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Executive Summary
Small Solar System Bodies (SSSBs) are celestial objects of significant scientific and mineralogical
value, with near-Earth orbiters posing a threat to our planet. Prolonged on-surface observation gen-
erates unique data, only obtainable through landing. To date, four separate landings on SSSBs have
been attempted, with mixed capabilities and success. Standardization and modularity are becoming
more commonplace in space missions, aiming to increase reliability and drive down costs. Due to the
relative similarities in operating environment between SSSBs, a highly-adaptable lander may be able to
service a large majority of these bodies with only minor adaptations. This work therefore focuses on the
conceptual design of such a lander system. In order to allow for high adaptability in the design, a suit-
able systems engineering methodology is required. Model-based systems engineering (MBSE) was
selected due to its agile and structured concept development and iteration, as well as its heritage in the
MASCOT lander mission. In order to gather further knowledge on the effective operating environment
of the lander, literature on SSSBs, and the approach and landing dynamics is studied and compiled.
This culminates in the identification of the key enabling subsystems required for landing across a range
of SSSBs: an impact dampening and a rebound suppression subsystem. These subsystems are ex-
plored further, resulting in a number of concepts being drawn up. Following the filtering of concepts
based on a killer requirement, the concepts are traded-off, with the key criteria being mass, operational
range and reliability, adaptability, positional assurance, and technology readiness level. The concepts
are evaluated for operational range using a database with SSSB parameters, which is later used as
input data for a number of trajectory dynamics simulations using the astrodynamics software toolbox
Tudat. For each SSSB in the database, simulations iterate with increasing lander deployment height
until a maximum is found; with the last impact velocity of the lander being recorded. The resulting data
is used for the detailed design of the key enabling subsystems. The subsystem design focuses on find-
ing a suitable, and highly adaptable, commercial-off-the-shelf solution; with different variants servicing
each specific SSSB. Furthermore, the scalability of these subsystems is analyzed. Additionally, possi-
ble scientific payloads, and the subsystems required to service them, are partially defined to provide for
a complete system model. This results in the complete conceptual design of a highly-adaptable SSSB
lander.
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1
Introduction

A Small Solar System Body (SSSB) is a category of celestial objects set by the International Astro-
nomical Union (IAU) [1]. This category includes most asteroids, comets, centaurs, trojans, and trans-
Neptunian objects (TNO). SSSBs are objects of interest for both scientific and commercial applications,
with 17 past missions by several space agencies dedicated to their study. While no commercial mis-
sions to SSSBs have been deployed to date, interest is growing in this area, particularly in the space
mining sector [2].

For both commercial and scientific applications, on-site observation is very valuable, as it provides en-
hanced quality of some payload measurements; with other data only being obtainable on the surface
of SSSBs [3]. For this reason, numerous missions exploring SSSBs have been either outfitted with
lander modules, included a separate lander as payload, or have attempted to land as an end-of-life
(EOL) manoeuvre [4][5][6][7][8][9][10]. These missions, while having achieved various levels of suc-
cess, have proved the feasibility of various types of SSSB landings, and have highlighted the difficulties
and challenges for landers.

As with any dedicated space mission, these missions all incur into large costs, particularly in the de-
sign and manufacturing stages. In fact, costs have been the main driver behind the cancellation, or
significant reduction in scope, of some planned missions. This phenomenon extends to all space activi-
ties, particularly those with a scientific focus rather than immediate commercial applications. Therefore,
there is currently a tonal shift in space design, where an emphasis is being made on standardization
and modularity in order to increase reliability and drive down costs [11]. Thus, it would be of interest to
the scientific community and the private sector, if these concepts could be applied to SSSB landers.

SSSB landers are prime targets for standardization and modularity, as SSSBs have relatively similar
gravitational parameters; with varying surface morphologies and compositions. The lander platform
should therefore be adaptable to cover a range of operating environments. Additionally, it is often
the case that the target for space missions is subject to change, due to new information being uncov-
ered, or missed launch windows. When this happens, the hardware may have to undergo significant
modifications, which would be avoided or minimized if the lander was highly adaptable. Furthermore,
having a standardized lander platform, independent of any space agency, would reduce the likelihood
of mission cancellations due to political incidents, as was the case with ExoMars [12]. Lastly, there
are a number of Potentially Hazardous Objects (PHOs), which could potentially strike Earth. Some of
these PHOs, could be detected with minimal warning times between discovery and impact. If a highly
adaptable platform was already designed, previous to the discovery of a PHO, it could be used as part
of the impact prevention or mitigation strategies [13].

1
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1.1. Past missions
In order to understand the challenges and existing solutions for an adaptable SSSB lander, research
must be conducted on all existing missions that have been carried out. This research will aid in nar-
rowing down the scope of the project, as well as the definition of the operational requirements. The
research will be focused on SSSB landers and exclude planetary or moon landers due to the differ-
ences in their operational environment. A summary of important data from the missions studied is
summarized in Table 1.1. As of today, no future lander missions to SSSBs are planned. While numer-
ous concepts exist in the literature, the focus of this chapter is on the specific knowledge gathered by
the existing probes. Concepts from literature, with no flight heritage, will be introduced in Chapter 5,
where the focus will be at the subsystem level.

For the purposes of this study, a lander is defined as an independent hardware module which, being
deployed from orbit, arrives to a stable and static position on a body’s surface and remains on the
body. This definition excludes spacecraft such as Hayabusa which touch-down on a body for a short
period of time to collect samples and take-off. However, rovers such as MINERVA are included since
effectively they are landers with movement capabilities. A description of each lander’s hardware and
their operational history is presented below in chronological order based on their launch date.

1.1.1. NEAR Shoemaker

Near Earth Asteroid Rendezvous – Shoemaker (NEAR Shoemaker) is a 487 kg spacecraft launched
by the National Aeronautics and Space Administration (NASA) with the primary goal of exploring as-
teroid 433 Eros. NEAR Shoemaker was designed as an orbiter; however as the mission approached
its final phase, NASA decided to attempt a soft landing on EROS. During descent, NEAR Shoemaker
took 70 images of unprecedented resolution, with a maximum resolution of 1 centimeter in its final pho-
tograph. As NEAR Shoemaker approached the surface of Eros, it executed four braking manoeuvres
which decelerated the spacecraft’s vertical motion with a total ∆V = 24 m/s. Landing was completed
successfully, thus achieving the first landing on an SSSB. NEAR Shoemaker operated for a period of
two weeks after touchdown, where it generated high-resolution data with its gamma-ray payload, with
a considerably higher resolution than all the previously generated data during orbital observations [3].

1.1.2. MINERVA

MINERVA is a rover designed and operated by the Institute of Space and Astronautical Science (ISAS),
and the Japan Aerospace Exploration Agency (JAXA). It flew on-board the JAXA Hayabusa spacecraft
with the objective of landing on the asteroid 25143 Itokawa after being deployed during a rehearsal
landing by Hayabusa. The planned deployment would see the rover released from an altitude of 70m
with a relative speed of 5 cm/s. MINERVA weighs 591 grams, and has a hexadecagonal-prism shape
with a height and diameter of 100 and 120mm respectively. MINERVA is outfitted with 8 spikes on both
vertical faces of the rover such that it may land on both faces without issue. For this same reason,
MINERVA has solar cells attached to all its faces. These solar cells can generate enough power at
1AU to power MINERVA’s CPU; however, this is not sufficient to power the actuators or radio communi-
cations, which depend on a primary battery charged by Hayabusa. The rover is able to transit through
Itokawa’s surface through the use of a hopping mechanism. This motion is initiated by the combination
of two actuators: a turntable and a torquer. The torquer is mounted on the turntable, which is used
for directional control of the torquing motion relative to the asteroid’s surface. The torquer exerts a
force on the turntable, where a reaction force causes the rover to hop in a ballistic motion. A picture
of MINERVA and a diagram of the hopping mechanism can be seen in Figure 1.1. While the hopping
speed is dependent on the friction coefficient of Itokawa’s surface, the mechanism was designed to
generate a maximum hopping speed of 9 cm/s [4].

MINERVA, through no fault of its own, was unfortunately a failure. As described previously, the deploy-
ment phase was intended to be conducted very close to Itokawa’s surface. However, before deploy-
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Figure 1.1: MINERVA rover (left) and turntable structure (right) (from Yoshimitsu et al. [4]).

ment, an erroneous command was sent to Hayabusa to initiate an ascent manoeuvre. This resulted
in the rover being released at an altitude of 200m with a relative velocity of 15 cm/s, far exceeding the
desired parameters. This resulted in MINERVA fully missing Itokawa’s surface and getting launched
into space where it entered a heliocentric orbit. Despite this, all systems aboard MINERVA had nom-
inal status, with the rover managing to send a single picture of Hayabusa’s solar array back to the
mothership [4].

1.1.3. Philae

Philae is a lander by the European Space Agency (ESA) which flew on-board the Rosetta spacecraft
and was deployed from orbit, with the mission of landing on and exploring the comet 67P/Churyumov–
Gerasimenko. Philae weighs 97.9 kg, of which 26.7 kg comprise the payload; an additional 13.1 kg of
deployment systems are on-board the Rosetta spacecraft, which allow the lander to be released at an
adjustable speed between 0.05 and 0.52 m/s. The lander module is equipped with a single cold-gas
thruster pointed towards the upwards vertical axis of the lander. This thruster was originally envisioned
to accelerate the lander towards the comet; however, with a change in the target body to the more
massive 67P, it was then adapted to be fired after touchdown in order to minimize the rebound. It is
also equipped with a flywheel, used to stabilize Philae during descent, which provides a momentum
of 6.2 Nms at a speed of 9600 rpm. Philae is a passive lander, meaning that despite being outfitted
with the aforementioned hardware, no active control was exerted during the descent phase. Philae’s
landing gear is composed of three legs and a cardanic joint, which connects the landing gear to the
main body of the lander; this allows Philae to rotate above its legs and adjust to a sloping surface.
Upon landing, its kinetic energy is dissipated by a generator and converted into electric energy. Then,
ice screws in each leg are drilled into the surface in order to prevent lateral sliding. Lastly, a set of
two redundant harpoons attached to a tensioning motor via cables are also fired upon landing unto the
surface to tether Philae to 67P’s surface [5]. A schematic of Philae can be seen in Figure 1.2.

Philae’s mission found mixed success; while the separation, deployment and approach phases were
successful (with the corresponding scientific measurements), during touchdown both harpoons and
the cold-gas thruster failed. These failures resulted in Philae entering a bouncing motion, rather than
the desired tethering. Philae had repeated ground contacts for about 20 seconds, with the landing
gear generator absorbing about 10% of the kinetic energy from the impact. After this, Philae hopped
through 67P’s surface for 2 hours, eventually coming to rest in a cavity-like environment, which hindered
efforts to locate the lander and resulted in insufficient power generation. Despite these issues, Philae
only suffered minimal damage and was able to carry out a large portion of its short-term scientific
measurements. The largest issue was the inability to recharge the secondary batteries effectively,
such that Philae had to enter hibernation, thus preemptively terminating its mission [7].
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Figure 1.2: Schematic structure of Philae (from DLR Cologne [6]).

1.1.4. MINERVA-II (1 and 2)

MINERVA-II is the successor of the original MINERVAmission. Together with MASCOT, it flew on-board
the Hayabusa2 mission by JAXA which targeted the exploration of 162173 Ryugu. MINERVA-II is a
container package consisting of: a relay component, a helical antenna, MINERVA-II-1 and MINERVA-
II-2. All the individual rovers have a mass of 1.1 kg, and share the basic construction of the original
MINERVA. The main objective behind the deployment of these rovers was to demonstrate the hopping
locomotion system.

MINERVA-II-1 itself contains two rovers: HIBOU and OWL; these rovers are practically identical in their
construction, with slight differences in their internal sensors and thermal control systems[8]. They can
be seen in Figure 1.3. The rovers use an updated hopping system based on MINERVA. The turntable
was removed, thus sacrificing the control over the hopping direction to decrease themass and volume of
the subsystem [9]. The rovers were effectively deployed on the surface of Ryugu, where they became
the first rovers to successfully reach the surface of an SSSB. The rover’s operations involved their
continuous hopping, taking pictures and temperature measurements between the hops as long as their
batteries remain powered by sunlight. With the Hayabusa spacecraft leaving the orbit of Ryugu, it is
unknown whether the rovers are still operational, with the last transmission received over 10 months
after deployment [10].

Figure 1.3: Image of the MINERVA-II-1 rovers (from JAXA
[10]).

Figure 1.4: Image of the MASCOT rover (from JAXA [10]).

MINERVA-II-2, developed by a consortium of Japanese universities has a mass of 1 kg together with



1.2. Key takeaways 5

its separation mechanism. it has an octagonal prim shape with spikes at its top at bottom faces. Due
to its limited size it is equipped with a modest payload, including a camera, thermometer, photo-diode,
and accelerometer. Additionally, it is equipped with four different types of mobility mechanisms [9].
Unfortunately, MINERVA-II-2 failed before deployment, as the rover was unresponsive to commands
to turn on. MINERVA-II-2 was released regardless, and its trajectory was followed to further investigate
the gravitational model of Ryugu [10].

1.1.5. MASCOT

MASCOT was a second, fully independent lander system also deployed by Hayabusa2 on the sur-
face of Ryugu. MASCOT was developed by the German Aerospace Center (DLR) and the National
Centre for Space Studies (CNES). MASCOT weighs 10 kg and carries a host of payloads, namely a
wide-angle camera, spectroscopic microscope, thermal radiometer and magnetometer [9]. MASCOT
is equipped with a primary battery to power all subsystems and payloads with an operational lifetime
limited to around 17 hours, depending on power consumption. Its frame is built up on carbon-fiber rein-
forced plastic (CFRP) foam sandwich panels, which allowed the structure to deform a few millimeters
after impact, thus dampening the resulting force. MASCOT is equipped with an eccentric arm with a
mass concentrated at its tip; this arm is rotated and suddenly stopped using a geared DC motor. This
generates an off-center reaction force following Newton’s third law. This reaction sends the lander in an
uncontrolled hop, with a maximum range of 20 m [10]. An image of MASCOT can be seen in Figure 1.4.

MASCOT was deployed twelve days after MINERVA-II on a different location on the surface of Ryugu.
Due to its limited operational time, a 24-hour continuous monitoring network was set-up such that all
the scientific experiments could be carried out. This was done with a combination of the JAXA, NASA
and ESA deep-space networks. The lander operated nominally throughout the approach and landing
process, bouncing a few times on Ryugu’s surface before coming to rest. As the resting orientation
after the rebound was undesirable, MASCOT hopped once, which successfully re-oriented it. After
the completion of some payload operations, the hopping mechanism was triggered again for further
scientific measurements. This second hop was also successful. After the expected 17 hours after
deployment, MASCOT’s battery ran out, therefore finalizing the mission [10].

Table 1.1: Summary of key lander parameters (data extracted from Yin et al. [14]).

Lander Landing body Landing system Active descent control
NEAR Shoemaker 433 Eros None Thruster
MINERVA 25143 Itokawa Spikes None
Philae 67P/Churyumov–Gerasimenko Flywheel, legs, anchor, ice screws, and thruster Flywheel and thruster
MINERVA-II 162173 Ryugu Spikes None
MASCOT 162173 Ryugu None None

Lander Dry mass (payload) [kg] Deployment height [m] Deployment speed [m/s] Impact speed [m/s]
NEAR Shoemaker 487 36,000 1.5 - 1.8 -
MINERVA 0.59 (0.14) 200 0.15 -
Philae 97.9 (27) 22,500 0.05 - 0.52 1
MINERVA-II 1.1 (0.3) 50 - -
MASCOT 10 (4.2) 41 0.05 -

1.2. Key takeaways
Two dedicated landers have generated significant scientific data of the SSSB they landed on, Philae
and MASCOT. Philae is the largest lander, thereby being able to provide the most valuable scientific
data, with a varied set of payload systems. However, its complexity also lead to its issues, where key
subsystems like the harpoons and cold-gas thruster both failed. On the other hand, MASCOT uses
a very robust landing methodology, which makes the lander highly reliable. However, it is severely
limited in terms of payload, and its resting location on the SSSB’s surface is relatively unpredictable.
Furthermore, its design requires a low altitude-deployment, which is impractical for multiple deploy-
ments, consumes fuel, and endangers the mothership. Philae is a dedicated, one-off lander, and while
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MASCOT’s design is versatile, it is not adaptable. MASCOT’s approach is significantly more low-cost,
however it is severely limited in its operation, with a limited lifespan. Therefore, it seems like there is
a gap in the available lander platforms for a highly adaptable lander able to operate in a wide range
of SSSBs with simple adaptations, as no current lander fulfils this need. The lander should be highly
reliable, thereby favouring passive technologies for landing and attachment.

1.3. Research questions
Following the investigation into the current paradigm of the state-of-the-art in SSSB landers, and in
order to narrow down the scope of the thesis project, a research question is defined:

What is a suitable design for an adaptable SSSB lander platform able to deliver a surface
payload in a range of different operating environments?

This main research question is broad in its span. Therefore, in order to aid in the completion of the
project, it can be broken down into the following research sub-questions:

• Which systems engineering methodology is best suited for the design of an adaptable SSSB
lander?

• What is the range of possible operating environments for the SSSB lander?
• Which are the optimal key enabling subsystems for a SSSB lander?
• How can the key enabling systems be adapted to extend the range of operating environments?



2
Methodology

A SSSB lander is a complex system, made up of individual subsystems which must communicate with,
and complement each other. The lander can be considered a system of systems, thereby requiring a
structured and well defined approach to efficiently develop its design. In order to do this, two different
systems engineering methodologies are adopted.

2.1. Constraint-driven engineering (CDE)
When designing a system for a specific application, or when improving an existing system, it is com-
mon practice to set down specific requirements to constraint the design and measure its effective-
ness. These requirements are derived from discussions with relevant stakeholders. As the mission
progresses from the conceptual stage to final hardware integration, requirements are devolved with in-
creasing levels of detail, while maintaining the traceability required for justification. As design reviews
take place, requirements become frozen, which forms the baseline for the next design iteration [15].

In space missions the typical design process follows the initial definition of a payload of interest for a
relevant target. Then, conventionally, a spacecraft bus is designed around the payload such that it may
accommodate it, while also fulfilling the relevant requirements imposed by the selected launch vehicle
[16]. However, there is an alternative design paradigm: CDE. This paradigm aims to address designs
which may not be narrowed-down to a single reference mission scenario, such as an adaptable lander
[17].

CDE has been used in the development of a lander mission, specifically MASCOT, as it is considered
a more agile methodology than requirement-driven design [15]. Rather than fulfilling a set of require-
ments, CDE aims to produce the best possible design based on several factors, which is able to operate
within its environmental constraints. For a highly adaptable lander, the main constraints are the volu-
metric and mass constraints imposed by a mothership. The goals for the lander design are: maximizing
payload volume and mass, deployment height, and the number and types of SSSBs where the lander
concept may successfully land. For the adaptable lander, a small form factor is preferred following the
conclusions drawn in Section 1.2. Therefore, the volumetric and mass constraints will be set to those
of MASCOT, with an assumed envelope of 6U and a mass in the order of 10 kg.

2.2. Model-based systems engineering (MBSE)
MBSE is a systems engineering tool, widely supported by the International Council on Systems En-
gineering (INCOSE), which promotes the development of projects as sets of interconnected models

7
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which are continuously updated [18].

MBSE promotes iterative design, with a central system model represented using technical diagrams
displaying the different connections between the engineering models [19]. Common tools to generate
these models include Rational Rhapsody, and Systems Modeling Language (SysML). MBSE offers
agile requirement integration and verification, varying levels of abstraction of the model, and quick
iteration between design options [20].

MBSE has already been employed successfully in the context of SSSB landers, being the design
methodology used for MASCOT, as detailed in the internal publication by Kretzenbacher et al. [21].
Within the DLR, MBSE has been set as the methodology to follow for future missions, following a de-
tailed procedure published internally by Lange et al. [22]. Although neither of these publications is
publicly available, Ogunshile et al. [20] published an earlier study for a general asteroid lander. Car-
oline Lange is a co-author for this paper which lends it credence, as she was an author for both of
MASCOT’s internally-published articles.

A sample system model for an asteroid lander was included in the work of Ogunshile et al., which
can be seen in Figure 2.1. This model, generated using Rational Rhapsody, shows the derivation
of requirements for the asteroid lander based on its functionalities, as well as the connections of the
system with external elements such as the mothership. It is important to note that this is a heavily
reduced model, with a high level of abstraction, for a generic mission. Therefore, it is not representative
of the final product of a successfully developed MBSE model.

Figure 2.1: Sample MBSE model for an asteroid lander (from Ogunshile et al. [20]).

The latest development in the field of MBSE has been proposed by Gianni, D’Ambrogio and Tolk in their
book: ”Modeling and Simulation-Based Systems Engineering Handbook” where Model- and simulation-
based systems engineering (MSBSE) is proposed as an extension of MBSE [23]. MSBSE draws inspi-
ration from software development, and model-driven architecture (MDA) in particular. The core of MDA
is to replace the single-platform (SysML) models, where the only purpose is the grouping of variables
to give an overall picture, with functional models such as executables and scripts. MSBSE aims to truly
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enable iterative design, allowing models to run contiguously and independently by adding simulations
to the models themselves.

According to the work of Ludewig [24], engineering models must have mapping, reduction and prag-
matic criteria. This means that the models must represent characteristics of a real world system (map-
ping), without involving all parameters defining the system (reduction). Lastly, the models should be
useful enough to fully replace the original in a single area (pragmatic). In the context of the preliminary
design of the lander, the main models considered are: the system model, the Computer-Aided Design
(CAD) model, and the ballistic model. The ballistic model will be used to design and validate the impact
absorption and anchoring subsystems. The CAD model will be used to verify that requirements such
as volume and mass are met. Additionally, simpler sub-models may be implemented if this is deemed
necessary such as radiation, thermal and power generation models.

A very clear advantage of MBSE is the fact that the models can easily be modified, and improved inde-
pendently, thus enabling an iterative design process. Therefore, MBSE is selected as the framework to
be used for the design of the lander. For the lander design, initially a number of concepts will be drawn
up such that they fulfil the subsystem requirements. Their performance will then be evaluated both
based on their characteristics and their output from the simplified models. This will allow for detailed
trade-offs without much of the guesswork that often goes into these. Once a suitable concept has been
chosen via the trade-off techniques, the models can be further refined to get more accurate results.

2.3. Preliminary system model
The MBSE framework requires a system model which captures different properties of the model. This
model must follow SysML, a system architecture modeling language specifically developed for Systems
Engineering [25]. The model is represented using sets of diagrams, namely behaviour, requirement,
and structure diagrams, as shown in Figure 2.2.

Figure 2.2: SysML diagram taxonomy.

These diagrams aim to capture different characteristics of the system. While a full implementation
of each diagram will provide the most complete overview of the system, it is not required for the pre-
conceptual design phase. Partial implementation of some of these diagrams, however, can aid at this
stage as they can be used to derive functional requirements at the component and system level, specify
the expected use cases, and set the expected architecture of all the interacting systems (mothership
and lander). For this purpose, an initial analysis of the lander is performed using the Requirement,
Block definition, Sequence and Use case diagrams. Some of the building blocks of these diagrams are
shared, for instance the system and subsystem blocks.
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2.3.1. System diagrams

Block definition diagrams are used to convey a system’s components, their interfaces, and the relation-
ships between them; thereby defining the architecture of the system [25]. Figure 2.3 and Figure 2.4
display the diagrams generated for the lander and mothership respectively. The lander is the main sys-
tem evaluated in this thesis project, therefore its block definition diagram is significantly more detailed.

Figure 2.3 shows two main connection types between blocks, wires and comms. Wires supply power to
the different subsystems and originate in the ”Electrical Power System” block. Comms are always bidi-
rectional, as data and commands are transmitted back and forth between the relevant subsystems and
the ”Command, Communications, and Data Handling” subsystem block. Lastly, parent block decompo-
sitions are represented using a filled rhombus below the block, with the parent block being decomposed
into smaller subsystems.

Operations are defined as actions that an individual system block must carry out. Operations may be
related to both internal tasks, such as powering the lander, and external activities, such as attaching
to the surface of the SSSB. Values, on the other hand, define the key parameters that determine the
performance of the main functionality of each block. Additionally, a number of blocks are connected to
specific external activities which they satisfy.

Figure 2.3: Block definition diagram Lander.

The block definition diagrams define the architectures of both lander and mothership. Consequently,
the functions that each of these systems must perform are also allocated. This results in the definition
of the landing-enabling subsystems as shown in Figure 2.3: the descent control, impact dampening,
attachment, and rebound suppression subsystems.

If these subsystems are implemented in the lander, they must fulfil a set of system requirements. As
the thesis project follows the CDE paradigm, these requirements must be either functional or high-level
system requirements, with no strict numerical boundaries. The derived requirements, together with
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Figure 2.4: Block definition diagram Mothership.
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their associated subsystems are showcased in Figure 2.5.

Figure 2.5: Requirement diagram.
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Functional requirements are those which are fulfilled by the lander as a whole. System requirements
on the other hand, are specific to one or several subsystems. The main requirements originate from
the three main functions of the lander: to reach, and stay on the target’s surface, to remain operational
while doing so, and to be suitable for a number of SSSBs. These requirements are further refined into
different levels, ultimately defining the main responsibilities for each subsystem.

The use case diagram defines the possible operations between the systems and external actors. A
single use case diagram was generated, with the lander, mothership, and external actors as displayed
in Figure 2.6. Due to the large delay in communications in deep space, the lander operation must be
either autonomous or uncontrolled. Therefore the number of interactions with external actors during
the operation phase is limited to activation and communications. System adaptations required for a
specific SSSB target are also part of the use cases of the lander, and are therefore also represented
in the diagram.

Figure 2.6: Use case diagram.

Lastly, the sequence diagram is shown in Figure 2.7. It defines the expected sequence of interactions
and events carried out between the different subsystems of the mothership and lander, as well as the
ground segment. This allows for the specific definition of all interactions between subsystems, and the
order at which the events will take place.
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Figure 2.7: Sequence diagram.



3
Small Solar System Bodies

SSSBs are the main direct source of knowledge for the formation of the Solar System, due to their
differentiation and relatively inactive surfaces [26]. Furthermore, the study of SSSBs is useful in the
context of Earth endangerment, where large SSSBs in near-Earth orbits present a significant risk to
our planet, and further research into non-gravitational forces such as the YORP effect is critical. Lastly,
there is a fast-growing interest on the potential future industrial use for SSSBs. Possible industrial uses
include supporting future space missions by extracting necessary materials such as water and bringing
rare precious materials like platinum back to Earth [2].

3.1. SSSB exploration
As of today, 17 deep-space missions have been launched by a number of organizations to explore
SSSBs, with 24 individual objects being surveyed; some of which having multiple missions dedicated
to their study [14]. These missions have taken place in the form of fly-bys, landings, impacts, orbital
flights, and sample-returns. A list compiling all the missions that have taken place can be seen in
Table 3.1. Here each mission is highlighted, together with the celestial objects visited, their type, the
exploration method used for research, and the time at which the mission was undertaken. These
missions include those presented in Chapter 1.

3.2. SSSB types
SSSBs are characterized and categorized based on their origin, composition, and orbit. SSSBs have
been classically grouped into two main categories: asteroids and comets. However, this classification
in reality is better expressed as the asteroid-comet continuum, with most objects clearly established at
ends of the spectrum but with notable exceptions sharing characteristics of both [26].

3.2.1. Asteroids

Asteroids can be sorted based on several classification methodologies. The simplest method is their
orbital range, which splits them into Near-Earth Asteroids (NEA), Main-Belt Asteroids (MBA), and tro-
jans. MBA form the large majority of the known SSSBs, totalling about 90%; NEA account for most of
the remaining 10% [27]. It is important to note that these figures, while accurate, do not signify that
this is the actual ratio of SSSBs, as many remain undiscovered. As mentioned previously, NEA are a
potential planetary hazard and therefore, especial emphasis has been made on identification efforts.

15
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Table 3.1: Deep-space missions to SSSBs (adapted from Yin et al. [14]).

Mission name Object Name SSSB type Exploration methodology Mission time

Galileo 951 Gaspra MBA (S-type) fly-by (1600 km) 1991/10
243 Ida MBA (S-type) fly-by (2410 km) 1993/08

NEAR-Shoemaker 253 Mathilde MBA (C-type) fly-by (1212 km) 1997/06
433 Eros NEA (S-type) orbit, landing 2001/02

Deep Space-1 9969 Braill1e NEA (Q-type) fly-by (15 km) 1999/07
19P/Borrelly Comet fly-by (2171 km) 2001/ 09

Stardust

5535 Annefrank MBA (S-type) fly-by (3079 km) 2002/11

81P/Wild-2 Comet fly-by (236 km) 2004/01sample-return
9P/Tempel-1 Comet fly-by (181 km) 2011/02

Deep Impact 9P/Tempel-1 Comet impact-style 2005/07
103P/Hartley Comet fly-by (700 km) 2010/11

New Horizons 132524 APL MBA (S-type) fly-by (104 km) 2006/06
2014 MU69 Kuiper object fly-by 2019/01

Dawn 4 Vesta MBA (V-type) orbit (210 km) 2011/07
OSIRIS-Rex 101955 Bennu NEA (C type) sample return 2020/1
Sakigake lP/Halley Comet fly-by (104 km) 1986/03Suisei/Planet-A fly-by (699 E4 km)
Hayabusa 25143 Itokawa NEA (S type) sample-return 2005/11

Hayabusa-2 162173 Ryugu NEA (C type) sample-return 2019
1998 KY26 NEA (uncertain) plans to rendezvous 2031/07

Giotto lP/Halley Comet fly-by (610 km) 1986/03
26P/G-S Comet fly-by (200 km) 1992/07

Rosetta
2867 Steins MBA (E type) fly-by (800 km) 2008/09
21Lutetia MBA (M type) fly-by (3162 km) 2010/07
67P/C-G Comet landing 2014/11

Vega-1 1P/Halley Comet fly-by (8890 km) 1986/03Vega-2 fly-by (8030 km)
Chang’e-2 4179 Toutatis MBA (S type) fly-by (3.2 km) 2012/12

ICE 21P/G∙Z Comet fly-by (7800 km) 1985/09
1P/Halley Comet fly-by (28E6 km) 1986/03

Cassini-Huygens 2685 Masursky MBA (S type) fly-by (165 km) 2000/01
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NEA can be further classified into three groups based on their orbital characteristics. If the orbits of both
the NEA and Earth are close, but do not intersect, it is considered an Amor asteroid. Apollo asteroids,
on the other hand are those which while intersecting Earth’s orbit, have highly eccentric orbits and
spend most of their orbital period outside Earth’s orbit. Lastly, Atens also intersect Earth’s orbit while
spending most of their orbital period within Earth’s orbit [27]. A diagram representing the typical orbits
of NEA as well as the asteroid belt is shown in Figure 3.1.

Figure 3.1: Orbital diagrams of the different types of NEA and the MBA.

The main asteroid belt is the most abundant region, in the known solar system, in SSSBs. The belt
has been classically divided into three regions relative to their semi-major axis: the inner, intermediate,
and outer belts. These regions are separated by the 3:1 and 5:2 Kirkwood gaps, which are sections in
the semi-major axis distribution of the main-belt where no asteroids are present. These gaps originate
due to the orbital resonances of Jupiter’s orbit around the Sun [27].

Asteroids can be further categorized based on their spectral emissivity. Iterative efforts have beenmade
to create and refine these categories, in a process named asteroid taxonomy. The most notable and
widely accepted early work was that of Tholen, who in 1984 defined seven major classes of asteroids:
A, C, D, E, M, P, and S with additional sub-classes [28].

The latest development in this field took place with the second phase of the Small Main-belt Asteroid
Spectroscopic Survey (SMASSII), where spectra information was derived for 1447 asteroids. The thor-
ough analysis of the data allowed for more detailed classification, as well as for the expansion of some
groups which were previously isolated to single individual asteroids. The new taxonomy elaborated by
Bus and Binzel [29], rather than replace Tholen’s model, aimed to refine it. This resulted in the defini-
tion of 26 classes, 12 of which have the traditional single letter designation: A, B, C, D, K, L, O, Q, R, S,
T, V, and X. Here, the L-category was a new contribution by this study. Additionally, 14 classes were
elaborated for objects with intermediate spectral features, identified with a multi-letter designation: Cb,
Cg, Cgh, Ch, Ld, Sa, Sk, Sl, Sq, Sr, Xc, Xe, and Xk. It is important to note that, while the classification
of the major groups follows clearly defined rules, the differences between these objects may not be as
significant as it seems in specific spectral characteristics as can be seen in Figure 3.2. The distribution
of asteroid types of objects >20 km diameter recorded in the SMASSII can be seen in Figure 3.3. The
prevalence of the C, S, and X groups is apparent, typically accounting for over 80% of the asteroid
population with the individual groups exceeding 60% of the total population at times.

The C, S, and X groups of asteroids make up the majority of SSSBs in the solar system. The C and
S groups, refer to carbonaceous and siliceous asteroids respectively, with the X group being com-
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Figure 3.2: Plot of spectral components (Slope and PC2’) of SMASSII sample
with C-, X- and S-groupings (from Bus and Binzel [29]). Figure 3.3: Heliocentric distribution of

diameter >20 km MBA between 2.1 and 3.3
AU (from Bus and Binzel [29]).

posed mainly of metallic asteroids. These designations originate from the spectroscopic measure-
ments, where based on the absorption spectra, surface materials can be inferred [28]. Carbonaceous
asteroids are made of hydrated minerals, with a water content of up to 20% (in individual mineral con-
centrations). C-type asteroids make up the majority of the outer asteroid belt, accounting for up to 75%
of the composition in that area. Siliceous asteroids account for approximately 17% of known aster-
oids and are the predominant type of NEA, accounting for 40%. The largest sub group among X-type
asteroids are M-type asteroids, which are the main source of iron meteorites reaching Earth, and by
themselves represent the third-largest asteroid class. The average densities of C-, S-, and M-type
asteroids have been estimated to be 1.38, 5.32 and 2.71 g/cm3 respectively [30].

3.2.2. Comets

Comets are distinguished from asteroids due to their activity and inactivity periods. As comets contain
volatiles, when their eccentric orbits bring them sufficiently close to the Sun, they undergo outgassing.
Due to the vacuum of space these gases expand, generating a coma, which is a very thin atmosphere
around the cometary nucleus. If the solar pressure is sufficient, the coma will extend into a much larger
tail. Comet nuclei have been estimated to have small densities, below 1.0 g/cm. The nucleus of the
comet is best described as an aggregate of icy-conglomerate cometesimals, lacking a compact body
like some asteroids and simply being bonded together by gravitational attraction, similarly to rubble
piles, with little to no cohesion. This composition explains phenomena exhibited by comets, such as
their recomposition after being disrupted, and the lack of comets exhibiting rotational periods shorter
than 5.2 hours [31].

As comets exhaust all of their internal volatiles, they enter a flame-out state, where they become dor-
mant and no longer outgas. The fact that a number of what today are categorized as asteroids are
extinct comets is widely accepted within the scientific community [14].
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3.3. Surface morphology
SSSBs are populated by boulders of different sizes. The most detailed work regarding the distribution,
shape and size of these boulders is an article published by Michimaki and Hagermann. The authors, in
continuation of a previous paper, where they applied a custom methodology to model the boulders of
asteroid Ryugu, extended this research by applying it to the raw data from asteroids Itokawa and Eros.
Their findings were focused on deriving appropriate power indices to describe the boulder distribution on
the surface of these asteroids [32]. Power indices are the exponents used for mathematical expressions
which make use of the power law. This law has been found to accurately represent the distributions of
several natural and man-made phenomena. It follows the form:

p(x) ∝ x−α, (3.1)

where α is the aforementioned power index. According to the work of Clauset, Shalizi, and Newman, α
is usually in the 2-3 range with a limited number of exceptions [33]. The magnitude of the power index
can be used as a measure of how fragmented the SSSB is. Michimaki and Hagermann’s paper found
power indices for the boulder distribution of 3.25 ± 0.14, 3.05 ± 0.14, and 2.65 ± 0.05 for Eros, Itokawa,
and Ryugu respectively. While slightly exceeding the typical index for power laws, the difference is
not significant; therefore, the power-law distribution of boulders can be considered a good model for
SSSBs. Michimaki and Hagermann’s findings can be seen in Figure 3.4.

Figure 3.4: Cumulative boulder size distributions in high and low gravitational potential regions for Eros, Itokawa, and Ryugu
(adapted from Michimaki and Hagermann [32]).

The surface of a SSSB is continuously evolving, with differently-sized boulders migrating throughout
its surface. This migration can be caused by seismic events which originate from external impacts,
only occasionally taking place due to thermal expansion as the SSSB transverses its orbit. It is logical
that smaller boulders migrate more easily due to their lower friction angle. Additionally, the ratio of
boulders migrating, as well as the boulder’s destination will logically be determined mainly by the local
gravitational acceleration. This results in regions with higher gravitational potential having less boulders,
with a higher ratio of larger boulders (all other conditions being equal). Another factor that will affect
the distribution and migration of boulders is the centrifugal force on the surface of the SSSB. If the
rotational period is small enough, boulders will appear in high concentrations along the equator of the
SSSB. Lastly, a majority of boulders in an SSSB may originate from a specific location on the SSSB’s
surface. This can be traced to an individual event in the history of the SSSB. Both the centrifugal
and the single-event concentrations can be seen in Eros, where most of its boulders are concentrated
around the Shoemaker crater, with the remainder being mostly present along the equator [32].
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3.4. Surface composition
SSSBs, despite their differences, are made up of consistent sets of materials: regolith, rock, and ice.
These are not specific materials but rather groups of materials sharing a general morphology.

3.4.1. Regolith

Regolith is a powder-like surface layer of rock fragments of variable thickness present in SSSBs. To
date, every single airless body that has been explored had regolith on its surface. Megaregolith is
another term used to describe the layers of an SSSB, encompassing surface regolith and additional
material that has been affected or transported by space weathering. This includes foreign impact ob-
jects, melted material from impacts, and fractured bedrock. An schematic representation of the layers
of regolith on the Moon can be seen in Figure 3.5.

Figure 3.5: Layers of the Moon (from Grier and Rivkin [34]).

While the Moon is orders of magnitude larger than any known SSSB, the overall structure is similar for
large, rocky asteroids such as Vesta. In smaller bodies the lower gravitational attraction means that
material is more likely to escape the body, but the layer structure still holds. While larger bodies such
as moons have a solid bedrock at their core, some SSSBs such as Eros, are thought to be fully made
up of megaregolith; these are referred to as ”rubble piles” [34].

The process of formation of regolith is complex, with several mechanisms contributing to its develop-
ment. The most well understood mechanism of regolith formation is impact-driven, where the energy
from collisions breaks apart rocks and boulders, thereby creating regolith. These impacts may be
both large- and small scale, with impacting materials ranging anywhere from micrometeoroids to other
SSSBs.

Further fragmentation of asteroid material is also caused due to thermal fracturing. Due to the lack of
atmosphere, temperature changes on the surface of an SSSB are large, experiencing day/night cycles
as well as seasonal variations in their heliocentric orbits. SSSB rocks are made out of several different
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mineral types, each with their individual coefficients of thermal expansion. Therefore, as temperatures
fluctuate these minerals expand and contract at different rates, thereby generating microscopic cracks
in the material. These cracks can propagate and affect the material in the macroscopic scale [34].

Direct regolith observations from the sample extracted from Itokawa show particle grains ranging from
3 - 180mm, with the large majority being < 10mm. The depth of regolith varies from one SSSB to
the other, as well as across the surface. Measurements from the smooth regions of Itokawa show
regolith depths of 2.5 m, while the regolith depth in Eros varies in the order of tens of meters. It is
theorized the relative variance throughout Eros’ surface is due to the irregularity of the ejecta from
crater blankets. Measurements of Eros’ regolith indicate a fine regolith, with most particles being finer
than one millimeter in size. On the other hand, Itokawa’s regolith was found to be mostly > 1mm in size
[35].

3.4.2. Volatiles

Volatiles are a classification of elements and chemical compounds: referring to those chemicals which
are prone to vaporization, which includes solids, liquids, and gases. The term ”ice” is used to describe
those volatiles with melting points above 100K, while the term ”gas” is used for those below that thresh-
old [36]. Volatiles are mostly present in comets, but also appear in asteroids. When volatiles are heated
to a sufficient temperature, as the SSSB transverses its orbit, they start outgassing. Volatiles are very
diverse, with many different types of chemical compounds present as species. A logarithmic plot of
the different concentrations of volatiles in comets can be seen in Figure 3.6, where the numbers above
each bar represent the number of comets that have been included in the dataset, and the bar shading
represents maximum and minimum values.

Figure 3.6: Abundance of volatiles in comets relative to H2O (from Bockelée-Morvan et al. [34]).

Water is used as the species for comparison, as it is by far the most common chemical compound
present in volatiles, accounting for over 90% of the total distribution in most comets. The remainder
compounds are mainly organic compounds: oxocarbons, hydrocarbons, and some hydrogen-carbon-
oxygen chains[37].

3.4.3. Mechanical properties

The mechanical properties of SSSBs are critical for the design and evaluation of the impact dampening
and attachment subsystems. The strength of the material, together with the impact speed, will dictate
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the deceleration experienced by the lander. Additionally, landing systems tend to be tuned for a specific
material strength. For instance, for a harpoon attachment system, the anchoring material’s strength
must be sufficient to support the anchor but below that of the harpoon such that the material may be
penetrated.

The mechanical properties of the rock granules are well understood and can be derived from laboratory
testing on Earth. Wada et al. derived values for the crushing strength of different rocky materials for
mm size range particles as shown in Table 3.2

Table 3.2: Crushing strength of different rocky materials (*Sandstone included as the lower threshold for Ryugu) (adapted from
Wada et al. [38]).

Materials Crushing strength (MPa)
Chondrule from Allende (CV3) 7.7 ± 5.9
Chondrule from Saratov (L4) 9.4 ± 6.0
Dunite (a few mm) 13.1 ± 2.6
Basalt (a few mm) 16.9 ± 2.6
Sandstone (a few mm) * 3.4 ± 1.1

Herstroffer et al. performed an in-depth study of rubble-pile type asteroids, where they performed sim-
ulations which indicated that the cohesive force (equivalent to the material strength) of these megare-
golith asteroids varied in the order of 1-103 Pa [26]. Cometary measurements taken by the Deep
Impact probe in comet 9P showed a material strength below 65 Pa; while the different touchdown sites
of Philae provided three data-points for material strength of 1 kPa, 2 MPa, and 4 MPa respectively [39].

The coefficient of restitution can be defined as the ratio between the magnitude of the relative nor-
mal velocities before impact and after separation from the contact surface [40]. From Philae’s and
Hayabusa2’s landings, coefficients of restitution have been derived for 67P and Itokawa. The coeffi-
cient of restitution for Philae’s landing has been found to be between 0.5-0.8, while for Itokawa it was
estimated at 0.83. On the opposite extreme, rocks on Eros have been found to bounce against the
surface with a coefficient of restitution of 0.1 [40]. One important detail is that Itokawa’s measurement
was taken by Hayabusa2 as it descended unto the surface with a sample collector arm. This arm was
outfitted with a spring element, which simply stores mechanical energy and releases it, thereby increas-
ing the velocity after impact. Nonetheless, these values are still feasible as indicated by Biele et al.,
where 0.85 was calculated to be the coefficient of restitution of 2 granite spheres with 1 m diameter
colliding at 1 m/s [40].

The coefficient of restitution is not exclusively dependent on the impact surface; instead, it also varies
based on the impact speed and the damping coefficient of the lander itself. Perfectly elastic collisions
will have a coefficient of restitution of 1, while perfectly inelastic contacts (where the bodies stick to-
gether after contact) have a value of 0. It is important to note that the coefficient of restitution could
have values larger than 1, if an existing rotational motion of the lander is transformed into translational
motion after the impact [40].

The effect of impact velocity velocity on the coefficient of restitution was derived by Thornton and Ning.
The plot for this relation can be seen in Figure 3.7. The yield velocity vy was defined by Thornton and
Ning as the relative velocity below which the impact can be assumed to be fully elastic. The sticking
velocity vs is the maximum velocity at which there is no rebound, or a fully inelastic collision [41].

Porosity is defined as the ratio of void volume of an object relative to its total volume. Porosity can
be measured at the individual mineral or sample level as well as at the SSSB level. Measurements
from meteorites have indicated mineral porosity values of around 10%. On the other hand, SSSBs
exhibit much higher porosity levels, which correlate well with their taxonomy [43]. The porosity of
asteroids in particular has been found to range between 30-50% with the minimum and maximum
values originating from S- and C-type asteroids respectively[42]. This mismatch indicates that there
is a significant level of macroporosity in SSSBs, with a significant number of them being being rubble
piles of loosely-aggregated material.



3.4. Surface composition 23

Figure 3.7: Coefficient of restitution as a function
of velocity (from Biele et al. [40])).

Figure 3.8: Magnitude of the different forces on the surface of an SSSB as
a function of particle radius (from Scheeres et al. [42]).

The physics governing particle interactions and their cohesiveness are significantly more complex than
those in the macroscopic realm, with many forces having a significant role. These include coulomb
friction, interior pressures, self-gravity, electrostatic forces, solar radiation pressure, and surface contact
cohesive (van der Waals) forces. These forces are all dependant on the particle radius. Therefore,
Scheeres et al. carried out an analysis of the magnitude of these forces for an SSSB, which can be
seen in Figure 3.8.

It can be clearly observed from Figure 3.8 that the magnitude of the forces affecting particles is heav-
ily dependent on particle size. Data regarding the particle sizes in the surface of SSSBs is scarce;
measurements from Eros show sub-milimeter particles sizes, with the thinnest dust estimated at 50 mi-
crometers. On the other hand, Itokawa exhibits particle sizes in the millimeter to centimeter magnitude
[42]. Following the work by Scheeres et al., this leads to the determination that the dominant forces
at this scale are van der Waals and electrostatic forces (referred to as VDW and Terminator ES in the
legend of Figure 3.8).

Electrostatic forces can be repulsive or attractive depending on the polarity of the charged particles;
however, according to the work of Castellanos et al. [44], in neutrally-charged powders such as re-
golith, particles will tend towards the state of minimum electrostatic energy. Particles therefore orient
themselves such that there is always an attractive electrostatic force between them. Rietema’s [45]
assessment of the electrostatic force between regolith particles poses that the electrostatic attraction
is negligible, relative to the van der Waals forces.

Van derWaals forces describe intermolecular attractions which take place regardless of charge. Electric
dipoles are generated by the electrons around a nucleus. An attraction betweenmolecules begins when
this dipole creates an electric field, which polarizes any nearby molecules, thereby generating a second
dipole. The dipoles then are attracted to each other, leading to van der Waals forces [44]. Scheeres
et al. [42], assumed that lunar regolith has consistent properties with that regolith found on SSSBs,
thereby approximating that the van der Waals attractive force between two spherical particles at zero
distance is obtained by:

F = 3.6× 10−2S2r, (3.2)

where r represents the reduced radius of the system. For equal sized grains this equals half of the
particle radius, alternatively, when large particle differences are present, the radius of the smallest
particle is used for r. S is defined as the surface cleanliness, which for pure particles such as those
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present in SSSB surfaces approaches 1 [42].

3.5. Orbital and gravitational parameters
SSSBs vary significantly in terms of rotational period and density, the two dominant parameters dictating
the dynamics at the surface of a SSSB. The gravitational attraction at the surface of an spherical,
constant-density, SSSB simply follows from:

g =
4πGρ

3
R, (3.3)

where G is the universal gravitational constant, rho is the density of the SSSB, and R represents its
radius. The rotational period will have a significant effect on the dynamics at the surface of the asteroid
through the induced centripetal force which will vary as a function of its latitude δ. Assuming that the
SSSB rotates uniformly about its moment of inertia at a constant rotational speed ω = 1

T , where T is
the time period for a single rotation. The normal acceleration to the surface is given by a = ω2 cos2 δR
[42]. As this acceleration is by definition vectorially antiparallel to the gravitational attraction, it may be
simply subtracted from Equation 3.3; leading to:

geff = (
4πGρ

3
− ω2 cos2 δ)R. (3.4)

This expression shows that with a sufficiently high rotational speed, particles at the surface of the SSSB
will experiment a net repulsion from the SSSB, thus setting a limit for the minimum rotational period
which is only dependent on the density of the SSSB. Scheeres et al. plotted this relation for a SSSB of
ρ = 2 g/cm3, which can be seen in Figure 3.9.

Figure 3.9: Gravitational attraction on the surface as a function of asteroid radius and rotational period (from Scheeres et al.
[42]).

For this SSSB, using Equation 3.4, a minimum rotational period of 2.35 hours has been found, where
the magnitude of the acceleration is then dependent on the SSSB radius. As discussed inSection 3.2,
there is a correlation between the SSSB type, its orbital location, and its taxonomy in the case of
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asteroids. This correlation can be seen clearly in Figure 3.10 as plotted by Lange et al., where a clear
range between 0.3-4 g/cm3 can be observed from the logarithmic plots of surface acceleration and
SSSB diameter.

Figure 3.10: Logarithmic plots of surface acceleration vs mean diameter of different SSSBs with densities and error lines (from
Lange et al. [46]).



4
Approach and landing

In order to reach the surface of a SSSB, dedicated landers are deployed from an orbiting mothership
spacecraft. After deployment, which may happen from a range of orbital heights, the lander’s approach
ballistics will be governed by gravitational physics. As discussed in Chapter 1, some landers make use
of active and passive attitude and velocity control techniques during approach. Once the lander reaches
the surface of the SSSB it will most likely experience a significant rebounding motion due to the impact
and the target’s relatively low gravitational attraction. The magnitude of the rebounding force can also
be reduced through a series of active and passive subsystems.

4.1. Orbital deployment
The lander’s mission begins with its orbital deployment, after separation from the mothership. Orbital
deployment is a complex and mission-critical procedure, and as demonstrated by MINERVA’s failure,
should not be taken for granted. Therefore, while the design of a deployment system is outside of the
scope of this project, the study of this system is of value, as it will drive some of the requirements of
the lander system.

The objective of the deployment system is to safely and reliably deploy the lander away from the moth-
ership, with a predetermined speed and direction. The deployment system also comprises the securing
and consequent release of the lander. This can include the severing of ”umbilical connectors”, wiring
harnesses that transmit power and telemetry between the mothership and the lander.

As displayed in Table 1.1, landers have been deployed from a variety of deployment heights and veloc-
ities to the different targets. These heights range from tens of kilometers for Philae and NEAR Shoe-
maker to tens or hundreds of meters in the case of the small-scale landers like MINERVA, MINERVA-II,
and MASCOT. The deployment speeds, on the other hand are consistently in the range 0.1-2 m/s.

There are several types of deployment systems with flight heritage, as detailed by Grimm et al.[47], who
categorized them based on their size and standardization level. Currently, there are no standardized
solutions specific to landers. However, there are significant similarities between the in-orbit deployment
systems of landers and satellites, in particular CubeSats, for which standardized solutions do exist.

CubeSat deployment systems exist in a containerized form, with a rectangular container outfitted for
spacecraft in the 1 to 3U size range. There are additional deployment system concepts with slightly
larger form factors up to 12U; however, these have no flight heritage. Containerized systems typically
operate by releasing a spring-activated plate, which pushes the spacecraft through a previously-opened
hatch, while being guided by rails. The main components of P-POD, the container with most extensive
flight heritage, can be seen in Figure 4.1. The kinetic energy that these systems exert on the spacecraft
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is in the order of 8 J, which translates to a velocity of 1.63 m/s for a 3 kg spacecraft [48]. This is
consistent with the velocities found for the lander deployments in Table 1.1.

Figure 4.1: P-POD’s main components (from P-POD [48]).

If the payload is larger in volume than 12U, containerized systems are no longer adequate, and space-
craft are attached to the mothership via separation rings or mounting points. These exist as standard-
ized solutions, with notable examples being the Lightband and Kaber systems by Planetary Systems
Corp and NanoRacks respectively. The Lightband separation system exists in eleven different sizes,
ranging from 38.81 to 98.58 cm in diameter (of separation ring). Furthermore, its separation system
can be outfitted with a variable number of separation springs, thereby being able to adapt its design for
a desired deployment velocity [49].

Despite the existence of the aforementioned systems, each of the previous lander missions has made
use of a customized system to deploy the lander or container vehicle. Both the MINERVA-I and
MINERVA-II vehicles used the same means of deployment, which can be observed in Figure 4.2. The
concept is similar to the containerized solution, with a cylindrical enclosure splitting in half, to allow the
landers to be ejected by a spring-activated plate; the mass of the MINERVA deployment structure was
1.1 kg [47].

Philae, a significantly larger lander, implemented redundancies into its separation system which can be
seen in Figure 4.2. The baseline system is a belt-driven spindle drive, due to its adaptable deployment
speed. The backup involves a traditional spring ejection system. Philae’s deployment mechanism
is designed in such a way that even failures such as total motor power loss, or failure of the latch
mechanism, would not stop the deployment of the lander; altogether, the deployment system weighed
7.9 kg [47].

The MASCOT lander, larger than the MINERVA rovers but significantly smaller than Philae, used a
customized deployment system consisting of a container with electronic support. The system was
made of an umbilical connector and three main mechanisms: a preload release, a hold-down and
release, and a push-off mechanism, which can be seen in Figure 4.2. The main advantage of the
MASCOT system is its low add-on system mass.

Shock is another important aspect of orbital deployment, as a measure of the acceleration the deploy-
ment system exerts on the deployed craft to reach its desired deployment velocity. Slower deployments
will naturally induce a smaller shock in the lander. Depending on its severity, its effects may range from
increasing uncertainties in the deployment attitude to damaging components of the landers. Therefore,
a low-shock option is preferred. Grimm et al. categorized all previously described solutions as low
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Figure 4.2: Deployment mechanisms of MINERVA (I and II) (left), MASCOT (middle) and Philae (right) (adapted from Grimm
et al. [47]).

shock, except the standard CubeSat deployment unit, which was considered as having medium shock
[47].

It is important to note that some deployment systems, particularly those without a rail system to guide
the deployment, may introduce some unwanted motion in the lander. This might happen as the lander
collides with the walls of the deployment system as was the case with MASCOT. This effect will be
particularly relevant for uncontrolled landers, as they will be incapable of rectifying the undesired motion
during approach. The releasemechanism of MASCOT in particular induced some rotational motion and
dissipated some of the push-off energy exerted by the plate. However, according to the research by
Grimm et al., these contacts are predictable, and therefore can be accounted for when setting the
push-off energy [47].

The deployment of the lander will have a large impact on the landing velocity, with the deployment
velocity and altitude being the most dominant among the design parameters. Using the gravitational
acceleration of the SSSB and the deployment height, an estimate can be made of the landing velocity.
This was investigated by Lange et al. and their findings are presented in Figure 4.3. The deployment
altitude was only investigated in the range of 100-1000 m. However, as shown in Table 1.1 for Philae,
this may be significantly higher. For smaller bodies or low deployment altitudes, the deployment velocity
is the dominant factor for determining the touchdown speed. however, this influence is reduced for
more massive bodies or increased orbital heights, where the gravitational attraction plays a higher role.
This is also the case for the landing uncertainty, where for low deployments the absolute error of the
deployment speed can have a large influence. For MASCOT in particular, it was estimated by Lange
et al. that this error could lead to an uncertainty of up to 30% on the landing zone accuracy [46].

4.2. Trajectory dynamics
The dynamics of the 2-body problem made up by the lander and the SSSB, are mainly governed by the
gravitational attraction between both bodies. The initial conditions depend on the initial velocity of the
mothership relative to the SSSB, and the deployment velocity exerted on the lander by the deployment
system.

Muñoz et al [50], calculated the accelerations that Philae experienced during descent, as shown in
Figure 4.4, accounting for 67P’s central and higher order gravity spherical harmonics, coma drag, solar
radiation pressure, and third-body accelerations. Only up to second-order harmonics were plotted in
the figure, as higher-order terms only had a significant effect at low altitudes, therefore having little effect
on the landing zone. The drag associated with 67P’s coma was consistently two orders of magnitude
below the gravitational attraction terms, with all remaining forces being negligible.



4.2. Trajectory dynamics 29

Figure 4.3: Plot of gravitational attraction (of SSSB) vs landing velocity and separation height, with escape velocity plotted in
red (from Lange et al. [46]).

Dietze et al. [51] instead performed a simulation, estimating that during approach of an ellipsoidal
asteroid with an equivalent-sphere diameter of 920 m, the asteroid’s gravitational attraction was in the
magnitude of 10-4 m/s2. Solar pressure and third-body perturbations on the other hand were four and
seven orders of magnitude below the asteroid’s gravitational attraction respectively.

Figure 4.4: Philae’s accelerations during descent (from Muñoz et al. [50]).
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4.2.1. Gravitational field modelling

The SSSB’s gravitational field U can be modelled using several methods: mass point cluster, spherical
and ellipsoidal harmonics, and the polyhedron model. The polyhedron model was proposed by Werner
and Scheeres specifically for SSSBs, as they have highly irregular shapes and consequently irregular
gravitational fields. Werner and Scheeres also evaluated the polyhedronmodel’s performance for these
applications against the other classical models [52].

Mass point cluster, also known as mascon, is a direct and discrete method, which approximates the
gravity of the SSSB by simulating a number of differently weighed point masses on an evenly spaced
grid. The gravitation acceleration of the SSSB can the be expressed as:

a =

N∑
i=1

GMi (r − di)

|r − di|3
, (4.1)

where r is the distance to the SSSB, di andMi are the distance to the origin and the mass of individual
mass concentrations respectively, with N representing the total number of mass concentrations and G
the universal gravitational constant. The advantages of mascon are its simplicity, and the high degree
to which the model can be adjusted, both in terms of accuracy (by increasing the number of mass con-
centrations), and realism (where rubble piles can be approximated with a non-uniform mascon). This
model, does however have some significant drawbacks. The method’s convergence is relatively slow,
with increasing mass concentrations not scaling linearly with computational time. Additionally, there is
no embedded collision detection within the method, which is important for landing operations, which
would therefore need to be implemented. This would result in increased scripting and computational
efforts [52].

Spherical, or ellipsoidal, harmonics is a modelling technique most commonly used to represent the
gravitational fields of the larger objects in the solar system, such as planets. The gravitational potential
is expanded into harmonic series, where the specific coefficients of each series must be determined.
The gravitational field potential at a point is expressed by the following equation (from [27]):

U =
GMA

r

{
1 +

∞∑
n=1

n∑
m=0

(re
r

)n

Pnm(sinφ) [Cnm cosmλ+ Snm sinmλ]

}
. (4.2)

Here r, ϕ, and λ represent the spherical coordinates of the lander, the relevant Legendre polynomials
are represented by Pnm, with the aforementioned coefficients of the spherical harmonics portrayed by
Cnm and Snm; lastly, re is the radius of the reference sphere which defines the convergence domain,
where the equation only converges outside this radius.

The advantages of using spherical harmonics are: they are guaranteed to converge (outside of the
reference sphere radius), the expansion of the series may be truncated at any desired point to obtain
a specific accuracy, and there are many examples available in literature of these methods to calculate
the gravitational potential. Unfortunately, there is a series of disadvantages associated with the use
of spherical harmonics. Firstly, the series coefficients cannot be derived directly, and therefore must
be approximated or estimated from flight data. Additionally, as with any infinite series being modelled,
it must be truncated, which means that the resulting gravitational field will always be an approxima-
tion. This truncation error grows larger the closer to the reference sphere. Furthermore, for landing
applications the fact that the equations do not converge inside the reference spheroid is a significant
disadvantage. Although there are techniques that can be used to mitigate this issue, they are cum-
bersome, as they need to be recalculated at each radius of interest. Lastly, similarly to the mascon
method, there is no embedded collision detection, therefore having the same drawback of additional
scripting and computational time [52].

Ellipsoidal harmonics are an attempt on improving the accuracy of the gravitational field for more ir-
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regular shapes such as those that can be found on SSSBs. Ellipsoids are better at portraying the
irregularities in the gravitational field, which can be calculated using the expression derived by Yu from
[27] via:

U = GMA

∞∑
n=0

2n+1∑
m=1

αnm
Fnm (λ1)

Fnm (λe)
Fnm (λ2)Fnm (λ3) . (4.3)

In this equation, most terms are common with the equation for spherical harmonics, with the new terms
λ1,2,3 representing the orthogonal ellipsoidal coordinates, λe portraying the reference ellipsoid, with
αnm and Fnm showing the coefficients of ellipsoidal harmonics. Ellipsoidal harmonics share the main
advantages and disadvantages of spherical harmonics but are better suited for highly irregular grav-
itational field; conversely, spherical harmonics will logically perform better for spheroids, providing a
decreased computational time. Additionally ellipsoidal harmonics will naturally result on more tightly
bounding reference volume, as shown in Figure 4.5.

Figure 4.5: Spherical (left) vs Ellipsoidal (right) bounding areas (adapted from Yu [27]).

The polyhedron model introduced by Werner and Scheeres for use in SSSBs was initially derived
for Earth geological models. This method models the asteroid as a constant density polyhedron. A
polyhedron is a three-dimensional shape formed by connected two-dimensional elements (faces). The
polyhedron does not have shape limitations, with craters, caves, holes, and overhangs all being valid
geometries. Furthermore, the polyhedron does not have to be modelled with uniform resolution; being
able to include more faces in more detailed areas without unnecessary computational expense. The
expressions for the gravitational field, derived from the polyhedronmethod, originally derived byWerner
[53] are:

U =
1

2
Gρ

 ∑
e∈ES

Lere · Ee · re −
∑

f∈FS

θfrf · Ff · rf

 , (4.4)

∇U = −Gρ

 ∑
e∈ES

LeEe · re −
∑

f∈FS

θfFf · rf

 , (4.5)

and

∇∇U = Gρ

 ∑
e∈ES

LeEe −
∑

f∈FS

θfFf

 . (4.6)

In these equations ρ represents the uniform density of the model, ES and FS are sets containing all
edges and facets of the polyhedron respectively, the subscripts e and f stand for edges and facets, Le



4.2. Trajectory dynamics 32

represents a line-integral term about an edge, rf is the vector from r to any point of facet f, θf indicates
the solid angle of a facet relative to the origin, and Ee and Ff are dyadics, comprised respectively of:

Ee = n̂f1n̂
f1
e + n̂f2n̂

f2
e , (4.7)

and
Ff = n̂f n̂f . (4.8)

These dyads are useful, as contiguous facets will naturally share an edge, which help with simplifying
the equations. n̂f is used to represent an outwards pointing unit vector of facet f , while n̂f

e is used to
represent an outwards pointing unit vector of edge e which lies on the plane of facet f . These variables
are depicted in Figure 4.6 for the benefit of the reader.

Figure 4.6: Diagram showing the variables for the polyhedron method (from Yu [27]).

One of the main benefits of using the polyhedron model is the lack of truncation errors, as the model is
expressed as a finite sum. This implies that any errors will originate from the derivation of the SSSB’s
shape. Additionally, the model’s accuracy is highly adjustable by adapting the number of facets. One
other advantage is that the model is guaranteed to converge anywhere, unlike the spherical and har-
monic models. Lastly, this model has an embedded methodology for collision detection, unlike the
previously considered models. By definition, a spacecraft with position r will have entered the polyhe-
dron when Ω = 4π, otherwise Ω = 0; where Ω represents the sum of all solid angles θf :

Ω =
∑

θf . (4.9)

The main disadvantages of the polyhedron model are its large computational expense relative to the
previous models, and the fact that it requires relatively high-fidelity 3D models of the SSSBs [52].

4.2.2. Equations of motion (EOM)

The gravitational attraction that an SSSBwill exert on an approaching lander will depend on the lander’s
three-dimensional position relative to the asteroid’s inertial frame of reference. SSSBs commonly rotate
about their own axes, and the lander’s mothership orbit is not stationary with respect to the SSSBs
frame. As discussed in Section 4.2, perturbing forces can be considered negligible, accounting for less
than a hundredth of the magnitude in a worst-case scenario of a comet’s coma.

The EOM for the lander acceleration due to gravity were derived by Yu [27], initially the classical ex-
pression for gravitational acceleration is introduced:

d2

dt2
r = −∇U. (4.10)
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Here r stands for the three-dimensional position of the lander relative to the SSSB’s frame. d2
dt2 r can be

expressed as a relative derivative, a coordinate transformation of scales which removes units from ex-
pressions, thus making them more suitable for computer simulations [54]. Using the relative derivative,
the radial acceleration term can be expressed as:

r̈ + 2ω × ṙ + ω × (ω × r) +α× r = −∇U, (4.11)

where ω and α represent the angular velocity, and acceleration of the lander respectively. Assuming
that there is no variation of the angular velocity of the SSSB i.e. α = 0, leads to the equation of motion:

r̈ + 2ω × ṙ + ω × (ω × r) = −∇U. (4.12)

By defining the potential of a rotating body as V:

V ≡ −1

2
(ω × r) · (ω × r) + U. (4.13)

A simplified form of Equation 4.12 can be reached:

r̈ + 2ω × ṙ = −∇V. (4.14)

Equation 4.12 can be further simplified by introducing dimensionless coefficients for time and length as
scalar quantities. The time scalar [T ], is simply defined as the rotational period:

[T ] ≡ TA. (4.15)

The length scalar [L], on the other hand, uses the equivalent radius, which is the theoretical radius of
a sphere with the same volume VAas the SSSB:

[L] ≡ 3

√
3VA
4π

. (4.16)

The time can then be further scaled by introducing:

τ ≡ t

[T ]
. (4.17)

Combining the scalar parameters with Equation 4.12 and Equation 4.5 leads to:

r̃′′ + 4πω̂ × r̃ + 4π2ω̂ × (ω̂ × r̃) = κ
(∑

LeEe · r̃e −
∑

θfFf · r̃f
)
. (4.18)

Here the ” ′ ” and ” ∼ ” superscripts are used for the relative derivative over the newly scaled time τ ,
and the scaled length vectors respectively.
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4.3. Active descent control
The EOM presented in Section 4.2.2 accurately reflect the dynamics of an uncontrolled lander-SSSB
system. However, as described in Chapter 1, the design for Philae included both attitude and velocity
control during the approach phase. Philae’s attitude was passively controlled via the use of a flywheel,
with an original plan to use a thruster to accelerate Philae towards the target, thus reducing the approach
time. In the work of AlandiHallaj and Assadian, who modelled the dynamics of a controlled landing, the
control forces and additional disturbances were simply added to the gradient of the gravitational field
for a full representation of the dynamics of the EOM [55]. Combining this with the EOM derived in
Equation 4.18 leads to a slightly different set of EOM:

r̃′′ + 4πω̂ × r̃ + 4π2ω̂ × (ω̂ × r̃) = κ
(∑

LeEe · r̃e −
∑

θfFf · r̃f
)
+ F + δu. (4.19)

Where F represents the control forces exerted on the lander and δu stands for the disturbances. As
discussed in Section 4.2, the disturbances are several orders of magnitude below the gravitational
acceleration even for a comet’s coma. Therefore, assuming δu = 0 the full EOM for a controlled lander
can be expressed as:

r̃′′ + 4πω̂ × r̃ + 4π2ω̂ × (ω̂ × r̃) = κ
(∑

LeEe · r̃e −
∑

θfFf · r̃f
)
+ F . (4.20)

The thruster onboard Philae is a cold gas thruster, fueled with nitrogen. Philae’s original target (comet
Wirtanen) is significantly less massive than 67P, thus presenting a much longer descent time at the
same deployment altitude. The thruster is therefore pointed in the landers positive z-axis (upwards)
[7]. While the thruster was not used during descent, its firing was planned to mitigate the rebounding
motion, this however, failed as the gas tank never opened.

A flywheel is a mechanical system used to store rotational kinetic energy. In the context of descent
control, they are used to stabilize the lander during the descent phase by rotating continuously, thus
imparting a gyroscopic effect on the lander. While this will cause the lander to slowly spin along the
axis of rotation of the flywheel, it is a necessary sacrifice for any lander with an orientation-dependent
landing system, such as Philae’s legs.

Philae’s flywheel proved to be highly effective in stabilizing the lander during its descent. While no
dedicated sensors for rotation frequency were onboard Philae, its rotation rate was reconstructed by
Heinish et al. using measurements from CONSERT (radio experiment), ROMAP (magnetometer ex-
periment) and the solar array power generation. Their findings can be found displayed in Figure 4.7,
where the measurements from the different sensors can be found together with the inferred rotation.

Figure 4.7: Philae’s flywheel rotation rate as inferred from (non-dedicated) instruments (from Heinish et al. [56]).
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Once Philae’s sensors correctly determined that it impacted against 67P’s surface, its flywheel was
turned off. However, due to internal friction between Philae and its flywheel, some of the flywheel’s
momentum was transferred to the lander. This started a spin up motion which had a significant effect
on Philae’s trajectory after touchdown (at 15:34 UTC). This motion could be monitored by using the
aforementioned procedure, for which the results are shown in Figure 4.8.

Figure 4.8: Philae’s rotation rate as inferred from ROMAP and its predicted spin up (from Heinish et al. [56]).

Themotion of Philae until 16:20 UTCmatches its predicted rotation almost exactly. It was predicted that
after the flywheel was switched off, Philae’s rotational acceleration would decrease until its rotational
frequency stabilized around 77 mHz. Instead, Philae’s rotational frequency immediately dropped at
16:20 UTC. This, coupled with the fact that its vertical velocity stayed constant according to sensor
measurements, suggests that Philae suffered a collision (and not a touchdown) against 67P. This lead
to a significant attitude change and consequently meant that Philae was lost to its operators until attitude
data was derived.

4.4. Landing site accuracy and selection
The dynamics of the approach trajectory have been thoroughly discussed through the chapter. The
landing zone accuracy is dependent on many of the aforementioned factors, resulting from the cumu-
lative effect of all the uncertainties and approximations of the events from deployment to landing. As
these factors have an cumulative effect, those deviations happening earlier in the approach phase will
have a larger influence. Therefore, an assessment of both the magnitude and timing of these uncer-
tainties must be made.

The most significant among these is the uncertainty in the release velocity of the deployment mech-
anism, as it typically has a relatively large magnitude and takes place at the earliest stage. Other
significant effects will be the perturbing accelerations displayed in Figure 4.4 (in order of significance):
the coma drag (where relevant), the radiation pressure from the Sun, and the third-body gravity dis-
turbances. Additionally, the inclusion of any active descent control subsystems will consequently in-
troduce additional uncertainties associated with the hardware itself. Uncertainties in the estimation of
the gravitational field will be significant when designing the mission from Earth. However, during the
mission, as the mothership will orbit the SSSB, a high-fidelity model will be obtainable.

The standard technique for evaluating the landing site begins with an estimation of the uncertainties’
effects, plotting a two-dimensional Gaussian probability function. This probability function can then be
projected onto the surface map of the target SSSB. This results in ellipses centered around the mean
landing site. The contours of the ellipses are determined using the values for three standard deviations
from the center of the probability function. The value for an autonomous, hazard-avoiding lander is
given by Rodgers et al. as R3σ = 10 m. An example of landing ellipses overlaid on a surface map can
be seen in Figure 4.9. Here, the surface map is populated with boulders of different sizes, where the
color scale in the figure indicates the dimensions of the boulder.
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Figure 4.9: The set of the best ten landing ellipses, with the numbers representing increasing boulder cover (from Rodgers et
al. [57]).

4.5. Impact velocity estimation
It is possible to quickly estimate touchdown velocities of uncontrolled landers for different bodies via a
simple calculation. It can be derived starting from the law of conservation of energy:

Ek = Ep. (4.21)

With the classical dynamics definitions for kinetic and potential energy:

Ek =
1

2
mv2, (4.22)

and
Ep = mgh. (4.23)

Combining Equations 4.21, 4.22, and 4.23 and rearranging leads to the straightforward:

v =
√

2gh. (4.24)

Where it is assumed that no mass losses are incurred during the conversion of potential to kinetic
energy. However, the gravitational acceleration g is not constant, varying with the distance between
the centers of gravity of the lander and SSSB:

g =
GM

r2
. (4.25)

Here G is used for the universal gravitational constant, and M for the SSSB mass. This leads to an
expression for an equation for the total energy:

Etot = Ek + Eimp =
1

2
v2 +

GM

r
. (4.26)
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Which then leads to expressions for the energy of the lander at separation and impact:

Esep =
1

2
v20 +

GM

r
. (4.27)

and
Eimp =

1

2
v2imp +

GM

r0
. (4.28)

Here, subscripts sep and imp relate to separation and impact, with subscript 0 denoting the starting
value for a specific variable. Using the law of conservation of energy againEsep = Eimp and rearranging
then leads to an expression for the impact velocity of:

vimp =

√
v20 + 2GM

(
1

r
− 1

r0

)
. (4.29)

Setting v0 = 0 and r0 → inf, leads to the expression of escape velocity:

vesc =

√
2GM

r
. (4.30)

Furthermore, the altitude h = r0 − r can be substituted into Equation 4.29, which when rearranged
leads to the following expression:

hmax =
r2

(
v2max − v20

)
2GM − r (v2max − v20)

. (4.31)

Which can be used to calculate the maximum deployment height for a maximum allowable impact
velocity. This can be plotted for a specific body/lander combination, as can be seen in Figure 4.3.

4.6. Irregular touchdown
One important consideration is that the impact force may not be centered on the lander’s center of
gravity. This will have an impact both on energy absorption and rotational acceleration of the lander. A
diagram showcasing this can be seen in Figure 4.10.

Figure 4.10: Diagram showing an uneven impact upon touchdown.

As an irregular impact may take place anywhere on the surface of the lander, the problem may be
considered two-dimensional and then extrapolated for the appropriate length s. The mass distribution
is a term derived by Schröder, Grimm, and Witte [58], used to describe how forces are distributed



4.6. Irregular touchdown 38

during impact as a function of the distance between the center of gravity and the impact force, s. The
overall acceleration is consistent across different impacts regardless of s. The mass distribution can
be derived from simple dynamics, beginning with the initial conditions at impact where:

Fimp = m · a = m · ẍ, (4.32)

and
Fimp · s = J · θ̈, (4.33)

where J is the moment of inertia, θ is the angle between the SSSB surface and lander after impact,
and the θ̇ and θ̈ superscripts denote a derivative about time. Integrating with respect to time t and
rearranging Equations 4.32 and 4.33 leads to:

ẋ(t) =
Fimp

m
t+ vx, (4.34)

and
θ̇(t) =

Fimp · s
J

t. (4.35)

As the lander will rotate opposite to the product of the velocity vector and distance s, an assumption
can be made that θ̇(t) = −ẋ(t)

s . With a substitution of the expressions for linear and rotational speed
obtained in Equations 4.34 and 4.35:

Fimp · s
J

t =
−
(

Fimp
m t+ vx

)
s

. (4.36)

Which can be rearranged to obtain an expression for the impact force:

Fimp =
−vx
t

· 1
s2

J + 1
m

. (4.37)

As mentioned previously, the acceleration is a constant term in this equation across impacts, and in
Equation 4.37 it is represented by −vx

t . The term for mass distribution naturally follows from Equa-
tion 4.32:

m(s) =
1

s2

J + 1
m

. (4.38)

Schröder, Grimm, and Witte plotted this relation for a theoretical lander, a version of MASCOT employ-
ing an spherical shell for higher-velocity landings. Their findings can be seen plotted in Figure 4.11.
Although the researchers did not provide any of the numerical values used for their calculations, the
general shape of the relation m(s) ∝ 1

k1s2+k2
can be clearly observed. The key takeaway from this

mass distribution is that the highest impact forces occur when impacts go through the center of grav-
ity of the lander. This implies that in order to optimize the impact dampening at touchdown, stronger
material should be placed closer to the center of gravity, tapering-off with an increasing c-value. One
consideration missing from the study is the fact that an off-center impact, with its accompanying rota-
tion, will most likely translate to a second contact of the lander shortly after. The effects of this second
contact should be further evaluated, however, this would be highly shape-dependent and therefore
best estimated via direct simulation.



4.7. Rebound 39

Figure 4.11: Mass distribution of a theoretical lander (from Schröder, Grimm, and Witte [58]).

4.7. Rebound
If the kinetic force of the lander multiplied by effective coefficient of restitution is larger than the gravita-
tional force exerted by the SSSB at its surface, the lander will undergo a rebounding motion. Rebound-
ing is an undesirable but typically inevitable motion, as the gravitational attraction at the surface of
most SSSBs is low. The main concern is that the kinetic energy of the lander after the initial touchdown
exceeds the escape velocity of the SSSB as given by Equation 4.30, which would result in the lander
leaving the SSSB. The velocity at impact, as defined by Equation 4.29, can be controlled by adjusting
the deployment velocity and altitude. Thereby ensuring that it is close or below the escape velocity, as
a specific coefficient of restitution of the overall impact can not be guaranteed.

An ideal rebound on a flat surface perpendicular to the velocity vector would result in a simple parabolic
trajectory of the lander post-launch, with no induced rotation of the lander. However, due to the irregular
surface of SSSBs this is an unrealistic approach, where impacts will most likely be significantly irregular;
thereby inducing rotational acceleration in the lander as well as multiple touchdowns in a very short time
span.

In order to evaluate contact conditions against irregular surfaces covered in boulders, a multi-body sim-
ulation can be conducted. Grimm et al. conducted a series of Monte-Carlo simulations for a theoretical
lander with a kinetic energy of 30.2 J using the SIMPACK tool [59]. The simulation was carried out over
three previously generated 10m2 square areas filled with boulders following a power law boulder size
distribution with varying coverage levels. Grimm et al. simulated the surface of the SSSB as a fully
rigid body, with no impact absorption. This seems unnecessarily pessimistic, as even hard rock ma-
terial has some degree of impact dampening, where a high coefficient of restitution could have been
used instead for the surface. Their findings regarding energy after impact with a crushable impact
dampening system can be seen in Figures 4.12 and 4.13.

Figure 4.12 is conclusive, with a clear trend of lower boulder coverage leading to lesser residual energy
after contact. It can be seen, however that this effect is not linear, with the difference between 10 and
30% being much more significant than that between 30 and 50%. A near-linear trend can be inferred
between boulder coverage and ratio of rotational over total residual energy.

Figure 4.13 clearly shows that another significant effect is the number of contacts during touchdown,
which reduces the kinetic energy after impact. These contacts are only considered as being part of
the same impact if the lander is simultaneously in contact with the appropriate number of surfaces;
otherwise, they are categorized as separate impacts. In the figure it can be appreciated that there
is a small set of single contact point impacts which result in very high residual energy values after
touchdown. Grimm et al. investigated these set of simulations further, and concluded that these were
the consequence of grazing shots. An example of the trajectory of such a collision can be seen in
Figure 4.14.

A grazing shot takes place when the lander collides with a boulder at an large angle relative to the
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Figure 4.12: Cumulative frequency of lander energy after
impact (Inlay shows the percentage of rotational energy (from

Grimm et al. [59]).

Figure 4.13: Total energy over per number of contact points
(from Grimm et al. [59]).

Figure 4.14: Trajectory of a grazing shot (from Grimm et al. [59]).
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surface of the SSSB. This has a chance of happening when colliding against a cliff or large rock out-
cropping, where the surface can be at a perpendicular or even oblique angle to the surface. This is
very significant for orientation-dependent dampening systems since, as displayed in Figure 4.14, it will
induce large rotational velocities with only a small portion of the impact velocity being dissipated, po-
tentially damaging the payload with a high-energy impact. Orientation independent impact dampening
systems will also have an increase in rotational velocity, but the payload is omnidirectionally protected,
therefore proving advantageous in this aspect. An additional mitigation strategy can be pursued by
carefully selecting the landing site as detailed in Section 4.4.

The rebounding motion may be actively controlled or reduced. Active rebound control can be consid-
ered as a form of attachment subsystem, as if powerful enough, it may cancel the rebound altogether,
effectively resulting in the same outcome as an attachment mechanism. Historically, the only method
used for rebound mitigation has been Philae’s cold gas thrusters, which were planned for firing imme-
diately after touchdown in the direction of the SSSBs surface.

Subsequent impacts after rebounding will follow the same mechanics with a significantly lower impact
speed. These impacts will most likely also have a very significant unpredictable rotational motion intro-
duced by the initial touchdown which will hinder the performance of orientation-dependent dampening
systems, and in the case for orientation-sensitive payload result in a need for an uprighting mechanism.



5
Concept generation and trade-off

Landing, for the purposes of this investigation, can be defined as coming to rest on the surface of an
SSSB. It is the most critical and difficult part of the mission for the lander. Therefore, in order to fulfil
its mission of delivering a payload to the surface safely, the key enabling subsystems for landing must
be designed. As detailed in Section 2.3.1, there are four main functions that the landing subsystem
may fulfil for SSSB missions: descent control, impact dampening, attachment, and rebound suppres-
sion. Landing on larger bodies with a significant atmosphere would additionally require heat dissipation,
however, this is only the case with planets and moons which are not considered SSSBs.

From the literature studied in Chapter 1, it can be concluded that the main criterion for the landing
module is reliability, as redundant hardware is non-trivial to implement. Due to this, and the inherent
control delay in deep-space missions, passive systems are significantly favoured over active ones.
Additionally, while some instruments, such as cameras, are orientation-independent, most scientific
payloads require at least some degree of positioning. Therefore, in order to ensure versatility as a
highly-adaptable lander, attitude control at rest will be a significant design consideration. Lastly, most
payloads will have a maximum acceleration after which they may be irreparably damaged, therefore,
effective load transfer and impact dampening are critical.

As discussed in Chapters 3 and 4, there are two significant issues when attempting to land on an
SSSB: the unknown landing terrain, and the very low gravitational attraction between two small bodies.
Surface properties of SSSBs vary significantly between bodies and within the SSSB itself and is the
greatest unknown at the time of deployment. This, coupled with the low gravity environment makes
reaching a resting position challenging due to difficulty of attachment and the low escape velocity.

In order to combat these issues, numerous landing and attachment concepts have been compiled, with
varying degrees of Technology Readiness Level (TRL). The definition of TRL used for this follows the
European Cooperation for Space Standardization (ECSS) International Organization for Standardiza-
tion (ISO) 16290 standard which ESA uses for maturity estimation [60]. The technologies presented
in this section are not exclusive to SSSB landers, where planetary and moon landers have also been
taken into consideration, both due to the limited number of missions to SSSBs and the fact that their
approaches may be applicable to SSSB landers. However, some concepts were discarded as they
are only practical for very large impacts common to planetary landings. These include airbags, ring
platform, deceleration thrusters, and the skycrane concept used for the Mars Science Laboratory. Ad-
ditionally, penetrator-type landing systems such as Deep Space-2 were discarded due to the large
constraints its adoption would impose on the payload; namely the huge acceleration at landing and the
fact that it would have to operate below the surface [14].

42
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5.1. Jet Propulsion Laboratory Small-Body Database
Versatility and adaptability can be very complex to estimate and measure. One possible method to
effectively measure the versatility of the different concepts and adaptations is to directly calculate the
operational range of a specific system. However, it is critical to measure the performance not only in
terms of parameter ranges, but in terms of the complete set of SSSBs, by evaluating how many SSSBs
landings a concept can achieve.

Different types of subsystems for rebound suppression, attachment, and impact dampening have been
presented in Chapter 4. As discussed previously, all of these systems are versatile to some degree,
and this versatility can be assessed in the context of the effective operational range. Any assessment
of adaptability, on the other hand, involves a cost-to-benefit analysis, to assess whether the cost of
adaptation justifies the increased versatility.

The most complete public database of SSSBs is compiled and maintained by NASA, and is available
in the Jet Propulsion Laboratory (JPL) Small-Body Database Browser [61]. Here, users may search
for data for specific SSSBs. Additionally, a set of APIs (Application Programming Interface) have been
implemented by NASA to access and query the database with custom methods and calls. These APIs
were called using a custom Python script, which scrapes the data and stores it to a dataframe using the
pandas library for analysis and visualizations. The database contains data of over one million bodies;
however, the degree to which information is known about each body differs. Therefore, the data must
be appropriately filtered and categorized for visualization.

The integration of the database with the Python script allows for rapid query and evaluation of the
versatility of different lander concepts. This allows for a quick evaluation of versatility for trade-offs
of the different systems evaluated. The aforementioned pitfall of not focusing on certain bodies can
be accounted for by specifically analysing the SSSB types which a concept could operate in. Further-
more, if the design of the lander subsystems can be scaled, and therefore parameterized, optimization
algorithms can be implemented within the design process, where the script can provide a goal.

It is important to note that many important characteristics are missing from this database such as
mechanical properties. Additionally, parameters such as density, gravitational attraction, and three- or
two-dimensional radii are only available for a very small fraction of these bodies.

In order to assess the versatility of the different concepts at a high level of abstraction, the density of the
target SSSB is useful, as it can be used as an approximation for its mechanical properties. However,
this parameter is missing for several SSSBs. Due to this, the database is extended based on the
spectral type of each SSSB. With the data presented in Table 5.1, a matching script iterates through
the SSSB database, assigning random values for the density based on the range provided for each
SSSB.

Table 5.1: Assumed densities for database (raw data from [62]).

Type Density range [g/cm3] Type Density range [g/cm3]
S 2.01-3.39 C 0.72-2.10
X 1.00-2.98 Ch 0.60-2.80
Sq 1.97-3.59 Xc 3.87-5.39
B 1.41-2.89 Sl 2.01-3.39
V 0.85-3.00 Xk 2.61-4.97
L 2.25-4.19 Sa 0.82-1.32
K 3.33-3.75 Cb 0.69-2.19
Xe 2.26-3.56 Sk 2.01-3.39
Sr 2.01-3.39 T 0.07-5.15
A 2.33-5.13 Cgh 2.42-4.54
D 9.34-9.78 Cg 0.69-1.23
R 1.21-3.25 Comet 0.22-0.72
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5.2. Impact dampening concepts
Impact dampening is one of the key functions of any lander system. As mentioned previously, the land-
ing terrain will be unknown until the lander reaches the surface, which means that the lander must be
designed for a worst-case scenario. Regarding impact dampening, the most stringent landing environ-
ment will be one where the lander impacts on a rocky surface, with a very high coefficient of restitution.
Additionally, a concentrated impact over a smaller surface will be worse for any crushable structure
such as a sandwich panel, which dampens impacts based on the deformation of its honeycomb mesh.
If the impact takes place over a small area, only a small section of the honeycomb will deform, thus
only providing limited dampening.

5.2.1. Uncontrolled impact

Despite the challenges presented by SSSB landing, some landers have relied exclusively on their struc-
tural frame to dampen the impact. This is the case, in particular, with low-altitude orbital deployments
such as those carried out by MINERVA-I and -II. One major disadvantage of these low-altitude deploy-
ments is the risk that the orbiter undergoes to get close to the SSSB, where any loss of control or error
could cause the total loss of the spacecraft. Furthermore, these deployments incur in significant fuel
consumption and due to the endangerment of the mothership, very careful planning.

MASCOT, deployed by Hayabusa-II did not use any dedicated impact dampening systems, instead it
relied on a specifically designed frame. The frame was designed as a truss, with its being providing
structural support and rigidity. These beams were manufactured using CFRP foam sandwich panels,
which allowed the structure to deform a few millimeters. When tested in a lab, the overall damping
coefficient (the ratio between the kinetic energy after and before the impact) of the CFRP truss structure
was 0.6 [46].

The main advantages of this type of impact dampening system are the reduced mass and volume and
low system impact, as well as its reliability, being a fully passive system. Additionally, it is orientation-
independent so not attitude control must be exerted during descent. However, this implies that unless
its payload is also orientation-independent, the lander must be equipped with an uprighting mechanism.
Its main drawback is the fact that its dampening effect is relatively low and can therefore only be used
for low-altitude deployments.

5.2.2. Shell

This concept, with a high TRL, has been utilized on early missions to Venus and Mars. It involves the
encasing of the lander inside a shell, which can be used both for impact dampening as well as heat
shielding in the case of planetary landings. Typically, once the lander comes to rest on the surface of
the object, the shell is ejected such that the lander can carry out payload operations. The ejection of
the shell may also take place after the initial touchdown while the lander is undergoing the rebounding
motion. This system was implemented in the lander probes of Venera-7 and -8, and Mars-2, -3, -6,
and -7 by the CCCP. The CCCP probes had spherical shells with heat insulation material covering
the exterior, while the interior was made of titanium. The Venus probes were outfitted with an internal
mechanical movable damper, while the Mars probes used foam plastics which encased a spheroid
made of petal-like segments. When the petals were deployed, it not only uncovered its payload, but
also uprighted the probe [14].

The advantages of this system include its great impact dampening capabilities, and its orientation-
independent design. However, these systems are heavy and very voluminous, and thus are better
suited for large landers targeted towards large bodies. Furthermore, the ejection of the shell requires
a dedicated mechanism, which negatively affects its reliability. The shell concept also has a tendency
to induce a rolling motion on the lander, which can be desirable as it transforms translational into
rotational motion thus reducing the rebounding motion. One drawback of the induced rolling is that it is
highly unpredictable and therefore the lander may come to rest far away from the touchdown location;
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therefore, introducing larger uncertainties in the final location of the lander.

5.2.3. Pallet platform

Pallet-like platforms are orientation-dependent impact landing systems. They are characterized by
having a crushable structure attached to the underside of the lander. This type of system has a high
TRL, as it has been used previously in the ExoMars 2016 mission, which incorporated the Schiaparreli
lander. The lander made use of a combination of several of the technologies presented in this chapter,
namely: a parachute, downward-pointing thrusters, and the pallet platform, as well as a detachable
heat shield [63]. The pallet platform may have a wide array of shapes, which can vary from a simple
prism-like extension of the lander base like the Schiaparreli lander (cylindrical) to more exotic three-
dimensional convex shapes, such as those proposed by Grimm et al. which add additional thickness
near the center of gravity of the lander [59]. The pallet may or may not be ejected after the initial
touchdown. If it is ejected during the rebound, it may act as a hazard to the lander as they could
collide.

The advantages of this system are its low mass and volume; however the requirement of an active
attitude control system may offset these savings. A convex shape will induce a rolling motion on the
lander, where the same advantages and disadvantages follow as from the shell concept. Additionally,
the density of the honeycomb can be easily adjusted. However, there is an additional drawback, where
consequent impacts can not be assumed to be dampened by the pallet as the lander’s orientation will
be unpredictable. As it operates as a passive system it will have high reliability, only affected by the
operation and powering of the flywheel.

5.2.4. Landing legs

The most commonly used landing system are landing legs, having extensive flight heritage with plane-
tary, moon and SSSB landers. Legs may incorporate deformable structures as feet, thereby passively
dampening the impact [7]. Like the pallet platform they are orientation dependent, although due to their
higher center of gravity they are less stable.

The landing leg structure is typically a truss, built using primary and secondary pillars. Primary pillars
are used to withstand the main forces from the vertical impact; therefore, they are always equipped with
an internal dampener. Secondary pillars, on the other hand, are used to support the lateral forces from
the impact, and may or may not be equipped with a dampening system. Dampening systems within the
pillars may consist of crushable structures, foam or hydraulic dampeners. Hydraulic dampeners are
heavier than equivalent crushable structures, andmay be affected by changes in temperature, requiring
thorough sealing [14].

Typically, legged landers exist in a three- or four-legged form factor, with additional legs adding extra
mass with no noticeable improvement in stability. A three-legged configuration is favoured for smaller
landers due to its simplicity and reduced mass, although stability is lowered. Legs may be separated
into fixed or foldable categories; with fixed legs having lower mass and increased reliability in exchange
for higher volume and lowered stability. Foldable legs may be further split up into downward- and
upward- deploying; where an schematic of a downward-deploying landing leg shown in Figure 5.1.
Both versions employ a load limiter, which ensures that the primary pillars do not experience excessive
lateral forces transmitted through the secondary pillars [14].

The advantages and disadvantages of the landing leg system depend on the specific configuration used.
However, in general when compared to other systems they have high reliability while being relatively
complex. Additionally they are very effective at dampening the impact while maintaining stability, due
to their vertical and lateral force dampening. Relative to other systems they are highly sensitive to the
angle of the impact.
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Figure 5.1: Downward-deploying landing leg structure (from Yin et al. [14]).

5.2.5. Electro-mechanical generator

Philae has been the only lander to date that has made use of a electricity generator as an impact
dampening system. It is implemented as an addition to the three-legged platform and coupled to a
cardanic joint to ensure that the dampeningmotion is fully parallel to the direction of travel, thus ensuring
maximum damping. The device was the largest source of dampening during Philae’s touchdown, where
the honeycomb feet could have also dampened the impact sufficiently [5]. The dampener operates
by having a telescopic cylinder attached to a DC brush motor through a gear set, connected via a
transmission rope. When the landing platform impacts against the surface of the SSSB the telescopic
cylinder undergoes compression, which turns the transmission rope, and the gear attached to themotor;
which becomes a generator when attached to an appropriate resistor.

The generator concept has an advantage of transforming the impact into useful energy, and together
with the cardanic joint forms a complex but robust impact dampening system. Its main drawback is
that it may only be used together with a landing gear. Additionally the energy generated may not be
significant when considering long term operations, with other impact dampening systems having lower
mass while providing the same dampening force.

5.2.6. Granular damper

Granular dampers are containers within the lander filled with granulates. These dampen the impact via
the internal collision of the granulates against the walls of the container, as well as the inter-granulate
collisions, which dissipate impact energy via friction. This method has been employed in the target
markers deployed by Hayabusa and Hayabusa2, used to study their deployment trajectories in order
to lower the uncertainty for the deployment of the MINERVA and MASCOT spacecraft [64].

Granular dampers are both orientation-independent and fully passive systems, which are very signifi-
cant advantages over other systems. However there is a very significant disadvantage to its use, where
the impact dampening capabilities of the granulate are directly dependent on its mass, and therefore it
is very heavy relative to other impact dampening systems.

The cushioning quilt is a multi-faceted system, oriented both towards impact dampening and attach-
ment. A schematic of the cushioning quilt concept can be seen in Figure 5.2. It is a further develop-
ment of the granular damper concept with a low TRL, as it has not been used in any lander. It uses an
airbag, which forms the base for the quilt. The airbag is equipped with venting holes, where the gas
within the airbag is expelled, dampening any impact. Sewn to the quilt and to each other, are sets of
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granular dampers; with hooks also attached with strings to the quilt. This concept is innovative in that
the quilt is deployed ahead of the lander and attached via a rope. After the quilt settles with the aid of
the granular dampers, the rope is then winded to pull the quilt and the lander together. This leads to the
quilt randomly grabbing unto rock cracks and irregularities on the surface with the hooks and strings,
thus forming an anchor. The lander then collides against the airbag, with the impact being dampened
by the expelled gases [14]. The cushioning quilt, while promising, is a relatively complex system, with
many different sub-components thus lowering its reliability. Additionally, there is no guarantee that the
hooks and strings attach to the surface of the SSSB or if they do, that the anchoring is of sufficient
strength, particularly if the landing site is covered in regolith.

Figure 5.2: Advanced impact dampening and anchoring concepts (adapted from Yin et al. [14]).

5.3. Attachment concepts
Attachment must be completed over a wide range of surface compositions, as detailed in Section 3.4
where regolith is the most stringent, as its low mechanical strength and lack of cohesiveness makes
attachment difficult. However, for penetrating concepts such as harpoons, high-strength material also
must be considered, as the strength of the harpoon must be higher than the material in order to pene-
trate effectively. Of the missions studied in Chapter 1, only Philae planned to attach, where this failed
due to the non-deployment of the harpoons.

Attaching to the surface of an SSSB is advantageous, as it minimizes the rebounding motion, severely
reduces the uncertainty in the final position of the lander, and guarantees the lander’s resting orientation.
One drawback of attachment is that it will hinder locomotion, which if desired, will require the addition
of a detachment or deployment system. Several systems can be used to attach to the surface of an
SSSB, with varying degrees of TRL, and different advantages and disadvantages. These systems, and
their main characteristics will be presented below.

Shape memory alloys (SMA) are materials that can be actuated using an electric charge, which in-
creases the temperature of the SMA locally and controls its deform action. Their use has been pro-
posed for attachment applications; however, their high temperature sensitivity makes them unsuitable
for applications with large variations in temperature such as the surface of an SSSB [65]. Therefore,
they are excluded from this research.

5.3.1. Ice screws

Ice screws are one of the attachment methods employed by Philae. They are located at each foot,
between the two footpads as shown in Figure 5.3. The footpads are guided via a specializedmechanism
unto the surface of the comet; if the material strength of the ice is low enough the ice screws may
penetrate it, being drilled into the surface using a belt-transmission system. The ice screws are used
in order to prevent Philae from undergoing lateral displacement as well providing frictional force for
any footpad movement. Ice screws were the one attachment system that did not fail during the Philae
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mission; however the limited force they could exert on the ground was not sufficient to anchor Philae
[7]. Disadvantages of the ice screw system include the fact that it is an active mechanism and its
performance is tailored for ice, therefore it may be suitable for some rock types but not regolith.

Figure 5.3: Schematics of the anchoring systems onboard Philae (adapted from Yin et al. [14]).

5.3.2. Harpoon

Harpoons are the most classical means of attachment, having flight heritage with the Phobos-Grunt
and Phobos-1/2 probes by the Soviet Union as well as ESA’s Philae which can be seen in Figure 5.3.
They consist of a firing mechanism, a rope, and a projectile, which is usually outfitted with barbs or
hooks. Harpoon assemblies may also include a reeling mechanism, equipped with a motor, which may
regulate the tension in the rope.

The firing mechanism is used to accelerate the projectile towards the surface of the SSSB when it
is at an appropriate distance. It may do so through the use of pyrotechnics, cold gas pressurization,
spring actuation, or electromagnetic actuation. Pyrotechnics, while having high-performance, can be
discarded since explosive devices can pose a risk to the mothership, and are therefore only suitable
for dedicated one-off missions. Philae made use of a ignition substance (nitrocellulose) to ignite the
pyrotechnics, and therefore generate enough pressure to fire its main and redundant harpoons. As
detailed in Chapter 1 neither of the harpoons were successfully fired after touchdown. The company
Copenhagen Suborbitals experienced a failure using the same chemical compound. Therefore, they
performed tests showing that nitrocellulose did not ignite in vacuum. The danish magazine ”Ingeniøren”
contacted the press department of DLR, where it was confirmed that this was unknown previous to
launch, but that an undisclosed solution has been found which solves the issue [66].

An important characteristic of the harpoon is that the strength of the anchoring material must be low
enough for the harpoon to penetrate it, but high enough such that it offers an effective anchor. The
harpoon is made to operate on rocky or icy surfaces; however it may be effective over a regolith layer.
The penetration depth of the harpoon is limited by both the length of the connecting rope and the
deployment energy of the projectile. Therefore, the harpoon could be effective if the layer of regolith
is less deep than the penetration depth and the harpoon has still sufficient kinetic energy to penetrate
the hard surface underneath.

5.3.3. Spikes

Spikes are thin elements that protrude from the structure of the lander. They aim to provide limited
anchoring by penetrating soft surface material such as regolith. Once the spikes penetrate, they will
resist motion through frictional forces. Additionally, spikes may be used to dampen an impact via spike
deformation, following the same energy absorption mechanism as crushable structures. Spikes were
included in all versions of MINERVA, as can be seen in Figure 1.1.
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Spikes are fully passive elements, thereby having very high reliability. They are also relatively orienta-
tion independent, as spikes could theoretically be added on all lander edges, although this would incur
in higher masses and hinder the operation of different payloads.

The main disadvantage of the spike mechanism is the low anchoring force they provide. The scalability
of spikes has the issue of their large aspect ratio, where if their size is increased in order to increase
the contact area, it will incur in a high volume [14]. Deployable spikes could be implemented to solve
this issue, with the associated increase in mass and lowered reliability.

5.3.4. Microspine anchor

A microspine anchor was developed by JPL and presented in an article by Parness et al. [67]. The
anchor was designed for robots traversing rocky surfaces, such as those seen in some planets, moons,
and monolithic SSSBs. It consists of arrays of microspines (pictured in Figure 5.4) with each microspine
containing its own attachment point and suspension. This enables each spine to stretch and drag such
that suitable hooking points are found on the surface at the sub-millimeter level [67]. These microspines
are grouped together into sets of claws, whichmake up the anchor. Themain design goals of the anchor
are to be able to resist omnidirectional forces, and be able to operate in a variety of rock surfaces. The
microspines are pulled towards the center of the anchor until they are successfully hooked, therefore
securing the system to the SSSB’s surface.

Figure 5.4: Images of the individual spine (left) and full anchor (right) (adapted from Parness et al. [67]).

The attachment capabilities of the microspine anchor on rock have been demonstrated extensively in
a lab setting; however this has only been performed on rocks. As described throughout Chapter 3
regolith is present throughout different types of SSSBs, therefore the performance of this system in
less cohesive materials should be evaluated. The main advantage of the microspine anchor is the lack
of terrain sensitivity as the microspines can hook to any. This method, while designed for locomotion
in rocky surfaces, may be adapted for a concept that can strongly anchor to rocks after impact, and
perhaps provide some anchoring in regolith-covered surfaces.

5.3.5. Bio-mimetic dry adhesion

Typical adhesives are not suitable for space applications, as the extreme temperature variations on
the surface of an SSSB render them unusable. Dry adhesives are bio-inspired technology from the
feet of gecko which are adhere to a wide variety of surfaces regardless of surface texture and physical
and chemical properties. Gecko feet have been demonstrated to reliably adhere underwater, within
atmospheres of ionized air and nitrogen, as well as the vacuum of space with little to no performance
degradation [68].

Gecko feet operate via two distinct adhesion mechanisms facilitated by two features: setae and scan-
sors, which provide adhesion via van derWaals forces. Setae are long and thin micro-fibrillar structures,
which are further split into nanometer-sized spatulae at the tips. The spatulae allow for surface contact
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up to micron-level surface roughness. Geckos also have stiff tendon tissue in their skin which result in
lamellar (radially overlapping) flaps named scansors. Scansors enable geckos to adhere to millimeter-
and centimeter-scale surface roughness by draping over the surfaces, where scansors conform to sur-
face elements without sacrificing planar stiffness [69]. Both setae- and scansor-like materials have
been artificially generated in a laboratory setting via the use of carbon nanotubes, and a combination
of carbon fibre fabric with an elastomer, respectively [70] [69].

Bombardelli, Broschart and Menon proposed the use of carbon nanotubes as an adhesive to success-
fully attach to the surface of SSSBs. This approach would cover the impact surface of the lander with
thin carbon nanotube rods, which would penetrate low-strength material like regolith. The large surface
contact area between the rods and the surface would translate into large van der Waals forces, and
thus a high level of adhesion. Additionally, if the rods impact against a high-strength material, such as
a boulder, they will buckle, behaving like a crushable structure and dampening the impact [68]. The
main disadvantage of bio-mimetic dry adhesion is its low TRL, with untested performance in space
applications.

5.3.6. Magnetism

As discussed in Chapter 3, some SSSBs, particularly M-class asteroids, are metallic. These asteroids
are rich in iron, a strongly magnetic material. Therefore, it would be possible to outfit a lander with a
permanent magnet or an electromagnet. As magnetic force follows an inverse square law with distance
(like gravitational attraction), introducing a magnet is equivalent to increasing the gravitational attraction
to the body, assuming that the bodies magnetic material follows the same distribution as its mass.
A permanent magnet would thus accelerate the lander towards the SSSB surface during approach,
increasing the impact velocity. Instead, a powered electromagnet could be triggered only after impact,
thus reducing the rebounding motion, and if the magnetic force is sufficient, securely attach it to the
surface of the SSSB. The electromagnet is a good attachment solution, as it is highly reliable (although
it is an active solution) as well as terrain insensitive. Its main drawback is that it may only be used for
M-class iron-rich asteroids. Additionally, the magnetic force may not be sufficient if the non-magnetic
regolith layer is too thick, thus necessitating an additional attachment system, although the SSSB could
be studied from orbit with a magnetometer previous to the deployment in order to select a suitable
landing site with high ferrous content [14].

This method could be adapted for use in non-magnetic SSSBs by using electric-adsorbed landing,
which involves the use of magnetically-charged projectiles fired unto the surface. The lander is then
equipped with a system generating opposite charges to those on the projectiles, therefore generating
an attractive force. This system presents the same disadvantages as the regular magnetic concept
as the projectiles may sink too deep into the regolith layer; additionally, the targeting of the lander
and projectiles are complex tasks that need to be addressed. Lastly, the inclusion of a dedicated
projectile launcher will incur in mass, power, and volumetric costs, making the concept less attractive.
An schematic representation of both types of landing systems can be seen in Figure 5.2.

5.3.7. Thruster

Philae made use of a cold gas thruster to try to suppress the rebounding motion. Although the thruster
failed to fire, this does not mean that the idea is without merit. In fact, thrusters, should, in principle be
one of themost reliable options, due tomany commercial-off-the-shelf (COTS) options having extensive
flight heritage. Typically, small-scale thrusters like those found in a rebound suppression manoeuvre,
have been used for attitude corrections and orbital adjustments in CubeSats.

The main advantage of thrusters, when compared against the alternatives, is that they do not interact
with the SSSB surface unlike drills or harpoons. Instead they operate by firing after the lander reaches
the surface, therefore providing a force normal to the surface opposite to the rebounding motion. If the
thrust is sufficient, this should eliminate the rebounding motion fully, although it would not fully tether
the lander to the landing spot. This, however, means that the thruster is surface-agnostic, meaning
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that its performance does not depend on the mechanical properties of the SSSB, an advantage which
only proves more significant for a lander meant to target a wide array of SSSBs.

5.4. Surface operations
If the lander does not remain firmly anchored to its initial touchdown position, or is intended to bounce,
its final attitude as it comes to rest will be unpredictable as discussed in Section 4.7. Most payloads, in-
cluding critical systems such as the communications and power generation subsystems, are orientation
dependent. Therefore, a self-righting mechanism should be heavily considered, either as a redundancy
for an anchored lander, or as a critical system for bouncing landers. One additional advantage of the
incorporation of such a system is that the self-righting mechanism may also be used for simple loco-
motion.

While locomotion is outside of the scope of this research, it is an important addition to the value propo-
sition of landers, and therefore this advantage should not be discarded. Due to the low-gravitational
attraction on SSSB surfaces, the normal force exerted over wheels is too low such that the friction
is too low for a wheeled-drive [67]. Therefore, alternative locomotion systems have been used for
SSSB operations, where the leading method is the hopping mechanism employed by MINERVA and
MASCOT.

Self-righting mechanisms may be split into two main types of operation, internally and externally actu-
ated. To date, as described in Chapter 1, two lander types for SSSBs have made use of such a system:
the MINERVA rovers and MASCOT, both of which are internally actuated.

Externally actuated mechanisms follow the ”arm” concept displayed in Figure 5.5. Arms are placed
on two opposing faces on the exterior of the lander, connected via a shaft, which ensures that any
movement made is consistent across the arms. The shaft is driven by a motor which can run at an
adjustable rpm, with slow rotational speed used for self-righting motion and faster rotation to enable
hopping locomotion.

Externally actuated self-righting mechanism allows for simpler motor and controller design, which trans-
lates to increased hardware reliability. However, its operational reliability is lower, as the arms may get
stuck within crevices. Furthermore, the contact points of the arms may differ significantly, where one
rests on regolith and another on a boulder. If this happens, the motion of the lander will be unpre-
dictable and highly irregular, making the hopping dynamics more difficult. Additionally, this concept is
significantly more voluminous.

Examples of an internally activated mechanism can be seen in Figure 5.5, as well as previously in
Figure 1.1. There are three main concepts with a very high TRL as they have been demonstrated
by MASCOT and MINERVA-I and -II. These are based on the same operating principle, with a motor
rotating an internal mass, which due to Newton’s third law will result in a reaction force exerted on the
lander. The main advantage of this type of system is that it is independent of surface conditions, and
therefore has an increased operational reliability.

MASCOT uses an eccentric arm with a mass concentrated at its tip; this arm is rotated and suddenly
stopped, which generates an off-center reaction force. This sends the lander in an uncontrolled hop,
with a maximum range of 20 meters. The initial MINERVA rovers used a combination of a torquer
and a turntable to achieve direction-controlled hopping; however, the turntable was removed in the
following iteration for MINERVA-II as the mass was found to be too large. MASCOT’s system generates
a significantly larger force relative to its size than the system used by MINERVA; therefore it is the
preferred option for larger landers carrying a significant payload [9].

One additional challenge affecting surface operations is the location of the lander at impact, particularly
if this surface is not illuminated. This is more critical for landers that do not anchor to the surface of
the SSSB as their resting position will be hard to predict. For this purpose, light-emitting diodes can be
attached to the lander, such that it is more visible from orbit.
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Figure 5.5: Externally and internally actuated mobility concepts for MASCOT (adapted from Dietze et al. [51]).

5.5. Concept population
The concept of a space lander has been theorized, planned, and implemented in a multitude of ways.
As detailed in Chapter 1 even SSSB landers, which operate in relatively similar environments, have
made use of different (or no) impact dampening and attachment technologies. In order to fulfil these
functions, concepts have been drawn from literature with six impact dampening concepts and seven
attachment concepts. Accounting for all possible combinations, this results in 42 different possible
concepts, without taking into account systems employing a combination of subsystems for the same
task to achieve redundancy, such as Philae. As each concept would require detailed research and
assessment for a trade-off, the number of concepts must be reduced.

Rather than exhausting every possible combination, concepts can be created by categorizing and sort-
ing the different subsystems, through the use of concept trees. These trees branch with the orientation-
dependence of the subsystems and whether the subsystems are active or passive. The concept trees
can be seen in Figure 5.6 and Figure 5.7.

Figure 5.6: Impact dampening concept tree.

The orientation of the lander can be controlled via the use of a single flywheel or a set of reaction
wheels depending on the degree of control desired. This control is necessary for some subsystems and
payloads, such as a harpoon, which must fire in the direction of the target SSSB, and is a significant
advantage for scientific payloads. However, this comes with a significant increase in mass and a
decrease in overall reliability. Therefore, this is considered as a good separator through which the key
enabling subsystems can be merged to form a concept.

Concepts then may be generated by exhausting all possible combinations of impact dampening and
attachment mechanisms under the same orientation dependency branch. It is important to consider
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Figure 5.7: Attachment concept tree.

that the generator impact dampening system, due to its nature, must be paired with either the legs
or the pallet, as there must be a joint between the lander and the landing gear for the generator to
act. Consequently, a number of impact dampening concepts combine the pallet or the legs with the
generator.

While concepts could be further segregated by the next level in the concept trees, active and passive
systems may coexist within the same concept; with each subsystem offsetting reliability issues and
performancewithin the concept. Furthermore, although the implementation of key enabling subsystems
tends to be positive, it also comes with increased mass and lowered reliability. In fact, it could be the
case that the implementation of a subsystem does not comewith a justifiable performance improvement.
Therefore, for both the subsystems one of the options considered is to not add one of the subsystems
to the concept; resulting in the concept only having an impact dampening or an attachment subsystem.
After the concept tree segregation, this procedure resulted in the generation of 32 concepts.

5.6. Killer requirement
In order to lower the number of concepts to a manageable level, a killer requirement was defined.
SSSB landers have found mixed success in their operation; with varying levels of failure ranging from
subsystem to total failure. Therefore, the reliability of the system is considered as an appropriate killer
requirement.

The reliability of a theoretical concept cannot be assessed traditionally via the number of failures. Addi-
tionally, for those concepts which have been used, the extremely limited amount of data points would
render this exercise futile. Therefore, an operational reliability parameter was developed for all con-
cepts, aiming to assess the likelihood of the system operating according to the specifications.

The operational reliability parameter is calculated using: the TRL, whether the system is active, and the
level of complexity for both the dampening and attachment systems making up each concept. These
inputs are normalized to a percentage of the maximum score for complexity and TRL, while a binary
score of 1/0 is given for passive/active systems respectively. These criteria are then weighted with a
bias, including an additional bias for the importance of attachment over impact dampening systems.
The scores each concept received for the operational reliability, together with all relevant inputs can be
seen in Table 5.2. Additionally, the values used for the biases can be seen in Table 5.3.

The TRL scores and the distinction between passive and active systems are relatively trivial to evalu-
ate, however, the complexity of the system required further assessment. This was evaluated as the
mechanical complexity of the system. The only system that received a score of 0 was the lack of an
attachment system. Purely rigid structural assemblies, such as the spikes, structural frame, pallet, and
granular damper received scores of 1. A score of 2 was given to the legs, magnet and the cold gas
thruster, as they are relatively simple mechanical assemblies. Due to the need of a driving mechanism,
the generator, shell, ice screws, and harpoon were given scores of 3. The only subsystems receiving
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higher scores were the microspine anchor and the dry adhesive, with scores of 4 and 5 respectively.
The microspine anchor received this score due to the many different, independently-moving anchors;
while the dry adhesive was given the highest score due to the issues in manufacturability.

Table 5.2: Operational reliability assessment of the 32 concepts (indexes 1 and 2 are used for the impact dampening and
attachment subsystems respectively, comp. is an abbreviation for complexity).

Impact dampening (1) Attachment(2) TRL 1 TRL 2 Passive/Active 1 Passive/Active 2 Comp. 1 Comp. 2 Operational reliability
Pallet None 9 9 Passive Passive 1 0 4.30
Pallet Dry adhesion 9 4 Passive Passive 1 3 3.72
Pallet Ice screws 9 9 Passive Active 1 3 3.50
Pallet Harpoon 9 8 Passive Active 1 2 3.54
Pallet Microspine anchor 9 6 Passive Active 1 5 3.13
Pallet + Generator None 9 9 Passive Passive 4 0 3.70
Pallet + Generator Dry adhesion 9 4 Passive Passive 4 3 3.12
Pallet + Generator Ice screws 9 9 Passive Active 4 3 2.90
Pallet + Generator Harpoon 9 8 Passive Active 4 2 2.94
Pallet + Generator Microspine anchor 9 6 Passive Active 4 5 2.53
Legs None 9 9 Passive Passive 2 0 4.10
Legs Dry adhesion 9 4 Passive Passive 2 3 3.52
Legs Ice screws 9 9 Passive Active 2 3 3.30
Legs Harpoon 9 8 Passive Active 2 3 3.24
Legs Microspine anchor 9 6 Passive Active 2 5 2.93
Legs + Generator None 9 9 Passive Passive 5 0 3.50
Legs + Generator Dry adhesion 9 4 Passive Passive 5 3 2.92
Legs + Generator Ice screws 9 9 Passive Active 5 3 2.70
Legs + Generator Harpoon 9 8 Passive Active 5 2 2.74
Legs + Generator Microspine anchor 9 6 Passive Active 5 5 2.33
Pallet Cold gas thruster 9 9 Passive Active 1 2 3.60
Pallet + Generator Cold gas thruster 9 9 Passive Active 4 2 3.00
Legs Cold gas thruster 9 9 Passive Active 2 2 3.40
Legs + Generator Cold gas thruster 9 9 Passive Active 5 2 2.80
Granular damper None 7 9 Passive Passive 1 0 4.58
Granular damper Spikes 7 9 Passive Passive 1 1 4.48
Granular damper Magnetism 7 7 Passive Active 1 2 3.77
Structural frame None 9 9 Passive Passive 1 0 4.80
Structural frame Spikes 9 9 Passive Passive 1 1 4.70
Structural frame Magnetism 9 7 Passive Active 1 2 3.89
Shell Spikes 9 9 Active Passive 5 1 2.90
Shell Magnetism 9 7 Active Active 5 3 2.19

Table 5.3: Modifiers used for the calculation of operational reliability and variation used for sensitivity analysis.

Modifiers Variation
Orientation bias 0.5 0-2
TRL bias 1 0.1-2
Passive bias 1 0.1-2
Complexity bias 1 0.1-2
Att:Damp bias 0.5 0.1-1
Score Threshold 70% 70-95

Following that, the maximum possible score for operational reliability is established. Then, a minimum
threshold is set such that concepts below this score are filtered out. A threshold of 70% of the maximum
score is established as the killer requirement. This results in a reduction in number of concepts to 15
from the original 32.

One positive sign is the fact that both the MASCOT and MINERVA concepts, as detailed in Chapter 1,
are not filtered out by the killer requirement, which leads some credence to the procedure. Furthermore,
while no concept truly represented Philae due to the numerous redundant systems present on-board,
all of its individual components, namely legs, generator, ice screw, and harpoon, successfully cleared
the threshold as part of winning concepts.

Despite this, further investigation on the reliability of the operation is merited. For this reason, a sen-
sitivity analysis was performed in order to verify the results. Variations were introduced in the bias
modifiers, as well as in the minimum score threshold as presented in Table 5.3. A script was imple-
mented which calculated the operational reliability for each concept, using all possible combinations of
the bias variations; with each bias having 10 steps between their maximum and minimum values. If
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the concept surpassed the given threshold it was tallied as a win for that concept, with the win totals
presented in Figure 5.8; where the concepts not meeting the killer requirement are displayed in red.

Figure 5.8: Histogram of winning concepts from sensitivity analysis, concepts not meeting the killer requirement are displayed
in red.

The results are conclusive, with all the initially winning concepts having the highest scores regardless
of win threshold. The difference, while not necessarily significant at a 70% win threshold, is more
pronounced as the win thresholds increase.

5.7. Concept trade-off
With the number of concepts significantly reduced via the killer requirement, they may now be assessed
based on a set of criteria, such that a winning concept may be selected and designed in further detail.
The criteria are then weighted based on the AHP, with the winning concept receiving the highest overall
score.

5.7.1. Criteria and scores

In order to evaluate these concepts, a number of criteria must be selected. It is important that these
criteria both reflect the design priorities, and that they can be reasonably assessed without guesswork.

The criteria selected for the trade-off are: mass, operational range, operational reliability, adaptability,
positional assurance, and TRL.

Mass is perhaps the single universal criterion used in trade-offs for space missions. Every kilogram
of mass sent onboard a space mission is costly, both in terms of required fuel as well as opportunity
cost, particularly for deep-space missions such as the ones required for SSSB exploration. Mass is
assessed at a component level, where estimates from the literature in Section 5.2 and Section 5.3, are
used for each subsystem making up the concept. It is important to note that all orientation-dependent
concepts receive a penalty in this criterion, as the mass of an stabilizing flywheel is added to the design.
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Operational range is key to an effective lander design, which is able to operate within a range of SSSB.
It may also be understood as a measure of versatility. The operational range of the different concepts is
again evaluated at a component level, where each subsystem enables the lander to operate in different
SSSBs. This criterion is assessed using a custom Python script, embedded with the extended JPL
database described in Section 5.1. The values used to evaluate the versatility of the subsystem are
obtained from the literature in Section 5.2 and Section 5.3; then, the concept as a whole is given a
percentage score of the number of SSSBs which can be fulfilled by this concept, over the total number
of SSSBs in the database. For the impact dampening systems, the value used to estimate operational
range is based on the coefficient of restitution of each subsystem. On the other hand, for the attachment
subsystem the surface’s mechanical properties are required. This is an issue, as these parameters
are not known for any non-visited SSSBs which makes up the large majority of the database. For this
reason, a false equivalence is made between SSSB bulk density and soil strength, based on equivalent
percentiles. As discussed in Section 3.4, these parameters are effectively linked through the SSSB’s
macroporosity, thereby providing the closest estimate for this purpose.

As detailed in Section 5.6, operational reliability is a parameter aiming to assess the likelihood of the
concept successfully fulfilling its purpose was created. This parameter can be further used as a criterion
for the trade-off, as reliability is also a near-universal criterion in the evaluation of space systems.

One of the design philosophies used throughout the design of the lander is adaptability. Adaptability, in
the context of a SSSB lander, aims to measure how easily the design of the subsystem can be adapted
such that its operational range is expanded. This parameter is extremely hard to calculate effectively,
therefore, instead a tiered score is given based on the highest tier that the subsystem meets. The tiers
range from 0 to 5; the tiers and the description of each tier can be seen in Table 5.4. While adaptability is
scored at a component level, the score for each concept is based on the highest performing subsystem
making up the concept.

Table 5.4: Score tiers for adaptability criterion.

Tier Description
0 The system cannot be adapted to expand its operational range
1 The lander must be re-designed in order to expand its operational range
2 The system must be adapted previous to launch, the adaptation is significantly harder to implement than the original solution
3 The system must be adapted previous to launch, the adaptation is as simple as the implementation of the original solution
4 The system must be adapted previous to launch, the adaptation is simpler than the original implementation
5 The system can be adapted after launch

Positional assurance is also evaluated using a tiered list varying from 0 to 5. Each tier with its corre-
sponding descriptor may be found in Table 5.5. Positional assurance aims to capture how much control
can be exerted over the final location and orientation of the concept after the landing phase, including
the possible rebounding motion. Knowing the resting location of the lander can prove extremely chal-
lenging if the rebound is not suppressed. Furthermore, most scientific payloads must be oriented in a
specific way or aimed towards a specific feature; if the orientation of the system can not be controlled,
a self-uprighting mechanism may be required, or the range of serviceable payloads will be lowered
significantly. Positional assurance is assessed at a concept level.

Table 5.5: Score tiers for positional assurance criterion.

Tier Description
0 The system’s final orientation and location are completely undetermined
1 There is some degree of control over the system’s final orientation or location
2 There is some degree of control over the system’s final orientation and location
3 The system’s final orientation and location can be controlled
4 The system’s final orientation or location can be assured
5 The system’s final orientation and location can be assured

Lastly, TRL follows from the ECSS ISO 16290 standard which ESA uses for maturity estimation [60].
The different TRLs together with their descriptors may be found in Table 5.6. For the purpose of this
trade-off and such that it does not overlap with the operational reliability criterion, TRL is assessed on
the concept as a whole.



5.7. Concept trade-off 57

Table 5.6: TRL levels following ISO 16290 (from ESA [60]).

TRL Description
1 Basic principles observed and reported
2 Technology concept and/or application formulated
3 Analytical and experimental critical function and/or characteristic proof-of-concept
4 Component and/or breadboard functional verification in laboratory environment
5 Component and/or breadboard critical function verification in relevant environment
6 Model demonstrating the critical functions of the element in a relevant environment
7 Model demonstrating the element performance for the operational environment
8 Actual system completed and accepted for flight (”flight qualified”)
9 Actual system ”flight proven” through successful mission operations

Following the classic trade-off methodology, each of the 15 concepts receives a score for each criterion.
These scores are presented in Table 5.7.

Table 5.7: Concept scores for each criterion.

Concept Mass [kg] Operational range [%] Operational reliability Adaptability Positional Assurance TRL
Pallet 1.33 86.4 4.30 4 1 9
Pallet with Dry adhesion 1.43 88 3.72 1 3 4
Pallet with Ice screws 3.13 92 3.50 4 5 9
Pallet with Harpoon 2.03 92 3.54 4 5 8
Pallet with Cold gas thruster 3.13 93.5 3.60 5 5 8
Pallet + Generator 2.83 87.69 3.70 4 2 8
Legs 2.73 87.69 4.10 4 1 9
Legs with Dry adhesion 2.83 91.45 3.52 3 3 4
Legs + Generator 4.23 93 3.50 4 2 9
Granular damper 3 82 4.58 3 0 7
Granular damper with Spikes 3.1 84 4.48 3 1 7
Granular damper with Magnetism 3.5 82 3.77 3 5 7
Structural frame 0 81 4.80 1 0 9
Structural frame with Spikes 0.1 82.5 4.70 1 1 9
Structural frame with Magnetism 0.5 81 3.89 1 5 7

5.7.2. Criteria weights

The criteria weights were determined using the AHP. AHP involves the pair-wise comparison of each
combination of criteria, where the score in each matrix row represents how many times more important
the concept in the row is than the concept in the column for the purposes of the investigation. The AHP
carried out for the criteria evaluated can be seen in Table 5.8, with the first six columns making up the
matrix, and the last indicating the resulting criteria weights.

Table 5.8: AHP pairwise comparison and resulting criteria weights (criteria names on top row are shortened for readability).

Criteria Mss Rng Rel Adp Pos TRL Criteria Weights
Mass 1 0.5 1 1 2 2 0.15
Operational range 2 1 2 2 5 2 0.32
Operational reliability 1.0 0.5 1 1.5 2 1 0.17
Adaptability 1 0.5 0.67 1 2 0.5 0.14
Positional assurance 0.5 0.2 0.5 0.5 1 1 0.07
TRL 0.5 0.5 1 2 1 1 0.15

Following the AHP as devised by Saaty, a consistency analysis must be performed in order to ensure
that the prioritization values are consistent across the AHP matrix. In order to do this a consistency
index (CI) value must be calculated using the following equation derived by Saaty [71]:

CI = λmax − n

n
, (5.1)

where λmax represents the maximum eigenvalue of the matrix and n is the number of criteria being
analyzed (or the matrix’s order). From the AHP performed for the lander, a CI of 0.0513 is obtained.
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According to Saaty, for an acceptable pair-wise comparison, the consistency ratio (CR) of the AHP
must not exceed 0.1, else the AHP must be repeated. CR originates from the ratio between the CI
and the random index (RI). The RI is a value gathered from literature, which represents the CI for a
randomly filled AHP. The RI depends on the matrix order; following Saaty’s research, for an order of 6
it is equal to 1.24 [71]. This results in an overall value of CR of 0.0414 for the AHP, well below the 0.1
threshold, meaning that the AHP is indeed consistent.

With the obtained criteria weights following the AHP, the final scores for the different concepts can be
obtained. These are showcased in Table 5.9.

Table 5.9: Weighted scores for each criterion and final score for each concept.

Concept Mass Operational range Operational reliability Adaptability Positional Assurance TRL Final Score
Pallet 0.686 0.432 0.615 0.750 0.200 1.000 0.612
Pallet with Dry adhesion 0.662 0.560 0.171 0.000 0.600 0.000 0.353
Pallet with Ice screws 0.260 0.880 0.000 0.750 1.000 1.000 0.648
Pallet with Harpoon 0.520 0.880 0.034 0.750 1.000 0.800 0.664
Pallet with Cold gas thruster 0.260 1.000 0.077 1.000 1.000 0.800 0.705
Pallet + Generator 0.331 0.535 0.154 0.750 0.400 0.800 0.500
Legs 0.355 0.535 0.462 0.750 0.200 1.000 0.569
Legs with Dry adhesion 0.331 0.836 0.017 0.500 0.600 0.000 0.437
Legs + Generator 0.000 0.960 0.000 0.750 0.400 1.000 0.590
Granular damper 0.291 0.080 0.829 0.500 0.000 0.600 0.366
Granular damper with Spikes 0.267 0.240 0.752 0.500 0.200 0.600 0.415
Granular damper with Magnetism 0.173 0.080 0.205 0.500 1.000 0.600 0.318
Structural frame 1.000 0.000 1.000 0.000 0.000 1.000 0.464
Structural frame with Spikes 0.976 0.120 0.923 0.000 0.200 1.000 0.501
Structural frame with Magnetism 0.882 0.000 0.299 0.000 1.000 0.600 0.345

The results are conclusive, with a clear winning concept in the pallet with cold gas thruster combination.
This concept is the best performer in the highest-weighted criterion, operational range, due to its effec-
tive impact dampening system and its surface agnostic attachment system. Furthermore, it is also the
best performer in terms of adaptability, due to the thruster firing time being able to be modified after
launch, and positional assurance, as the thrust should lock it into both position and orientation. It also
performs well in the TRL scale, as both pallet and thrusters have been flight qualified for the Schiaparreli
and Philae landers respectively. The concept receives a lower score with regards to mass; this is only
natural, as it is being compared to systems like the structural frame, which are extremely lightweight but
sacrifice operational range. Lastly, due to the relatively complexity of the system, it does not score well
in the operational reliability; however, this is relative to fully passive systems like the structural frame.
Overall this should not be a concern, as it cleared the initial killer requirement for this criterion.

Despite there being a clear and logical winner, it is always good practice to conduct a sensitivity analysis
on the criteria weights. These were varied from the original ones obtained through the AHP using a
Python script. The script exhausts all possible combinations of criteria weights as they vary between
50% and 150% from their original values in steps of 10%. For each possible combination, it then
re-calculates the winning concept which is then tallied. The results of the full sensitivity analysis are
showcased in Table 5.10.

Table 5.10: Results of sensitivity study of the winning concept with varying criteria weights.

Concept Number of winning simulations Percentage of winning simulations
Pallet 163,658 9.238
Pallet with Ice screws 60 0.003
Pallet with Harpoon 17,030 0.961
Pallet with Cold gas thruster 1,573,582 88.82
Structural frame 17,231 0.972

The results from the sensitivity analysis are conclusive, with only five different concepts winning across
all iterations. The pallet with cold gas thruster is the winning concept in 88.82% of the iterations. This
leads credence to the trade-off procedure, assuring that the concept selection is free from biases in the
criteria weights.



6
Numerical astrodynamics simulation

In order to evaluate the key enabling subsystems in Chapter 5, data from the JPL Small-Body Database
Browser was used together with the relevant equations to provide estimates on landing speed. This
approximation, while suitable for a conceptual trade-off, is too simplistic as it assumes a simple two-
body problem without any perturbing accelerations as discussed in Chapter 4. Therefore, in an effort to
improve the accuracy of the data, simulations must be performed. The package chosen to implement
these simulations is Tudatpy.

The TU Delft Astrodynamics Toolbox (Tudat) is a toolbox comprised of different sets of programmatic
libraries, which allows researchers to implement a variety of astrodynamics simulations with relative
ease. Tudat provides out-of-the-box, the core building blocks of any numerical astrodynamics simula-
tion such as state propagation and estimation functionality, standard integrator types, and acceleration
models. This allows for the relatively quick set-up of simulations, ranging from multi-gravity assist ma-
noeuvres to in-orbit space debris simulations. Tudat’s functionality is implemented in C++, however,
in order to further facilitate its implementation, Tudat is also provided using a Python wrapper as Tu-
datpy [72]. Therefore, due to the database scrapper and concept evaluation scripts being coded also
in Python Tudatpy was selected over Tudat for the implementation of the simulations. This allows for
quick iteration between models due to the common language they are implemented in (Python), as is
the intention behind the implementation of MBSE.

To the best of the author’s knowledge, at the time of the writing of this paper, development of simulations
involving SSSBs with Tudat has been limited, with the majority of the use cases being planetary or
natural satellite exploration, gravity assists, Earth observation and communication, and space debris.
For this reason Tudat incorporates a number of functionalities which are not relevant to the simulation of
SSSBs, such as aerodynamic models. Furthermore, the gravitational models implemented in Tudat are
restricted to point masses and spherical harmonics; as discussed in Chapter 3 although computationally
efficient, this is not optimal for SSSBs due to the lack of built-in collision detection. Despite these issues,
Tudatpy remains a good option for the implementation of the simulation, due to the expertise in its use
at the TU Delft, extensive documentation, and free licensing.

6.1. Simulation set-up
Before any simulation can be carried out in Tudat, it must be set-up according to the problem at hand.
Depending on the computational complexity of the simulation, this is often the most time-consuming
stage of carrying out the simulation as there are amultitude of options available for each setting and they
must be selected carefully. As mentioned earlier in the chapter, Tudat has extensive documentation,
complete with several examples. One of the most recent examples involves the optimization of a
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satellite’s orbit around the asteroid Itokawa. Therefore, this example is used as a template for the set-
up of the simulation, including the target SSSB. Below, a selection of main parameters of the simulation
set-up are detailed.

6.1.1. Body set-up

Tudat incorporates a number of standard celestial objects from SPICE together with a number of their
orbital parameters and properties. SPICE is an information system developed by the Navigation and
Ancillary Information Facility (NAIF) under NASA. It is used for a number of activities by the scientific
community ranging from conceptual mission design to correlation of real instrument data [73]. For the
simulation the bodies of the Sun, Earth, Mars, Jupiter, and Saturn are added from SPICE’s data. The
remaining bodies for the simulation, the target SSSB and the lander, are added instead as empty bodies
with their characteristics being added individually, which allows for full control over the simulation.

The SSSB’s Keplerian elements (eccentricity, inclination, semi-major axis, longitude of the ascending
node, argument of periapsis, and true anomaly), heliocentric spherical coordinates, rotation rate, radius,
and gravitational potential are provided, together with a reference Julian date for the measurement of
the relevant elements.

For the lander, simply its mass, and radiation pressure coefficient and area are embedded. Before
the simulation is initialized, with the SSSB as the origin for the reference frame of the simulation, its
Cartesian coordinates and velocities relative to the SSSB are also defined. As the lander is meant to be
deployed from a mothership after characterization of the SSSB’s surface, a stable circular orbit around
the SSSB is used for the initial coordinates and velocities of the lander. In order to simulate the inherent
level of uncertainty of the deployment, conservative uncertainty values of 5% are implemented in the
position and velocity vectors. Furthermore, a deployment velocity of 0.2 m/s is added, pointed towards
the origin of the reference frame.

6.1.2. Acceleration model set-up

One of the advantages of using a thruster as the rebound suppression subsystem, is the possibility
of additionally using the thruster for active descent control, which would improve the accuracy of the
landing site as well as increase the maximum deployment altitude from the target. Tudat has thrust
models integrated within its standard acceleration models, where the mass of the spacecraft is set as
a variable, which decreases based on the selected thrust and specific impulse levels of the thruster.
Implementation of this feature was attempted, but was unsuccessful, due to Tudat being limited to either
a constant or a time-dependent thrust vector setting. Tudat is highly customizable, thereby allowing
for the implementation of an algorithm which simulates the lander orientation. However, due to its
complexity, it was deemed outside of the scope of the thesis. Instead, an uncontrolled approach and
landing was simulated.

The remaining accelerations exerted on the lander, as detailed in Section 4.2.1, originate from gravita-
tional sources and Solar radiation pressure. The gravitational potential of the SSSB is derived using
spherical harmonics expanded up to order 4 and degree 4, and using point masses for the main Solar
system bodies. For the purposes of simulating radiation pressure, the lander is modelled using the
cannonball model, where the shape of the lander is assumed to be spherical [74].

6.1.3. Integrator set-up

In order to solve the dynamics equations responsible for propagating the simulation from the initial con-
ditions until the termination criteria are met, Tudat incorporates a number of integrator types. These
integrators are based on different algorithms, where the deciding factor between different integrator
types is usually a trade-off between stability and computational cost; additionally, the methods will
make use of either a fixed or variable step size. The integrator selected for the simulations is a Runge-
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Kutta-Fehlberg method of orders 7 and 8. Multiple order (or embedded) methods are used to achieve a
variable step size without having to solve the problem twice, which naturally doubles the computational
expense. Instead, embedded methods estimate the solution at each time step and compare the solu-
tions. The comparison is then evaluated against a predetermined threshold, whereby if the difference
is too large the step size is decreased, or vice versa, which results in a relatively computationally cheap
and robust integrator [75].

6.2. Single SSSB simulation and deployment altitude iteration
Initially, the simulation is set-up for a single SSSB, specifically, asteroid Itokawa. The termination set-
tings for the simulation are set for the lander reaching Itokawa’s surface, or exceeding the set maximum
simulation time of twelve days. During the simulation, the altitude, and positional and velocity vectors
in the Cartesian frame are saved as dependent variables. These can be plotted once the simulation is
completed using the pyplot library. Initial simulations at different altitudes were successful in reaching
the surface of the SSSB. One such example at a deployment altitude of 8 km can be seen in Figure 6.1.

Figure 6.1: Lander trajectory plots (zoomed-in on the right) and altitude graph (below) of successful landing from 8 km altitude
deployment.

However, due to the perturbing accelerations, and the uncertainties introduced in the position and
velocity vectors described previously, once a certain deployment altitude is reached, the lander will
miss the target. An example of this is depicted in Figure 6.2, with a deployment altitude of 9 km.
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Figure 6.2: Lander trajectory plots (zoomed-in on the right) (above) and altitude graph (below) of failed landing from 9 km
altitude deployment.
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This means that through deployment altitude iteration, the maximum deployment altitude for an uncon-
trolled landing can be determined. This was implemented in the simulation via a simple for-loop, with
intermediate results being stored. Once this maximum deployment altitude has been reached, the pre-
vious simulation’s data where the lander reached the surface can be stored. In particular the impact
velocity is of most significance, as it will allow for the sizing of the key enabling subsystems.

After iterating the simulation over multiple altitudes, it was observed that in limit cases, where the
gravitational attraction due to the SSSB is roughly equal to the disturbing forces, there were noticeable
differences in results across different runs with the same settings. This can be seen in Figure 6.3,
where from a deployment altitude of 8.015 km and using the same settings, the trajectory of the lander
is considerably altered between runs. Initially it was predicted that this effect could be caused due to
the variable integrator step size present in the Runge-Kutta-Fehlberg method. However, when using a
Runge-Kutta 4th order method with fixed step size, the inconsistencies persisted.

Figure 6.3: Differing lander trajectories from 8.015 km altitude deployment with identical set-up.

6.3. Iteration over SSSB database
Once the simulation script ran reliably and generated the required results for a single SSSB, it was
merged with the SSSB database described in Section 5.1, following the principles of the MBSEmethod-
ology. The pandas library is used for the sorting, filtering, modification, and addition of data into the
database. Furthermore, it has embedded file compression capabilities, useful for storing intermediate
results with relatively low memory expense. This is useful in case the overall script encounters an error
at some point and crashes, as the intermediate results are saved. Furthermore, it can be used in long
simulations to fragment runtimes into more manageable sections, based on the user’s preference.

The database was serialized for compression, and imported into the simulation script. The script then
iterates over each entry in the database, corresponding to a specific SSSB. The SSSB’s Keplerian
elements (eccentricity, inclination, semi-major axis, longitude of the ascending node, argument of pe-
riapsis, and true anomaly), heliocentric spherical coordinates, rotation rate, radius, and gravitational
potential, are imported from the database and used as inputs for the simulation script. The simulation
is then carried out for increasing deployment altitude for each SSSB as described previously, resulting
in a maximum deployment height and its corresponding impact velocity. These parameters are then
added to the entries of the database, which is then serialized again for future use. In order to reduce the
total simulation time, the termination settings were modified, with an additional termination condition
being added for maximum distance from the SSSB, equal to double of the deployment distance. Once
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the full database was iterated through, the same issues regarding inconsistencies in the simulation
were found, as described inSection 6.2. In order to address this, the simulations were repeated tenfold.
This provided for a large enough sample that outliers could be identified and removed. The results of
the simulations can be seen in Figure 6.4, where the relevant distributions of deployment altitudes and
velocities can be seen.

Figure 6.4: Histograms of the main simulation outputs: deployment altitude (left) and impact velocity (right).

As expected, these distributions closely resemble those of the gravitational parameter and diameter.
Furthermore, as evident from Figure 6.5, these variables also have a direct correlation to each other,
with SSSBs with larger gravitational pull resulting in increased maximum deployment altitude and cor-
respondingly impact velocity. Lastly, in Figure 6.5 a comparison is made between the main simulation
outputs and the relevant SSSB diameter, again highlighting the correlation between these parameters
and the diameter as expected.
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Figure 6.5: Hexbin plots of maximum deployable altitude (top left), and impact velocity (top right) vs SSSB diameter, and
maximum deployable altitude vs impact velocity.



7
Detailed design

In this chapter the detailed design of the lander is presented, with a focus on its key enabling sub-
systems. Then the remaining subsystems are detailed, with a distinction between environment- and
payload-driven subsystems.

7.1. Impact dampening subsystem
Crushable structures are implemented in most dampening systems due to their excellent dampening
performance and low mass. Sandwich panels are layered structures which combine face-sheets with
a core. This combination allows for very high structural rigidity at a low mass. Additionally, sandwich
structures perform very well relative to their mass as impact dampeners when a metallic core is used.
This is due to the plastic deformation that each cell of the honeycomb core undergoes, which transforms
the impact force into the buckling and deformation of the hexagonal cell walls. The honeycomb structure
is typically manufactured using aluminium where the commercially available alloys are 5052 and 5056
[76].

The mass efficiency for maximizing the touchdown δv that the honeycomb will reduce can be simply
calculated, as derived by Grimm et al.:

Ek = Eplast. (7.1)

whereEplast is the energy required for the honeycomb to undergo plastic deformation. With the following
definitions:

Ek =
1

2
mtotal · v2, (7.2)

Eplast = Fcrush · s, (7.3)
and

Fcrush = σ ·A. (7.4)

Here, s represents the length of the crushed honeycomb column, A its cross-sectional area and σ the
crush strength. Combining Equations 7.1, 7.2, 7.3, and 7.4 leads to:

1

2
mtotal · v2 = σ ·A · s. (7.5)

66
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Here, the product of area and length can be defined as the crush volume Vcrush, equivalent to the mass
of the honeycomb mcrush divided by its bulk density ρ:

vcrush ≡ A · s = mcrush

ρ
. (7.6)

Grimm et al. used the data provided by Hexcel, the leading manufacturer for honeycomb structures for
aerospace applications [76], to derive an approximate relation for the crush strength as a function of
the bulk density of the honeycomb: σ ≈ k · ρ2. From that, it then follows that:

vcrush =

√
k

σ
·mcrush. (7.7)

Grimmet al. derived relations for aluminium alloys 5052 and 5056 of σ = 0.962ρ1.766 and σ = 1.399ρ1.666

respectively [76]. This shows that the derived relation is an approximation at best. Additionally, Hexcel
manufactures honeycombs using different coatings, materials and cell sizes for which this approxima-
tion may not hold. Therefore, this relation and its application would require further investigation.

Combining Equations 7.5 and 7.7 leads to:

1

2
mtotal · v2 = σ ·

√
k

σ
·mcrush. (7.8)

Rearranging leads to a mass ratio of:

mcrush

msys
=

∆v2

2
√
kσ −∆v2

. (7.9)

This allows for effective comparison of systems employing customized crushable structures against
other systems. This evaluation was made by Grimm et al., leading to Figure 7.1, where the velocity
absorption performance of honeycomb structures of varying strength is compared to that of an adapted
cold-gas thruster. It is important to note, that Hexcel’s standard aluminium honeycomb can achieve a
crushing strength of up to 20 MPa [76], resulting in a higher mass efficiency.

The mechanical properties of the honeycomb structure can be adapted for each application by mod-
ifying the material, cell size, wall thickness, column length, and perforation. Both cell size and wall
thickness can be decreased and increased respectively to increase the packing factor of the honey-
comb, thus increasing its density. Increased column length will result in an increase in the ability of the
structure to absorb energy at a given crush strength.

Another important consideration following the use of honeycomb structures is its performance follow-
ing either a distributed or concentrated impact. Schröder, Grimm and Witte conducted impact tests to
evaluate this difference in performance for a shell concept encasing the full lander. They performed
impact tests on honeycomb structures using both a flat surface and a penetrator, simulating a sur-
face and boulder contacts respectively. Additionally they investigated the effect of adding a facesheet,
made up of layers of high-modulus polyethylene Dyneema®. Schröder, Grimm and Witte concluded
that facesheets can be used to improve the force distribution and add compressive strength to the
honeycomb structure, thereby increasing its crush strength [58].

7.1.1. Honeycomb configuration

Honeycomb manufacturers offer honeycomb in different lengths, shapes, materials and configurations.
Crushable structures absorb impact energy by undergoing plastic deformation of the honeycomb cells.
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Figure 7.1: Mass ratios vs absorbed velocity of honeycomb structures with varying crush strength compared to a cold gas
propulsion system (from Grimm et al. [59]).

Therefore, any suitable material for the panel should be able to plastically deform. There are three
main material types which are used by the industry to manufacture structural honeycomb; these are
aramid fibres, glass fibres, and aluminium [77]. Among these materials, aluminium is the only one
which satisfied the aforementioned requirement of plastic deformation; therefore, it is the selected
material for the honeycomb pallet. There are two main aluminium alloys manufactured for aerospace
applications; alloys 5052 and 5056. The final alloy allocation will depend on the COTS availability from
manufacturers, as well as its energy absorption to mass ratio.

Another aspect to the design of honeycomb is the shape of its cells. The main options available from
manufacturers include Hexagonal, OX, Flex, Double-Flex, and Reinforced Hexagonal cores; these
can be seen in Figure 7.2. Hexagonal cores are the most efficient in terms of compressive strength
to mass ratio. OX-core honeycomb keeps an hexagonal shape, however, one of its dimensions is
stretched in order to improve its shear strength properties in the direction of elongation. Both the
Flex, and Double-Flex cores are designed for the same purpose, improving formability. Due to their
cross-sectional shape, they can be easily bent into tight radii without buckling the honeycomb columns.
Lastly, the Reinforced Hexagonal core adds a sheet of material splitting the hexagonal cells improving
compressive strength. However, this reinforcement is less mass-efficient than modifying the cell size
[78]. Since the honeycomb will not have to be curved, and its mechanical properties in shear are not
relevant for its impact dampening capabilities, the traditional hexagonal cross-section is selected for
this application.

Figure 7.2: Different cell types (from left to right): Hexagonal, OX, Flex, Double-Flex, Reinforced Hexagonal (adapted from
Hexcel [77]).

Pre-crushing is a technique used in the design of thin-walled aluminium honeycomb structures. Pre-
crushing involves a short compressive stroke applied in the loading direction of the honeycomb, which
causes slight buckling in the aluminium columns. When non-crushed honeycomb undergoes an impact,
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it requires a large crush load to initiate the plastic deformation in the honeycomb columns, which then
stabilizes into a uniform crush curve. However, if the honeycomb is pre-crushed, this peak is elimi-
nated, with only the uniform crush curve remaining. These processes can be seen in the experimental
results obtained by Zakrisson [79], displayed in Figure 7.3. The use of pre-crushing therefore allows
for significantly lower impact shock accelerations exerted on the payload and subsystems, and thus is
implemented in the design of the pallet.

Figure 7.3: Force-displacement compression test of non-crushed and pre-crushed (from Zakrisson [79]).

Lastly, honeycomb structures are sometimes perforated along the column length. This can be done in
order to improve its sound attenuation properties, allow for correct air flow in moulding, and improve
the venting of adhesives. However none of these applications are relevant to its energy absorption
qualities, and thus perforation is not incorporated in the design.

7.1.2. Shape and dimensions

The simplest shape that the pallet could have would be a simple extension of its base as depicted in
Figure 7.4. However, following the theory described in Section 4.6, according to Schröder, Grimm, and
Witte [58] during non-centered impacts, only a fraction of the total lander mass will act on impact. This
effectively reduces the kinetic energy of the impact since Ekin = 1

2mv2 as Ekin ∝ m. Equation 4.38
for the mass distribution after an off-center impact, derived in Section 4.6 can be used to optimize the
pallet’s shape, as shown in Figure 7.5. After volumetric calculations using CATIAv5, the optimization
results in volume, and consequently mass, savings of 66%.

Figure 7.4: Render of the basic pallet. Figure 7.5: Render of the optimized pallet.

While the optimized shape is undoubtedly complex, aluminium honeycomb is relatively simple to ma-
chine, with complex surface morphologies being possible with the proper tooling [80]. A less complex
alternative to the the gradual curve obtained from Equation 4.38, would be approximate this shape with
circular .

Overall the pallet is attached to the base of the lander, thereby sharing those dimensions. For a lander
dimension of 0.3x0.3x0.2 m (equivalent to MASCOT), a maximum column length of 0.1 m is set, thereby
resulting in a maximum total lander volume of 9U.
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7.1.3. Adaptability

The main focus of the thesis is to output a design which is highly adaptable, such that it may serve the
maximum number of SSSBs with minimal modifications. There are three main parameters that can be
adapted in order to modify the impact dampening capabilities of the honeycomb: the column length,
cell size, material, and wall thickness. All factors have a direct effect on the mass of the pallet, with
cell size, wall thickness, and material also affecting its crush strength. HexCel, the largest honeycomb
manufacturer in Europe, provides for a selection of COTS aluminium honeycomb, with a minimum
manufacturable column length of 0.25 inches. These COTS options vary in the alloy used (5052 and
5056), cell size (from 1/8th to 3/8ths of an inch), and wall thickness.

The initial step involves the analysis of which material performs better with regards to crush strength
to mass ratio. In order to do this, the raw data from Hexcel was imported into Microsoft Excel. Hexcel
provides for each alloy/cell size/wall thickness combination a number of parameters. These include
density, crush strength, bare strength, and stabilized strength [76]. From these values, the most rel-
evant for the lander design are density and crush strength. Therefore, a parameter which calculates
the strength to density ratio was added for each combination, and used to assess the performance of
the different alloys. The findings are presented in Table 7.1. Furthermore, as it is clear that alloy 5056
performed better in this regard, an additional parameter is added to express the increase in strength of
going from alloy 5052 to 5056 as a percentage of the original strength.

Table 7.1: Comparison of strength/density for alloys 5052 and 5056 (raw data from Hexcel [76]).

Strength/density [Pa kg/m^3]
Cell Size [in] Nominal Density [kg/m3] Alu5052 Alu5056 % difference

0.375 1 1.81E+04 2.36E+04 31%
0.25 1.6 2.49E+04 3.06E+04 23%
0.375 1.6 3.18E+04 3.78E+04 19%
0.1875 2 3.99E+04 4.30E+04 8%
0.25 2.3 1.49E+04 1.99E+04 33%
0.375 2.3 2.10E+04 2.66E+04 27%
0.15625 2.6 2.76E+04 3.41E+04 24%
0.375 3 3.59E+04 4.05E+04 13%
0.125 3.1 1.29E+04 1.61E+04 25%
0.1875 3.1 1.81E+04 2.36E+04 31%
0.25 3.4 2.45E+04 3.03E+04 24%

0.15625 3.8 2.95E+04 3.62E+04 23%
0.25 4.3 1.08E+04 1.35E+04 25%
0.1875 4.4 1.40E+04 1.87E+04 33%
0.125 4.5 1.90E+04 2.53E+04 33%
0.25 5.2 2.30E+04 3.00E+04 30%

0.15625 5.3 2.77E+04 3.39E+04 22%
0.1875 5.7 1.08E+04 1.51E+04 40%
0.125 6.1 1.08E+04 1.35E+04 25%
0.15625 6.9 1.40E+04 1.87E+04 33%
0.125 8.1 1.72E+04 2.30E+04 33%

The data is conclusive: alloy 5056 performs better than alloy 5052 at similar density/cell size. This
difference is more pronounced with increased nominal density, however this is clearly not a linear
relationship. It is important to note that although alloy 5056 is stronger, Hexcel offers higher density,
and thereby higher strength, honeycombs only using 5052, with increased cell wall thickness. Therefore
these options will be also added to the pool of selectable honeycombs.

In order to select a suitable honeycomb for each individual SSSB landing, the available honeycomb
configurations were sorted by density, in order to see how it related to crush strength, as shown in
Figure 7.6. Here, cells are coloured using conditional formatting, where the colour of each cell follows
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a gradient based on the maximum and minimum values in the column. In Figure 7.6 a red-yellow-green
colour gradient is used, where green is used for low density and high strength. This method allows for
easy graphical evaluation of the data.

Figure 7.6: Density-sorted list of alloy 5056 honeycomb properties (raw data from Hexcel [76]).

The result, as expected, is that crush strength increases with density, meaning that different combina-
tions of cell size and wall thickness will lead to a tiered list of increasing strength at the cost of increased
pallet mass. This relation was further explored as shown in Figure 7.7, where each honeycomb con-
figuration’s density and crush strength for alloy 5056 were plotted. A trend line using a power law
was found to be the best fit for the data, with an R2 value of 0.9983. The relation is approximated by
σ = 1847.4ρ1.6518. This formula could allow for the generation of theoretical, higher-density concepts;
however, with smaller cell size and increasing cell wall thickness, manufacturability may be an issue.

Figure 7.7: Crush strength as a function of density for alloy 5056 honeycomb.
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7.1.4. Pallet sizing and allocation

In order to size the lander for each SSSB, a pallet design script was implemented in Python. It uses
as main inputs the data obtained from the simulation as described in Chapter 6, as well as the data
for all alloy 5056 honeycomb configurations as well as the densest amongst alloy 5052, as detailed
previously. This data is imported into the script through serialized Python files, via the pandas library.

The script loops through each SSSB. An appropriate crush strength can be calculated for each landing
by rearranging Equation 7.5, which leads to:

σ =
mtotal · v2

2A · s
. (7.10)

Following the relationship plotted in Figure 7.7, it is obvious that the stronger honeycombs are more
mass-efficient than their weaker counterparts. Therefore, a matching algorithm is used to round-up the
crush strength of each SSSB impact to the closest available honeycomb crush strength. It is important
to match the crush strength rather than total absorbed energy where possible. This is due to the fact
that while decreasing column length with a smaller cell size may result in an equivalent total absorbed
energy, it will also induce a much larger deceleration of the payload, due to the shorter crush stroke.

In the case that a specific impact exceeds the strength of the strongest available honeycomb, the nec-
essary added column length for full impact energy absorption is calculated. As the impact’s crush
strength is always rounded up for the cell size/wall thickness allocation, the suitable honeycomb col-
umn length is likely overestimated for all SSSBs. Therefore, the crush length is recalculated after the
honeycomb allocation for every impact, in order to have an accurate mass assessment. The minimum
manufacturable column length by Hexcel is 6.35 mm [76], which is then naturally set as the minimum.

As the script iterates over the full SSSB database, all relevant parameters calculated are added as extra
columns to the SSSB database. These are, honeycomb allocated, pallet volume, pallet mass, and
column length. Once the script has iterated over the full database, the results are then serialized and
stored using the pandas library. The results from the pallet allocation script are presented in Table 7.2.

Table 7.2: Results of pallet allocation.

Alloy Density [kg/m3] Cell size [mm] Number of SSSBs
5056 16.0185 0.00954 778
5056 32.037 0.00477 54
5056 36.84255 0.00636 51
5052 192.222 0.00318 43
5056 25.6296 0.00636 37
5056 54.4629 0.00636 34
5056 60.8703 0.00398 32
5056 68.87955 0.00636 29
5056 48.0555 0.00954 25
5056 41.6481 0.00398 25
5056 83.2962 0.00636 22
5052 160.185 0.00318 20
5056 129.74985 0.00318 16
5056 110.52765 0.00398 14
5056 97.71285 0.00318 14
5056 49.65735 0.00318 11
5056 91.30545 0.00477 10
5056 70.4814 0.00477 2
5056 84.89805 0.00398 2
Too large impact, requiring column length > 0.1 m 10
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The results are conclusive, with the large majority of SSSBs using the weakest available honeycomb
configuration. This is to be expected, as the honeycomb is quite effective at dampening impacts, and
as shown in Figure 6.4, there is a large number of very low impact velocities. In fact, in 301 of the
allocations, the column length reached its minimum value of 6.35 mm. These impacts may be consid-
ered weak enough that in fact, no dedicated impact dampening system is required, with the structure
providing enough dampening. The distributions of both the pallet mass and the column length of the
remaining allocations can be seen in Figure 7.8. The plots filter out those impacts that proved to be too
large for the nominal column length of 100 mm (10 instances).

Figure 7.8: Distributions of the pallet mass (left) and crush length (right) allocations without outliers where (6.35 < crush length
< 100 mm).

From the plots the data can be easily interpreted, with the large majority of pallets weighing below 0.05
kg. In the range between 0.05 to 0.3 kg there is a relatively even distribution, which drops off, with only a
number of pallets exceeding 0.5 kg. Most of the pallets are well sized, with the largest concentration of
pallets around the nominal size of 100 mm. There is an additional concentration between with column
lengths between 0 and 10 mm; with the large majority of these impacts being very weak. Further study
could determine whether these too do not require a dedicated impact dampening system. Overall, the
largest pallet mass recorded (taking into account the extra length required for too large impacts) is 4.14
kg; the corresponding column length is 1077 mm.

7.2. Rebound suppression subsystem
In Section 5.3, the concepts evaluated operated mostly by physically attaching the lander to the SSSB
surface. However, the winning concept uses a different approach. By eliminating the rebound alto-
gether by the firing of a thruster opposite to the rebound motion, the lander should remain in place and
in an upright orientation relative to the landing location.

7.2.1. Propulsion type

There are many types of propulsion technologies used in thrusters. There are many deciding factors
when selecting the relevant working principle of a thruster, such as thrust levels and specific impulse.
However, the are two main considerations when selecting the thruster for the lander’s rebound sup-
pression subsystem: safety and reliability.

In every mission to date equipped with an SSSB lander, the lander mission and deployment have been
secondary payloads in the mission. This has two main consequences: the lander has less stringent
redundancy requirements, and the lander design must follow a Do No Harm policy. Therefore the
selected thruster type must use inert and non-toxic fuels [81].
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As detailed in Chapter 5 one of the main criteria when evaluating the lander design is operational
reliability. The thruster rebound suppression system is an active system, for this application its success
relies on accurate timing, and an effective activation sequence, optimally equipped with redundancy.
Due to the increase in mission risk introduced by a key enabling subsystem being active rather than
passive, it is preferred if the subsystem is as inherently reliable as possible. The most effective ways to
predict reliability in the conceptual design stage, are evaluating flight heritage and system complexity.

When accounting for safety and reliability as the main factors in the selection of a thruster type, the
optimal choice is a cold gas thruster. Cold gas thrusters have extensive flight heritage, particularly in
the form factor of the lander, as they are commonly used in CubeSats for orbit adjustment, and attitude
control. Furthermore, in terms of complexity they are the simplest type of thrusters available and are
considered a mature technology. Additionally, cold gas thrusters make use of inert gases as their fuel,
ensuring that the Do No Harm policy for secondary payloads is met [82].

The main disadvantage of cold gas thrusters is that due to their low specific impulse, they are not able
to perform manoeuvres requiring large amounts of delta-v [82]. However, the generally low impact
velocities obtained from the simulation carried out in Chapter 6, coupled with the energy absorbed by
the pallet, should result in uniformly low delta-v values required by most SSSB landings.

7.2.2. Cold gas thruster selection

Cold gas thrusters are considered the simplest propulsion system with flight heritage. However, this
does not mean they are not complex systems. Furthermore, they require complex feed systems and
their operating fuel must be selected. Therefore, to remain within the scope of the thesis, the optimal
solution is the selection of a COTS integrated cold gas thruster.

NASA, on a yearly-basis, publishes a report: State-of-the-Art of Small Spacecraft Technology [82]. This
report aims to be a complete survey of the currently available and developing small-scale spacecraft
technologies and subsystems. One of the main sections of this report involves propulsion systems, and
specifically lists 13 currently available cold and warm gas thrusters in the market for small spacecraft.
Furthermore, a parameter specific to propulsion subsystems used to evaluate progress toward mission
infusion (PMI) is included. PMI sorts propulsion systems based on the following categories: Concept
(C), In-Development (D), Engineering-to-Flight (E), and Flight-Demonstrated (F). The complete table
can be seen pictured in Figure 7.9.

One of the main factors in the overall selection of the rebound suppression system is reliability. There-
fore it is important to choose a thruster systemwith a high PMI; for this reason, all non- Flight-Demonstrated
(F) thrusters were excluded from the selection process, with the exception of the VACCO Standard Mi-
cro Propulsion System (MiPS). The Standard MiPS is a partial re-design of two thrusters also in the
table, the MarCO-A and -B MiPS and the NEA Scout; with the MarCO variant already having flight
heritage, and the NEA Scout planned launch in August 2022. Due to these factors, it is considered that
the Standard MiPS is a mature technology, on par with the remaining F-status thrusters.

Out of remaining thrusters, the StandardMiPS (pictured in Figure 7.10) is the only one which is manufac-
tured based on a modular design, which can be scaled for specific applications, with volumes ranging
from 0.36 to 1.44 U. This is a very significant advantage for an adaptable lander, as each mission may
have a tailored thruster without varying the design. Furthermore, the Standard MiPS is a fully integrated
system, with the fuel tank and feed systems already incorporated in the design. The Standard MiPS
also has redundancies implemented in its design, which increases its reliability. Equipped with four
separate thrusters, redundant pressure control valves, a watchdog timer, and redundant seals and fill
valves it is a very robust design. Additionally, if its flight heritage is extended from the MarCO-A and
-B MiPS, it is the only thruster in the list with deep-space flight heritage, built with 18 krad Total Dose
Radiation Tolerance [83]. Lastly, the Standard MiPS is one of the few thrusters with a complete data
sheet, which reduces the amount of assumptions in the sizing and allocation design phase, increasing
the confidence in the final design. Due to the significant advantages of the VACCO Standard MiPS
over the competing thrusters, in particular its modular design, it is selected as the cold gas thruster to
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Figure 7.9: Cold and warm gas thruster compilation (from NASA [82]).

be used for the rebound suppression system.

Figure 7.10: VACCO’s Standard MiPS (adapted from VACCO [83]).

7.2.3. Firing sequence

The only cold gas thruster used to date for an SSSB lander was the one onboard Philae, which failed
to fire, due to issues with its pressure control valves [50]. While, as mentioned previously, the VACCO
Standard MiPS has several redundancies implemented in its design it does not mean that it is imper-
vious to failure. In fact, failure could originate from the triggering of the thruster firing and not from the
thruster itself. Therefore, it is important for the triggering mechanism to have redundancies.

Proper triggering requires the fulfilment of a trigger condition. This can be achieved in three main ways:
internal measurements, timing prediction, and external measurements. Ideally, the triggering condition
has redundancy implemented in its operation, where optimal redundancy implementation would rely
on different working principles to detect the landing.

A suitable trigger, based on internal measurement, is accelerometer data. The lander impacting the
surface of the SSSB at a significant speed should produce an unmistakable deceleration. Furthermore,
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space-qualified accelerometers are commonplace, as well as useful for operations and scientific data.

On the other hand, timing is a poor triggering mechanism, as exact prediction of landing from the time
of deployment is not possible, and therefore any such estimation would most likely lead to a mistimed
thruster firing. However, timing can be an excellent filter for false negatives. Despite exact landing
predictions being unfeasible, relatively accurate landing timing predictions should be possible due to
the lack of disturbing accelerations in the near-SSSB environment. Therefore, a timer could be easily
implemented to improve system reliability.

External measurements would rely on sensing the distance to the surface of the target SSSB; this is
done via altimeter readings which in space can operate via radar or laser. However, to date, no COTS
altimeters are available for CubeSats [84]. While COTS cameras are commonplace, approximating
distance measurements from photographs requires complex algorithms and can be unreliable. An
alternative, implemented in MASCOT’s design in order to verify the lander’s orientation is the use of
optical sensors. These sensors are made up of an infrared LED and a photo-diode couple, which, when
given the command to switch on, can detect the presence of a surface via the reflected light of the LED.
However, the range at which the reflection from these LEDs would be captured by the photo-diode is
not known, as the system is designed for on-surface use.

Due to the aforementioned reasons, the proposed triggering mechanism would make use of redundant
accelerometers coupled with a timer to avoid false positives.

7.2.4. Adaptability

As mentioned previously, the VACCO Standard MiPS is inherently adaptable due to its modular design.
There are four variants offered by VACCO, the main data for which are shown in Table 7.3. Additionally,
all variants share a specific impulse of 40 s, a thrust force of 0.1 N, and fixed base dimensions of
100 x 100 mm. Furthermore, an additional calculation is made in order to measure the relative mass
efficiency of the different variants, in the Delta V / Wet Mass column. The relevant delta-v is calculated
using Tsiolkovsky’s rocket equation:

∆v = Isp · g0 · ln
mwet

mdry
, (7.11)

where Isp represents the specific impulse of the thruster, g0 is the standard gravity, and the wet and
dry masses (mwet andmdry) take into account a 10 kg lander system mass. On the other hand, the wet
mass used for the division that results in the Delta V / Wet Mass value, is that of the propulsion system
itself. The results from this evaluation are conclusive and expected, with the propulsion system being
more mass efficient in its larger variants.

Table 7.3: Performance parameters of the VACCO Standard MiPS variants (raw data from VACCO [85]).

Product System Height [mm] Total Impulse [N s] Wet Mass [kg] Envelope [U] Dry Mass [kg] Delta V / Wet Mass [m/s/kg]
X19039000-01 36 82 0.848 0.36 0.639 9.00
X19039000-02 70 219 1.356 0.7 0.799 14.55
X19039000-03 100 336 1.813 1.0 0.956 16.30
X19039000-04 144 515 2.458 1.44 1.114 18.22

The thruster variant is not the only parameter that can be adapted per launch. With the base dimensions
of the Standard MiPS at 100 x 100 mm, in a MASCOT sized platform, theoretically up to nine sets of
MiPS units could fit on the lander’s body, thereby allowing for effective rebound suppression for SSSB
landings where the resultant delta-v is too large for even variant X19039000-04. Furthermore, despite
the maximum fuel capacity for each variant being set, the thruster can always be filled with less fuel
based on the target, thus resulting in an overall lighter design.
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7.2.5. Thruster sizing and allocation

Much like in Section 7.1.4, following theMBSE approach, a script was implemented using Python for the
allocation of thrusters for each SSSB landing. The script imports, via the pandas library, the serialized
SSSB database after the relevant parameters calculated in Section 7.1.4 have been added. The script
also uses as input the data presented in Table 7.3.

In order to size the thruster, an appropriate rebound velocity must be calculated. This is dependent on
the energy absorbed by the honeycomb. Grimm et al. conducted a study where the crush performance
of aluminium honeycomb was assessed [59]. A segment of their findings, showcased in Figure 7.11
showed that honeycomb structures for a pallet-style impact dampener absorbed a minimum of around
60% of the impact energy. It is important to note that these honeycomb structures were not tailored to
the impact energy, unlike those allocated in the database in Section 7.1.4. Therefore this estimate is
quite conservative in nature and therefore underestimates the actual energy absorption capabilities of
the honeycomb. In fact, Grimm et al. concluded that the absorbed energy uniquely depended on the
material combination used.

Figure 7.11: Energy absorption by different honeycomb assemblies (from Grim et al. [59]).

Nonetheless, the thruster allocation script assumes that only 65% of the impact energy is absorbed
by the pallet. The remaining energy is then used to calculate the rebounding velocity; rearranging
Equation 7.2 leads to:

vreb =

√
2 · 0.35 · Eimp

mtotal
. (7.12)

The script loops through each SSSB entry in the database, calculating the relevant rebounding velocity.
This is the velocity that the rebound suppression systemwill have to equate to via a delta-v thruster firing.
Since a predicted system mass is available, coupled with the pre-calculated pallet mass, Tsiolkovsky’s
rocket equation (Equation 7.11) can be rearranged to account for required fuel via:

mfuel = mwet −
mwet

evreb/(Isp·g0)
. (7.13)

As the fuel capacity of the Standard MiPS variants is known, the number of thrusters units required can
be simply calculated as the rounding up to the nearest integer of the fraction of fuel required over the
maximum fuel capacity (that of variant X19039000-04).
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Once the number of thruster units is calculated, a sorting algorithm matches the required fuel with an
appropriate thruster variant, which requires that the required fuel is round up to the closest thruster
capacity. This leads to a dry thruster mass, which can be simply added to the fuel mass for a total
system mass. Due to volume and mass constraints, the maximum number of thrusters onboard the
lander is limited to two, effectively limiting the mass of the rebound suppression system to under 5 kg.
Therefore, for large-velocity impacts, the delta-v exerted by the thruster may not be enough. For these
situations, a resultant velocity is calculated by subtracting the delta-v from the rebounding velocity.

The key parameters calculated from this allocation procedure are then added to the database for each
SSSB; namely the system wet mass, the number of thrusters, the specific thruster variant, and the
resultant velocity (if any). The database is then once again serialized, and stored for any later analyses.
This concludes the process of key enabling subsystem allocation. The results of the thruster allocation
procedure are presented in Table 7.4 and Figure 7.12.

Table 7.4: Results of thruster allocation.

Number of thrusters Thruster model Number of SSSBs
1 X19039000-01 737
1 X19039000-02 278
1 X19039000-03 97
1 X19039000-04 80
2 X19039000-03 20
2 X19039000-04 7

Figure 7.12: Distribution of the fuel mass (left) and wet mass (right) of the thruster allocations.

The results are conclusive, with clear separators in the wet masses due to the dry masses of the
different models. The large majority of the SSSB missions require a single thruster, with only the more
massive bodies requiring two. None of the SSSBs happened to exceed the maximum fuel capacity
imposed by the maximum limit of two thrusters and the maximum capacity of thruster X19039000-04.
For the large majority of SSSBs, the total thruster mass does not exceed 2.5 kg, with most being below
1.5 kg.

The immense majority of the thrusters allocated being the least powerful option. This implies that in fact,
most of these thrusters are oversized, which requires a more thorough investigation. Figure 7.13 shows
the distribution of fuel mass exclusively for the single X19039000-01 allocation. A large portion of the
missions allocated with this thruster require less than 25% of the fuel capacity available. However,
an alternative is hard to find, with the Standard MiPS being the lightest of the options presented in
Figure 7.9 which still meet the status requirement as detailed in Section 7.2.2. Furthermore, it is to be
expected that due to the allocation algorithm implemented, which always rounds up the fuel required
to the next-largest fuel capacity, these concepts are significantly biased towards oversizing.
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Figure 7.13: Distribution of the fuel mass for the single X19039000-01 allocation.

7.3. Remaining subsystems
The design of the key enabling subsystems is the focus of the thesis project. However, in order to
verify the system as a whole, and ensure that its subsystems are also adaptable, each subsystem
should be considered and evaluated. In an effort to limit the scope of the project, these subsystems
are modelled after those outfitted onboard the original MASCOT mission unless explicitly indicated.
Due to the limited mass and volume constraining MASCOT’s design, most of these subsystems are
relatively sparse compared to what would be typically present in a conventional spacecraft.

A distinction is made between environment- and payload-driven subsystems. Environment-driven sub-
systems, namely the structural, thermal, and guidance, navigation, and control subsystems, are sized
based on the lander, impact, and SSSB characteristics. On the other hand payload-driven subsys-
tems, namely the command and data handling, power generation, and communication subsystems are
highly dependent on the scientific payload, as this drives the power required, data rate, and required
processing power. Therefore, payload-driven subsystems are designed with a much lower degree of
confidence, and detail, and are considered mission-dependent.

7.3.1. Structure

Rather than solid material plates forming its rectangular prism shape, such as those typically seen in
satellites; MASCOT’s structure follows a framework design. This design is implemented as a mass-
optimized solution where the in-plane strength of CFRP is used for structural stiffness and adequate
force distribution.

The main forces exerted on the structure are the preload used to secure the lander in place, and
the impact. The preload is exerted on the frame through an attachment point. In order to distribute
the preload through the structure, a set of diagonal beams make up a truss about the attachment
location. The structure can be seen in Figure 7.14. Furthermore, a foam core is placed within the
CFRP beams, making up a sandwich construction. Overall, this results in a lightweight design which
provides additional impact dampening capabilities, which in fact would be sufficient for a number of
SSSBs as detailed in Chapter 6 [86].

A middle wall separates two compartments, highlighted in red and yellow in Figure 7.14, with the yel-
low volume being available as payload. This wall is used to further distribute the preload, as well as
providing for attachment points for the payload. The top (bottom in Figure 7.14) surface in the frame
design has no beams. This is due to this surface being used for a thermal radiator [86].

MASCOT’s structure, while tailored for its mission, is a highly replicable and adaptable design. The
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Figure 7.14: MASCOT’s structure (from Lange et al. [86]).

placement of the middle wall would be the only parameter that would vary between iterations based on
the subsystem and payload placement.

7.3.2. Thermal control

Thermal control can be a very complex subsystem to design and size. As showcased in Figure 7.15 it is
highly dependent not only on the SSSB target itself, but also on the landing location. However, passive
thermal control systems, provided that the day/night cycle of the SSSB and the payload requirements
allow their use, are extremely versatile. For active operations, MASCOT makes use of a main passive
radiator coupled with multi-layer insulation blankets, which limit heat transfer between subsystems
and for the lander as a whole. Additionally, in order to regulate battery temperature while on-board
Hayabusa-2, MASCOT is embedded with a smaller secondary active heater, which is only active pre-
deployment.

Figure 7.15: Seasonal variation of the latitudinal daily average temperature in Asteroid (162173) 1999 JU3 (from Grundmann
et al. [16]).

The structural middle wall discussed in Section 7.3.1 is not only present for structural reasons. It sep-
arates the lander’s payload into ’warm’ and ’cold’ compartments, housing the electronics and payload
respectively. This design allows for good inter-component thermal insulation. Furthermore, a set of
heat pipes connect the warm compartment to the main radiator, as this is the most thermally-dissipative
system outfitted in the lander.
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Themain thermal control system implemented in MASCOT is highly adaptable, with the exception of the
smaller active radiator, which is sized based on requirements from the electrical system. Grundmann
et al. tested MASCOT’s thermal values for the analyzed worst-case scenarios outlined in Figure 7.15,
where these values never exceeded the acceptable limits [16]. Therefore we can conclude that the
lander’s operational range for average daily temperature without an enhanced thermal control system
is 198-348 K.

7.3.3. Guidance, navigation, and control

In Chapter 5, design option trees were made splitting the key enabling technologies into active/pas-
sive, and orientation dependent/agnostic systems. This last distinction originated due to the specific
adaptations required for a orientation dependent system, namely a flywheel.

Flywheels are mechanical systems used to store rotational energy via the principle of conservation
of angular momentum. In spaceflight, they have been used for energy storage, as an alternative to
batteries. However, their main use in space missions is attitude control, typically in a three- or four-
wheel configuration such that full three-axis control can be achieved (with a possible redundancy) [87].

For the purpose of descent control, only a single flywheel is necessary, as it will store angular mo-
mentum in the plane parallel to the impact surface of the SSSB. This will allow for the lander to land
pallet-first and therefore dampen the impact and suppress the rebound, via the key enabling subsys-
tems, effectively.

Reaction wheels are sold commercially as COTS components. Grimm et al.’s lander design also ne-
cessitated the use of a flywheel. The reaction wheel selected for a 13 kg lander platform, is the Cube-
Wheel Medium, providing 0.0108 Nms of momentum capacity [59] [82]. In the State-of-the-Art of Small
Spacecraft Technology survey published by NASA, reaction wheels are included as part of the Guid-
ance, navigation, and control section [82]. The relevant comparable reaction wheels are summarized
in Table 7.5.

Table 7.5: Flywheel comparison (raw data from State-of-the-Art of Small Spacecraft Technology survey [82])).

Model Mass [kg] Peak Power [W] Momentum Capacity [Nms] Mass efficiency [Nms/kg] Power efficiency [Nms/W]
CubeWheel Medium 0.150 2.3 0.0108 0.072 0.005

RWP015 0.130 1 0.015 0.115 0.015
RW-0.01 0.120 1.05 0.018 0.150 0.017
RWO 0.137 3.25 0.020 0.146 0.006

It is clear from Table 7.5 that among the current state-of-the-art, the CubeWheel Medium is actually
the worst performer, having the lowest mass and power efficiencies (calculated using momentum ca-
pacity). The RW-0.01, manufactured by Sinclair Interplanetary, is the lightest reaction wheel while still
generating the second largest momentum at the second lowest power requirement. Therefore, it is the
clear winner, and thus the chosen flywheel for the lander design.

Following the discussion in Section 7.2.3, it was determined that an accelerometer will be required to
trigger the firing sequence of the rebound suppression mechanism. For this selection, the State-of-the-
Art of Small Spacecraft Technology survey was also used. The survey lists 96 different inertial sensors,
which include gyroscopes, accelerometers, Inertial Reference Units (IRUs), and Inertial Measurement
Units (IMUs). IRUs and IMUs are integrated components where IRUs are made up of sets of gyro-
scopes, and IMUs consist of a combination of accelerometers and gyroscopes. Furthermore, IRUs
and IMUs, may be equipped with barometers and magnetometers, none of which are relevant for the
trigger of the firing sequence [82].

The set of inertial sensors was evaluated using mass as the main criterion, as the deceleration impact
should be significant enough that any of the accelerometers considered should reliably sense it. All
IRUs and gyroscopes listed were filtered-out, leaving a remainder of 66 inertial sensors. Among the
remaining options, IMUs were prioritized, due to the additional data generated, which could be used
for scientific measurements. The lightest among these is the NavChip™ Series 3 Precision 6-Axis
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MEMS Inertial Measurement Unit developed by Thales, in particular the class A option due to its lower
acceleration bias [82].

MASCOT is an uncontrolled lander except for its mobility mechanism; therefore, it is relatively sparse
in terms of guidance, navigation, and control systems. It is equipped with five optical position sensors
and six photo-electric cells. Both of these sets of sensors are used to determine MASCOT’s attitude,
with the photo-electric cells being used for redundancy. The optical position sensors are made up of an
infrared LED and a photo-diode couple, which, when given the command to switch on, can detect the
presence of a surface via the reflected light of the LED. These sensors are very lightweight and can be
simply integrated in the lander design [88].

7.3.4. Payload-driven subsystems

The design of the command and data handling, power generation, and communication subsystems is
highly dependent on the on-board scientific payload. Therefore, any effort to size these systems before
the payload is settled upon will be wasted. Instead, general guiding philosophies for the design of these
systems can be provided.

The design of the communication subsystem is primarily determined based on the mothership’s own
communication subsystem, as any scientific data sent to Earth must be relayed by the mothership.
Therefore, this will be the main determinant for the radio frequency band used. Orbital height of the
mothership will determine the required power of the signal due to free-space losses; with the payload
determining the required data rate. Due to the limited volume on-board the lander, a deployable antenna
would be a great addition for the lander design. Optimally, redundancies should be implemented in the
design of the communications system, as it is a critical subsystem.

The command and data handling subsystem is also considered a mission-critical subsystem. For this
reason, implementing redundancies should also be heavily considered in the design of this subsystem.
The only predefined capabilities that this subsystem must carry out in the lander are the detachment
from the mothership, the activation and deactivation of the reaction wheel, and the trigger sensing and
consequent firing of the thruster. All of the remaining functions of the system are related to the payload,
and the communications and power management subsystems.

One of the main limitations of MASCOT’s design is its short lifespan. Equipped only with a primary
battery and no means of generating power, the lander could only gather useful scientific for a period
of 16 hours. Optimally, the lander should be equipped with both secondary batteries and a power
generation system which, provided it could generate enough power, would extend the mission’s lifetime
until themothership went out of range, the lander system failed, or nomore valuable scientific data could
be obtained. Power should be generated via solar cells, distributed along the free surfaces of the lander.
Additional mechanisms could also be added for a deployable solar array, further extending the power
generating area. It is important to note that for each SSSB target, multiple factors would significantly
affect power generation, mainly the rotational period of the SSSB and the distance to the Sun.

7.4. Scientific payload
The main purpose of a SSSB lander is to safely deliver a payload to the surface of the target SSSB,
as well as supplying adequate power for its operation. As the objective of this thesis project is the
development of a lander able to visit a wide range of SSSBs, it should also be able to accommodate
a large number of payload systems. For this purpose, a list of possible payloads that the SSSB lander
may house is showcased in Table 7.6.
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7.5. Lander layout configuration
In order to ensure that all components fit within the enclosure of the lander, a mock-up of the lander was
designed using CATIAv5. A render of the design showcasing its key enabling systems can be seen in
Figure 7.16 and Figure 7.17

Figure 7.16: Render of the lander concept.

Figure 7.17: Renders of the lander concept without panels, front (left) and top view (right).

The key enabling subsystems, pallet and thruster, were modelled using the most commonly allocated
configurations as discussed in Section 7.1.4 and Section 7.2.5. The pallet must be attached outside of
the main lander body, as it is the only part which should come in contact with the SSSB surface. On
the other hand, most of the thruster’s volume is enclosed by the body of the lander, with only its top
surface protruding from the insulating panels. This positioning follows the guidelines set by VACCO.
Overall, this design results in minimal use of the body of the lander, allowing for most of the payload
and subsystems to be housed there.
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7.6. Scalability of key enabling systems
Adaptability is the main driving philosophy taken into account when carrying out the conceptual design
of the lander. A truly adaptable concept should be also be scalable; allowing for larger and smaller
payloads to be launched using the same conceptual design in a different scale.

In order to assess the scalability of the key enabling systems, the full design iteration, from the simula-
tion in Chapter 6 to the pallet and thruster sizing in Section 7.1.4 and Section 7.2.5 has to be repeated.
Due to the implementation of MBSE in the design, these ”models” are linked, and therefore, the relevant
scripts must simply iterate over a range of masses, with minimal changes implemented. Furthermore,
this analysis serves as a sensitivity study for the mass and volume of the lander, the constraining
parameters used as part of the CDE paradigm used in the design.

While the implementation of this analysis throughout the relevant scripts is relatively simple, computa-
tional expense is an important consideration, particularly considering the need for redundant simula-
tions to address the issues described in Chapter 6. Therefore, rather than using a linear scale for the
scalability analysis, the lander mass is iterated using a logarithmic scale of base ten, with the mass
indexes ranging from 0 to 4 in steps of 0.25. Effectively this results in a study that assesses the viability
of the lander in a mass range of 1-10,000 kg. In order to further reduce the computational expense of
this analysis, rather than repeating the simulations tenfold, a triple modular redundancy approach has
been used, with three repetitions of each simulation and for each SSSB removing the simulation that
was in non-agreement with the remaining two.

For each individual SSSB simulation, and consequent pallet and thruster allocation, an evaluation is
made on whether the key enabling subsystems manage to both dampen the impact and suppress the
rebound. If both the pallet and thruster succeed, the ”mission” is naturally considered a success. An-
other possibility is that even after dampening the impact and firing the thruster, the remaining velocity
of the lander is below the SSSB’s escape velocity, thus remaining within the SSSB’s sphere of influ-
ence, but still experiencing a rebound. This, as discussed in Section 4.7, will make the location and
orientation of the lander unpredictable; although these issues could be solved with the addition of a
mobility mechanism as discussed in Section 5.4. If that scenario takes place, the mission is evaluated
as a partial success. Lastly, the mission is marked as a failure if the remaining velocity exceeds the
SSSB’s escape velocity, thus missing the target. The results of the scalability analysis can be seen in
Figure 7.18.

As expected, the lander has issues with scalability; particularly when exceeding a total mass of 100 kg
(index of 2), where the success rate drops from 95.28%, to 87.06% with a mass of 118 kg (index of
2.25). From then, the decline in mission success rate is obvious, with a relatively steady decline until
a success rate of 5.37% is reached at a mass of 3162 kg (index of 3.5), where it begins to stabilize.
Furthermore, themaximum success rate takes place for a mass of 10 kg (index of 1) with a total success
rate of 99.19%. This is a very positive sign, as the lander was designed with this size in mind. This
implies that the correct approach was taken towards the sizing of the lander and the design of the
relevant subsystems.

Scalability should not only be evaluated from a mission success perspective, but also at the key en-
abling subsystem ”cost” to the mission, which is effectively its mass. The results of this study are
displayed in Figure 7.19. Here the thruster mass is dominant, with relatively low panel masses. As ex-
pected, the mass efficiency of the key enabling systems increases exponentially with increasing mass
index. When analyzing Figure 7.18 and Figure 7.19 together, it can be observed that the optimal size
for these subsystems, in terms of mission success and mass, is for a total mass of 100 kg (index of
2). Here, the mass efficiency begins to settle around a value of 2.5% of the total mass, just before the
drop in mission success rate.
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Figure 7.18: Stack plot of mission success rate with varying mass index.

Figure 7.19: Average key enabling subsystem mass ratio with varying mass index.



8
Verification

Verification is fundamental in any engineering project; ensuring that the design meets the set require-
ments, and any methods used to generate results are implemented properly, thereby outputting correct
results.

In the space industry, verification for space systems has been standardized by the ECSS; in particular,
guidelines on verification are provided in handbook ECSS-E-HB-10-02A. Here, the verification process
follows a three-pronged approach, with its objectives being:

• ”To demonstrate the qualification of design and performance, as meeting the specified require-
ments at the specified levels;”

• ”To ensure that the product is in agreement with the qualified design, is free from workmanship
defects and acceptable for use;”

• ”To confirm product integrity and performance at particular steps of the project life cycle (e.g.
launch, commissioning, mission events and landing).”

as defined by handbook ECSS-E-HB-10-02A [89]. While the fist and second points are achievable
within the context of a conceptual design, the third point clearly falls outside of the scope of the thesis
project, as its implementation requires the system to be evaluated at different stages of the project,
preferably through testing.

The adaptable lander’s design follows the CDE approach, as detailed in Section 2.1. Therefore, the
number of requirements that must be verified is low relative to most space systems projects, with the
majority being functional or system requirements rather than specific performance parameters. These
requirements were based on the original requirement diagram derived for the preliminary systemmodel
in Figure 2.5. The requirement verification table is displayed in Table 8.1. Here, levels of refinement
are indicated with the ”>” sign, with the compliance, reasoning and source for each requirement being
also provided. The ”FuncReq” and ”SysReq” nomenclature for functional and system requirements is
instead replace by ”FR” and ”SR” for readability.

The initial constraints can also be evaluated. These constraints were volume- and mass-related, with
an assumed envelope of 6U, and a mass in the order of 10 kg, following MASCOT’s design. While the
full mass and volume of the lander can not be estimated due to the lack of a specific target, the ranges
as calculated in Section 7.1.4 and Section 7.2.5 can be assessed.

With regards to mass, the pallet system falls well within the order of magnitude of a subsystem for a
10 kg lander. The large majority of pallets weigh below 0.05 kg, with a significant concentration in the
0.05 to 0.3 kg region. There are only a number of pallets exceeding 0.5 kg, with a maximum mass of
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Table 8.1: Requirement verification table.

Requirement Compliance Reasoning Source
FR_1 Partial The lander remains on the surface across a majority of the SSSBs in the database Figure 7.18
> FR_1.1 Compliant All simulations assumed this deployment scenario Chapter 6
> > SR_1 Not-verified The push-off mechanism is considered a Mothership system, therefore not sized -
> FR_1.2 Partial An appropriate maximum deployment height was calculated for each SSSB Figure 6.4
> > SR_2 Not-verified Active descent control was only implemented for planar stability (flywheel) Section 7.3.3
> SR_3 Partial The lander remains on the surface across a majority of the SSSBs in the database Figure 7.18
FR_2 Partial The lander remains operational across a majority of the SSSBs in the database Table 7.2
> FR_2.1 Partial Specific payloads were not implemented, payloads studied should remain operational Table 7.6
> > SR_4 Partial The pallet’s shock absorption capabilities satisfy a majority of the SSSBs in the database Table 7.2
> SR_5 Partial The lander’s orientation is assured across most of the SSSBs in the database Table 7.4
FR_3 Partial The lander is operational across a majority of the SSSBs in the database Table 7.2
> FR_3.1 Compliant Several configurations of the key enabling systems are embedded in the design Table 7.2, Table 7.4
> FR_3.2 Compliant All configurations of the key enabling systems satisfy more than one SSSB Table 7.2, Table 7.4

4.14 kg being a extreme outlier. On the other hand the large majority of thruster masses do not exceed
2.5 kg, with most being below 1.5 kg, and with a very small number of large outliers between 4.5 and
6 kg. On-board the original MASCOT mission, the total mass available for payload was 4.2 kg [14].
Therefore, the addition of theses subsystems still falls within a reasonable order of magnitude.

The volume constraint of 6U is clearly violated by the implementation of the pallet design. However,
this is necessary in order to reduce the shock experienced by the payload, with a shorter column length
leading to a larger shock. However, due to a combination of the variable column length, and the mass
optimization carried out on the pallet, the actual volume of the system is significantly lower than the
12U that would be assumed from adding a 100 mm long pallet to the bottom of the lander. The thruster,
on the other hand, perfectly complies with the volume requirements set, with the large majority of the
thruster allocated being the smallest available size. A few outliers result in relatively large volumes with
the allocation of dual thrusters.

In order to ensure that the thesis project is ”free from workmanship defects and acceptable for use”
[89], the validity of the results reached has been assessed in a number of ways, with comparisons
made to similar subsystems and sensitivity analyses conducted at different stages. All systems engi-
neering methodologies employed followed the relevant standards as closely as possible, in particular
INCOSE’s definition of MBSE presented in Section 2.2 [18].The JPL database, detailed in Section 5.1
and used throughout the report, originates from NASA, the world leader in space exploration [61]. The
concepts for the key enabling subsystems detailed in Chapter 5 were obtained from a number of quali-
fied contrasting sources from literature. Both the killer requirement and the criteria weights presented in
Section 5.6 and Section 5.7.2, were evaluated using sensitivity analyses. The simulations showcased
in Chapter 6, were carried out using a reliable toolbox in Tudat which has been used in a number of
published scientific papers[72]. Furthermore, the settings used for the simulation were evaluated and
chosen using a number of sources from the literature gathered in Chapter 4. The detailed design of the
lander, presented in Chapter 7 makes use of a number of COTS components; here, manufacturer’s
data was used as the only source and assumed to be reliable. Lastly, as detailed previously, this
verification process itself followed ECSS standards set in handbook ECSS-E-HB-10-02A [89].

Validation is also a key procedure that must be carried out in any finalized project, ensuring that the
customer’s needs are satisfied by the product. In order to carry out the validation process, extensive
discussions with customers must be held. According to handbook ECSS-E-HB-10-02A, validation is
not mandated if the suitability of the product to fulfil its intended use is addressed by the system’s
requirements. However, it still allows for validation to be carried out if it is considered appropriate [89].
The aforementioned functional requirements were specifically set in order to ensure that the system
fulfilled its needs. Therefore, a dedicated validation process falls outside of the scope of the project.
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Conclusion

The goal of this thesis project was to answer the main research question:

What is a suitable design for an adaptable SSSB lander platform able to deliver a surface
payload in a range of different operating environments?

In order to analyze the current state-of-the-art in SSSB landing platforms, research was conducted on all
existingmissions that have been carried out in the past. Thesemissions have foundmixed success with
some of the landers succeeding, others never deploying, and others achieving partial success. After
analysis of the current state-of-the-art, an opportunity for a new lander system was found, aiming to
bridge the high reliability of MASCOT with Philae’s extensive functionality and high-altitude deployment
ability.

To help answer the main research question four sub-questions were drawn up. The first sub-question
aimed to investigate which systems engineering methodology is best suited for the design of an adapt-
able SSSB lander. In order to allow for high adaptability in the design, an agile systems engineering
methodology is required. Model-based systems engineering (MBSE) was selected due to its agile and
structured concept development and iteration, as well as its heritage in the MASCOT lander mission.
Following the standards for MBSE, a number of diagrams were created using SysML based on a theo-
retical lander concept. These diagrams included the block definition diagrams for both mothership and
lander, as well as the requirements, use-case, and sequence diagrams. The MBSE methodology was
not only used to generate these diagrams, but embedded in the different design phases of the project
to enable agile iteration. Furthermore, a CDE approach was selected for the design of the lander based
on MASCOT’s volume and mass.

The second sub-question focused on investigating the range of possible operating environments for
the SSSB lander. Following an in-depth study of SSSBs, and the approach and landing phases, the
operational environment of the lander was fully defined. This included the analysis of the most relevant
factors affecting the lander mission and its success. Furthermore, various modelling techniques for the
different phases of the mission were analyzed and discussed. It was concluded that the key enabling
systems for SSSB lander are an impact dampening and a rebound suppression subsystem.

In order to determine the answer to the third sub-question: ”Which are the optimal key enabling subsys-
tems for a SSSB lander?”, a number of suitable options were gathered for each of these subsystems
from literature. These subsystems were then grouped, based on whether its use required control over
the lander’s orientation, using design option trees; these groupings were then expanded into 32 differ-
ent concepts. To reduce the number of concepts to be evaluated a reliability-based killer requirement
was introduced. In order to assess this a parameter was devised, which takes several factors into ac-
count in order to estimate the operational reliability of the concepts. Together with a minimum threshold,
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and weighted criteria, the application of the killer requirement resulted in 15 concepts passing the filter.
Furthermore, a sensitivity analysis was conducted on the effect of the different criteria weights and the
minimum threshold in order to ensure a reliable output. The remaining concepts were then assessed
on a number of criteria, namely: mass, operational range and reliability, adaptability, positional assur-
ance and TRL. These criteria were weighted, where the weights were determined using the AHP. The
winning concept combines a honeycomb pallet for impact dampening and a thruster for the rebound
suppression. A further sensitivity analysis was conducted on the criteria weights in order to ensure the
reliability of the results. Here, the previously selected concept consistently received the highest score.

Following the concept selection, numerical astrodynamics simulations were carried out using the soft-
ware toolbox Tudat. Initially, the simulation was carried out for a single SSSB from a predefined de-
ployment height. The script was then adapted such that the deployment height increased with every
iteration, resulting in the maximum deployment height at which the lander would reach the SSSB sur-
face with an uncontrolled approach, and the corresponding impact velocity. The script was then further
extended to iterate over every SSSB in the database. Then, the results for maximum deployment height
and consequent impact velocity were added to the database, such that they could be used to size the
key enabling subsystems.

Once the relevant data was generated through the simulations, the sizing and allocation of the key
enabling subsystems was made possible. This provides the answer for the final sub-question: ”How
can the key enabling systems be adapted to extend the range of operating environments?”. In order to
reduce costs, increase system reliability, work with reliable data, and reduce the overall design effort a
decision was made to integrate as many COTS components as possible in the detailed design. For the
impact dampening subsystem the pallet’s honeycomb is made up of aluminium alloys 5052 and 5056,
with a standard hexagonal cell shape. Furthermore, pre-crushing is carried out in order to reduce the
shock to the payload, and a mass optimization procedure is carried out for its shape. Based on the
available COTS honeycomb cell sizes, an allocation procedure was carried out for each specific SSSB
landing. This resulted in 19 different honeycomb configurations, each servicing a number of SSSBs. A
cold gas thruster was selected as the thruster type; this was done to mitigate the lower reliability of an
active rebound suppression subsystem, due to their relative simplicity and flight heritage. Specifically,
the Standard MiPS by VACCO was selected, following an evaluation of the current state-of-the-art cold
gas thrusters with flight heritage. The Standard MiPS features a modular design, and can therefore be
easily adapted for each SSSB landing; furthermore, it is a fully integrated system, implements several
redundancies, and features a complete data sheet. Additionally, a firing sequence trigger system for
the thruster was outlined, complete with redundancies. Following that, an allocation procedure similar
to that of the pallet, was carried out, resulting in 6 different configurations, with two of them employing
two sets of thrusters. Overall, the pallet/lander configuration was found to service 99.19% of the SSSBs
in the database. The remaining subsystems were then outlined, with a distinction made between those
which are mostly payload-driven. A number of sample payloads was further provided, with the key
enabling systems being presented in a CAD model.

A scalability analysis of the key enabling subsystems was also conducted. Here, the simulations and
subsystem allocation were repeated for a range of masses. The results were conclusive, with the
mission success percentage dropping significantly with a lander mass larger than 100 kg. On the
other hand, the key enabling subsystems were increasingly mass-effective with larger lander mass, as
expected. Overall a ”sweet spot” was found at the 100 kg lander mass, with high mission success rate
at relatively low key enabling subsystem mass.

Lastly, the verification of requirements and constraints was outlined. The requirements were mostly
found to be partially compliant, with the initial expectations being too ambitious or with some subsys-
tems not being required. The mass constraints were on-par with the expected values of the original
MASCOT mission, however the volume constraint was violated by the impact dampening subsystem.
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Recommendations

The true in-depth design of a SSSB lander is a process that would take years of development for an ex-
perienced, multidisciplinary, team of engineers. Consequently, the work carried out in this thesis project
is, by nature, incomplete and with a number of significant limitations. Therefore, specific shortcomings
of the thesis project are outlined, addressed with relevant recommendations.

In Section 2.3, a preliminary system model was defined based on the initial expectation of the systems
making up the lander. For this purpose, a number of system diagrams were included; but as detailed
in Figure 2.2, these are only a fraction of all system models implemented in MBSE. Furthermore, the
level of detail in these diagrams could be significantly improved. Therefore, future work in the systems
engineering approach could involve the full definition and implementation of these diagrams following
the MBSE standards.

The database presented in Section 5.1 was scrapped from a very reliable source in NASA. However,
the number of bodies with the required parameters is but a fraction of the total number of SSSBs.
Therefore, further investigations could be conducted on the expansion of this database, in order to
have a more complete picture of the actual number of SSSBs that the different concept variants fulfill.

As detailed in Chapter 6 and Section 7.6, a number of simulations were carried out for each SSSB
with varying lander masses. These simulations used spherical harmonics for the modelling of the
SSSBs’ gravitational field. As discussed in Section 4.2.1, the polyhedron model is superior in terms of
truncation errors, convergence, and built-in collision detection. Future studies could aim to implement
this gravitational field model to the simulations, and Tudat as a whole. Furthermore, the cold gas
thruster used for rebound suppression could also be used for active decent control, extending the
maximum deployment height and increasing the degree of certainty of the landing zone. Efforts should
be directed into modelling this thruster acceleration, which could be solved as an optimization problem
with Tudat, which has extensive documentation for this purpose.

Lastly, dedicated validation is not within the scope of the thesis project. However, investigations and
experiments on the performance of both the key enabling subsystems should be carried out, ensuring
that they perform adequately. For the impact dampening subsystem, this would involve testing the
crush performance of the honeycomb, particularly with irregular impacts as described in Section 4.6.
For the cold gas thruster both its firing sequence, and the rebound suppression effectiveness should
be effectively modelled and tested. These systems, when embedded on a lander platform would also
have to undergo the relevant integration testing. Further integration requirements with the mothership
and launcher vehicle should also be evaluated.
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