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ABSTRACT

The collection of unique geological samples like silica sinter deposits on Mars, which
are critical in the search for extraterrestrial life, is currently hindered by the absence
of specialized sampling mechanisms designed with these unique rock structures in mind.
Robotic systems have emerged as essential tools for exploring extraterrestrial environments
as they can operate in conditions that are inhospitable or unreachable by humans, thus
reducing costs and risks associated with manned space missions. In the context of Mars
exploration, developing robotic systems capable of precisely collecting geological samples
like silica sinters is key to advancing the search for signs of past or present life.

This report details the design, construction, and validation of a novel autonomous sampling
system engineered to address this gap, offering a solution for collecting and preserving these
geolotical features for analysis. The system features a specialized end effector capable of
grasping rocks with different morphologies and varying degrees of brokenness, showcasing
its versatility in handling a diverse range of samples. The design employs innovative n-ray-
inspired nger structures made from polylactic acid (PLA) and thermoplastic polyurethane
(TPU), each selected for their unique properties to enhance the performance of the end
effector during the scooping and lifting phases of the sampling process.

Extensive validation testing revealed the end effector's high success rate in grasping larger
samples while preserving essential surface features critical for analysis. Comparative ana-
lyses demonstrated that PLA ngers excelled during the scooping phase due to their lower
friction characteristics, while TPU ngers performed better with broken samples thanks to
their exibility and higher friction that minimized slippage. These ndings suggest that a
hybrid design, integrating the advantageous features of both materials, could further enhance
grasping performance.

Future work will focus on re ning the end effector design for seamless integration with the

cutting tool, addressing positional error challenges, and investigating methods for stabilizing
rocks during sampling. Overall, this project signi cantly advances the development of tools
to collect silica sinter deposits on Mars, which are of great importance in the ongoing
search for signs of extraterrestrial life.
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Glossary of Terms

Autonomous Sampling A robotic system designed to collect geological samples
Mechanism without human intervention.

End Effector The part of a robotic arm designed to interact with its
environment and perform a speci c task.

Positional Error A misalignment between an end effector (usually a gripper)
and the object being interacted with, potentially affecting the
success of the task being carried out.

Extraterrestrial Life Life that originates outside of Earth, a primary focus of Mars
exploration missions.

Morphology Referring to the shape and structure of geological samples.
Abbreviations

3D 3-Dimensional

CAD Computer Aided Design

DOF Degrees of Freedom

PLA Polylactic Acid (referring to 3D-printing lament)

RPM Revolutions Per Minute

TPU Thermoplastic Polyurethane (referring to 3D-printing lament)

UAV Unmanned Aerial Vehicle
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1. Introduction

Robotic systems are indispensable in space exploration, advancing scienti ¢ discovery while
minimizing the risks and costs associated with human missions. Robots eliminate the need
for astronaut life support and return trips, making them safer and more cost-effective.
Additionally, through lightweight and energy-ef cient design, they can perform extended
missions across vast distances. The ability of robotic systems to process large amounts
of data quickly and execute tasks with high precision makes them particularly suitable for
exploring harsh environments on other planets. These features make robotic missions a
safer and more ef cient alternative to human exploration, where the risks associated with
long-term space travel are still signi cant [1].

The primary motivation for robotic space exploration is to advance knowledge in areas of
science and technology and answer profound questions about life's existence in the universe.
The search for life beyond Earth is a notable objective, carried out through the study of
atmospheric conditions, geological features, and other characteristics on other planets. Rock
sampling is key to this effort, particularly on Mars, where geological formations may hold
preserved signs of microbial life. However, robotic systems attempting to carry out these
sampling efforts must be highly robust to withstand extreme environments, including intense
radiation and temperatures. They also require a high degree of autonomy since real-time
communication with Earth is limited by vast distances.

Several pioneering missions have demonstrated the capabilities of robotic exploration on
Mars. Rovers such as Curiosity [2] and Perseverance [3] have made signi cant discoveries
using scooping mechanisms and coring drills to collect samples from ground level. In ad-
dition to ground-based vehicles, UAVs have more recently been the subject of development
for Mars exploration, with the Mars Helicopter Ingenuity making history by performing the
rst vertical-takeoff-and-landing ight on Mars. Ingenuity has demonstrated the potential
of aerial systems for accessing geological features that were unreachable by rovers (eg.
due to steep hills, cliffs or otherwise challenging terrain) [4], and shows promise for the
continued development and use of UAVs on Mars.

Despite the potential of UAVS, signi cant challenges exist for integrating them with rock
collection systems. Unlike ground-based rovers, UAVs have limited payload capacities,
battery life, and hovering stability, particularly in Mars' thin atmosphere. The unpredictable
wind conditions and reduced gravity on Mars add complexity to the precision required for
rock sampling. UAVs must also account for positional errors and uneven terrain during
collection, as small deviations can lead to unsuccessful sampling attempts. Consideration
for the positioning accuracy and precision of UAV-mounted systems is crucial for ensuring
the successful sampling of geological features.

One of the key goals of these missions is collecting geological samples that could reveal
signs of life on Mars. Particular rocks of interest include siliceous sinter deposits (or silica
sinters), formed near hot springs such as Mars Pool, Rotokawa in the Taupo Volcanic Zone
in New Zealand [5]. These Earth deposits contain preserved microbial communities and
have similar characteristics to some geological formations on Mars [6]. If sampled, the
Mars deposits may offer insights into whether life had existed at one point on the planet.
However, these rocks' unique characteristics, including their variability in porosity and
hardness, pose signi cant challenges for robotic sampling systems. No existing mechanism
has been designed to autonomously sample these geological features. Thus, there is strong
motivation to develop a novel system capable of overcoming these challenges.



This project is driven by the potential for silica sinters on Mars to contain signs of life.
Given the planet's distance from Earth, developing an autonomous system to collect these
rock samples is critical. The project aims to design, develop, and validate a robotic
mechanism for sampling these geological formations, tailored to the speci c challenges and
needs they pose. Additionally, the consideration of using a UAV platform for this system is
desired: such a platform enhances the system's sampling capability by allowing for travel
to distant and otherwise unreachable features. The following sections will review relevant
literature on the geology of the target rocks and existing sampling concepts. This paper will
then discuss the design, development and validation of a prototype sampling system, with
particular focus on the end effector design, and overall considerations for system integration
with a UAV platform.

1.1 Research Scope and Objectives

The scope of this project is to develop an autonomous, modular sampling mechanism
capable of collecting rock samples of varying morphologies. The primary focus is to
sample in a manner that preserves the integrity of the rock for subsequent analysis while
addressing potential variability in rock properties. Through experimental testing, the project
also encompasses the evaluation of the design's performance and limitations in sampling
rocks of diverse shapes and structures. This assessment aims to provide valuable insights
for future enhancements to optimize the mechanism's effectiveness for sampling in Martian
conditions, while also considering feasibility for integration on a UAV platform.

The objectives of this project are as follows:

* Investigate the characteristics and relevant properties of the target rock sample, in-
cluding the challenges these characteristics pose for sampling efforts,

* Investigate various sampling mechanism design concepts, focusing on innovative ap-
proaches that enhance adaptability and reduce weight and complexity,

» Design and develop a sampling mechanism prototype capable of collecting the rock
of interest for analysis,

» Assess and validate the performance of the sampling mechanism prototype in execut-
ing sampling procedures with rocks of varying morphologies.

2. Related Work

2.1 Literature on Rock of Interest

Hydrothermal silica deposits on Mars resembling terrestrial hot spring structures are prime
targets in the search for evidence of extraterrestrial life. These deposits, such as those
found by the Spirit Rover in the Columbia Hills of Gusev Crater [6], exhibit textures and
mineralogical properties akin to digitate silica structures observed in modern geothermal
locations such as El Tatio, Chile, and Rotokawa, New Zealand [5]. The formation of
these deposits through minerals evaporating near hot springs allow for the preservation of
biosignatures that, if analysed, could point to signs of life on Mars.

Key features for analysis include millimetre-scale surface protrusions known as digitates
(Figure 1). Crucially, these digitates must be sampled in one piece due to the need for
intact internal textures to properly analyse their depositional history. Additionally, the Mars



deposits are located on the ground and usually over a unit of bedrock [6], meaning that
sampling must take place over these ground deposits with a high degree of precision to
collect the millimetre-scale features.

Studies of terrestrial digitate silica structures have revealed critical insights into their phys-
ical properties, including bulk porosity that varies between 4.7% and 21.3% [5]. These
variations in porosity, along with nano-scale density differences, play a signi cant role
in the mechanical strength of geological materials. Speci cally, higher porosity correlates
with weaker material, affecting the development and propagation of fractures. Successful
sampling on Mars thus requires consideration of these material properties of siliceous de-
posits to ensure effective engagement with rocks of varying and unpredictable hardness and
breaking patterns.

Based on discussions with Michael Rowe and Kathleen Campbell, two researchers at the
University of Auckland in the Faculty of Science and authors of notable papers in this eld
including Nersezova et. al. [5], a reasonably sized sample for analysis should contain at least
3 digitates but be lightweight enough for transport off the planet (100 grams maximum).
These sampling requirements and rock characteristics will be taken into consideration for
the following analysis of previous work conducted in the design of sampling mechanisms.

Figure 1 Images of rock samples with digitate features [5].

2.2 Related Work on Autonomous Rock Collection

Literature concerning rock collection includes papers detailing the sampling methods used
by the Mars Curiosity and Perseverance Rovers, as well as other experimental designs.
Concepts generally focus on either the rock separating method (eg. drilling or scooping) or
the rock caching method (eg. gripping or storing), or both. Literature on drilling techniques
for mining robots was also reviewed, although the applications and thus the design needs
vary signi cantly. Designs considered here have been primarily created for Unmanned
Ground Vehicle (UGV) applications.



Anderson et al. [2] describe the Mars Science Laboratory (MSL) Curiosity Rover's sampling
method, which involved collecting granular rock using a scooping mechanism. While this
method successfully delivered samples for analysis, it caused material to adhere to the walls
of the sampling mechanism, leading to potential sieve clogging and contamination risks. A
cleaning method utilizing shock mechanisms, termed thwackers, was introduced to dislodge
about 80-90% of adhered material. However, this approach caused excessive stress on some
welds, resulting in delamination. Due to these issues, the Curiosity scooping method was
not adopted for the Perseverance Rover developed afterwards. Furthermore, the scooping
technique was limited to ground-based collection of particles smaller than tbGnd

would not be suitable for larger features such as digitates.

The Perseverance Rover's Sampling and Caching Subsystem (SCS), as outlined by Moeller
et al. [3], signicantly advanced sample collection capabilities by using a robotic arm
and rotary-percussive coring drill. This system allowed the collection of rock cores up
to 76 mm in depth and 13 mm in diameter. The robotic arm applied controlled force
to the target, stabilizing the coring drill and enabling sampling on surfaces with up to
20 degrees of inclination and height variations of20 mm. Seals and Iters minimized

dust interference during drilling, while a second robotic arm with a compliant end-effector
handled sample tubes. Although this method provided advantages in preserving stratigraphy
and collecting larger samples, the Corer assembly's 23.5 kg weight makes it impractical
for UAV integration. An image of the Corer is included below (Figure 2).

Figure 2 Sampling and Caching Subsystem Corer con guration [3].

Alternatives to coring methods are explored in Berner et al. [7], which analysed drilling

techniques for mining robots that could be adapted for sample collection. While mining

often focuses on removing large amounts of material without preserving its structure, saw
cutting could be employed for Mars sampling as a potential alternative to coring.

Zhang et al. [8] further analysed the potential of saw cutting for space rock sampling,
proposing a robot designed for asteroid anchoring and sampling. This system employed
diamond cutting discs mounted on legs and a sampling arm. Comparative results suggested
that saw cutting could be more ef cient than drilling, likely due to easier removal of rock
fragments from the contact area. The proposed design allowed the robot to make four



cuts to obtain a square pyramid-shaped rock sample, which would then be grasped by a
gripper. Its lightweight design makes it more feasible for UAV-based applications, though
a caching system would be necessary to collect the samples after cutting. Figure 3 depicts
this concept below.

Figure 3 CAD model of the (a) robot with anchoring capabilities, and (b) the sampling arm [8].

2.3 Related Work on End Effector Designs

A variety of robotic gripping methods were explored by Hernandez et al. in [9], focusing
on different grasping modes such as parallel/ at, spherical, and cylindrical, which depend
on the shape of the objects being grasped. The authors also distinguish between completely
constrained and compliant gripper mechanisms. Constrained systems, which utilize rigid
links, can precisely follow a planned path but struggle with complex objects, often requiring
additional degrees of freedom (DOF). In contrast, compliant mechanisms rely on elastic
deformation, making them lighter and simpler but potentially weaker. The paper also
discusses underactuated mechanisms, which possess more DOF than actuators, facilitating
adaptability to unfamiliar objects. These mechanisms often use passive actuation through
springs or compliant materials, with notable designs such as origami grippers and n-ray
structured grippers presented in this paper.

A specic application of compliant materials and underactuation is seen in the n-ray
structured nger analysed by Pledger et al. in [10]. This design employs a wedge-shaped
structure made of compliant materials like TPU. The researchers varied characteristics such
as rib thickness, spacing, and angle to assess their impact on gripping ability. Results
indicated that increased rib density enhanced object contact force while decreasing contact
area. Conversely, reducing rib angle improved the enveloping grasp by allowing greater
variation along the nger's length without signi cantly affecting contact force. Further
optimisation of n-ray structures was undertaken by Srinivas et al. in [11], where different






	List of Figures
	List of Tables
	Acknowledgements
	Glossary of Terms
	Abbreviations
	1 Introduction
	1.1 Research Scope and Objectives

	2 Related Work
	2.1 Literature on Rock of Interest
	2.2 Related Work on Autonomous Rock Collection
	2.3 Related Work on End Effector Designs
	2.4 Discussion of Related Work

	3 Design of End Effector for Rock Sample Collection
	3.1 Design Considerations
	3.1.1 Chosen Size and Shape of Rock Sample
	3.1.2 Design Considerations for Overall Sampling Mechanism
	3.1.3 Design Considerations for End Effector
	3.1.4 Design Considerations for UAV Platform

	3.2 Mechanical Design of End Effector
	3.2.1 Spiral-Driven Arm Mechanism
	3.2.2 Linear Motion Mechanism
	3.2.3 Shovel-Inspired Fingers
	3.2.4 Material Consideration for Finger Design

	3.3 End Effector Kinematics

	4 Methodology and Experimental Validation
	4.1 Validation Methods
	4.2 Experimental Procedures
	4.3 Test Setup
	4.3.1 Mechanical Design of Testing Rig
	4.3.2 Electronics and Software Design

	4.4 Rock Samples for Experimental Validation

	5 Results
	5.1 PLA vs. TPU Fingers
	5.2 Positional Error Results

	6 Discussion and Limitations
	6.1 Causes of Grasp Success and Failure
	6.2 Impact of Finger Design on End Effector Performance
	6.3 Impact of Rock Sample Characteristics on Performance
	6.4 Impact of Positional Error on Performance

	7 Conclusion and Suggestions for Future Work
	References
	Appendix A Software Design

