster Chewing Gum Apple Cider Drink

Mechanical pencil Deodorant Pineapple Drink

Binder clips Computer Paper Dried Apricots

Rubber bands Duct Tape Peaches

HEPA filter (vacuum . .

filter) Polyimide Tape Macadamia Nuts

Vacuum bags HOOk. and Loop Strawberries
Backing

Open end wrench

Bite size pouch

Vanilla Pudding

Scientific calculator

Thermo pouch

Reclosable Plastic Bag

Magnetic strip assembly Beverage pouch Bubble Wrap

Nylon brush septum Syringes

Oxygen sensor septum adapter bandages

pH strips rehydrateable pouch Bulk overwrap bag (BOB)
dessicant Overwrap, white

V. Equivalent System Mass

Equivalent System Mass (ESM) is used in Advanced Life Support system trade studies as a transportation cost
parameter. Because the cost to transport payload is proportional to the mass of the payload, a mass-based method such
as ESM can estimate relative launch costs. Trade studies are used to identify which of several options (that meet all
requirements) are most likely to have the lowest cost. ESM values are calculated by the sum of the life support system
mass, and by using conversion factors, values from the pressurized volume, power generation, cooling, and crewtime.

It is given in Eq. 1.
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ESM should not be the only metric considered in a trade study. As a cost metric, ESM does not include reliability,
safety, and performance differences between trade study options. To apply ESM appropriately, the trade study options
must meet some common prerequisites, and some characteristics might require comparison by other means.

Any design of an Al robot must be made with ESM in mind. A low ESM will help mission planners justify launch
costs.

ESM =M + (V*Veq) + (P*Peq)+ (C*Ceq)+ (CT*D*CTeq) )
ESM = the equivalent system mass value of the system of interest [kg]
M = the total mass of the system [kg]
\% = the volume of system [m3]
Veq = the mass equivalency factor for the volume [kg/m3]
P = the power requirement of the system [kWe]
Peq  =the mass equivalency factor for the power generation [kg/kWe]
C = the cooling requirement of the system [kWth]
Ceq = the mass equivalency factor for cooling [kg/kWth]
CT = the total crewtime requirement of the system[CM-Wy]
D = the duration of the mission segment of interest [y]

CTeq = the mass equivalency factor for the crewtime support [kg/CM-h]

VI. Trash Sorting Systems

The field of Al robots using vision has grown rapidly. To construct an Al robot for use on Mars a good starting
point is with what’s being commercially developed. This section discusses some of the key components for developing
an Al robot.

A. Overview

Automatic sorting systems use advanced image recognition algorithms to analyze visual data and identify different
waste materials with high precision, enabling efficient material sorting. There are two free, open-source machine
learning (ML) programs that have extensive use within the Al community. They are TensorFlow® and PyTorch®.
These frameworks are designed to facilitate the creation, training, and deployment of ML models by comparison of
scanned items to those in memory. These ML models have been used to create state-of-the-art object identification
algorthims such as You Only Look Once (YOLO) [19] or Real-Time Models for Object Detection (RTMDet) [20]. In
addition to ordinary visual wavelength cameras, hyperspectral cameras using expanded wavelength spectrum are also
used to capture images of the items [21].

Trash sorting is difficult due to the large number of features and the heterogeneous nature of waste materials. The
main features of the recognition object are their shape, color, texture, and spatial relationships of the image [22].
Spatial relationships of an image describe the position, size, depth, and orientation of objects. Analyzing each image
from different perspectives contains a considerable amount of information, therefore in order to improve accuracy it
is necessary to classify and divide the features of the image. Training efficiency improves as more discrimination
criteria become available. Over 90% accuracy in waste item identification has been demonstrated [23]. However,
technical barriers still exist such as waste stacking on the sorting line, multiple objects coming into contact with each
other, and objects with similar characteristics being mixed [24].

Robot arms are used commercially and have shown success. These arms are often called manipulators due to the
arm's ability to perform tasks by grasping, moving, and manipulating objects much like a human arm. Manipulators
are highly precise and versatile when used for material handling such as pick-and-place (PnP) processes that select
objects and physically transfer them to the appropriate material bin. Instead of grasping objects, robot sorting systems
can also use suction at the arm’s end to secure the items. For exposed surface applications on Mars or the moon,
excessive dust exposure would make suction impractical due to potential clogging. Other sorting methods such as
using blowing [25] to move items have been used. Recently a finger-like gripper was fully integrated into a 4-degree-
of-freedom robot structure [26].

Commercially available robot arms with vision systems has grown rapidly. Examples are Kinova® Inc. Gen3 [27],
FANUC Corp.’s LR Mate series [28], and Hiwonder® JetArm [29] robots These robots can respond to voice
commands and have demonstrated the ability to easily sort objects based on shape or color. They would need to be
trained to recognize the trash items found in Table 2.



169
170
171
172

173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

191
192
193
194
195
196
197
198

199

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

217

218
219

There exist open-souce dataset of images of trash. Implementing a rich data set that consists of many recyclable
waste images is an important step in creating a categorization module for machine learning. To the best of our
knowledge there are only two open source data sets, namely, TrashNet [30] and Taco [31], that are available for public
use.

B. Typical AI Imaging System Components
1. Camera:

The camera captures an image of the trash as raw data for the Al model. The image is digitized.
2. Image Processing:

The image may need to be resized to reduce computational load, manage memory, and standardize input
dimensions for machine learning models. To reduce complexity the color scale may be converted to grayscale. A
Gaussian blur or median filter is often used to remove unwanted noise. Another technique is to normalize pixel values,
for example between values of 0 and 1, to help ensure stable training and inference.

3. Detection Model:

Al models like YOLO or RTMDet are easy to implement, fast, and accurate. They are designed to make product
identification in real-time. All Al model will require training data. This help insure that Al learns what each product
looks like, training data often labels the images and have boxes drawn around the items.

4. Inverse Kinematic Calculations

An imaging system uses inverse kinematic calculations to determine the joint angles and motor positions required
to place the grabber at a specific spatial coordinate. This task becomes even more challenging when the target is on a
moving conveyor belt, as the system must identify the recycled item and position the grabber within the limited time
the item remains in view. Inverse kinematics applies kinematic equations to compute the motion needed for a robot to
reach a desired position.

C. Typical Conveyor System

The crew generates approximately 1.1 kg of trash per crew member per day [15][16]. Consequently, the conveyor
system required for daily operations can be relatively compact. Commercially available conveyor systems are typically
constructed from aluminum or steel, measuring about 1.8 m (6 ft) in length with a belt width of approximately 20.3
cm (8 in.). For the trash dispenser, the design must ensure an evenly distributed array of items while minimizing
overlap. Operating in a microgravity environment introduces unique challenges; therefore, a variable-sized opening
may be necessary. This opening could be optimized in situ, potentially using an imaging system to monitor and detect
clogging. It is hoped an even smaller system will be developed.

VII. In-Space Manufacturing

In-Space Manufacturing (ISM) utilizes welding, additive manufacturing, formative manufacturing and/or
subtractive manufacturing for on-demand part or infrastructure production in space and on non-terrestrial surfaces.
Materials suitable for ISM include metals, plastics, and ceramics. Manufactured items could be used for a wide range
of applications including tall towers, habitats, tiles for radiation or dust protection, chairs, spoons, chess pieces or
luxury items for crew mental health, replacement parts/spares for critical equipment or known consumables, electronic
sensors, and devices for power generation or storage. As a result, ISM is vital for NASA’s sustained space presence
by supporting mission flexibility, on-site device creation, and reducing the amount of needed spare parts initially
carried on a mission.

With longer duration exploration missions and a sustained presence on the Moon or Mars, the incorporation of
both In-Space Manufacturing (ISM) and in-space recycling could provide necessary resources to support and
complement mission needs. ISM and recycling technologies should be developed in parallel as the two capabilities
naturally complement each other. The utilization of recycled feedstocks for ISM greatly reduces the mass of feedstock
that must be launched. In turn, the availability of ISM technologies increases the viability of recycling by providing a
method to turn recycled feedstock into new necessary parts or structures manufactured on non-terrestrial surfaces.

An additional key component of in-space manufacturing is the inspection and certification of produced items so
that they could be used with confidence for an intended application. Sorting technologies could be a piece of that
process by ensuring a baseline quality in the recycled feedstock material.

VIII. Conclusion

The ability to recycle in space waste presents substantial cost and logistics savings. Recycling also reduces the
amont of waste that will be left on a planetary surface. The ability to sort waste will be a part of the development of



220 recycling. This paper has presented many of the design challenges. Developing the ability to sort waste on a planetary
221 surface will have will develop technologies with terrestrial benefit. These include the ability to set up a recycling
222 center that has minimal volume and mass, uses low power, is easy to assemble, sorts with high accuracy, and is robust.

223 Appendix
224
225 Table Al. Average compositions of the Martian crust, soil, and dust [j].
Oxide/ Average Average Average Max. from MER Surface Missions
Element Mars Crust Mars Soil Mars Dust
[9] (Gusev Crater [51 Maximum Location
Panda Subclass; (8]
[5]
wt. % wt.%
SiO, 493 46.52 £0.57 | 44.84+£0.52 90.53 Kenosha Comets, Gusev crater
TiO; 0.98 0.87 £0.15 0.92+0.08 1.90 Doubloon, Gusev crater
AL O3 10.5 10.46 = 0.71 9.32+£0.18 12.34 Clifthanger, Gusev crater
FeO 18.2 12.18 £0.57 | 7.28+0.70 4.41 ol
Fe,0; 420£054 | 1042011 | 1842 Paso Robles, Gusev crater
MnO 0.36 0.33 £0.02 0.33+£0.02 0.36 The Boroughs, Gusev crater
MgO 9.06 8.93£0.45 7.89 £0.32 16.46 Eileen Dean, Gusev crater
CaO 6.92 6.27 £0.23 6.34+£0.20 9.02 Tyrone, Gusev crater
Na,O 297 3.02+£0.37 2.56+0.33 3.60 Cliffhanger, Gusev crater
K,0 0.45 0.41 £0.03 0.48 £0.07 0.84 Bear Island, Gusev crater
P,0s 0.90 0.83 +£0.23 0.92 +£0.09 5.61 Paso Robles, Gusev crater
Cr,0; 0.26 0.36 +£0.08 0.32+£0.04 0.51 Tyrone, Gusev crater
Cl - 0.61 £0.08 0.83 £0.05 1.88 Eileen Dean, Gusev crater
SO; - 490+0.74 7.42+0.13 35.06 Arad, Gusev crater
Element ng/g ng/s
Ni 337 544 + 159 552+ 85 997 El Dorado, Gusev crater
Zn 320 204 +71 404 + 32 1078 Eileen Dean, Gusev crater
Br - 49 £12 28 £22 494 Paso Robles, Gusev crater
226
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