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Abstract

The interest for the exploration of the Lunar surface has re-blossomed recently with
the start of programs like NASA's Artemis program and the European Exploration En-
velope Program (E3P) of the ESA. For these missions new Lunar landers are required,
which enable delivery of cargo, production equipment, and power generation equip-
ment to support crewed missions. Testing of new exploration technologies or science
rovers is conceivable as well. Until now, large ground slopes and obstacles like
boulders prevented many parts of the Lunar surface from being possible touchdown
locations. By implementing a new technology, able to move the interface of the
landing legs primary strut vertically up and down the side of the lander body, it is
possible to change the geometry of the lander as a whole. This allows the alignment
and levelling of the landing platform after touchdown. Thus expanding the number
of potential landing sites and increasing the versatility and accessibility of landers.

This thesis compiles the needed mathematical foundations for the geometry, motion,
and force calculation and implements them into a tool for computation. The results
of this calculation are then used to design a first iteration of an alignment and
levelling kinematic to get an understanding of the added mass, power requirement,
and viability of such a system.






Zusammenfassung

Das Interesse an der Erforschung der Mondoberfliche ist in jiingster Zeit mit dem
Start von Programmen wie dem Artemis-Programm der NASA oder dem European
Exploration Envelope Program (E3P) der ESA wieder aufgebliiht. Fiir diese Mis-
sionen werden neue Mondlandegerate benotigt, die den Transport von Fracht,
Produktions- und Energieerzeugungsanlagen zur Unterstiitzung von Missionen mit
Besatzung erméglichen. Auch die Erprobung neuer Erkundungstechnologien oder
wissenschaftlicher Rover ist denkbar. Bislang verhindern starke Bodenneigungen
und Felsbrocken, dass grofde Teile der Mondoberfldche als mégliche Landeorte in
Frage kommen. Durch den Einsatz neuer Technologie, welche es erméglicht den
Anbindungspunkt der Primarstrebe der Landebeine vertikal an der Seite des Lan-
derkorpers auf und ab zu bewegen, kann die Geometrie des Landers im Ganzen
verdandert werden. Dies erlaubt das Ausrichten und Nivellieren der Landeplattform
nach dem Aufsetzen auf der Monoberflache und die ErschliefSung neuer Landeplatze.
Auflerdem wird die Flexibilitdt und Zugénglichkeit des Landers erhoht.

In dieser Arbeit werden die notwendigen mathematischen Grundlagen fiir die
Geometrie-, Bewegungs- und Kraftberechnung zusammengetragen und in ein Berech-
nungswerkzeug implementiert. Die Ergebnisse der Berechnung werden daraufhin
verwendet, um einen ersten Entwurf einer Ausricht- und Nivellierkinematik zu er-
stellen und ein Verstindnis fiir die zusétzliche Masse, den Energiebedarf und die
Realisierbarkeit eines solchen Systems zu erlangen.
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Introduction

Here men from the planet Earth first set foot
upon the moon. July 1969 A.D. We came in
peace for all mankind.®

— NASA

#Inscription on the Apollo 11 Lunar plaque, the Moon,

1969

After the Apollo program ended more than 50 years ago, with "Apollo 17" being the
last crewed mission to the surface of the moon in 1972, exploration of the Lunar
surface was deferred in an effort of pursuing other scientific programs. In recent
years, interest in the scientific exploration of the Lunar surface has re-blossomed
with programs like NASA's Artemis program and the European Exploration Envelope
Program (E3P) of the European Space Agency (ESA) [1][2]. Especially following
the first flight of the Space Launch System (SLS) with "Artemis I", which launched
successfully on the 16th of November 2022, the second era of Lunar exploration
comes within reach again.

The planned missions within these programs include the delivery of cargo, pro-
duction equipment, and power generation equipment, thereby supporting future
crewed missions. Exploration of the Lunar surface using science rovers and testing
of new exploration technologies will increase our understanding of the Moon. Lastly,
the return of samples to Earth will most likely be conducted, among many other
conceivable mission goals. [3]

Unfortunately, these landing systems, be it on Earth or other celestial bodies like
Moon or Mars, can not just land at any point on the surface of the celestial body
but require rather narrowly defined conditions, which the landing site has to fulfil.
These include the slope of the ground at the landing site, ground conditions like
the composition and rigidity of the soil, as well as the presence of large or small
boulders or other possible hazards in the targeted area. Because of that, chosen
landing sites, especially in the beginning of Lunar and Martian exploration, have
almost always been more or less level with the local gravitational vector and featured
few boulders or other factors that could be hazardous to the lander. Unfortunately,



it is very difficult to get a high enough resolution of the landing area beforehand.
Ruling out the presence of small boulders in the range of less than 0.5 m in diameter
becomes almost impossible because of that. However, even these relatively small
boulders can still damage the lander severely should it happen to impact on one of
them. Feedback loops were implemented in the systems to map the landing area
during approach and take measures to try and avoid possible detected hazards at
the same time. However, all landers have to intersect the targeted landing site from
an orbital path, meaning horizontal velocities will almost always be present and the
exact landing location on the ground plane in many cases just happens to be the one
where the landers trajectory intersects this plane and reaches a height of 0 m above
ground. This can lead to unacceptable risks when choosing scientifically interesting
but very small landing sites, such as craters with steep slopes and rough terrain,
or ones that are littered with hazards broken only rarely by safe landing positions
in-between. [4][5]

As reconnaissance quality of the landing areas, technological capability of landing
systems, and accuracy and quality of simulations have increased in recent years,
smaller and more challenging landing sites became feasible [6][7]. Landing sites
in Lunar pole craters or on comets, as well as scientifically interesting areas with
rough terrain on Mars or one of its moons Phobos and Deimos have been suggested
as points of interest for these future missions [8].

Together with the desire to send humans back to the Moon to explore, very flexible
landing systems that are easy to access by an astronaut are needed in order to meet
the requirements of the different possible payloads.

These European lander projects for Lunar exploration currently operate under names
like "Argonaut"’, or "European Large Logistics Lander" (EL3), and offer payload
capacities of approximately 1.5 t [3]. In order to simplify the access to the payload
compartment for rovers and astronauts, a mechanism that aligns and lowers the
entire landing platform would be very helpful. Experiments using observatories or
ascent stages atop the landing platform would also benefit hugely from the alignment
and levelling capabilities such a mechanism would offer. Additionally, more control
over the alignment of the lander could increase the number of possible touch down
regions to those with rougher terrain and steeper slopes which were considered
unsuitable for current systems. There are even proposals for actively controlled
dampening systems. These systems, however, are still in early development and
it is questionable whether they are fast enough to be utilized on landers in the
near future. Furthermore, most of them only aim for ensuring safe landing without
the risk of tipping over by implementing active dampening (e.g. [5][9]1[10]), or
changing the geometry of the legs before touchdown (e.g. [11][12]). Some also try
to offset the decrease of leg length induced by crushing of honeycomb elements by
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implementing the possibility to slightly change the legs length using a lead screw
inside of the primary strut after touchdown (e.g. [13]). None of them, however,
tries to completely level and align the lander after touchdown.

A new, simple approach for these challenges has to be found, which does not only
have to be lightweight, but also be based on readily available technologies. The
mechanism needed for this would have to change the geometry of the lander, making
it able to compensate for the rough, sloped terrain underneath. While multiple
different concepts are conceivable to address this problem, from i) the already
mentioned active control of the dampening system before and during touchdown,
over ii) changing the length of the landing legs after touchdown, to iii) moving the
interface of each legs primary strut by either attaching it to a swing arm or simply
implementing some form of linear actuator to move the interface up and down,
not all of them are similarly promising. This thesis addresses the variant of linear
displacement of the primary interface. Analogous to a parallel manipulator used
widely in the field of robotics, alignment, levelling, and lowering of the landing
platform can be achieved this way. The alignment and levelling of the lander will
be broken down into multiple steps, for each of which the exact primary interface
position and acting forces are computed. Afterwards, the linear motion concept will
be examined in more detail and a possible technical solution is presented, allowing
for an estimation of required mass, volume, and power.

Legged lander basics

Before getting to in depth mathematical, geometrical, and mechanical explanations
on how the legs of the lander have to be moved and what kind of mechanisms are
needed to do so, this section will give a short introductory explanation on how a
typical lander looks and works, and how the different parts and subsystems of such
landers are called. The standard naming conventions of the field will be used in
most cases, however, if any naming convention is not used, this section will clear up
any possible misunderstandings regarding the denomination used in this thesis.

General design of legged landing platforms

Legged landing platforms are used in most if not all large stationary lander designs.
These landers consist of a main body (or landing platform) which sits atop multiple
landing legs. In most cases, there are either three or four of these legs, which
themselves consist of three struts each [4]. The main or primary strut experiences

1.1 Legged lander basics



the larger share of the loads while the two secondary struts provide stability to
and relieve some of the strain on the primary strut. Additionally, these legs always
contain some form of dampening or initial landing shock absorption capabilities in
the form of dampers or honeycomb crush structures. This decreases the shock loads
transferred to the structure upon first impact with the ground of the celestial body.
The leg kinematics design of a legged landing platform can generally be categorized
into one of two categories: "Cantilever" or "Inverted Tripod'. While the secondary
struts of the leg attach to the immovable part of the primary strut in the Cantilever
design, they attach to the movable part closer to the footpad in the Inverted Tripod
design. The main characteristics of such a system including dynamic stability, energy
absorption, and ground clearance depend on properties of the lander including but
not limited to type of leg kinematic, length and number of legs, mass of the system,
position of the CoG (h¢oq), as well as landing gear footprint radius (rpp). Figure
1.1 shows some of these properties. [14], [15]

Cantilever Inverted Tripod

Primary Strut Primary Strut

hCoG

Secondary! Strut

Fig. 1.1.: Leg kinematics and geometric properties: The Cantilever principle (left) attaches
the secondary strut to the upper tube of the primary strut, the Inverted Tripod
principle (right) attaches the secondary strut to the moving lower tube of the primary
strut (adapted from [14]).

An example for the Cantilever design is the Apollo Lunar Module described by Rogers
in [15], while the Inverted Tripod design can be found e.g. on the Viking Lander
described by Holmberg et al. in [16]. According to Rogers, the Cantilever design
usually shows a decreased overall weight due to shorter secondary struts even
though the primary strut has to be reinforced as it experiences higher bending
loads compared to the Inverted Tripod design. Additionally, Rogers states that
the Cantilever design minimizes interference of the struts and increases stability
of the lander due to a usually lower centre of gravity. Even if this sounds like a
compelling argument to use a Cantilever design over an Inverted Tripod design, this
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1.1.2

is not always the case as other factors than those mentioned here also play a role
in the design process and may lead to the Inverted Tripod being the better choice.
Examples of this could be reduced bending loads in the primary strut for very large
and heavy landers or a lowered risk of buckling of the struts as the load is shared
more equally on the three struts. Additionally, as the honeycomb dampeners in the
struts are compressed, the geometry of the legs changes differently depending on
which of the two kinematics designs was used. While the footprint radius decreases
in the Cantilever design, it increases in the Inverted Tripod design, making the
Inverted Tripod more stable as it settles.

Denomination

In order to avoid any possible confusion later in this thesis, the most important
designations of parts which make up the landing system, will be explained here.

Legged lander The term "legged lander" (from now on just lander for short) is used
to denote a spacecraft which uses a system of legs to land softly on an astronomical
body. Depending on the landing site they can be fitted with different systems
including systems for aerodynamic stabilisation, retro-thrusters, and a landing gear
or landing legs with footpads. [4]

Landing platform The term "landing platform" (sometimes also "lander body" or just
"body") in this thesis only refers to the part of the lander, which sits atop the landing
legs. It is comparable to a satellite bus as it encompasses the landers main structural
body as well as any subsystems. It also contains the payload which, however, is not
a part of the landing platform itself.

Landing leg The "landing legs" are attached to the landing platform and, with their
footpads, form the main interface towards the ground on which the lander stands.
Typically, most landers feature three or four legs [4]. While designs with more legs
are also possible, they are not utilized often as they quickly become very heavy. This
diminishes the increased stability they offer, especially at the small size most landers
have. The legs are made up of a primary and two secondary struts.

1.1 Legged lander basics
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Strut (primary/secondary) The "primary strut" (sometimes also called "main strut")
carries most of the load the lander exerts on the legs while the main purpose of
the "secondary struts" is providing stability to the leg. Depending on the leg design
(Cantilever or Inverted Tripod), the secondary struts might also support a large
amount of the landers weight. For example, the closer the interface between primary
and secondary strut is towards the footpad and therefore the ground, the higher the
share of the load carried by the secondary strut. Additionally, the primary strut is
usually split into multiple segments as it functions as a telescopic rod. In this thesis,
however, when mentioning the "upper segment" of the primary strut it refers to the
upper part from the interface to the lander body (IF1) down to the attachment point
of the secondary struts. The "lower segment" refers to the lower part of the primary
strut from this attachment point all the way down to the footpad.

Footpad The "footpad" (sometimes also just called "foot") is the contact point
between the landing leg and the ground. It provides the necessary friction on hard
surfaces as well as limiting the sinking in soft soils, thereby stabilizing the lander
during touchdown.

Structure of thesis and methods used

The development of a first model for the motion of a landing platform requires
multiple steps that have to be made in succession to one another. These steps form
the chapters and sections of this thesis. Figure 1.2 shall provide an overview of these
main chapters and their successive structure. The following chapter description

provides a more detailed explanation of the applied methods and used tools.

Introduction Chapter 1: Introduction, Lander Basics, and Structure
Mathematics Chapter 2: Mathematical Foundations, Geometric and Force Calculation Equations

Code
Implementation

Chapter 3: Input, Processing, and Output Explanation, Validation

Numerical Results| Chapter 4: Numerical Results for an Exemplary Lander

Construction &
Design

Chapter 6: Summary, Conclusion, and Outlook

Fig. 1.2.: Flowchart and structure of this thesis

Chapter 5: Explanation and Selection of Mechanisms, Selection of Components, and CAD Design

Chapter 1 Introduction



Chapter 1 (this chapter) gives an overall introduction into the topic of movable
landing leg kinematics and the distinction between the Cantilever and Inverted
Tripod designs of landers. Additionally, the basic parts of a lander were explained
and differentiated.

Chapter 2 explains the mathematics required to calculate the geometric motion
of a lander and the forces and loads acting during this motion. The geometric
dimensions of a lander are explained (section 2.2.1) followed by the explanation
of the used coordinate-systems (section 2.2.2). After setting some basic definitions
and assumptions for the motion of the lander (section 2.2.3), the approaches for
the different parts of the geometric calculation are described (section 2.3). This
includes transformation matrices, positioning of points in three-dimensional space,
the definition of the ground plane, and the calculation of intermediate positions
between the initial state of the lander after touchdown and the final state of the
lander in which it is fully levelled. Afterwards, the approach for the calculation of
forces and loads acting on the lander and its parts is explained (section 2.4).

Chapter 3 illustrates the implementation of the mathematics from chapter 2 into a
MATLAB script. The basic input via MS Excel (section 3.2), the processing flow of
the code itself (section 3.3), and the output of the results (section 3.4) are explained
to give the reader an overview of the inner workings of the code. Additionally, a
validation of the force calculation using MSC Patran and MSC Nastran can be found
here as well (section 3.5).

Chapter 4 specifies the characteristics and parameters for an exemplary realistic
lander (section 4.1) for which the forces on the primary interface are calculated
for different orientations of the lander on an inclined plane (sections 4.2 and 4.3).
Based on these results, the key design drivers for a construction of a mechanism are
identified (section 4.4).

Chapter 5 includes requirements for a movement mechanism (section 5.1) and
the explanation of different linear movement mechanisms (section 5.2), leading
to the selection of one design approach. Based on the requirements, off-the-shelf
components are selected (section 5.3) and custom components are designed using
CAD software (section 5.4). The chapter ends with a mass and power estimation for
the designed mechanism (sections 5.5 and 5.6).

Chapter 6 summarises the results of this thesis. It includes a final discussion and
closing remarks. It ends in an outlook on open points for possible future works.

1.2 Structure of thesis and methods used






2.1

Mathematical Foundations

Everything is physics and math.

— Katherine Johnson
American mathematician at NASA

To get a profound understanding of what happens or has to happen in order to
level and align a landing platform, the mathematical correlations of the system
have to be understood. By comparing the lander to already existing systems from
the field of robotics, i.e. parallel manipulators, and getting an understanding
of possible similarities and differences as well as problems that may emerge in
the description of these systems, the characterisation of the lander system can
be simplified. Additionally, the geometry of the lander as well as the coordinate
system that will be used must be defined. Once this is done, the transformation of
coordinates between these different coordinate systems has to be defined after which
the actual movement of the lander may be computed. In a further step, the forces
acting inside the struts of the landing legs can be calculated from the geometry of
the lander, its mass, and the local gravitational vector.

Parallel manipulators and inverse kinematics

Classical serial manipulators, with the most prominent example being articulated
robot arms, use actuators that are connected in series from an anchor point to the
end-effector. To achieve full freedom of motion in all spatial dimensions, a system
with six DoF (Degrees of Freedom) is needed, three for the translational movement
along each axis of space and three for rotating about these axes. An example of such
a manipulator can be seen in figure 2.1a. In the classic mathematical consideration, a
system with just five DoF also only moves in five dimensions (usually the yaw around
the vertical axis is not considered in this case), while a system with more than six
DoF offers the possibility of so called zero-space movement as every additional DoF
introduces a redundant axis into the system. This can be used to move parts of the
manipulator without moving the attached end-effector. [17]

A parallel manipulator is a system in which two platforms are connected to each
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other via multiple movable struts connected in parallel. One of the two platforms
stays still, while the other one is moved by manipulating the connecting struts or
legs. The means of moving these struts can be very different from one another,
e.g. using multiple jointed struts similar to an articulated robot arm, or telescopic
struts that can extend and retract. The most commonly recognised variant of this
is probably the so called hexapod or Stewart platform, an example of which can be
seen in figure 2.1b. [17], [18]

(b) Example for a parallel manipulator: The im-

(a) Example for a serial manipulator: The image age shows the geometric structure of a general
shows a robotic arm with its respective reference Gough-Stewart platform; cropped from [20],
frames; from [19], used under Creative Com- used under Creative Commons CC BY 4.0 li-
mons CC BY 4.0 licence. cence.

Fig. 2.1.: Serial and parallel manipulator

There are, however, also manipulators of this type with fewer than six connections
and less DoF. This can lead to so called parasitic motion where movement in axes,
that are assumed to be locked, happens because of geometric constraints in the
system. If, for example, only three DoF are considered in the calculation (as will
also be the case for the calculations in this thesis), e.g. two rotational and one
translational, the combination of movement in these axes can lead to movement
along or around the other axes, which is not supposed to happen. To get the most
accurate results, this has to be dealt with in the kinematic analysis of the system in
order to explain the real world behaviour of the system. [21][22]

This, however, would drastically exceed the scope of this thesis and will therefore be
neglected for now.

Controlling parallel manipulators requires solving for the actuator states based on the
desired final position of the end-effector using so called inverse kinematics. Contrary
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to direct kinematics in which the joint/actuator states are known and the position
and alignment of the end-effector is calculated, in inverse kinematics the state of
the end-effector at the end of the kinematic chain is known and the joint/actuator
parameters have to be calculated from that. This approach is more complicated to
the extent that inverse kinematics lead to strongly non-linear systems of equations.
While numerical approaches work for all kinds of manipulators, they do require
more computational power. Finding analytical solutions, however, is non-trivial for
serial manipulators while for hexapods, for example, no analytical solution exists at
all. [17] Because of this, a numerical approach will be used for the calculation in
this thesis.

Geometric definition of the lander

Before the mathematical approach can be explained, first the geometry of the
basic lander has to be defined. The mathematical scripts shall be parametrised in
order to be used for different landers with different interface positions as well as
different landing leg kinematics. Therefore, an easily adaptable, generic geometrical
definition, which still includes every parameter, is needed for the calculation.

Lander dimensions

The most important dimensions of a generic Lunar lander, which are used in this
thesis, are shown in figure 2.2 and explained in table 2.1. They consist of the
dimensions of the lander body, the position of the centre of gravity, and the strut
lengths. Additionally, the definition of the interface numbering is shown in the figure
as well. The primary strut (strut 1/S1) is connected to IF1, and the secondary struts
(strut 2/S2 and strut 3/S3) are connected to IF2 and IF3. When looking straight
onto a leg, the left secondary strut is denoted as strut 2 and the right secondary strut
as strut 3. The intersection between the primary and secondary struts is denoted as

IFps ss.

2.2 Geometric definition of the lander

11
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Fig. 2.2.: Dimensions of a generic Lunar lander

Tab. 2.1.: Dimensions of a generic Lunar lander

Symbol Parameter
dr, Lander diameter
hr, Lander height
Lgq Length of primary strut
Lso
Length of secondary struts
Lss
Ls1,seq1 Distance IF1 to secondary strut attachment

Ls1,seg2 Distance secondary strut attachment to foot

hooa Height of CoG

2.2.2 Coordinate-systems

For the description of the lander legs, two different coordinate-systems are being
used. It is necessary to be able to transform coordinates from one of these systems
to another in order to be able to do all the necessary calculations and describe the
movement and forces in an understandable manner. How this transformation of

coordinates between the coordinate systems works is explained in section 2.3.1.
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2.2.2.1. Body-coordinate-system

First, there is the lander- or body-coordinate-system. It is used to describe the
interface positions of the legs primary and secondary strut to the landing platform
and forces or movement relative to the landing platform. A qualitative example
of this can be seen in figure 2.3. The origin of this coordinate-system is set at the
central point of the lower side of the landing platform. The x-axis points in a radial
direction towards the primary strut interface (IF1) of leg 1. The y-axis is rotated 90°
counter-clockwise pointing towards leg 2 (in the case of a four legged lander). The
z-axis is perpendicular to the xy-plane, pointing upwards towards the upper side of
the lander body in accordance with the right hand rule.

A simplification can be used to make the definition of the interface positions between
struts and landing platform easier. As these interfaces show rotational symmetry
right after landing, this can be used to reduce the number of legs for which the
interface coordinates have to be defined as these coordinates are the same for all
legs. This, however, changes later on when the primary strut interfaces are moved
in the direction of the vertical axis in order to level and align the landing platform.
After defining the interface coordinates for leg 1, transformation matrices are used
to rotate these coordinates to the correct position for each of the other landing legs.
By using this technique, it is also easier to parametrise the number of legs the lander
shall have.

Zbody CoG

Xbody

Leg 3 Leg 4 (front) Leg 2 (back) Leg 1

(a) Top view (b) Side view

Fig. 2.3.: Body-coordinate-system

2.2 Geometric definition of the lander
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2.2.2.2. Global-coordinate-system

The second coordinate-system used is the global-coordinate-system which is shown
for an exemplary lander with four legs in figure 2.4. The origin of the coordinate-
system is kept at the initial central point of the lower side of the landing platform
right after touchdown of the lander. It stays at this global point even when the
landing platform is lowered at a later point in time. The directions of the axes,
however, are different from the body-coordinate-system. The positive z-axis zp
now points upwards against the direction of the local gravitational vector. The
global x-axis x40 is again perpendicular to zy,y, lying in the same rotational plane
as Tpody and zp.qy, provided the lander is only pitched (roll ¢ = 0). Under these
circumstances, the y-axes of global- and body-coordinate-system coincide (yg0, =
Ybody fOr ¢ = 0). Should the lander only be rolled and not pitched (pitch § = 0), the
x-axes of the two coordinate-systems coincide (2405 = Zpody for 6 = 0), while the
angle between the two y-axes is equal to .

Leg 4 (front) Leg 1 (front)
Leg 2 (back) Leg 3 (back)

(a) Definition of x 4i04: Lander on a 10° slope (tilted (b) Definition of ygi05: Lander on a 10° slope (tilted
around the y-axis) — Ygiob = Ybody around the x-axis) — Zgiob = Thody

Fig. 2.4.: Global-coordinate-system

In this global coordinate system, all coordinates are defined/calculated for the
whole movement of the landing platform from its landing position to its aligned and
levelled position. A more detailed explanation on how the transformation and the
calculation of the other interface coordinates works follows in section 2.3.

Lander geometry and motion - definitions and assumptions

While some properties of the lander like its geometry and orientation are known by
definition or measurement, some assumptions have to be made for other properties.
This is necessary to make the script easily adaptable while still keeping it in a feasible
operational framework without too many redundant code pieces.

Chapter 2 Mathematical Foundations



Definitions and known parameters

D1.

D2.

D3.

The orientation of the lander after it has landed is known in the form of roll
around the global x-axis and pitch around the global y-axis

The lengths of all landing leg struts (primary and secondary) after landing and
crushing of the dampening elements are known and they do not change

The position of all primary and secondary strut interfaces relative to the
lander-centred-coordinate-system is known based on the lander design

Assumptions

Al.

A2.

A3.

A4.

AS.

The platform is assumed to be sufficiently described with three DoF: transla-
tional movement along the vertical z-axis, rotational movement around the
x-axis [roll] and the y-axis [pitch]; other translational movement is neglected
because of A4 and rotation around the z-axis (yaw) can be neglected as the
lander is assumed to feature rotational symmetry, i.e. it can be sufficiently
described by only using pitch and roll; parasitic motion is neglected

The position of the primary strut interfaces only change in the direction of the
vertical axis (z-axis) relative to the lander-centred-coordinate-system

The position of the secondary strut interfaces does not change relative to the
lander-centred-coordinate-system as they are assumed not to be actuated

As a first approximation, the ground is assumed to be locally described by a
plane without any bumps or changes in inclination

The movement of the platform is assumed to happen slowly so inertial effects
can be neglected and all forces are assumed to be quasi-static

This calculation, based on alignment and height above ground, is only meant as a

first estimate of i) the length needed for the linear drive of the primary strut interface

to the lander and ii) the loads on the legs and the forces needed to drive the lander

from its landing position into the final desired position. In no means does it give

exact results. For a possible system design at a later point in time, more advanced

dynamic simulations might be needed.

2.2 Geometric definition of the lander
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Mathematical approach for the calculation of lander
geometry

The numerical approach chosen for the calculation combines vectorial calculus and
trigonometry, as well as non-linear numerical optimisation, in order to calculate the
interface positions of each leg for the desired height and alignment of the landing
platform.

In a first step, the positions of all interfaces right after landing have to be determined
in order to calculate the ground plane. This sets a lower boundary for the positions
of the footpads. In a following step, the interface positions needed for any pitch 6,
roll ¢, and height above ground can be calculated (explained in section 2.3.5).

To be able to compute the position of the interface between the primary and sec-
ondary struts IFpsss, a form of positioning algorithm, similar to those that GPS
satellites use, has to be implemented (explained in section 2.3.2). After that, the
positions of the footpads and therefore the parameters needed to describe the ground
plane can be computed using vectorial calculus (explained in sections 2.3.3 and
2.3.4).

Transformation matrix

As already mentioned in section 2.2.2, the coordinates of the interfaces have to
be transformed between coordinate-systems in order to calculate and describe all
effects happening while the landing platform is aligning itself.

For this, the standard transformation matrix using Euler angles, or more specifically
Tait-Bryan angles, is utilized. Here, the angles about z, y, and z are v, 3, and «,
respectively. It is very important to keep one sequence in which the rotations around
the axes is computed, as changing the order of the rotations leads to different results
for the same angles. The most common order of rotations used in the spaceflight
regime is x-y-z (extrinsic rotations) or z-y’-x” (intrinsic rotations), which is also
utilized in this thesis. Figure 2.5 shows an exemplary rotation from a global xyz-
system into a body-fixed XYZ-system.

To get the angles o, 3, and ~, the global pitch () and roll (¢) angle are first
transformed into the axis-angle representation. In this representation, a rotation of
a vector is simply defined by an axis, in the form of a unit vector ¢, around which
the vector is rotated by a specific amount 6.. In this case, the axis around which the
coordinates have to be rotated is a line orthogonal to the vertical axes of the two
coordinate-systems between which the coordinate transformation shall take place.
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Fig. 2.5.: Tait-Bryan angles: z-y-x" sequence (intrinsic rotations; N coincides with y’, X
coincides with x"), corresponds to an «, (3, v angle sequence; based on similar image
by "Juansempere", used under Creative Commons CC BY 3.0 licence, via Wikimedia
Commons.

It can be computed by forming the dot product of unit vectors in the two vertical
axes. For example the axis around which a rotation between the global- and the

body-coordinate-system happens.
? = ?glob : 7bocly (21)

The angle 6. is simply the angle between the two vectors 79101, and 7body.

?glob : 7boaly

(2.2)
| Z giob| | Z boay]

cosf, =

The euler angles « (yaw), 5 (pitch), and ~ (roll) are computed in the next step.

ez ey (1 —cosbe)+e,-sinb,
1— (eg + eg) (1 —cos¥.)
f = arcsin (—(ez - €, - (1 — cosB) — e, - sin b)) (2.3b)

ey e, (1 —cosbe)+ ey, -sinb,
1—(e2+4e2)- (1 —cosbe)

(2.3a)

o = arctan

~v = arctan ( (2.30)
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Now that the Euler angles are known, the rotation matrix may be computed by using
equation 2.4 below. The rotation matrix has to be premultiplied with whichever
vector shall be rotated.

R=R.(a)Ry(B)R:(v)

yaw pitch roll
[cosa —sina 0] [ cos 6 0 sing||1 O 0
= |sina cosa O 0 1 0 0 cosy —sinvy (2.4)
0 0 1| [—sin8 0 cosfB| |0 siny cos~y

cosacosf3 cosasinfsiny —sinacosy cosasinfcosy + sinasinsy
= |sinacosS sinasinfsin<y + cosacosy sinasinfcosy — cosasin-y

| —sing cos B sin~y cos 3 cosy

It should be noted that the direction of the angles is defined by the right hand rule
and reversing the transformation, i.e. rotating back to the original coordinate-system
from the new coordinate-system, requires transposing the rotation matrix before
premultiplying with the vector. Additionally, this approach does not work if both
roll ¢ and pitch 6 are 0° or if one of them is equal to 90°. The 90° exception can be
neglected for this thesis as the maximum tilt of the lander from the global plane
shall be in the order of 15°. If both angles are equal to 0° the rotation matrix is
simply the identity matrix I3.

After the interface positions of the struts to the landing platform have been rotated
according to the current orientation of the lander, the remaining positions of the
interfaces between primary and secondary strut can be calculated using the steps
explained in section 2.3.2.

Positioning of primary to secondary strut interface

Because of the different amount of strut stroke of each leg during touchdown and
because any measurement is innately inaccurate, the exact position of the interface
between primary and secondary strut (IFpsss) can not be derived directly. By
using an approach similar to the one geopositioning satellites use to determine the
position of a point from their own known position and their distance to that point,
it is possible to calculate the coordinates of IFpsss. Considering the coordinates
of the interfaces as the centre of a sphere with their radii  being the distance to
the wanted interface point, the point where all spheres meet is the position of the
interface. Figure 2.6 shows a visual representation of the spheres which overlap
exactly on the interface between the struts. The implementation into a calculation
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script and the constraint function, which restricts the solution geometrically, are
explained in section 3.3.2.

Fig. 2.6.: Positioning of interface position using spheres: The right circle shows a zoomed in
section of a lander on the left.

Computation of foot positions using vectorial calculus

Based on the now known position of IFps ss for each leg, the position of the footpads
follows by using simple vectorial calculus. A unit vector from IF1 to IFpg s can be
calculated by subtracting the coordinates of the former from the coordinates of the
latter interface and dividing the result by the distance between the two. By then
multiplying the resulting unit vector that points in the direction of the primary strut
by its length and adding that to the coordinates of IF1, the resulting coordinates =,
y, and z determine the position of the footpad zyzfoot.

IF —IF1
PS,SS ) (2.5)

xnyOOt(xayaz):IFl—i—LPS. ( -

where:

d = \/(IF1, — [Fpsss.)® + (IF1, — [Fpggs.,)? + (IF1, — [Fpsss..)°

Equation of the ground plane

The ground plane is described using the Hesse normal form, where a plane has an
unit normal vector 72§, and a distance from the origin d. By providing the x-, y-, and

2.3 Mathematical approach for the calculation of lander geometry
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z-coordinates of any three points on the plane (e.g. P1, P2, and P3) these values
can easily be calculated. Here, these values correspond to the coordinates of footpad
1 to footpad 3 (footpad 4 is assumed to be on the plane described by the first three
footpads).

First, the normal of the plane is calculated using

7 = (Pl — P3) x (P1 — P3) (2.6)

Depending on the exact location of the plane, the unit normal vector of the plane is
then calculated using

N |:L| for 1—3—1> >0
ng = " (2.7
- % for P17 <0
The distance to the origin follows from
d=P1. 7 (2.8)

thereby fully describing the ground plane in the Hesse normal form. The normal
vector can later also be used to calculate the angle between the ground and the
landing leg struts in order to compute the acting forces. The z-value of the plane
can be calculated for every point on the xy-plane of the coordinate-system using
equation 2.9. For example, if at state O (landed state at rest) the origin of the
coordinate-system is set as input for the equation, the result is the height of the
lander above ground as the origin of the coordinate-system is set at the centre of the
lower face of the lander.

Motion of the lander and intermediate positions

Once the positions of the interfaces in the initial state 0 are known and the ground
plane was calculated, the intermediate positions between state 0 and the end state,
in which the landing platform is aligned and levelled, can be calculated. In this
context, the word state refers to a configuration of the lander. For example, in the
initial state 0, none of the primary interfaces have been moved from their initial
fixed position, while they have moved slightly in state 1, and have reached their
final position in the final state n (depending on how many are calculated). By
incrementally adjusting roll, pitch, and height of the lander, the new positions of
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all interfaces can be calculated for each intermediate state until the desired zero
degrees of roll and pitch and the specified height above ground are reached.

4 State 0 4 State 1 4 State 2
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Fig. 2.7.: Transition of lander from landing position to aligned and levelled position: Exam-
ple of movement of the lander on a ground slope of 15° from ’state 0’ (right after
landing) to the final state (here ’state 5°) in which the lander is aligned and levelled.

Doing this requires recalculating the interface positions of IF1, IF2, and IF3 for
the new height and orientation of the lander. This can be achieved by offsetting
the z-coordinates of the interfaces and rotating them according to the pitch and
roll of each intermediate state following the procedure explained in section 2.3.1.
The footpads will not coincide with the ground plane anymore after doing this. At
this point, the mechanism that will actually move the lander in reality comes into
play. The interfaces of the primary struts (IF1) are moved in z-direction (in the
body-coordinate-system) thereby changing the angle of the struts and allowing the
lander to stand in this new state. The position IF1 is calculated iteratively for each
leg by i) initially guessing the interface coordinates, ii) calculating the new foot
position of the leg based on this guess, and iii) adjusting the interface position again
until the foot coordinates coincide with the ground plane within a reasonable error
frame. At this point, the lander stands in its new state 1. This procedure is then
repeated for each state until the specified end state is reached. Figure 2.7 shows this
for an exemplary ground slope of 15° in five steps from the state right after landing
to the aligned and levelled lander in the last state.

2.3 Mathematical approach for the calculation of lander geometry
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Calculation of forces on the landing legs

After the positions of each of the struts of the landing legs from the landing to the
aligned state along multiple intermediate positions are known, the forces on each of
the struts have to be calculated to estimate the power needed for moving the lander.
It is important to note that only the maximum expected boundary value of the force
on the leg is needed for this as this extreme dictates the maximum power needed
for moving the lander and therefore drives the design and component selection.

In a first step, the reaction forces on the footpads must be calculated.

Reaction forces on footpads for a three legged lander

For a lander with three legs (n = 3), the computation of the reaction forces is a
trivial task as it is possible to find three equilibrium conditions for the entire system.
By simplifying the system so that only forces in the direction of the global z-axis, or
in other words in the direction of the local gravitational vector, are considered, the
number of equations is reduced to the force equilibrium in direction of the z-axis, as
well as the torque equilibria around the x- and y-axis. These equilibrium conditions
can be seen in equations 2.10.

It should be noted that the x- and y-axis are moved into the CoG for this purpose,
which is why the distance of the force to the axes in equations 2.10b and 2.10c is set
in relation to the CoG. Towards where they are moved does not make any difference
as the moment of the system has to be in equilibrium no matter where the axes are
placed, otherwise the system would tilt around that axis. For the equations here,
however, the assumption that they go through the CoG has to be made as they would
be incorrect otherwise because of the missing weight of the lander in these equations,
which cancels out when the axes go through the CoG. Furthermore, this approach
reduces the reaction forces to a single force in the direction of the z-axis, which does
not reflect reality, where this force is split into a force normal to the ground, as well
as friction tangential to the ground. Directly calculating all of these forces in this
step would, however, increase the complexity of the equations drastically. Each of
the distances has to be calculated using vector calculus and the approach of splitting
the result into their respective components afterwards simplifies the matter at hand
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by a lot as they can be directly calculated using trigonometry and the orientation of

the ground plane.

Z Fz =0= Z Fz,i — Miander * Ylcl (2103)
=1

ZM.’L‘ =0= ZMx,z = ZFz,z : (yz - yCoG) (210]3)
=1 =1

S My=0=> My;=> F.; (i — 2coq) (2.10¢)
=1 =1

2.4.2 Reaction forces on footpads for a four legged lander

Given the case of a four legged lander, the three equilibrium conditions of equa-
tions 2.10 do not sufficiently limit the system as there are now four legs (n = 4),
which means four variables but only three equations to calculate them. Because of
that, it is not possible to find one definitive solution without an additional equation
or boundary condition. This problem has range of possible solutions, some of which

will be shortly outlined here.

2.4.2.1. Maximum boundary values and forces for three legs

The simplest solution would be only considering the most extreme boundary condi-
tion of the lander. In that case, it is possible to assume that only three of the four
legs have to support the entire weight of the lander, while the fourth leg sees no load
at all. Doing this effectively removes one of the legs from consideration, thereby
lowering the number of legs to three (n = 3), allowing for a calculation based on
the approach and equations from section 2.4.1. This introduces an error compared
to the reality where most certainly all of the legs will support at least some of the
weight. It would, however, be reasonable to use this case with its maximum force
as the driving value for dimensioning as a very conservative estimate allowing the
mechanism to support and move the lander even in the most extreme cases. Even so,
it is more desirable to actually know the load on each of the legs and to introduce a
safety factor based on these values instead of using an unknown safety factor purely
based on a faulty calculation that does not show the whole picture.

2.4 Calculation of forces on the landing legs 23



24

2.4.2.2. Analytical solutions using simplified lander configurations

By simplifying the problem to one where the footpads either stand in an exact
rectangle (or square), it is possible to determine the forces on the footpads using
geometric relations. Analogous to a simply supported beam with asymmetric load,
the entire force in the CoG can be split into forces on two opposing sides (e.g. AD
and BC). After that, the results can be divided again to get the reaction forces of
each of the four individual supports. In its entirety, this simplifies to the following
statement:

The force in each vertical support corresponds to the ratio between the rectangular
area opposing the vertex (that stretches from the opposing vertex to the CoG) and
the entire area of the rectangle multiplied by the force in the CoG. This can also be
seen in figure 2.8, where an exemplary area and corresponding support are shaded

equally.

Ya

| X, | X, |

Fig. 2.8.: Force ratio of vertices in a rectangle: The reaction force in each support is equal to
the force in the CoG multiplied with ratio between the opposing area and the entire

_ . Ashaded _ A T2y
area (e.g. F4 = Fooc Ahaded — Fooa 7(11+I2).(y1+y2)).

Unfortunately, this does not work if the quadrilateral that stretches between the
footpad positions is not a square or rectangle when looking at the lander from above.
However, this will not be the case most of the time. If this approach is still used, it
introduces an error that increases with an increasing deviation from a rectangle.

Alternatively, if two of the legs stand in a line that is orthogonal to the plane
between the gravity vector and the normal vector of the ground plane, the forces
on these two legs can be assumed to be equal in magnitude. This is the case for
two legs in the so called 1-2-1 configuration and for two sets of two legs in the
2-2 configuration. This way, the system reduces to three (1-2-1 configuration) or
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even just two unknowns (2-2 configuration). If this is the case, the equilibrium
equations 2.10 from section 2.4.1 may be used to compute the forces on the footpads.
For a visual representation of this see figure 2.9.

1-2-1 configuration 2-2 configuration

Two feet in line

Fig. 2.9.: Alignment of a four legged lander with the line between two legs orthogonal to
ground slope: The red circle signifies two footpads behind each other on one line. In
the left image (1-2-1 configuration), there are three unknowns and in the right (2-2
configuration) only two.

As these simplifications can not be made for most of the possible positions the lander
could stand in, this approach would be faulty in most cases, which is why it won’t
be used in the final version of the calculation.

General solutions

Some possible approaches are not limited to a specific number of legs in order to
work, two of which will be shortly discussed here.

2.4.3.1. Principle of virtual work

Usually, in basic mechanic studies when dealing with statically indeterminate sys-
tems, the principle of virtual work is used to calculate the reaction forces of the
supports. In a nutshell, this works by removing the additional reaction forces that
make the system statically overdetermined, therefore allowing the supporting node
to move slightly due to deformation under the external load. The work along this so
called virtual displacement may then be calculated. By reintroducing a reaction force
at the support which undoes the virtual displacement and pushes the node back to
its original position, it is possible to calculate the reaction force.

Unfortunately, it is necessary to know in which way the system will be deformed in

2.4 Calculation of forces on the landing legs
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order to calculate the displacement and work of the external force along this dis-
placement. For simple beam systems, this is rather easy, however, the more complex
a system becomes the more complicated the solution gets. As we are dealing with
too many uncertainties regarding the exact geometry and stiffness of the system,
calculating the forces this way would be rather complicated and not lead to desirable
results.

2.4.3.2. Direct Stiffness Method

The direct stiffness method is the basis for most modern Finite Element Analysis
(FEA) applications. It uses a matrix based approach which is fast and uses less
memory than other methods to calculate the forces acting inside a truss like structure.
By coupling nodes and their translation due to external forces using a stiffness matrix,
the acting forces in the system can be calculated. [23]-[25]

Of course it would also be possible to use any FEM-program to do a FEA and
calculate the reaction forces this way. However, transferring the coordinates to a
FEM-program, creating the mesh, applying the correct material properties and so
forth, requires a translation program which transfers the MATLAB values into ones
that are logical to the FEM-program. This is no simple task if it shall be automated
and would go beyond the scope of this thesis. The cost-benefit ratio of creating this
translation makes it not worth the time it would take to create it and work out all of
the possible bugs. Therefore, this is not a justified solution for this particular case.
Even still, by breaking the FEA down into its most basic components, it is possible to
create a simple calculation using the direct stiffness method.

In a first step, the system has to be simplified into a truss structure consisting of
nodes and connecting beams. An example of a simplified lander system with all of
the struts can be seen in a trimetric representation in figure 2.10. Figures 2.11 and
2.12 show additional view directions. Here, the struts that actually exist, i.e. the legs
of the system, are depicted in different shades of red while the additional struts that
connect the legs, and act as the mechanical support the lander body would usually
give to the system, are depicted in shades of grey. In the front, one of the legs is
shown in fully saturated colours. It is clearly visible that each leg of the lander has a
total of four red leg-struts and six struts connecting the interfaces with each other
and the CoG. Additionally, one strut is used to connect each ’corner’ of the lander
with the one next to it.
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Fig. 2.10.: Trimetric view of the truss structure of a four legged lander

(a) Side view (b) Top view

Fig. 2.11.: Truss structure of a four legged lander in 1-2-1 configuration

7

(a) Side view (b) Top view

Fig. 2.12.: Truss structure of a four legged lander in 2-2 configuration

2.4 Calculation of forces on the landing legs
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Each of these beams has a total of twelve degrees of freedom in three-dimensional
space. Two ends with three translational and three rotational DOF each. The local
coordinate-system for each of the struts has its x;-axis in the direction of the beam.
As we assume rotationally symmetric beams, the exact direction of the x- and
X3-axis is not important as long as they are orthogonal to the beam direction and
each other. The free body forces are assumed to be positive in the axis directions.
[23][24]

Once all of the nodes and beams are defined, the displacements and stress resultants
at the end nodes of each beam can be connected with one another [23][24]. This
has to be done for each of the beams and is here explained exemplary for one beam
element b connecting the nodes j and k.

/ X
Xz !
X3 Wi _] k Mk
B, % ( N O 2\ Fk,
M M Mk‘_—/’7 Mk
sz Fj3 3 1 3 1 F{Ist

Fig. 2.13.: Beam element with complete stress resultants in three-dimensional space
(adapted from [24])

The resulting forces at the ends j and k of the beam b, which can be seen in
figure 2.13, are combined into a stiffness relation s®. This vector is the result of
multiplying the stiffness matrix k° of the beam with its displacement u?, which can
be seen in equation 2.11:
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where:
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These local vectors and matrices have to be transformed into a global-coordinate-
system in order to calculate the stiffness matrix for the whole system. By using
rotation matrices as those in equation 2.4, the local stiffness matrices are rotated
into the global-coordinate-system. Because the system contains a total of four three-
dimensional vectors (two force vectors and two torque vectors, one for each end of
the beam), a large 12x12 rotation matrix C' has to be constructed from the small
3x3 rotation matrix R following the pattern shown in equation 2.13. Transformation
from global to local coordinates can be done by premultiplying the C-matrix with the
global coordinates. Reversing this operation requires using the transposed rotation
matrix CT. [23][24]

(2.13)

o o o
o o o
o o o

S o o

R

Transformation of the local stiffness matrix to the global one follows the scheme

shown in equation 2.14, which is based on equation 2.11 as well as the transforma-
tion logic described in the last paragraph.

b T b T1b , b T1.b b

s C C'k C"Ek),Cu
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Once all global stiffness relations have been computed, they are combined into
an overall stiffness relation S = KU for the entire lander truss system as shown
in figure 2.10. This is done by splitting the matrix and vectors of each strut as
depicted in equation 2.15 and sorting their parts into the system stiffness relation.
For each node, the degrees of freedom are defined in the U vector while the forces
and torques are defined in the S vector. External forces can now be inserted into the
correct positions of the S vector. By setting the movement of the bearing nodes in
the U vector to 0, according to the boundary conditions of the system, rigid-body

2.4 Calculation of forces on the landing legs
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movement is blocked and the system is defined. If this part is neglected, the system
becomes singular and therefore unsolvable. [23][24]

ST\ | RS LK | ()
v~ b b b (2.15)
Sk kkj Ky, Uy

Sorting the four sub-matrices of the global element stiffness matrix kg, of each
strut into K it follows that:

SETRRE oY
K = s t. s (2'16)
i=1 =1

where:

n = number of struts
m = number of nodes

After the external forces, boundary conditions, and stiffness matrices are sorted into
their corresponding space, the equation system can be solved. It should be noted
that solving the equation system is done in two steps:

1. First all rows as well as their corresponding columns in the K matrix in which
the U vector has a 0 are erased and this reduced system is solved.

2. In a second step, the solution of the reduced system is reintroduced into the
entire system, which can then be solved as a whole and yields the reaction
forces of the bearing nodes as a result.

In order to get the forces in the beam elements, the displacements of the nodes
bordering the element have to be rotated back into the local coordinate-system. By
using equation 2.11, the forces in the element may be calculated. [23][24]

The entire concept is also shown for an easy example in figure 2.14.

Chosen approach

As the results of calculations using an analytical approach lack accuracy, the principle
of virtual work requires better knowledge of displacement that happens under load
and the full FEA would go beyond the scope of this thesis, the direct stiffness method
will be used for calculating the forces acting on the nodes of the lander. It works for
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landers with as many or as few legs as needed, can be automated, and allows for
easy adaptation of the properties of the system, e.g. regarding boundary conditions.
It is very accurate for small displacements, offers the ability to individually change
the mechanical properties of each of the struts easily, and also includes effects of
bending of the struts. Doing this also allows to include effects like the mechanical
compliance of the dampening elements in the struts as well as of the interaction
between the footpads and the Lunar regolith. All of this, combined with a great
cost-benefit-ration of implementation of this method, makes it the perfect candidate
for this thesis.

The method was verified using an FEA with MSC Patran as pre/post-processor and
MSC Nastran as solver. Additional information on the validation can be found in
section 3.5.

2.4 Calculation of forces on the landing legs
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Fig. 2.14.: Construction of the system stiffness matrix K and calculation of reaction forces

(adapted from [24])
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3.1

Numerical Implementation
and Operation

If at first you don’t succeed, call it version 1.0

— proverb

(exact origin unknown)

Solving the equations introduced in chapter 2 is not possible in an analytical way.
A numerical solution is therefore required. The implementation of the numerical
model uses in this thesis the scientific computing language MATLAB [26] resulting
in an executable script, which went through a multitude of iterations, each with
different approaches and stages of completeness. The only one of real importance for
this documentation, however, is the last version which is used for the calculations in
this thesis. In order for all readers to be able to use it, a short explanation on how to
operate the main program and the multiple subfunctions as well as how to interpret
the results will follow here. This chapter only serves as a general overview and an
exact explanation of each line of code will be skipped as the basic mathematics have
already been explained in chapter 2.

Running the script

The main program is the heart of the script. It is used to start the calculation and
calls all subfunctions. For the most part, it guides the user through the process of
the calculation by asking what kind of data input is desired. It is possible to choose

between four different options:

1. A standard input set (lander on ground with a small slope is aligned and
lowered a bit) the main purpose of which is showing how the results of the
calculation are presented to the user (figure 2.7 shows a similar example).

2. Generating a "random" set of input variables for testing many different possible
combination without the bias of manually chosen values. In this mode it is
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possible to define the number of legs the lander shall have as well as the
type of leg kinematics it shall have (Cantilever or Inverted Tripod). The
slope of the ground is set randomly to a value of up to 15° with a random
direction. The lengths of the legs primary struts are based on a standard input
set but randomly vary by up to 0.1 m in order to simulate different amounts
of crushing of the honeycomb dampeners. This mode is especially helpful for
testing new parts of the calculation as it can quickly produce a working set of
input variables and was mainly developed for debugging the code.

3. Reading in variables from a spreadsheet input file. This is probably the most
useful mode for most situations as it allows the user to easily define the
characteristics of the lander including dimensions, mass, and lengths of leg
struts as well as some parameters of the calculation like the ground clearance
or the number of intermediate steps between the tilted landing position and the
final aligned and levelled position the program shall calculate. An overview
output of the data also happens via a spreadsheet in order to get a quick
understanding of the characteristics of a specific lander configuration without
having to take a deep look into the raw data. How this works exactly is
explained in section 3.2

Input of calculation parameters via a spreadsheet

As already mentioned, probably the most useful mode of operation is using the
possibility to read in the contents of an input-file. This data input is handled by a
spreadsheet, which in this thesis used MS Excel [27]. A template is set up where the
user may choose all input values the calculation needs in order to properly function.
It should be noted that it is still possible to choose values that might not work in a
logical sense, e.g. by making the primary strut only a few centimetres in length or
placing the CoG outside the perimeter of the lander itself.

Input parameters are split roughly into categories each of which will get a short
explanation here. Figure 3.1 also shows an example of how a filled-in input file
might look.

Lander Geometry, Mass, and Orientation Here, the user can specify physical prop-
erties of the lander as a whole. This includes the radius, height, and mass of the
lander body as well as the number of landing legs it shall have. The number of legs is
here limited to the range between three and six. Three legs is the absolute minimum
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for a stable lander and even though the script can theoretically calculate as many
legs as wanted, a limit was set to six as this keeps the spreadsheet less cluttered and
most landers will not exceed this number of landing legs anyway. Additionally, roll
and pitch (measured as explained in section 2.2.2.2) are defined in this section as
well. Based on these angles, a first estimate of the ground angle is calculated and
shown to the user. This makes choosing realistic angles for pitch and roll easier.

General Coordinates of Leg Interfaces and CoG The coordinates of the interfaces
as defined in the body-coordinate-system (see also section 2.2.2.1) can be defined
in this part. They are only defined for leg 1, as rotational symmetry of the lander
is assumed and the other interface coordinates will be calculated based on the
number of legs the lander shall have (as defined in the Lander Geometry, Mass, and
Orientation part). The coordinates of the CoG are calculated automatically based on
the landers height but can be changed if necessary.

Calculation Parameters The calculation parameters consist of two variables. The
first is the number of calculation steps the script will do. Note that, when choosing
five steps for example, step 0 will be the lander without any levelling or alignment
operation while step 5 will be the lander in its fully levelled and aligned state,
meaning that four in-between steps and a total of six lander states are calculated.
The ground clearance specifies the closest distance of the lander body to the ground
that shall be achieved during the levelling procedure. Setting this value to O for
example would lead to the lander body touching the ground in the fully levelled
state.

Strut Lengths The strut lengths are defined in this section. Usually, it is enough
to define the lengths of each strut for leg 1 while the other legs will automatically
be the same. If, for any reason, different legs shall have different lengths, they
can of course be changed. The upper segment of the primary strut refers to the
distance between the IF1 and the attachment point of the secondary struts. The
lower segment is the distance below this attachment point to the footpad. These
two values must (!) add up to the length of the primary strut.

Mechanical Properties of Struts The mechanical properties are used for the calcu-
lation of the forces acting on the lander and its legs under different misalignments.
Most of these parameters are calculated based on the assumption of the struts being
made up of solid tubes, which is why only four values have to be entered, while

3.2 Input of calculation parameters via a spreadsheet
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the others are calculated based on these entries. Additionally, a standard input
set is already present even in the empty version of the input spreadsheet, which
makes the struts very stiff and only allows for little bending. All of the values can
still be changed, although at own risk. One value one might want to change is the
stiffness of the primary and secondary strut in axis direction. The reason for this is
that this stiffness is mainly defined by the stiffness of the honeycomb cartridges (or
other dampening systems that might be used) in the primary strut and the bending
rods many secondary struts incorporate in their design. The material stiffness and
geometric properties of a simple tube would therefore not represent the reality. It
is advised not to change the stiffness of the structural struts as this might lead to
unwanted deformation of the lander body.

Lander Geometry, Mass, and Ori i Strut Lengths [m]
Radius of lander [m] 2.500 Roll [] 0.0 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of lander [m] 3.000 Pitch [°] 5.0 Primary Strut 3.000 3.000 3.000 3.000
Mass of lander [kg] 5000 apx. ground 5 Secondary Strut (left) 2.000 2.000 2.000 2.000
Number of landing legs 4 angle [°] i Secondary Strut (right) 2.000 2.000 2.000 2.000
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment ‘ 2.383 ‘ 2.383 ‘ 2.383 ‘ 2.383 ‘ ‘
X y z Primary Strut - lower Segment ‘ 0.617 ‘ 0.617 ‘ 0.617 ‘ 0.617 ‘ ‘
IF1 - Primary Strut 2.500 0.000 1.000
IF2 - Secondary Strut (left) 2.165 -1.250 0.000
IF3 - Secondary Strut (right) 2.165 1.250 0.000 Mechanical Properties of Struts
Center of Gravity 0.000 0.000 1.500 | Structure Struts Primary Struts Secondary Struts
Calculation Parameters E [N/mm?] 210,000 210,000 210,000
# of calculation steps 5 v 0.3 0.3 0.3
Ground clearance [m] 0.250 G [N/mm?] 80,769 80,769 80,769
Reube [mm] 150 150 150
You MUST change cells shown in this color A [mm?] 39,270 39,270 39,270
You CAN change cells shown in this color I3 [mm?] 638,136,008 638,136,008 638,136,008
NEVER change cells in this color (unless you know what you're doing) I, [mm*] 319,068,004 319,068,004 319,068,004
CAREFUL, value has been changed manually 133 [mm?] 319,068,004 319,068,004 319,068,004
Kas IMN/m] | 8.25 | 8.25 | 825

Fig. 3.1.: Example of an MS Excel input spreadsheet for the MATLAB calculation

Processing

Once the input parameters of the calculation have been set, the code processing
begins automatically. The equations explained in chapter 2 are utilised in a specific
sequence to calculate the motion of and forces acting upon the lander.

There is a multitude of possible types of graphical code representation. The most
common, however, are probably the so called Nassi-Shneiderman diagram and the
flowchart. Here, the flowchart will be used to explain the code in a graphical way. It
should be mentioned that only the sections relevant to understanding how the code
works in general are going to be explained here. Other miscellaneous code parts
(e.g. plotting of graphs or saving the output data) are left out on purpose in order to
make understanding the core of the code easier. Additionally, for the most part no
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equations will be explained here as all the basic equations used have already been
explained in chapter 2.

Program overview

The flowchart shown in figure 3.2 includes all basic operations done by the program
during operation in condensed form. It is necessary to explain parts of this flowchart
in more detail, however, the general workflow can be understood well with this first
depiction. Changes of a counter are depicted in green while decision blocks are
depicted as a diamond shape and in yellow. The area encompassed by the dashed
red line in the geometry calculation works slightly different depending on the state
counter and is simplified here. This will be explained further in section 3.3.2.

Start of
calculation
v
Calculate transformation Geometry of Forces

matrix for initial lander N .
orientation Lander (direct stiffness method)

set state = 0 set state = 0

(initial state of lander) Adjust current pitch 1> (initial state of lander)
and roll angle, and

height above ground

= —
[N to current state state = state + 1

Calculate coordinates
of CoG for state

state = state + 1

Calculate global
coordinates of leg
interfaces for leg n

Remove rows and columns in
Sand Kwhere U= 0

Calculate corresponding
transformation matrices for
each state

Define nodes and struts of
truss structure

Solve reduced system for
node displacements

Calculate global coordinates
of primary to secondary strut
interface for leg n

Define local stiffness
matrix ke of each strut

Calculate height and angle
correction increments for each
state from initial state (after
touchdown) to final state
(aligned and levelled lander
with specified height above
ground) [equal steps for each
state]

Insert calculated
displacements into
stiffness relation

Rotate local stiffness
matrix into global
coordinate system

Calculate global footpad
coordinates for leg n

ket = Kglon

Calculate forces by
solving the stiffness
relation

Calculate initial central
distance between lander
- Yes jme mm mm wm m owm w—- body and ground

Define stiffness
relation: § = KU

Fill global system

stiffness matrix K

state = final ? > —{No |—

Define boundary
conditions and
external forces

state = final ? —1{ No Yes

v

End of calculation

Fig. 3.2.: Overview flowchart of the script
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Geometry computation

The first operation after starting the calculation is the computation of the initial
transformation matrix for the position of the lander after touchdown. This initial
state is set to state O after which the coordinates of each point of the legs (interfaces
to lander, intersection between primary and secondary strut, and footpad) are
calculated for each leg. The intersection point and the footpad coordinates, however,
require a slightly more difficult approach than simply rotating the coordinates based
on the transformation matrix. The reason for this is that they are calculated based on
the lengths of the struts, i.e. a technique similar to the operation of geopositioning
satellites has to be utilised. The coordinates of the interfaces to the lander are set as
anchor points with their known distance to the intersection between the struts as
has already been explained graphically in section 2.3.2. As there are rounding errors
and inaccuracies in the exact lengths of the struts and coordinates of the anchors,
there might not be one exact intersection that can be calculated analytically.

However, by searching for local minima of a cost function f.,s; based on a first
guess of a point P, it is possible to calculate the position of the intersection between
the struts iteratively. The cost function serves as a geometrical constraint function
making sure only geometrically possible solutions are found. In the present case, the
difference between the distance of a guessed position to the interfaces and the actual
distance, based on the strut lengths, shall be minimized. To increase the accuracy,
this difference is then squared and summed up for each of the interfaces. By varying
the guess of P and iterating, a solution for a minimum of f.,s can be found.

j 02 (denotes element wise squaring)
IF1 — 7

feost(P) =Y | |IF2P|—r, (3.1)
=L\ \TF3B| —ry

Even for inaccurate measurements, this method finds the coordinates of P for a
local minimum, which is where the interface position IFpg ss should be, provided
the guess is close enough to the actual coordinates. Naturally, the calculation has to
be repeated for each leg individually.

For the implementation into the script, optimisation techniques like the Nelder-Mead
method have to be used. The fminsearch-function in MATLAB (a multidimensional
unconstrained non-linear minimisation) can be applied for this purpose. By provid-
ing a guess and minimising the distance to the exact intersection through multiple
iterations of the cost function 3.1, it is possible to get a result for the intersection.
Figure 3.3 shows an representative example of the convergence of the fminsearch-
function for the computation of the intersection coordinates. As can be seen, the
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function converges very quickly early on and ends up at a function value of approxi-
mately le-10 after 77 iterations. Using vector addition afterwards, it is possible to
calculate the footpad coordinates.

0.04 Current Function Value: 1.16169e-10
. T T T

0.035 B

LRy

T

0.03 - b
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Fig. 3.3.: Exemplary convergence of the fminsearch-function

Once all of these initial points have been calculated, the initial ground plane is
calculated from the footpad positions of the first three legs (each additional foot is
assumed to also be on this plane). After calculating the distance between lander
and ground plane, the difference between this height and the desired final height is
divided into as many equal steps as defined during the input. The same is true for
the pitch and roll angles which are also split into equal parts between the initial and
the final (levelled) orientation. Based on the height and tilt angles of the lander for
each state, the corresponding transformation matrices are computed.

The state counter is increased by 1 and the pitch and roll angle as well as the height
above ground are adjusted based on the corresponding transformation matrix. The
coordinates for all leg points are then calculated again, however, this time around
it is necessary to use a slightly more advanced approach. As the position of IF1
for each of the legs has to be adapted to meet the boundary conditions set by the
ground plane and the lander body position, additional iterations have to be made.
Figure 3.4 shows the corresponding section encompassed by the red dashed line in
more detail which was shown in a simplified version in figure 3.2. If in the first check
of the state the answer whether the current state is state O is No, the coordinates for
interfaces 2 and 3 are calculated as before by simply using the transformation matrix
for the corresponding state. The vertical position of IF1 on the lander is then adapted
slightly in order to change the geometry of the leg. Afterwards, the intersection and

3.3 Processing
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the footpad coordinates are calculated as before using the positioning technique
and the fminsearch-function. However, in every state other than state 0, the ground
plane is set and can not be changed. Because of this, the footpad coordinates of
this first iteration will most likely not correspond with a point on the ground plane.
If the distance between the footpad and the ground exceeds 0.1 mm, the vertical
position of IF1 is adapted again and a new coordinate calculation is made. Once the
difference is smaller than a tenth of a millimetre, the coordinates are kept and the
next leg is calculated until all legs are done. This way, it is possible to guarantee all
legs stand solidly on the ground for each lander state and the position of all primary
interfaces is correct for the orientation and height of the lander at each state. By
calculating a large number of points it is possible to make the changes of angle and
height arbitrarily small and therefore calculate the speed at which each of the legs
interfaces have to move.

state = 0?

Yes Calculate global coordinates
of leg interfaces 2 and 3 for
leg n
Calculate global g
coordinates of leg
interfaces for leg n
Adapt the vertical
(. ition of IF1 slightl
Calculate global coordinates posttion o SHENTY A=l
of primary to secondary strut ¢ B
interface for leg n by utilizing A
multiple iterations of an Calculate global coordinates
optimisation loop with a of primary to secondary strut
geometric constraint function interface for leg n by utilizing|
\- multiple iterations of an

optimisation loop with a
geometric constraint function,

Calculate global footpad
coordinates for leg n

Calculate global footpad
coordlnates for leg n

Calculate distance
between footpad and

ground plane

No
Yes distance < 0.1 mm?

n = leg count ? No

Y

N e e o e e Ee E o e e Ee E EE e EE EE EE N e EE EE EE O e Ee E Em o Ee mm mm

Fig. 3.4.: More detailed flowchart of the calculation of the interface coordinates of the
lander
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3.3.3

3.4

Force computation

The force computation is done using the direct stiffness method as explained in
section 2.4.3.2. After calculating the coordinates of the centre of gravity for the
current state, the nodes and struts of the lander are generated automatically based
on the coordinates from the geometry calculation. For each strut, a local stiffness
matrix k;. is defined including the geometric and material properties of each strut.
The local stiffness matrices are then rotated into the global-coordinate-system using
the known orientation of each strut. After defining the global stiffness relation
S = KU, the parts of this relation can be filled with values. The global system
stiffness matrix K is filled with the values of the global strut stiffness matrices kg0,
of the single struts, while the boundary conditions and external forces are inserted
into the U and S vectors, respectively. After temporarily removing the rows and
columns from S and K that correspond to a O in the U vector and solving the
reduced system, the calculated displacements are then inserted into the U vector. At
this point, the system stiffness relation can be solved for the forces in the system.
This operation is repeated for each state of the lander until the static forces for all
the lander orientations are known.

Output of calculation results

After processing the inputs, the output of the calculation results is saved in multiple
different ways. First, the MATLAB workspace is saved with all variables as a .mat-
file for later use if needed. Additionally, some values are saved in an MS Excel
spreadsheet to get a quick overview of the most important results of the calculation
without needing to look through all of the generated data. This output spreadsheet
looks very similar to the input spreadsheet with the difference of the mechanical
properties of the struts section being replaced with some results of the calculation.
First, there is the movement distance of IF1. Here, the distance each of the primary
interfaces has to travel up or down is listed. It is possible to deduct the length of the
linear actuator needed for movement from this. Below that, the maximum calculated
forces on the footpads during levelling and alignment are split into normal force
on the ground and downbhill force in the direction of the ground slope (negative
values here mean the force pushes more in the uphill direction which is only possible
as the translational movement direction is locked for the lander, while it would
most likely settle by sliding a bit downhill in reality). Additionally, the absolute
friction on the ground disregarding direction is listed here as well. Going down

3.4 Output of calculation results
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further, the maximum forces on the primary interface for each of the landing legs are
listed in the body-coordinate-system (for explanation of this coordinate-system see
section 2.2.2.1). These values may be used to choose an actuator as these maximum
values are the forces the actuator has to overcome during levelling and alignment. It
should be noted that it is assumed that only the force in the z-direction is transferred
onto the actuator while any sideways force is transferred onto an additional guide
rail. Figure 3.5 shows exemplary results for the input parameters from figure 3.1.

Date Time
03.05.2023 11:23:05

Lander Geometry, Mass, and Orientation Strut Lengths [m]
Radius of Lander [m] 2.500 Roll [°] 0.0 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of Lander [m] 3.000 Pitch [°] 5.0 IF1 - Primary Strut 3.000 3.000 3.000 3.000
Mass of Lander [kg] 5000 IF2 - Secondary Strut (left) 2.000 2.000 2.000 2.000
. ground angle [°] 5.0
Number of landing legs 4 IF3 - Secondary Strut (right) 2.000 2.000 2.000 2.000
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment ‘ 2.383 [ 2.383 [ 2.383 ‘ 2.383 [ [
x y z Primary Strut - lower Segment | 0.617 | 0.617 | 0617 | 0617 | |
IF1 - Primary Strut 2.500 0.000 1.000
IF2 - Secondary Strut (left) |  2.165 -1.250 0.000 [ Movement of IF1 [m] |
IF3 - Secondary Strut (right) | 2.165 1.250 0.000 [ o072 | 1104 | 1492 | 1104 | [ |
Center of Gravity l 0.000 0.000 1.500 i absolute Forces on Footpads [N]
Calculation Parameters Normal Force on Ground 2417 2029 2031 2029
# of calculation steps 5 Downhill Force on Ground 1856 159 -1375 158
Ground Clearance [m] 0.250 Absolute Friction on Ground 1856 1654 1375 1654
Mechanical Properties of Struts (for reference) maximum absolute Forces on IF1 (in body coordinate-system) [N]
Structure PS SS X -1083 22 1037 22
E [N/mm?] 210,000 210,000 210,000 y 0 -1110 0 1110
v 0.3 0.3 0.3 z 1874 1849 1814 1849
G [N/mm?] 80,769 80,769 80,769
Rube [mm] 150 150 150
trupe [MM] 50.0 50.0 50.0
A[mm?] 39,270 39,270 39,270
I1 [mm?*] | 638,136,008 | 638,136,008 | 638,136,008
122 [mm*] 319,068,004 | 319,068,004 | 319,068,004
I3 [mm?®] | 319,068,004 | 319,068,004 | 319,068,004
kaxis [MN/m] 8.25 8.25 8.25

Fig. 3.5.: Example of an MS Excel output spreadsheet for the MATLAB calculation

The output figures are a visual representation of the lander geometry in each
calculation step (state), multiple of which can be seen in figure 2.7. Here, the user
is able to check the state of travel of the lander during alignment and levelling.
Parameters like ground interference (which theoretically should be impossible due
to how the program is written) or whether the movement of IF1 goes beyond the
height limits of the lander are the ones to look out for in these figures. Other than
that they can be used to illustrate the movement.

Additionally, multiple force diagrams are generated. These include the forces on
each of the footpads in normal and downhill direction as well as the total friction
on the footpads and the forces acting on IF1, all of which are automatically saved
alongside the MS Excel spreadsheets. The most interesting of these are by far the
forces on IF1 as these dictate the design of the movement mechanism. Examples of
these diagrams can be found in figure 4.3 and 4.5.
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3.5 Validation of force computation

3.5.1

It is necessary to validate the results obtained through the direct stiffness method to
make sure the results are correct within a small error margin. This is done by com-
paring the results achieved by the direct stiffness method in MATLAB with the results
from an FEA program. Patran and MSC Nastran were utilised as pre/post-processor
and solver, respectively [28]. The struts were implemented as one-dimensional beam
elements, allowing for bending. Comparisons were made for multiple different slope
angles up to 15° for the lander parameters as shown in figure 3.1 in section 3.2.
The results for 0° and 15° pitch will be used as representative examples, however,
multiple in-between values as well as roll angles, and combinations of roll and pitch
have been tested as well. Above 15° no guarantee for accurate results can be given
based on this validation.

(a) level ground without slope (b) ground slope of 15°

Fig. 3.6.: Visual representation of lander in Patran

Validation - level ground

On a level ground, the largest difference between direct stiffness method (DSM) and
the Patran/Nastran analysis has a magnitude of 8.1 N. This corresponds to a relative
difference of approximately 1.2%, well inside the acceptable relative deviation. Most
of the values are even exactly the same or differ only by about 0.1 N.

A visual representation of the lander in Patran can be seen in figure 3.6a and the full
result comparison in table 3.1.

3.5 Validation of force computation
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Tab. 3.1.: Comparison of results for force on the footpads in the inertial body-coordinate-
system on a level ground without slope

0° pitch / 0° roll leg 1 leg 2 leg 3 leg 4
DSM -656.3 N OON 656.3 N O.0ON
Patran/Nastran -648.2 N O0.0N 648.2 N OON
X
] abs. -8.1N 0.0N 81N 0.0N
difference
rel. 1.2% N/A 1.2% N/A
DSM OOON -656.3N 0.0N 656.3 N
Patran/Nastran OOON -648.2N OO0ON 648.2 N
y
abs. 0O.0N -8.1 0.0N 81N
difference
rel. N/A 1.2% N/A 1.2%
DSM 2031.2N 2031.2N 2031.3 N 2031.3N
Patran/Nastran 2031.3 N 2031.3N 2031.3 N 2031.3N
z
) abs. -0.1N -0.1N 0.0N 0.0N
difference
rel. 0.0% 0.0% 0.0% 0.0%

3.5.2 Validation - 15° ground slope

On a ground with a slope of 15° in the direction of leg 1, the largest difference
between DSM and the Patran/Nastran analysis has a magnitude of 17.4 N. It should
be noted that in this case this corresponds to a relative difference of 41%, but the
absolute difference is small enough to disregard this. Especially since the leg in this
case is the one with the smallest load overall. Additionally, all other results differ
only by a maximum of approximately 10 N or about 2%.

A visual representation of the lander in Patran can be seen in figure 3.6b and the
full result comparison in table 3.2.
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Tab. 3.2.: Comparison of results for force on the footpads in the inertial body-coordinate-
system for a ground slope of 15° in the direction of leg 1

15° pitch / 0° roll leg 1 leg 2 leg 3 leg 4
DSM -1225.7N  -459.7N 42.0N -459.5N
Patran/Nastran -1227.6 N -4499 N 246 N -4499 N
X
abs. 19N -9.8N 17.4 N 96N
difference
rel. 0.2% 2.2% 41.4% 2.1%
DSM -0.3N -633.7N 00N 633.9 N
Patran/Nastran OOON -626.1N 0.0N 626.1 N
y
abs. -0.3N -7.6 N 0.0N 7.8 N
difference
rel. N/A 1.2% N/A 1.2%
DSM 3130.0N 1961.8 N 7941 N 1962.2 N
Patran/Nastran 31299 N 1962.0N 7942N 1962.0N
z
abs. 0.1N -0.2 N -0.1 N 0.2N
difference
rel. 0.0% 0.0% 0.0% 0.0%

3.5 Validation of force computation






4.1

Motion and Forces of an
Exemplary Lunar Lander

May the Force be with you!“

— George Lucas
American filmmaker

4Star Wars: Episode IV — A New Hope [Film], 1977, 1:40:50 - 1:40:55

To be able to determine expected loads and forces on the actuation system of the
Lunar lander, it is necessary to specify its associated hardware dimensions in a
first step. From these characteristics, it is possible to choose the necessary landing
configurations that have to be analysed. The results of this analysis are the forces on
the primary interfaces. These forces can then be used to choose components which
fulfil the force requirements based on the calculation.

Lunar lander characteristics and parameters

The characteristics and parameters of the lander used for the further calculation are
based on the size and mass limitations specified for the planned European Lunar
lander by the ESA [3], the information given in [29], and the CAD model provided
by the department for Landing and Exploration Technologies of the DLR Institute of
Space Systems, which can be seen in figure 4.1.

The lander features a total of four legs with primary struts at a length of a bit
under 2 m and secondary struts at a length of a bit under 1.5 m. Attachment of the
secondary strut is very close to the footpad with an Inverted Tripod design of the
legs. The mass of the lander is composed of 1600 kg structural mass and a payload
of 1500 kg totalling 3100 kg. The CoG is placed right in the centre of the octagonal
body of the lander, which features an outer diameter of 4.5 m and a height of 6 m.
This is largest possible size as defined by the ESA [3]. On a given ground slope, the
CoG is shifted further from the centre the higher it is situated in the lander body. As
the position of the CoG is assumed to be in the centre of the body by choosing the

47



48

Fig. 4.1.: Original CAD model of the lander provided by the DLR

largest possible body size, the calculation will result in the highest loads. Having a
CoG at a higher position than this would be unrealistic.

The minimal ground clearance is set to 0.25 m and the slope of the ground is to
approximately 15°.

Material properties of the structural struts are set to represent a stiff steel tube in
order to reduce effects of deformation and bending of the structure to which the legs
are attached. This is necessary as the support structure is only a placeholder which
connects the legs and the actual underlying structure that will be used is unknown
at this point in time. The stiffness of the legs is also set to be represented by a steel
tube. Even though CFRP (carbon fibre-reinforced plastic) is a far more likely choice
to be used in an actual lander, for this first step this assumption is accurate enough.
The material thickness is reduced, however, to allow for a bit more deformation
of the structure under load. Additionally, the axial stiffness of the legs is set to
represent the stiffness of the honeycomb crush elements for the primary strut and of
the bending rod for the secondary strut. Values for these stiffnesses were taken from
[14]. It should be noted that the material properties have a large influence onto the
calculation results and for future optimisation, it is absolutely necessary to tweak
these values carefully.

All important values are also listed in table 4.1. Figure 2.2 shows the dimensions of
the lander and can be found in section 2.2.1.

The last important factor to take a look at is the configuration that will be considered
for calculation. As we are dealing with a four legged lander, the most important
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Tab. 4.1.: Parameters of exemplary Lunar lander

Symbol Parameter Value
Dimensions
dy, Lander diameter 4.500 m
hr, Lander height 6.000 m
Ls Length of PS 1.925 m
Ls: Length of SS 1.440 m
Lgss
Ls1,seg1 Distance IF1 to SS attachment 1.875m
Ls1 seq2 Distance SS attachment to foot 0.050 m
hcoc Height of CoG 3.000 m
Masses
Mestruct Mass of structure 1600 kg
mpyr, Mass of payload 1500 kg
Mot Total mass on the Moon 3100 kg
Ground slope
Qgnd Ground slope angle 15°
Properties of struts Structure PS SS
Young’s modulus 210 GPa 70 GPa
v Poisson’s ratio 0.3 0.2
Rivpe Radius of tube 150 mm 60 mm 40 mm
Lube Wall thickness of tube 50 mm 5 mm 3 mm
Alternative axial Stiffness
kazis,Ps PS axial stiffness 1.91 MN/m
kazis,ss SS axial stiffness 0.35 MN/m

configurations are the 1-2-1 configuration and the 2-2 configuration (illustrated in
figure 2.9) which are the two extreme positions the lander can stand in. In the 1-2-1
configuration, one leg is positioned right in the direction of the ground slope with
two parallel legs behind that and the last leg positioned opposed to the first one. A
large share of the load is placed onto the downhill leg making this configuration the
one with the highest load on a single leg. The 2-2 configuration is turned 45° from
the 1-2-1 configuration, placing two parallel legs furthest down the slope and the
other two opposed to them in the uphill direction. This configuration leads to the
lowest load on a single leg, as the force is shared equally across the two downhill
legs. Any rotational position between these two configuration can be considered
as a combination of the two, i.e. when slowly turning from the 1-2-1 to the 2-2
configuration, the force on the downhill leg decreases as it is transitioned onto the
second downhill leg. The results for force and movement distance of the primary
strut interface will be used for the design of the kinematics in chapter 5.

4.1 Lunar lander characteristics and parameters
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4.2 1-2-1 configuration

In the 1-2-1 configuration, it is to be expected that the highest forces on a singular
leg occur as the lander is leaning in the exact direction of that leg. As the alignment
and levelling of the lander takes place, the force should slowly be shifted away from
this leg onto the others.

The octagonal lander starts in the fully leaning position and ends up aligned hori-
zontally and with the set clearance. Start and end state can be seen in figure 4.2.
The input variables for this configuration were already shown in table 4.1, while the
input spreadsheet can be found in the appendix in section A.1.1 in figure A.1.

Lander in State 0/10 7 Lander in State 10/10

/
+CoG

10 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5
x[m]

x[m]

(a) State O: directly after landing

5 4 3 2

(b) State 10: last state in this calculation

Fig. 4.2.: MATLAB figure of exemplary lander in 1-2-1 configuration

This configuration results in a needed movement of the primary strut on leg 1
(downhill) of -0.142 m and on leg 3 (uphill) of 0.917 m for a total needed travel
length of 1.059 m. The force maximum on IF1 in z-direction can be found on leg 1
in the first state right after landing with approximately 1304 N, just as expected. As
the lander slowly aligns and levels itself from state O to state 10, the force is shifted
from leg 1 onto the other 3 legs (see also figure 4.3). The force increase on leg 3 is
the biggest here.

Another interesting fact that can be seen in the diagrams of leg 2 and leg 4 is that
these legs are loaded equally during levelling. Even though the sign of the force
values in the direction of the y-axis is opposite to those of leg 4, the absolute values
are still equal (apart from small rounding errors). This confirms the assumption
made earlier in section 2.4.2.2 that legs on an equal height on the slope experience
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the same force. The complete output spreadsheet can be found in the appendix

section A.1.1 in figure A.2.

Forces on IF1 -leg 1
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Fig. 4.3.: Force on IF1 in the 1-2-1 configuration

4.2 1-2-1 configuration
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4.3 2-2 configuration

The 2-2 configuration features two pairs of similarly loaded legs. As the majority of
the load is shared between two legs in this configuration, it is to be expected that
the loads are smaller than in the 1-2-1 configuration. In fact, for a given lean angle
these loads should be the smallest they become.

Start and end state of the alignment process can be seen in figure 4.4. The input
variables are the same as in the 1-2-1 configuration only with a changed direction
of the ground slope. The full input spreadsheet can be found in the appendix in
section A.1.2 in figure A.3.

Lander in State 0/10 Lander in State 10/10

3 T 3

. - . . -
5 4 3 2 1 0 4 2 3 4 55 4 3 2 410 1 2 3 4 5 5 4 3 2 1 0 41 2 -3 4 55 4 3 2 1.0 1 2 3 4 5
y[m] x[m] m| x [m]

y[m)

(a) State O: directly after landing (b) State 10: last state in this calculation

Fig. 4.4.: MATLAB figure of exemplary lander in 2-2 configuration

The resulting needed travel length of 0.719 m is the sum of IF1 of legs 1 and 4
moving 0.095 m downwards and of legs 2 and 3 moving 0.624 m upwards. The
maximal force on IF1 can be found on legs 1 and 4 in the state right after landing,
just as in the 1-2-1 configuration. The magnitude of the force is lower, however,
with a maximum of 1151 N of force in the vertical lander direction. The absolute
forces on legs 1 and 4 as well as legs 2 and 3 are the same, just as expected. Again,
the force is slowly shifted onto the uphill legs as the lander aligns and levels itself
(see also figure 4.5). The complete output spreadsheet can be found in the appendix
section A.1.2 in figure A.4.

One point to note here is that the difference between the expected force maximum
for the 1-2-1 and the 2-2 configuration is only 153 N (1304 N to 1151 N) or around
13%.
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Forces on IF1 -leg 1

1500 ;
body axes
y
Z 500 —z
)
o
LE 0
BOOL e T
-1000 : : ' : ' : ' ‘ : )
01 2 3 4 5 6 7 8 9 10

State
Forces on IF1 -leg 2

1000 T T T - :
body axes
500 § =X |-
y
Z 0¢ > 5 ez
[0
o
S -500f
-1000
1500
01 2 3 4 5 6 7 8 9 10
State
Forces on IF1 -leg 3
1000 T T T T 7 //6///3;/0 =
_ body axes
g —o—x
y
Zz ——z
[0
o
o
[T
0 1 1 I t I 4 1 7} 1 I
o 1 2 3 4 5 6 7 8 9 10
State
Forces on IF1 - leg 4
1000 - body axes
M ——X
. 800+ y
Z —e—Z
g 600 [
e}
L 400t
200 -
0 I G G R G G W W S |
01 2 3 4 5 6 7 8 9 10

State

Fig. 4.5.: Force on IF1 in the 2-2 configuration

4.3 2-2 configuration
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Key design drivers

The results from the two configurations show that the force exerted in the vertical
direction on IF1 has a similar magnitude regardless of which way the lander is facing.
This might not hold true for other landing leg configurations, be it other lengths of
the struts or using a Cantilever setup instead of an Inverted Tripod.

For the design of the mechanism in section 5, it is absolutely necessary to have fixed
value ranges for the drive length and the force on the mechanism. Both, the largest
drive length range and the highest force were calculated for the 1-2-1 configuration.
The length of drivable distance of the linear actuator has to be at least 1.059 m. In
order to allow for a minimum distance to the end stop of the linear drive, be able to
offset the length change of the struts due to crushing (which was left out for this
calculation), or even increase the drivable length slightly in order to account for the
ruggedness of the Lunar terrain, this length should be increased. A minimal length
of 1.4 m was chosen to allow for 17 ¢cm of space to the end stop in the lowest and
highest calculated position. This way, around 75% of the length are used according
to the calculation of the 1-2-1 configuration in section 4.2.

As it is reasonable to assume that the specification for the lander might change dur-
ing design as launchers get more powerful or e.g. margins on residual propellants
are reduced, i.e. payload masses could increase, the force values used for the design
should be adapted. A possible mass increase of approximately 30% will be assumed,
bringing the mass of the lander to 4000 kg. The force exerted on IF1 increases
likewise to 1682 N.

Additionally, in compliance with the European Cooperation for Space Standardization
(ECSS), there are factors of safety (FOS) that have to be applied to force results. The
space engineering standard for Mechanisms ECSS-E-ST-33-01C-Rev.2(1March2019)
lists the FOS for buckling in section 4.7.5.2.6 b for standard metallic materials as
2.0 [30]. Other FOS come from the space engineering standard for Structural factors
of safety for spaceflight hardware ECSS-E-ST-32-10C-Rev.2(15May2019) from table
4.3 in section 4.3.2.1, where the higher values for metallic where chosen due to the
early development stage. They are listed here as 1.25 for yield stress and 2.00 for
ultimate stress [31]. Table 4.2 lists the used FOS.

Tab. 4.2.: Factors of safety from ECSS standards

Type FOS Reference
yield stress 1.25  ECSS-E-ST-32-10C-Rev.2(15May2019) [31]
ultimate stress 2.00 ECSS-E-ST-32-10C-Rev.2(15May2019) [31]
buckling 2.00 ECSS-E-ST-33-01C-Rev.2(1March2019) [30]
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Additionally, even though the forces on the lander are assumed to be quasi-static
once it sits safely on the ground and the main force path during touchdown is
planned to be decoupled from the movement mechanism, it is advisable to imple-
ment at least a small factor of safety regarding the dynamic part of touchdown. A
peak load of 2.00 times the calculated static load will be assumed here.

Sideways forces are highest in the load case of an even ground without slope with a
maximum of 1635 N (without safety) in radial direction to the lander body. These
sideways forces shall be absorbed by a linear guide rail an not by the movement
mechanism (more on the guide rail will follow in section 5.3.3).

Table 4.3 summarises the key design drivers discussed in this section. The largest
values (6728 N vertical and 6540 N horizontal) in the table are the ones which have
to be considered when sizing the components later. The vertical force has to be
absorbed by the movement-mechanism, while the horizontal force in radial direction
to the lander body has to be absorbed by some form of guide rail.

Tab. 4.3.: Summary of design driving forces on IF1

. . force force force
direction stress type FOS . FOSgyn .
w/o FOS with FOS with FOS 4y,
. yield 1.25 2102.5N 4205 N
vertical 1 0eo N ultimate  2.00 2.00
(axial) _ ' 3364 N ' 6728 N
buckling  2.00
hori 1 iel 1.2 2 .75 N SN
orlz(?nta 1635 N y.1e d 5 2043.75 9.00 4087.5
(radial) ultimate 2.00 3270 N 6540 N

4.4 Key design drivers
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5.1

Construction and Design

We cannot direct the wind, but we can adjust the
sails.

— proverb
(exact origin unknown)

As already mentioned in the introduction to this thesis, most landers, at least those
designed for landing on celestial bodies with a large mass and therefore gravitational
acceleration, use a form of passive shock absorbent like a honeycomb crush cartridge
or other dampening mechanisms. Examples for these soft landing vehicles include
Lunar landers like the Surveyor spacecraft [4] or the Lunar Modules from the Apollo
program [15], Martian landers like Viking [16], as well as spacecraft designed for
other planets or moons in the solar system, or even ESA's Rosetta mission with its
lander Philae which targeted the comet 67P/Churyumov-Gerasimenko [4].

Once landed, however, most of them do not have the ability to align or level
themselves in any way, shape, or form. If, for example, the slope at the landing
site is very steep, this might lead to problems regarding the payload. It might be
some form of sensitive observatory that has to be aligned horizontally to function
properly, or the lander might include an ascent stage that can not launch at too
steep of an angle. In order to be able to adapt to these outer influences that can
not br influenced directly, the geometry of the lander has to be adjusted to adapt to
the environment. To allow landers to do exactly that, some form of mechanism is
needed, which moves the legs in some way and by that reorients the lander after
touchdown.

First, it is necessary to formulate requirements, which have to be fulfilled by the
mechanism which will be designed after a type of movement mechanism that has
been chosen from the many possible candidates.

Requirements for the movement mechanism

There are a few requirements that have to be fulfilled by the movement mechanism
that shall be designed. The main categories here are the complexity of the system
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(i.e.: How many parts is the mechanism comprised of? Are there multiple moving
parts? Is lubrication needed? Does it need additional sub-mechanisms to function
correctly like a locking mechanism to prevent back-driving?), suitability to the
expected environment (i.e.: Are there possible problems due to exposure to the
vacuum of space, or the thermal environment on the Lunar surface, or during
transit?), the efficiency (i.e.: Is there a large amount of friction to overcome? How
efficiently can the input torque be transferred? How much torque is needed? How
large is the power requirement?), as well as supportable load, accuracy, cycle life,
and movement speed.

It should be noted that no sideward forces or impact shocks are expected to be
absorbed by the driving mechanism as additional guide rails and frangible bolts will
be used for this purpose. Additionally, not all these requirements are to be weighted
equally. As the expected loads are comparably low (especially because of the Lunar
gravity), most mechanisms have a high enough inherent accuracy, only one time
movement is needed and a fast movement speed is not critical, there is basically
no mechanism type not capable to fulfil the requirements. A high efficiency is not
as important as the mechanism consisting of few moving parts and not needing an
additional locking mechanism or brake. Every additional part and sub-mechanism
increases the risk of system failure exponentially as each additional part could
theoretically fail, which is especially problematic when using it on another celestial
body like the Moon. At the same time, a worse efficiency might make the system
slightly heavier and require slightly more power, however, it can not lead to a critical
system failure making this factor inherently not as important.

With all of that in mind, the requirements can be formulated (note that some are
only qualitative requirements and are not quantified yet).

Requirements
1. The mechanism shall consist of few moving parts.
2. The mechanism shall not be susceptible to jamming.

3. The mechanism should be self-locking, without relying on additional sub-
mechanisms or actuators other than the drive motor itself.

4. The mechanism should not rely on lubrication to execute its function.

5. The mechanism shall be be able to withstand the harsh environment on the
Lunar surface (vacuum, temperature, solar radiation, etc.).
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6. The mechanism shall support low friction to increase efficiency and decrease
power consumption.

7. The mechanism shall be able to withstand the loads it is exposed to and which
have been calculated in chapter 4.

8. The mechanism shall have a positioning accuracy of less than 1 mm.

9. The mechanism shall have a cycle life of at least 10 drive cycles to accommo-
date for qualification.

10. The mechanism shall be able to level the lander in less than 6 hours.

5.2 Linear movement

Possible approaches to achieve the requirements have already shortly been men-
tioned in the introduction of this thesis. They include i) questionable active systems,
ii) changing the length of the legs after touchdown by including some form of
mechanism inside of them, and iii) moving the interface of each primary strut to
change the geometry of the lander. This thesis focuses on moving the primary strut
interface in a translational way up and down the lander body.

There is a number of possible approaches to move the interface of the primary strut
on a straight line up and down the side of the lander, each with its own advantages
and disadvantages. Aside from hydraulic solutions which always come with the risk
of leakage (especially in the vacuum of space [5][32]), electromechanical solutions
using electric motors are conceivable. Probably the most widely recognised possible
mechanisms include:

* Electromagnetic drive
* Belt drive/Chain drive
* Pinion gear and rack
* Worm drive

* Lead screw

* Ball screw

* Planetary roller screw
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Lead screws, unlike any of the other listed candidates, offer self locking capabilities,
depending on the lead angle, which makes them seem like the obvious choice by
default as self-locking is absolutely required to reduce the power consumption of
the system. Without self-locking the system would be back-drivable, i.e. power
is needed constantly to hold the system in its current position. The other drives
would be out of the picture because of this, however, it is possible to combine a
back-drivable mechanism with one that locks it in place. By using springs to lock the
mechanism this setup is also fail-safe even if the power should be cut off because of
a failure. Additionally, lead screw mechanisms are usually less efficient than other
mechanisms because of their higher friction coefficient (e.g. the friction coefficient
of a lead screw is approximately one order of magnitude larger than that of a ball
screw) making them undesirable for the lander. [33]

Electromagnetic drives require magnetic tracks to function properly making them
relatively complex when compared to the other listed options. The coil would
have to be mounted on the moving part meaning additional power transfer to the
moving interface and the induced moving magnetic field could theoretically damage
sensitive equipment on board. Belt and chain drives have the disadvantage of
needing some slack in their mounting making them inaccurate in their positioning.
Additionally, over time, their length may increase due to the load and strain put
onto them decreasing their accuracy even further. Chain drives also have the added
disadvantage of needing lubrication. Pinion gear and rack basically fulfil the same
requirements as a lead screw with the disadvantage of providing less guidance in this
vertical setup as well as possibly having a looser fit and therefore decreasing accuracy.
They basically offer no advantages over lead screws for this particular use case but
add disadvantages. Using a worm drive (combined with a rack) would require the
motor to be mounted on the moving interface, just as with the electromagnetic
drive, which is less than ideal, without adding any real advantages. This leads to the
finding that out of the above list the only other viable alternatives to the lead screw
are the ball screw and the planetary roller screw.

Screw drive explanation and comparison
As explained, only screw drives are an actual conceivable option at this point. This

section will shortly explain the different types of screw drives and compares them
based on the requirements defined in section 5.1.

Lead screw Probably the most obvious and simple solution for linear movement is
the lead screw drive. Here, the screw features a standard trapezoidal or Acme thread
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with corresponding lead nut. By attaching the lead nut to the primary interface and
rotating the lead screw, which is attached to the lander, the nut, and therefore the
interface, can be moved up and down.

An additional main feature of this linear actuator is its self-locking capability. By
having a lead angle of the screw which is smaller than the friction angle, depending
on the friction coefficient between nut and screw material, the screw can not back-
drive on its own but stays in place under translational load. Generally speaking, for
most technical cases with metallic materials, this means the screw lead angle has to
be smaller than 5°. Another advantage of small lead angles is a higher translational
accuracy as each rotation of the screw leads to a smaller translational movement
than with a higher lead angle.

Lead screws are cheap and do not require any maintenance as they generally use
bronze nuts and are therefore self lubricating. As they do not have any moving parts
except for the nut, they are also suited for harsh environments. They are, however,
not as efficient as ball or roller screws as they have a higher friction, meaning they
are also not suited for very high cycle lives. Additionally, lead screws can only be
used in low to medium load applications.

Ball screw One alternative to the lead screw is the ball screw which features
recirculating balls that roll around a special thread. It is comparable to a ball
bearing, however, the balls are arranged in a helical shape as they roll around the
thread. An example for such a screw can be seen in figure 5.1a. The main advantages
of ball screws over lead screws include their higher efficiency due to lower friction,
higher force/load tolerance with a longer life, and higher accuracy. At the same
time, they have the disadvantage of being able to be back-driven as they are not
self-locking, meaning an additional break or locking mechanism has to be installed.
Especially in the vertical configuration, this actuator is intended to be used in. They
also need lubrication and are more expensive.

Planetary roller screw Another possible alternative to lead and ball screws is the
planetary roller screw. Here, the nut is made up of multiple small rollers that have
threads themselves and revolve around the central thread as the nut is moved. The
internal working of such a screw can be seen in the cutaway image in figure 5.1b.
Planetary roller screws offer even greater load capabilities than ball screws, i.e.
they can withstand higher forces as they have a significantly increased contact area.
Additionally, they have a greater impact tolerance and a significantly increased cycle
life. They are, however, more expensive than both, lead and ball screws.

5.2 Linear movement
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(a) Cutaway drawing of a ball screw (courtesy of (b) Cutaway drawing of a roller screw (courtesy
THK LM SYSTEM Pte. Ltd.) of Tolomatic, Inc.)

Fig. 5.1.: Cutaway examples of a ball screw and a planetary roller screw

Comparison of screw drives

In order to select one of the three possible actuators as the best suited option for
the task at hand, they have to be compared. Unfortunately, it is almost impossible
to quantitatively compare them regarding characteristics like weight, power con-
sumption, or cost, because there are too many factors affecting these characteristics.
Trying to do so regardless would only result in a comparison between a detailed
design of one mechanism and another detailed design of another one while failing
to compare the base mechanisms behind these detailed designs. Therefore, it is
necessary to make a qualitative comparison based on the requirements defined in
section 5.1. Table 5.1 shows this comparison of the drive types for each of the
requirements formulated earlier.

Tab. 5.1.: Comparison between lead screw, ball screw, and planetary roller screw: The
winner of each requirement is marked in green

requirement lead screw ball screw roller screw
1. number of moving parts few many many
2. susceptible to jamming no yes yes

3. self-locking yes no usually no
4. needs lubrication no yes yes

5. harsh environments yes yes yes

6. efficiency ~ 0.3 ~ 0.9 ~ 0.8
7. force low to medium  medium to high high

8. accuracy medium medium to high high

9. cycle life low medium high
10. speed slow to medium high high

Chapter 5 Construction and Design



5.3

The lead screw wins the comparison for the specific kinematic that is to be de-
signed in this thesis. Mainly in the first four requirements number of moving parts,
jamming-susceptibility, self-locking capability, and lubrication need it is a clear win
for the lead screw. The suitability for harsh environments is a tie between all three
options. The categories in which the lead screw falls behind the other two options
are arguably not as important as the ones in which it wins. Even though the lead
screw shows a lower efficiency and therefore higher power demand, it should be
noted that the expected number of cycles driven by this mechanism is only one, right
after initial touchdown. So even with a higher power demand, only one cycle has to
be driven which should not be a problem for the power supply. Also, the increased
torque needed because of the lower efficiency might increase motor weight slightly,
however, most likely it will be possible to counteract this effect by simply using a
higher gear ratio in the gearbox of the motor assembly. As the lander is not intended
to be reused, the cycle life also does not have to be high. For future missions or
different requirements of other landers this might be of greater concern. Speed is
also not important as we do not care about a high speed alignment but rather about
an accurate one. Here, the medium accuracy of a lead screw mechanism should
suffice as it is still usually in the sub-millimetre range. The final disadvantage of
the lead screw is the smaller load capacity when compared to ball and roller screws.
Even so, the mechanism only has to deal with Lunar gravity and the available lead
screws offer plenty load capability for the expected force.

For other requirements, this result might have looked very different. Considering
possible reusability for example would require the longevity of ball or roller screws
and implementing the mechanism into the primary strut, i.e. it would be exposed
to the landing shock, would require the impact tolerance of roller screws. For the
task at hand, however, the lead screw offers the best cost-benefit-ratio of the three
options. Based on this decision to go with the standard lead screw, a design can be
made.

Dimensioning and off-the-shelf component
selection

Before designing the geometry of the overall mechanism using CAD software, the
components have to be dimensioned mechanically. Minimal dimensions and perfor-
mance capabilities of components have to be defined or calculated. This includes
choosing possible components that work in combination with each other. It should be
noted that none of the selected or designed components are likely to be the optimal
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choice but rather serve as a preliminary design example of a possible combination
of components. The selection is made to get an understanding of the interactions
between the components and of the expected mass and other characteristics of the
proposed mechanism.

That being said, the components that have to be designed or can be selected as com-
mercially available off-the-shelf (COTS) components, according to the requirements,
are:

» Trapezoidal lead screw

* Bearings

* Linear guide rail

* Motor-gearhead assembly

* Other (e.g. screws, washers, etc.)

Trapezoidal lead screw

Most trapezoidal lead screws are made of steel, however, materials such as titanium
or aluminium are also available although they are not as common as they can not
be rolled in most cases and therefore have to be cut. As yield and ultimate strength
of the screw as well as the Young’s modulus depend on the choice of material, it
is important to compare the results for each material and make a choice based on
factors such as weight in the end.

Values for properties of commonly used materials, i.e. stainless steel (1.4301 &
1.4404), titanium Ti-6Al-4V (Grade 5), and aluminium 7075-T6, were taken from
material data sheets by the thyssenkrupp AG [34] and are listed in table 5.2.

Tab. 5.2.: Material properties of common metals

Young’s modulus yield strength ultimate strength

material

FE [MPa] oy [MPa] o, [MPa]
1.4301 & 1.4404 200,000 ~ 195 600
Ti-6Al-4V (Grade 5) 114,000 910 1000
EN AW 7075-T6 72,000 480 540

Yield and ultimate strength of the screw of course have to exceed the expected forces
including the safety factors already explained in section 4.4 and possible peak loads
due to dynamic forces during touchdown. The values used for the calculation were
explained in section 4.4.
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The root diameter of the screw needed to withstand the expected forces can be
calculated using equation 5.1 with the respective factors.

4'Aroo 4‘}77rmac'}7
d?“OOt = \/ ! = \/ 05 (51)

m w0

where:

droot = root diameter of lead screw [mm]
Aot = root area of lead screw [mmz2]
Fyaz = force maximum on screw [N]
FoS = factor of safety

Oyu = yield/ultimate strength of material [MPa]

Usually, the most critical failure mode for long slender parts that are compression
loaded is buckling. The needed root diameter to withstand buckling can be calculated
using equation 5.2. The column buckling end-condition factor f. will be set to 2
for one fixed and one pinned end as this configuration is best comparable with the

actual linear actuator.
4| Frpge - L2 - 64

f. 1 E (5.2)

droot =

where:

L = length of screw [mm]
E = Young’s modulus [MPa]
fe = column buckling end-condition factor (depending on bearing type)

The results for the minimum root diameter needed for each material and failure
mode are listed in table 5.3. It should be noted that the largest of the listed diameters
for each material is the one that has to be used for further consideration because
using a smaller diameter would lead to failure in that load case. As expected, the
critical failure mode with the largest needed root diameters is buckling.

Tab. 5.3.: Minimal root diameter needed to withstand failure mode for different materials

root diameter d,,,; [mm]

material

yield  ultimate  buckling
1.4301 & 1.4404 5.24 3.78 16.15
Ti-6Al-4V (Grade 5) 2.43 2.93 18.59
EN AW 7075-T6 3.34 3.98 20.85
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At this point it is very obvious that continuing with these results will lead to a very
large and heavy screw and therefore an overall heavy system. As the root diameter
needed to withstand the buckling requirement is between three and almost seven
times higher than those required to withstand yield and ultimate stress, the mass
would increase between nine- and 49-fold as the diameter is squared for the cross
sectional area calculation. Because of this, it is necessary to adapt the design and to
eliminate buckling altogether. By changing the upper attachment point such that it
only features a floating bearing instead of a fixed one, no buckling can occur as the
screw will only be exposed to tension. Figure 5.2 shows the power flow/load path
through the primary strut into the trapezoidal lead screw. Design a) has the fixed
bearing located on the top leading to the risk of buckling in the screw part that is
above IF1. In design b), where the fixed bearing is located at the bottom, the screw
is only exposed to tension. It is important to note that all lateral forces would be
transferred via a guide rail system onto the lander in order to remove all off-axis
loading from the screws. This planned guide rail system was left out in the figure
for clarity.

— fixed bearing

floating bearing —>

oy

buckling risk

tension load

e S

Fig. 5.2.: Load path diagram through primary strut and lead screw: red lines show the power
flow; planned linear guide rail left out for simplicity.

Because of the largely increased root diameter when using the left design, and as
there is a simple solution fixing this problem, the right design will be used for further
consideration and all buckling forces can be neglected. The low root diameters
would in this case, however, also mean that the screws would only feature outer
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diameters in the range of 4 mm to 6 mm. There are very few manufacturers that only
recently started offering trapezoidal lead screws with these small diameters and even
the norm classifying their dimensions (DIN 103/ISO 2904) only starts at an outer
diameter of 8 mm. Additionally, with smaller diameters also come problems like
being able to withstand launch loads, especially for these long unsupported lengths,
or integrability on Earth where the allowed load would be surpassed because of theh
igher gravity of the Earth. Especially for these long slender parts, this can quickly
become a problem when the higher gravity bends them, making the test setup more
elaborate and complicated. Furthermore, not only the screw but also the bearings
have to withstand the forces (more on the bearing selection in section 5.3.2) and
the drive shaft usually decreases in diameter at this point which is necessary to be
able to integrate the system. In order to cope with these problems, a minimal outer
screw diameter of 10 mm will be assumed. This does increase the mass of the screw
over the theoretically needed value, but allows for an easier design with fewer of
the aforementioned challenges. Furthermore, as the overall design does not change
drastically with different screw sizes, an adaptation of the size in later stages of an
actual project is still easily implementable.

A TR 10x2 screw features a core diameter of 6.89 mm, easily surpassing the needed
minimum root diameter for all materials as listed in table 5.3 (when neglecting
the buckling column). Because of this, the aluminium screw is easily the lightest
options because of its low density at a specific weight of approximately 0.177 kg/m.
However, even the steel variant only comes to about 0.503 kg/m which is still
very light when compared to the size of screws that would have been needed to
compensate buckling. This screw size also has a very small lead angle at only 4° 2’
ensuring self-locking of the screw as long as the friction angle between screw and
nut material is larger, which is the case for most if not all metal combinations.

Shaft bearings

As has been mentioned in the previous section, the bearing selection is not trivial as
they have to fit the size of the main shaft while being able to withstand the expected
loads. The bearing selection therefore also influences the shaft size.

The bearing selection was based on larger lead screw/bearing-combinations (di-
ameter of 18 mm and larger) from the company Thomson Industries, Inc. which
was chosen as it offers a wide variety of screws with extensive documentation,
characteristics, and parameters and these characteristics of the screws should not
vary much across the industry.

In combination with the bearings used for larger screws and based on the load
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of 6728 N (including safety), which was the result of the exemplary calculation
listed in table 4.3, smaller variants of the same bearings used by Thomson Indus-
tries, Inc. were selected. The axial angular contact ball bearing ZKLFA0640-2RS,
which features a 6900 N dynamic axial load rating [35], was chosen as the fixed
bearing on the bottom. For the floating bearing at the top, the deep groove ball
bearing W606-2RS1 [36] was selected based on its size and load carrying capability.
Exemplary depictions of the bearings can be seen in figure 5.3.

(a) Double row axial angular contact ball bear-
ing with flange: ZKLFA0640-2RS (courtesy of (b) Deep groove ball bearing: W606-2RS1 (cour-
Schaeffler Technologies AG & Co. KG) tesy of AB SKF)

Fig. 5.3.: Cutaway depictions of bearings

Linear guide rail

A linear-motion bearing is used to transfer the forces that are off-axis from the main
lead screw onto the body of the lander in order to minimise stress on the screw and
to provide a guide rail along which the primary interface may move. In order to
minimise the number of moving components, roller slides are out of question. A
plain bearing (more commonly known as a sliding contact bearing) shall be utilized.
The igus® GmbH offers a solution of W-shaped profile guides under the registered
trademark name drylin®. These guides consist of a double rail of round, hard-
anodised aluminium and can be combined with a guide carriage that can be fitted
with different liner materials in order to be suitable for a multitude of different
environments and requirements.

In order to be able to withstand the calculated force of 6540 N (including safety),
the relatively large WW-16-60-10 carriage has to be utilized, which features round
guide rails with a diameter of 16 mm at a distance of 60 mm and a length of
10 cm, weighing 0.71 kg [37]. The corresponding WS-16-60 guide rail weighs in at
1.96 kg/m [38]. Both components are depicted in figure 5.4.
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(a) drylin® W profile guide - assembled guide

carriage: WW-16-60-10 (courtesy of igus® (b) drylin® W profile guide - double rail: WS-16-
GmbH) 60 (courtesy of igus® GmbH)

Fig. 5.4.: Exemplary depictions of linear guide rail components

Electrical motor-gearhead combination

Many different combinations of electrical motors and gearheads are conceivable.
To get a first understanding of the approximate mass, the drive system adds to
the assembly a few assumptions have to be made to select one of the possible
candidates.

5.3.4.1. Required torque calculation

First, the torque needed to raise and lower the carrier nut on the TR 10x2 screw
has to be determined. This can be done using equations 5.3a and 5.3b to calculate
the torque needed to raise and lower the load, respectively. An assumption has to
be made for the coefficient of friction as the materials of screw and nut might still
change in the future. According to both, the space engineering handbook ECSS-E-
HB-32-23A(16April2010) (Threaded fasteners handbook) [39] and the US military
handbook MIL-HDBK-60: Threaded Fasteners - Tightening to Proper Tension [40], the
most common metal material combinations show friction coefficients between 0.07
and 0.28 without lubrication. A friction coefficient of 0.21 will be assumed which
approximately corresponds to an aluminium-aluminium material combination (table
C-2 from [39]).

F-d,,

T (l—i—Tr-u-dm-seca) (5.32)

rawe g Tdy —p-1-seca ’
F-dy (7 -p-dp-seca—1

Tiower = . 5.3b

lowe 2 (Tr-dm+p~l-seca> ( )

5.3 Dimensioning and off-the-shelf component selection



70

where:

T = torque [Nm]

F = load on the screw [N]

d,, = mean diameter [m] (here: d,, ~ 8.8 mm)
i1 = coefficient of friction

! = screw lead [m] (here: [ = 2 mm)

a = one half of thread angle [°] (here: o = 15°)

The resulting torque required is 2.18 Nm for raising and 1.06 Nm for lowering the
carrier at a load of 1682 N. According to the ECSS standard for Mechanisms ECSS-
E-ST-33-01C-Rev.2(1March2019), the minimum actuation torque 7},;, including
margins shall be derived using equation 5.4 [30].

Tnin = 2-(1.1-141.2-S+1.5-Hp+3-Fr+3-Hy+3-Ha+3-Hp)+1.25-Tp+T1, (5.4)

The resistive inertial torque applied to a mechanism subjected to acceleration in an
inertial frame of reference I can be neglected as the mechanism is not subjected to
any acceleration of this kind (e.g. a spinning spacecraft) during actuation. Likewise,
the factors for torque needed to overcome spring forces S, magnetic effects Hy,,
hysteresis effects (e.g. elasticity) Hy, and adhesion Hp can be neglected as there
are no springs in the mechanism that have to be compressed or tensioned, the work
environment is not magnetic, there are no elastic effects, nor is there adhesion that
has to be overcome.

The deliverable output torque 77, and the torque needed to overcome friction Fg
are the result of equations 5.3a and 5.3b. Here, the friction is directly included into
the resulting torque. To calculate the correct margin, however, it is necessary to
split this result into a frictionless torque that only represents the work needed to
raise or lower the interface and the friction itself. By setting 1 to 0, equation 5.3a
can be simplified to equation 5.5 and the result is the torque needed to move the
mechanism if there were no friction present (equation 5.3b can be neglected here as
it will always have the same value, although negative instead of positive, and only
the maximum possible torque is needed to calculate T,;,). This part is T}, and for
the present case equal to approximately 0.54 Nm.

F.l

T, = —
L 2.7

(5.5)

The maximum difference between this result and the results of equations 5.3a and
5.3b is the friction portion Fr, which in this case is approximately 1.64 Nm.
The H, fraction or also simply called the "other" factors in this case consist of
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friction in the bearings as well as friction due to the radial force fraction pushing
the whole mechanism against the linear guide rail. With the frictional torque of
the fixed double row axial angular contact ball bearing, selected in section 5.3.2,
readily available in the data sheet at 0.04 Nm, the frictional torque of the floating
deep groove ball bearing is estimated to approximately 0.02 Nm. Here, no easily
researchable data was available and an estimation of half the torque for one instead
of two rows of balls seems reasonable (especially since these values are so low they
do not have a big influence on the overall results). The frictional torque needed
to overcome the friction against the linear guide rail can be calculated using the
same equations 5.3a and 5.3b by replacing F' with the frictional force. This frictional
force is equal to the maximum radial force at 1635 N times the friction coefficient of
the plain bearing which, depending on material combination and other influence
factors, may fall anywhere between approximately 0.05 and 0.3. The worst case
scenario will be assumed here, i.e. the additional force that has to be lifted is equal to
approximately 490.5 N. This force is then inserted into equation 5.3a, as it increases
the force that has to be lifted, resulting in an additional needed torque of 0.64 Nm.
Overall, the other factor H,4 increases the torque by 0.7 Nm.

Lastly, there is the inertial resistance torque caused by initial acceleration of the
system 7. It can be calculated using following equation

Tp=I1¢6=1-& (5.6)
where:

I = principal moment of inertia [kg-m?]
¢ = angle/angular position [rad]
@ = angular velocity [rad/s]

The moment of inertia for the trapezoidal lead screw was estimated at 3.08 kg mm?
using CAD-software. For &, an angular velocity of approximately 12.6 rad/s, or
120 min!, will be assumed. This corresponds to a relatively high estimate judging
by a first look at possible motor-gearbox combinations, most of which are more in
the realm between 20 min™' and 90 min'!. The important factor here is the spin-up
time of the motor, which for most electrical motors is only a few milliseconds. For
this calculation, Tp is assumed at 5 ms. This results in a Tp of 7.7 mNm, which
could almost be neglected.

Multiplying all of these results by their respective safety factors and adding them up,
according to equation 5.4, yields a required minimal torque 7,,,;,, of approximately
14.58 Nm. Based on this value, a motor-gearhead combination can be selected.

5.3 Dimensioning and off-the-shelf component selection
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5.3.4.2. Component selection

Typical manufacturers for electrical motors and gearheads for space applications
are the companies maxon motor AG and Dr. Fritz Faulhaber GmbH & Co. KG. As
Faulhaber offers a more intuitive configurator, it was used for this calculation. A
multitude of possible combinations are conceivable, none of which seems to have a
clear advantage over the others. One of the lighter variants was chosen consisting
of the planetary gearhead 42GPT 196:1 with a 196:1 reduction and the for this
gearhead recommended DC motor 3863X048CR. Depictions of motor and gearhead
can be seen in figure 5.5. This setup weighs in at a total mass of 920 g (530 g for
the gearhead and 390 g for the motor). As the motor does not contain sensors nor
a controller, these components would add additional weight to the system which
will be estimated at 150 g, based on a few of the possible sensors and controllers
recommended by Faulhaber.

At the wanted output torque of approximately 15 Nm and with the present reduction
of 196:1, an input torque to the gearhead of 107.6 mNm is required which the
chosen motor offers at a nominal voltage of 28 V and a nominal current of 1.35 A,
i.e. approximately 37.8 W of power. At this power input and with a load of 15 Nm,
the motor outputs 2955.5 min™', i.e. the output speed of the gearhead lies at
15.08 min'!. 1 m of travel (a bit more than the expected travel of 0.917 m needed to
level the lander on a ground slope of 15° in the 1-2-1 configuration [see section 4.2])

of IF1 should therefore take around 33:09 min as one rotation moves the interface
by 2 mm. [41]-[43]

(a) DC-Micromotor: 3863X048CR (courtesy of Dr. (b) Planetary Gearhead: 42GPT 196:1 (courtesy
Fritz Faulhaber GmbH & Co. KG) of Dr. Fritz Faulhaber GmbH & Co. KG)

Fig. 5.5.: Depiction of electrical motor-gearhead combination
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5.3.5 Summary of off-the-shelf components

This subsection will give a quick summary of the specifications of the results of the
sizing and the COTS components selected, without further explanation, in order to
provide a simple and fast overview of the system characteristics. Most of them are
also available in a more sturdy, albeit heavier variant should the need for a more
performant design arise in the future.

Trapezoidal lead screw
* based on DIN 103/ISO 2904 for metric trapezoidal threads in the size TR 10x2
* outer diameter: 10 mm
* inner diameter: 6.89 mm
* lead: 2 mm
* lead angle: 4° 2’
* length: 1.4 m
* manufactured from EN AW 7075-T6 aluminium

* mass: approximately 0.25 kg

Bearings

» ZKLFA 0640-2RS double row axial angular contact ball bearing with flange
(fixed bearing at lower end of lead screw)

* S606-2RS deep groove ball bearing (floating bearing at upper end of lead
screw)

Linear guide rail
e plain bearing by igus®

* drylin® profile guide rail WS-16-60 made from aluminium (approximately
2.75 kg at a length of 1.4 m)

e drylin® carriage WW-16-60-10 (weighing in at 0.71 kg)
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Electrical motor-gearhead combination
* Faulhaber DC motor 3863X048CR with 42GPT 196:1 planetary gearhead
* total mass: 0.92 kg
* output torque: up to 15 Nm
* supply voltage: 28 V
* power usage: approximately 37.8 W
1

* rotational frequency: approximately 15 min

¢ levelling time: approximately 30 min (maximum at 15° initial angle in a 1-2-1

configuration)

Additional required off-the-shelf components
* motor sensor and controller
* coupling
e screws, washers, and nuts

* pin puller (see also section 5.4.2 for further explanation)

CAD design of custom components

The components that where discussed in section 5.3 were all, except for the trape-
zoidal lead screw, COTS components. Additional manufactured parts connecting
everything are, however, also needed. This includes the bearing brackets as well as
the so called carrier which connects the linear guide, trapezoidal lead nut, an IF1 of
each leg to one another. This carrier also provides a means of securing the interface
during initial touchdown without overloading the lead screw in the form of a pin
puller. All of these components have to be designed in CAD-software as they are not
COTS in the form they are needed here.

This section will introduce possible solutions for the needed parts, which can be
used to get a first estimate of their mass. All custom manufactured components are
assumed to be made from EN AW 7075-T6 aluminium. The design might have to be
improved or changed later on in the design process.
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Figure 5.6 shows the complete mechanism in a side view giving an idea of the scale
of the components. Overall length of everything is approximately 1.67 m.

) — e —

Fig. 5.6.: Overview of entire mechanism CAD model

Shaft ends of trapezoidal lead screw

Although the lead screw can generally be purchased as a commercially available
component, the special material selection and end configuration might mean, it has
to be custom manufactured. The shafts on either side have to be designed according
to the specifications of the bearings as well as applicable norms.

Figure 5.7 shows a short section of the trapezoidal lead screw with the entire shaft
on each end. The right side in the figure is the top end of the screw.

coupling shaft locknut thread fixed bearing trapezoidal lead screw  floating bearing
M6x0.5 shaft TR 10x2 shaft

(section)

Fig. 5.7.: CAD model of lead screw (short section) with shaft on either side

Carrier

As already mentioned, the carrier connects IF1 to the trapezoidal lead nut and
the linear guide. It is, in its current form, loosely based on the primary interface
of CALLISTO (a reusable demonstrator for a vertical take-off and vertical landing
(VTVL) rocket stage currently in development by DLR, CNES, and JAXA). The reason
for this is that the CAD data for this was readily available in the department this
thesis was written in. It is designed to secure the swivel head ball joint atop the
primary strut.

The lead nut, connecting the carrier to the lead screw, is designed as a separate part.

This simplifies integration immensely while also allowing for a relatively easy change

5.4 CAD design of custom components
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of the screw size during testing without needing to manufacture the complicated
carrier in many different variations. By simply swapping the nut, different sizes can
be tested.

The carrier is connected to the linear guide using four screws allowing for translation
of force in radial direction to the lander body.

At its lower end, the carrier features an extension with a hole in it. This hole is
intended to prevent the interface from moving during initial touchdown of the lander
via a metal bolt. Initially, the so called TiNi™Frangibolt® by the company EBAD
(Ensign-Bickford Aerospace & Defense) were intended to be used here. After talking
to engineers of EBAD, this idea was discarded as these bolts are only designed to
support tension loading but not sheer.

Instead, a bolt has to be designed, capable of withstanding the high shock during
touchdown and interlocking with the carrier in the aforementioned hole. This bolt
is then retracted into the lander using the largest TiNi™ Pin Puller EBAD has to offer,
called P1000. Unfortunately, it was not possible to get images of the P1000 as this
pin puller variant is custom made for the exact application for each customer and
currently under revision according to EBAD. Figure 5.8, however, shows an example
for the bolt attached to the slightly smaller P100 variant of the pin puller. This
design will have to be edited and improved later on to make it structurally feasible.
This depiction is only meant to explain the idea of this touchdown lock mechanism.

Fig. 5.8.: CAD Model of EBADs P100 TiNi™Pin Puller with cut-out showing the safety bolt

According to the data sheet, it is capable of activating under a side load of 6675 N
with a pull force of almost 4.5 kN, easily enough to overcome the static forces on
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the interface after touchdown. This will retract the bolt approximately 18.4 mm,
releasing the carrier to be moved by the lead screw once the landing is complete
and the touchdown shock has been diverted from the movement mechanism. [44]
With this design, the carrier comes to a mass of approximately 654 g and the nut
weighs in at 19 g.

Figure 5.9 shows the carrier, the linear guide carriage and rail, the lead nut, the lead
screw, and the dome of the primary strut.

linear guide rail
linear guide carriage
trapezoidal lead screw

trapezoidal lead nut

carrier

primary strut

Fig. 5.9.: CAD model of carrier connecting IF1, linear guide, and lead nut

Bearing brackets

Both, the upper and lower bearing need brackets to hold them in place. The upper
bearing also has to be able to move in its axis direction in order to compensate
for expansion and contraction of the lead screw. The lower bracket needs an
additional attachment to hold the motor-gearhead assembly which powers the
whole mechanism.

5.4.3.1. Upper bearing bracket
As mentioned, the upper bearing is designed as a floating bearing, capable of

movement in the axis direction. Figure 5.10 shows a cutaway of an example for a
bracket, capable of providing this exact property. The bearing is inserted into the

5.4 CAD design of custom components
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bracket from the top and restricted from too much movement by a locking plate. The
bearing is prohibited from moving in its plane while axial a small amount movement
is still possible.

upper bearing bracket

locking plate

floating bearing

trapezoidal lead screw

linear guide rail

Fig. 5.10.: Cutaway CAD model of upper bearing bracket with locking plate

As for all the parts, this is a preliminary design that most likely would have to be
adapted for a future version, however, a mass estimate is possible using this design.
The bracket itself has a mass of approximately 45 g plus an additional 3 g for the
locking plate.

5.4.3.2. Lower bearing bracket

The lower bearing bracket does not only have to house the fixed lower bearing
but also provide an attachment point for the motor-gearhead assembly. Of course,
attaching the motor at the top would also be an option. It was decided against this
because any thermal expansion has to be compensated at the floating bearing which
is located at the top end of the lead screw in this design. Attaching the motor at the
top would therefore require the coupling to be able to compensate for the possible
length change of the screw, increasing complexity.

Figure 5.11 shows the exemplary design of the lower bearing bracket. It has a mass
of approximately 132 g with this design.
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linear guide rail
trapezoidal lead screw
fixed bearing

lower bearing bracket
bearing locknut

coupling
planetary gearhead

motor-gearhead flange

DC motor

Fig. 5.11.: CAD model of lower bearing bracket including motor-gearhead assembly and
coupling

Mass estimate

With all COTS and custom components defined, a first estimate for the mass of the
entire system can be made. For this, all parts are assembled and attached to the
lander in the CAD program (which can be seen in figure 5.12) and the mass estimate
can be based on the masses in the CAD program and on the data sheets of the COTS
components.

Fig. 5.12.: Final CAD model of a lander with the new alignment and levelling kinematic

5.5 Mass estimate
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Included in this estimate besides all mentioned COTS and custom components are an
additional 250 g for screws and washers plus another 250 g for additional hardware
like covers and cables. Based on the space engineering technical memoranda
Engineering design model data exchange (CDF) ECSS-E-TM-10-25A(200ctober2010),
mass margins have to be applied for each part based on its technical maturity. Fully
developed items (COTS components) get a design margin of 5%, items that are
mainly COTS but have to be modified get a 10% margin, and new developments get
a 20% margin on their nominal mass [45].

Based on the data sheets, the CAD mass data, and the mass margins, it is possible
to calculate the masses of each of the parts. Figure 5.13 shows these masses in a
list sorted by part category. Aside from the nominal mass, minimum and maximum
estimates can be found here as well.

E > E
5 . .
% § § E Part Name Qua[f']tltv nl:::su[r:(agll Margin (m'r:s[ig] (m':::;s[skg] Comment Material
2% 5
Landing Leg 4 26.868 7% 25.037 28.700
\If & Levelling Kit ic (ALK) 1 6.717 7% 6.259 7.175
Carrier 1 0.672 20% 0.538 0.806 EN AW 7075-T6
Screws & Washers 1 0.250 20% 0.200 0.300 TBD
Additional Hardware 1 0.250 20% 0.200 0.040 | e.g. covers; cables various
Trapezoidal Lead Screw bl 1 0.269 10% 0.242 0.296
Trapezoidal Lead Screw 1 0.250 10% 0.225 0.275 | TR 10x2 - L = 1400 EN AW 7075-T6
Trapezoidal Lead Nut 1 0.019 10% 0.017 0.021 | TR 10x2 EN AW 7075-T6
Linear Guide Assembly 1 3.454 5% 3.281 3.627
Linear Guide Rail 1 2.744 5% 2.607 2.881 |igus® drylin® WS-16-60-1400 | Aluminium
Linear Guide Carriage 1 0.710 5% 0.675 0.746 | igus® drylin® WW-16-60-10 various
Electric Drive bl 1 1.150 7% 1.070 1.230
Motor 1 0.390 5% 0.371 0.410 | Faulhaber 3863X048CR various
Planetary Gearhead 1 0.530 5% 0.504 0.557 | Faulhaber 42GPT 196:1 various
Flange 1 0.040 5% 0.038 0.042 steel
Coupling 1 0.040 5% 0.038 0.042 various
Motor Sensors and Controller 1 0.150 20% 0.120 0.180 | most likely own development | various
Bearings and Brackets 1 0.280 15% 0.238 0.322
Lower Bracket 1 0.132 20% 0.106 0.158 EN AW 7075-T6
Fixed Bearing 1 0.080 5% 0.076 0.084 | ZKLFA 0640-2RS steel
Lower Bearing Locknut 1 0.008 5% 0.008 0.009 | ZM06 steel
Upper Bracket 1 0.049 20% 0.039 0.059 EN AW 7075-T6
Upper Bearing Locking Plate 1 0.004 20% 0.003 0.005 EN AW 7075-T6
Floating Bearing 1 0.007 5% 0.007 0.007 | S606-2RS steel
Touchdown Locking Mechanism 1 0.522 6% 0.490 0.554
Pin Puller 1 0.482 5% 0.458 0.506 | EBAD TiNi™Pin Puller various
Locking Bolt 1 0.040 20% 0.032 0.048 | for locking during touchdown | steel

Fig. 5.13.: Mass budget of the proposed mechanism including margins

With the current design, the nominal mass per mechanism measures approximately
6.72 kg for a total of 26.87 kg in a system with four legs. For the 4000 kg lander
this alignment and levelling kinematic was designed for, this is less than 0.7 % of
the entire system mass including payload. Even in the case of a massive increase of
the kinematics mass in later design stages by 50% (from 6.72 kg up to 10 kg per
unit or 40 kg for all four legs), it would still only account for 1% of the total mass of
the lander.
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In this mass fraction, the linear guide rail is by far the heaviest component of the
current design making up almost 41% of the overall kinematics mass. Together with
the guide carriage, this part of the design makes up more than half of the entire
mass. Judging by the fact that these are unmodified COTS components, it will most
likely be possible to design lighter custom components tailored specifically to the
requirements of the system.

Power estimate

Based on the characteristics of the motor-gearhead assembly and the pin puller, it is
possible to get a first estimate of the power the alignment and levelling kinematic
would need to operate.

First, the motor power consumption is calculated based on the motor characteristics,
the lead screw characteristics, and the travel distance of IF1 calculated earlier. The
motor operates at a supply voltage of 28 V with a load current of 1.35 A, or 37.8 W
of power with an output speed 15.08 revolutions per minute. The trapezoidal lead
screw has a pitch of 2 mm, leading to a travel distance of 30.16 mm/min. For the
total maximum needed travel distance in this configuration of 0.917 m, the motor
has to operate for approximately 30 minutes and 25 seconds or 0.507 hours, leading
to a total power consumption of 19.15 Wh per leg or 76.6 Wh for all four legs.

For the pin puller, it was not possible to find a supply voltage or power rating,
however, the selected P1000 from EBAD has a function time of 75 ms at a current
of 4 A. At this short operating time, the power consumption is negligibly small
especially considering the smaller variants of the pin puller operate with a supply
voltage of 2 V to 5 V. It will therefore be assumed that the activation of the pin
pullers will not overload the system and consume a negligibly small amount of
power that does not have to be considered for the overall power consumption.
Referring to ECSS-E-TM-10-25A(200ctober2010) again for a power margin and
considering all of the electrical components here are COTS components, a margin
of 5% has to be included [45]. This results in an overall power consumption of
80.45 Wh with a peak load of approximately 151.2 W for all four legs combined.
Most likely, the actual consumption be smaller as this calculation assumes the
maximum travel distance for all four legs.

5.6 Power estimate
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Conclusion

I seem to have been only like a boy playing on
the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell
than ordinary, whilst the great ocean of truth lay
all undiscovered before me.

— Isaac Newton
Mathematician, Physicist, Astronomer

Summary and Conclusions

While still at an early stage of development, this thesis explored the possibility of a
novel type of leg movement kinematic able to align and level a legged lander after
touchdown on a celestial body. The specific kinematic that was considered is a linear
drive which moves the interface of the primary strut vertically along the lander body.
Thereby changing the geometry of the lander as a whole allowing for adaption to the
soil and uneven surface beneath the lander’s footpads. By doing this, it is possible to
use landing sites with higher ground inclinations than before while still providing
a level platform for experiments, sensors, and equipment. Additionally, it allows
for easy access by astronauts for future crewed missions to the Moon. The main
research question this thesis sought to answer was whether such a system is possible
and a viable addition to landers. Especially regarding its added expense in regard of
mass, power, and complexity.

The mathematical foundation this idea is based on are parallel manipulators and
inverse kinematics similar to the way hexapods operate. By knowing the final desired
position of the lander, it is possible to calculate how the kinematics have to be moved
to get there. After defining the needed coordinate-systems, known parameters,
and assumptions, the basic equations were explained. This includes, inter alia,
transformation matrices, positioning of points in three-dimensional space, and the
computation of intermediate positions between the initial orientation of the lander
after touchdown and the final aligned and levelled position. Once the geometry of
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intermediate positions was solved, the forces and loads could be calculated using
the direct stiffness method with the approach of a quasi static load case in each
position. This assumption was possible as the alignment shall happen very slowly.
The computation was done using MATLAB with a MS Excel spreadsheet as input
and output. A validation of the force results was conducted using Patran and MSC
Nastran. With this tool, it is now possible to enter the dimensions and mass of any
lander into the input spreadsheet, define calculation parameters, and solve for a
possible motion path of the landing platform. The results could directly be used to
generate commands for the motors allowing for an automatic operation without the
need for human intervention.

To get an understanding of the complexity, power demand, and additional mass
such a system would add to a hypothetical lander, an exemplary CAD design was
made. Based on the proposed characteristics of a future European Lunar lander
combined with interface positions of a first design of such a lander, provided by
the DLR Institute of Space Systems, the motion and expected loads were calculated.
The results were the track length for the linear drive and forces including safety
margins on the primary interfaces. The final design that was proposed consists of
a trapezoidal lead screw powered by an electrical motor-gearhead combination.
By rotating the screw, a carrier can be moved up and down the side of the lander.
Attached to this carrier is the primary interface. The mechanism also includes a
linear guide rail to reduce the lateral loads on the screw to basically zero while
also providing additional stability. During initial touchdown, the carrier is fixed to
the lander body using a pin, which is later retracted using a pin puller. This allows
the screw itself to be a lot smaller as the dynamic loads during touchdown can be
neglected for the mechanical dimensioning of the screw. At an overall weight of
approximately 6.72 kg per leg or 26.87 kg for a four legged lander, the system makes
up less than 1% of the overall mass of a 4000 kg lander, which it was designed for.
The power consumption lies at a conservatively estimated 80.45 Wh for all four legs
with an operation time of approximately 30 minutes. At a bus voltage of 28 V, this
corresponds to only about 2.87 Ah or approximately two thirds of the electric charge
of a typical modern smartphone battery, making it very energy efficient.

As a final assessment, it is possible to say that this type of kinematic is definitely
feasible with the right kind of hardware and does not add a lot of mass or power
demand to the lander system as a whole. Even though this is still an early design,
it was shown that with only few additional components the versatility of a landing
system can be increased significantly. Considering this added operational capability
of the landing system, such an alignment an levelling kinematic should be pursued
further for the design of future landers.

Chapter 6 Conclusion



6.2 Outlook and Future Work

This thesis proposed a novel type of linear actuator for a Lunar lander. To fit into
the envelope of a master thesis, it was necessary to simplify some problems and
make assumptions that will likely have to be corrected for future work on this topic.
Including the fact that only 3 DOF were considered while in reality a lander moves
in 6 DOF. Considering these additional 3 DOF, namely translational movement in
the horizontal plane and rotation around the vertical axis, requires the introduction
of so called parasitic motion. This undesired motion happens when a movement in
one dimension also moves the platform in one ore more other dimensions because of
geometric constraints in the system. This is a non-trivial problem for which multiple
PhD dissertations have been written already. To fully explain the realistic motion
of the landing platform, however, it is necessary to consider this parasitic motion
as well. Additionally, the ground plane was only considered as an even and solid
surface. For a more realistic approach, the uneven and soft nature of the Lunar soil
has to be included. This might increase the friction experienced by the footpads,
therefore increasing forces and power required by the motor.

The computation could be improved by using a more powerful programming lan-
guage. Another benefit of this would be the possibility to directly implement this
code into the computer of a lander to control the kinematics. At the same time, a
continuous calculation over the motion could increase the accuracy contrary to the
stepwise approach used in this thesis.

Aside from mathematical assumptions and implementation into MATLAB, the design
of the mechanism has room for future improvements as well. It might be beneficial
to use a larger but hollow lead screw to decrease weight and/or increase strength.
The pin puller mechanism which is supposed to take the dynamic forces during
touchdown is also designed very crudely at the current time. A more in depth
analysis is needed to size it correctly. Furthermore, a completely different design in
which the screw is directly integrated into the primary strut, changing the length of
the strut after touchdown, might also be an interesting approach to take a look at.

Apart from all of these theoretical improvements, a first prototype will increase
the understanding of the mechanism and areas which need further refinement
immensely, while at the same time proving that the design works. The next step
should therefore be building a first prototype to test the theory laid out in this thesis,
measure and compare forces to the results of the calculation, and see whether a
mechanism like this also makes sense in reality and not just on paper.
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A1

A1

Appendix

Calculation results

Additional data on the exemplary lander - 1-2-1 configuration

This section features additional information including the spreadsheets as well as
MATLAB graphs for section 4.2 that were cut from the main body to make the

structure clearer.

Lander Geometry, Mass, and Orientation Strut Lengths [m]
Radius of lander [m] 2.500 Roll [7] 0.0 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of lander [m] 6.000 Pitch [°] 15.0 Primary Strut 1.925 1.925 1.925 1.925
Mass of lander [kg] 3100 apx. ground 0 Secondary Strut (left) 1.440 1.440 1.440 1.440
Number of landing legs 4 angle [°] Secondary Strut (right) 1.440 1.440 1.440 1.440
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment | 1.875 ‘ 1.875 ‘ 1.875 ‘ 1.875 |
x y z Primary Strut - lower Segment | 0.050 | 0050 | 0050 | 0.050 [
IF1 - Primary Strut 2.169 0.000 0.534
IF2 - Secondary Strut (left) 2.115 -0.327 -0.100
IF3 - Secondary Strut (right) 2.115 0.327 -0.100 Mechanical Properties of Struts
Center of Gravity 0.000 0.000 3.000 | Structure Struts Primary Struts Secondary Struts
Calculation Parameters E [N/mm?] 210,000 70,000 70,000
# of calculation steps 10 v 0.3 0.2 0.3
Ground clearance [m] 0.250 G [N/mm?] 80,769 29,167 80,769
Reube [Mm] 150 60 40
D tupe [mm] 50.0 5,0 2,5
YYou MUST change cells shown in this color A [mm?] 39,270 1,806 609
You CAN change cells shown in this color I3 [mm?] 638,136,008 5,983,752 914,928
NEVER change cells in this color (unless you know what you're doing) l22 [mm?] 319,068,004 2,991,876 457,464
CAREFUL, value has been changed manually 133 [mm?] 319,068,004 2,991,876 457,464
Kavis [MN/m] | 825 | 1.91 035

Fig. A.1.: MS Excel input for exemplary lander in 1-2-1 configuration
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Date

02.05.2023 16:42.

Fig. A.2.: MS Excel output for exemplary lander in 1-2-1 configuration

A1.2

Lander Geometry, Mass, and Orientation Strut Lengths [m]
Radius of Lander [m] 2.250 Roll [7] 0.0 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of Lander [m] 6.000 Pitch [°] 15.0 IF1 - Primary Strut 1.925 1.925 1.925 1.925
Mass of Lander [kg] 3100 IF2 - Secondary Strut (left) 1.440 1.440 1.440 1.440
i ground angle [°] 15.0 -
Number of landing legs 4 IF3 - Secondary Strut (right) 1.440 1.440 1.440 1.440
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment | 1875 | 1875 | 1875 | 1875 | [
X y z Primary Strut - lower Segment l 0.050 l 0.050 l 0.050 [ 0.050 l l
IF1 - Primary Strut 2.169 0.000 0.534
IF2 - Secondary Strut (left) |  2.115 -0.327 -0.100 [ Movement of IF1 [m] |
IF3 - Secondary Strut (right) |  2.115 0.327 -0.100 | 0142 | 0131 | 0917 [ 0131 | [ |
Center of Gravity ‘ 0.000 0.000 3.000 absolute Forces on Footpads [N]
Calculation Parameters Normal Force on Ground 2075 1316 1027 1316
# of calculation steps 10 Downhill Force on Ground 1518 358 -282 357
Ground Clearance [m] 0.250 Absolute Friction on Ground 1518 1249 282 1249
Mechanical Properties of Struts (for reference) maximum absolute Forces on IF1 (in body coordinate-system) [N]
Structure PS SS X -749 0 897 0
E [N/mm?] 210,000 70,000 70,000 y 0 -746 0 746
v 0.3 0.2 0.2 z 1304 980 877 980
G [N/mm?] 80,769 29,167 29,167
Ruube [mm] 150 60 40
tube [Mm] 50.0 5.0 2.5
A[mm?] 39,270 1,806 609
I [mm*] 638,136,008 | 5,983,752 914,928
12 [mm*] 319,068,004 | 2,991,876 457,464
133 [mm*] 319,068,004 | 2,991,876 457,464
Kaxis [MN/m] 8.25 1.91 0.35

Additional data on the exemplary lander - 2-2 configuration

This section features additional information including the spreadsheets as well as
MATLAB graphs for section 4.3 that were cut from the main body to make the
structure clearer.

Lander Geometry, Mass, and Ori

Strut Lengths [m]

Radius of lander [m] 2.500 Roll [] 10.7 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of lander [m] 6.000 Pitch [°] 10.7 Primary Strut 1.925 1.925 1.925 1.925
Mass of lander [kg] 3100 apx. ground 50 Secondary Strut (left) 1.440 1.440 1.440 1.440
Number of landing legs 4 angle [*] Secondary Strut (right) 1.440 1.440 1.440 1.440
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment | 1.875 | 1875 | 1875 1875 | |
X y z Primary Strut - lower Segment [ 0.050 | 0.050 ‘ 0.050 0.050 [ [
IF1 - Primary Strut 2.169 0.000 0.534
IF2 - Secondary Strut (left) 2.115 -0.327 -0.100
IF3 - Secondary Strut (right) 2.115 0.327 -0.100 Mechanical Properties of Struts
Center of Gravity 0.000 0.000 3.000 ‘ Structure Struts Primary Struts Secondary Struts
Calculation Parameters E [N/mm?] 210,000 70,000 70,000
# of calculation steps 10 v 0.3 0.2 0.3
Ground clearance [m] 0.250 G [N/mm?] 80,769 29,167 80,769
Riube [Mm] 150 40
tuube [mm] 50.0 5,0 2,5
You MUST change cells shown in this color A [mm?] 39,270 1,806 609
You CAN change cells shown in this color I [mm?] 638,136,008 5,983,752 914,928
NEVER change cells in this color (unless you know what you're doing) Iz [mm?] 319,068,004 2,991,876 457,464
CAREFUL, value has been changed manually 133 [mm?] 319,068,004 2,991,876 457,464
Kais [MN/m] | 8.25 | 1.91 035

Fig. A.3.: MS Excel input for exemplary lander in 2-2 configuration

92

Appendix A Appendix




Date
02.05.2023 17:00:15

Lander Geometry, Mass, and Orientation

Strut Lengths [m]

Fig. A.4.: MS Excel output for exemplary lander in 2-2 configuration

A.1 Calculation results

Radius of Lander [m] 2.250 Roll [°] 10.7 Leg #1 Leg #2 Leg #3 Leg #4 Leg #5 Leg #6
Height of Lander [m] 6.000 Pitch [°] 10.7 IF1 - Primary Strut 1.925 1.925 1.925 1.925
Mass of Lander [kg] 3100 IF2 - Secondary Strut (left) 1.440 1.440 1.440 1.440
N ground angle [°] 15.0 -
Number of landing legs 4 IF3 - Secondary Strut (right) 1.440 1.440 1.440 1.440
General Coordinates of Leg Interfaces (for leg #1) and CoG: Primary Strut - upper Segment | 1.875 ‘ 1.875 | 1.875 | 1.875 ‘
X y z Primary Strut - lower Segment | 0.050 ‘ 0.050 I 0.050 | 0.050 ‘
IF1 - Primary Strut 2.169 0.000 0.534
IF2 - Secondary Strut (left) 2.115 -0.327 -0.100 I Movement of IF1 [m]
IF3 - Secondary Strut (right) |  2.115 0327 -0.100 | 0095 | o624 [ 0624 [ 0095 |
Center of Gravity 0.000 0.000 3.000 maximum absolute Forces on Footpads [N]
Calculation Parameters Normal Force on Ground 1822 1072 1072 1822
# of calculation steps 10 Downhill Force on Ground 987 -337 -337 987
Ground Clearance [m] 0.250 Absolute Friction on Ground 1331 608 608 1331
Mechanical Properties of Struts (for reference) maximum absolute Forces on IF1 (in body coordinate-system) [N]
h Structure PS SS X -661 0 1024 0
E [N/mm?] 210,000 70,000 70,000 y 0 -1024 0 661
v 0.3 0.2 0.2 z 1151 985 985 1151
G [N/mm?] 80,769 29,167 29,167
Ruube [mm] 150 60 40
tuwbe [mm] 50.0 5.0 2.5
A [mm?] 39,270 1,806 609
111 [mm*] 638,136,008 | 5,983,752 914,928
12 [mm*] 319,068,004 | 2,991,876 457,464
133 [mm*] 319,068,004 | 2,991,876 457,464
Kaxis [MN/m] 8.25 1.91 0.35
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