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Abstract

ABSTRACT
Over the twentieth and twenty-first centuries, the concept of space tether systems has
evolved from a thought experiment to a feasible and tangible idea, with multiple missions
having flown with tether lengths from a few meters to a few kilometers. Tether systems have
many potential applications which could transform space activities in the long term. There
are multiple justifications for space tether systems; culturally such systems could
revolutionize access to space and open up new economic opportunities. Additionally, the
scientific community could benefit from an extensive platform for scientific experiments and
the concept represents an unprecedented and fascinating experiment in itself. Yet, despite
the potential, tether systems with hundreds or thousands of kilometers in length have never
been constructed.
It is clear that there are significant challenges hindering the implementation of large tether
systems. The currently unreliable nature of tether deployment, the harsh nature of the space
environment, and the lack of support for tethers among both space industry experts and the
public are some of the most significant inhibitors to tether projects. The best first step to
solving these problems is to understand them. In order to do so a study has been conducted,
outlining the main obstacles determined for the development of space tether systems and
proposed recommendations to overcome them.
One promising possibility is the re-use of the ISS as part of a 6500 km tether system from LEO
to MEO. This presents an interesting synergy with questions of the ISS’s future and would
serve as an ideal first demonstration of such a large space tether system. By virtue of broad
public support, capacity for human occupation and with existing applications, the use of the
ISS inherently relieves many of the general obstacles that face tether projects. While this
concept does introduce new obstacles, primarily driven by the value of the ISS and its current
deorbiting date sometime in the 2020s, these issues are resolvable and the potential benefits
of such a project can justify the effort needed to do so. A well designed ISS tether system,
incorporating several aspects examined for the use of tether systems, could aid in many
problems, both for the development of tether systems and for the future of space activities.
With this in mind, a suggested preliminary requirements list was defined for an ISS tether
system; incorporating the recommendations developed for large tether systems.
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Faculty Preface

FACULTY PREFACE
The concept of space tethers was introduced as a means of space transportation over a
century ago. Unlike rocket systems, the technical level of tether system development is still
in a very early stage. To date government agencies and commercial entities have put limited
focus on tether system development because of system complexity and some other nontechnical concerns.
Keeping this in mind, I have had the honor to share tether ideas and concepts with our
international, intercultural and interdisciplinary team of 22 graduate students of ISU MSS 18
who have: critically analyzed the current major obstacles to tether system development for
space transportation and possible ways to overcome them; identified cultural, political,
scientific, legal and economic rationales for future tether system implementation; provided
the conceptual idea for the reuse of the International Space Station after 2028, the schedule
of ISS reuse tether system development schedule in line with the ISS retirement, and the cost
analysis based on the 500 km tether system deployment in path with positive impact of the
New Space era.
This report outlines the case for the development of a LEO to MEO tether system that will
reuse the International Space Station and the potential for such a system to evolve
incrementally over time into something truly transformative. The report then outlines
challenges that must be overcome for this concept to be realized and offer recommendations
for how this might occur.
On behalf of the all the ISU faculty members, I would like to express my gratitude and thanks
to the team members for their sincere effort, commitment, hard work; and all my best wishes
to the creative idea of ISS reutilization - further to the larger tether system implementation
in space - the brilliant future.

Gongling Sun
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Team Preface

TEAM PREFACE
“If the laws of celestial mechanics make it possible for an object to stay fixed in the sky, might
it not be possible to lower a cable down to the surface, and so to establish an elevator system
linking earth to space?"
-- The Fountains of Paradise (Clarke, 1979)
The Lifeline for ISS and Future Tethers (LIFT) team consisted of 22 people from 12 countries,
working together over a period of almost half a year in the ISU main campus in Strasbourg,
France. We started by doing a literature review on the topic of tethers, which helped us
understand the limits of human knowledge and technology in this area, but also to get to
know each other and form as a team.
Given the limited time and resources that university projects have compared to industry, the
team had to curtail their drive and enthusiasm, limiting the scope of the project to a report.
It is unfortunate that we didn’t have the time to run simulations or build a climber and take
part in the WARR (Wissenschaftliche Arbeitsgemeinschaft für Raketentechnik und
Raumfahrt) competition that runs a few days after our graduation later this year, which some
team members would happily do. Still, there was freedom and direction to take the project
down an imaginative path: studying the potential involvement of the ISS as a part of a LEO to
MEO tether system after the end of its planned operational life. Our project proposes a
partial Space Elevator with the ISS as a counterweight. It was a fun time, if at times stressful.
We hope you enjoy reading our report as much as we enjoyed writing it.
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1.

Introduction

INTRODUCTION

There are certain human endeavors that transition from the realm of science fiction to reality
in the span of a few generations. For example, computers, mobile phones, virtual reality,
satellites, spaceships going to comets, and reusable rockets are some of these
accomplishments. These concepts were once confined to the realm of fiction, but now exist
all around us.
This project focuses on such a concept that currently falls exactly on the border between
reality and fiction: space tethers. A space tether is defined as a cable that is physically
attached to two or more bodies in space. A space tether system includes a space tether and
all components necessary for its deployment and operation.
The motivation for modern-day space tethers comes from the concept of the space elevator
first introduced by Konstantin Tsiolkovsky in 1895, and later popularized by Yuri Artsutanov
(1960) and Arthur C. Clarke (1979). The concept is particularly celebrated for its ability to
provide a new paradigm for space transportation. However, space tethers that operate in
Earth orbit have also been shown to have many potential applications.
This project focuses on large space tethers, which are here defined as space tethers greater
than 100 km in length. While such tethers could have many applications, but they have yet
to be actually implemented. While many tether missions have flown, they have all been far
shorter than 100 km. This report will outline the reasons that construction of a large space
tether system is a worthy pursuit. It will then analyze the obstacles that have kept large
tethers on paper rather than in space and consider the potential for a large tether system for
the reuse of the International Space Station (ISS).

1.1. Background
This section will introduce some of the basic concepts and aspects of tether systems that will
allow the reader to understand what is presented in this report. Readers who are well versed
in the concept and theory of tether systems may wish to skip directly to the next section.
Many aspects of the design of tether systems are constrained by the need to launch the
systems from Earth into space. For this to be possible, a tether must be compactly stored and
integrated as a payload on a launch vehicle. Once in space, the tether must exit this compact
state. To achieve this, tether systems include deployment mechanisms that extend the tether
into space. Tether systems also generally include masses at both end of the tether to stabilize
deployment and flight. These are referred to as end masses or counterweights.
Once deployed in orbit, the motion of the tether system is governed by orbital mechanics. In
the absence of perturbations and vibrations in the tether, the entire tether system will orbit
at the same rate, governed by the altitude of the center of mass of the system. The gravity
gradient present as the distance from Earth increases naturally maintains the tether system
in tension with a vertical alignment relative to the Earth. Because the orbital velocity of the
entire system is consistent with the altitude of the center of mass, the top of the tether orbits
at a higher velocity than an object in a circular orbit at its altitude normally would, while the
bottom is the opposite. This effect can be useful for matching the velocity of the bottom of
the tether with that of vehicles that aim to rendezvous with the system. Significant
perturbing factors exist that can disrupt the stable configuration of the system. Significant
International Space University, MSS 2018
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oscillatory motions can be induced in the tether by perturbing forces. The oscillatory motions
are sometimes referred to as librations or vibrations; the most significant of these often occur
following deployment (Wen et al., 2008).
A momentum exchange tether (MET) is a rotating space tether system that transfers
momentum and energy from its rotation to payloads. Centripetal forces reach equilibrium
with gravity gradient forces and tensions in between the MET system, keeping the system
stable. Payloads attach to the tether at the lower end and then are rotated to the higher end,
where they are released. At this point, they are propelled into a much higher orbit as the
linear velocity induced by the rotation at the top of its arc is added to the orbital velocity.
This can be used to transfer payloads from suborbital trajectories into orbit or to accelerate
payloads onto interplanetary trajectories.
Electrodynamic tethers (EDT) are made of conductive materials and interact with Earth’s
magnetic field. They can be used for propellantless propulsion by running electric current
through the tether which creates Lorentz forces (NASA, 1997). Alternatively, an EDT can be
used to generate electricity. An EDT collects electrons passively in the ionosphere creating
an electric potential. If no current is applied to the tether by its power system, the interaction
with the magnetic field will induce a current (Wen et al., 2008). If an EDT is used for power
generation, this will cause the tether system to experience a drag force, lowering its orbit.
The most important proposed uses of EDTs involve providing power to spacecraft,
propellantless station keeping and the deorbiting of satellites at the end of their lifetimes.
This is discussed further in Section 3.3.7.
A non-rotating tether system used to move payloads to a higher orbit would make use of a
climber vehicle. The climber is a mechanism that can move up and down the tether line. This
can be achieved by mechanical means, such as wheels that attach to the tether and move
using friction, or by electromagnetic systems. Tether climbers have never been
demonstrated in space.
Many tether missions have flown in space. Usually, these have consisted of technology
demonstrators that have not sought to utilize the tether for its applications. Additionally, all
of these tethers have been shorter in length than the large tethers under consideration in
this report. Two of these missions are of particular note and will be referenced repeatedly
throughout this report. The first of these is the Young Engineers Satellite 2 (YES-2) mission,
which carried the longest tether to fly thus far, at a length of 32 km (Kruijff, 2011). As this
mission is the longest tether that has flown, it is often mentioned as the best possible point
of comparison for even larger tethers. The second mission of note is the TSS-1R mission,
which consisted of a 20 km tether deployed from the Space Shuttle. This tether was a partial
failure due to an unexpected electric discharge with the ionosphere near the end of its
deployment which broke the tether (Jhnson and Herrmann, 1998).. This mission has left a
negative impression about space tethers in the minds of many members of the space
community and the general public.
One of the most significant space projects in human history is the International Space Station.
It is an example of both very complex engineering and incredible international cooperation.
With a mass of around 420 metric tons, it is the largest ever human-made space object. The
precise orbital parameters of the ISS vary with time, but currently it is in a nearly circular
orbit at an altitude of about 400 km and an inclination of 51.8 degrees. The first part of the
ISS was launched on the 15th of November 1998. By June 2010, the ISS had orbited the Earth
International Space University, MSS 2018

2

Lifeline for the ISS and Future Tethers

Introduction

66,000 times. The original plan was to end its mission by 2020 but NASA decided that it should
be operated until at least in 2024. NASA and Roscosmos estimated that the station can be in
active service until 2028 (de Selding, 2008). In this report, the ISS features prominently, as
reuse of the ISS with a large tether system is the focus of Chapter 4.

1.2. Mission Statement, Project Aims and Objectives
The following is the mission statement for this project:
“To identify and analyze obstacles inhibiting the implementation of space tether systems and
to outline the planning required for an International Space Station based Medium Earth Orbit
tether system."
From this mission statement the following aims can be derived:
1. Analysis of Obstacles: to identify the major barriers currently preventing space tether
mission development and to propose ways to overcome these barriers.
2. Justification for Tether Projects: to identify a cultural, political, scientific and
economic rationale for the implementation of tether systems.
3. Reuse: to provide planning for the reuse of the ISS as the base for a LEO-MEO tether
system.
Lastly, the following list of objectives was obtained to achieve the aims:
1.
2.
3.
4.
5.

Identify gaps and barriers inhibiting the implementation of tether systems
Outline a future path for the development of large tether systems research
Identify existing roadmaps and analyze where they have failed
Identify major socio-economic, scientific and political drivers for large tether systems
Determine the obstacles inhibiting the development of an ISS LEO-MEO space tether
system.
6. Develop a case for an ISS LEO-MEO tether system
7. Recommend a concept for an ISS-based Tether system

1.3. Report Structure
This report provides an interdisciplinary analysis of the topic of space tethers, and is
structured in the following manner:
Chapter 1 provides the reader with a quick overview of the basic historical and technical
background required to understand the remainder of the report.
Chapter 2 gives a more in-depth analysis of the justification behind large tethers in space,
with consideration to how they will contribute to the further development of the space
sector, what the scientific, political and financial benefits are, and what type of cultural
rationale can be adhered to for their effective implementation.
Chapter 3 is a bulk section focusing on the analysis of obstacles inhibiting the implementation
of large operational tethers. It starts with a review of past predictions and plans on how the
technology and development of tethers should have progressed. This is analyzed to evaluate
the success of these plans, and to understand where they have not been successful if such is
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the case. Following this, the hurdles to overcome are discussed and categorized as
technological and non-technological obstacles. Suggestions are provided on how to
overcome these obstacles where possible. In addition, a section of developmental aspects
which are in fact not obstacles is included for further clarification of the state of the art.
Chapter 4 addresses ISS reuse. After a short introduction on the concept, the case supporting
this is presented, effectively discussing the value of using a large tether system to extend the
ISS’s time in orbit. This is complemented by the addition of a section discussing the main
obstacles to this project. The requirements for an ISS reuse mission are then outlined, along
with a tentative mission architecture and comments on the issue of ISS ownership.
Chapter 5 is comprised of the conclusions and recommendations. The report is summarized,
recommendations are provided, and a path for further work on the topic is laid out.
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JUSTIFICATION FOR TETHER PROJECTS

As a complex concept with difficult implementation and a mixed history, large tether systems
are subject to a considerable amount of skepticism. It is no surprise that we have yet to see
even a fraction of space tethers' potential for propelling us in our ability to explore space.
Thus far, there has not been a strong push to realize the benefits imagined by such influential
figures as Konstantin Tsiolkovsky (1857-1935) and Arthur C. Clarke (1917-2008). The first step
in sparking the development of space tethers is to invigorate the population's curiosity
regarding tethers and their potential to evolve into space elevators by offering a reminder of
their potential and near-term feasibility. To make large space tethers a reality, it is important
to justify to all stakeholders why such a project is worthy of pursuit. To begin to accomplish
this, the present chapter attempts to highlight the value of space tethers from a variety of
perspectives, some of which are perhaps less present in current day discussions on the topic,
which seem to focus almost exclusively on the economic benefits of tether systems. Section
2.1 describes a cultural rationale for developing large tethers. Section 2.2 describes political
considerations supporting the implementation of large tethers. Section 2.3 describes the way
a large tether system would benefit the development of the space industry. Section 2.4
explores some potential scientific benefits of a large tether system.

2.1. Cultural Rationale
The International Academy of Astronautics (IAA) has published a report entitled “The Next
Steps in Exploring Deep Space” in which three imperatives for exploring space are proposed:
the cultural imperative, the political imperative and the scientific imperative. The cultural
imperative is one of transcendence, and it refers to humanity’s natural drive for expanding
beyond its known boundaries. The political imperative outlined by IAA projects a unifying
vision characterized by a coordinated effort towards a common goal, worthy of all nations’
and individuals’ attention and interest. It is meant to offer a context which is conducive to
international cooperation and understanding and is distinct from any political imperative
focused on the prosperity or superiority of a select few states. IAA’s scientific imperative
‘‘drives the desire to understand our natural world and the universe around us.’’ It arises
from the support demonstrated by the public to use space exploration to answer our most
fundamental questions about human existence (Stetson et al., 2006).
It is interesting to note that three imperatives are presented, including a cultural one. This
certainly makes sense given that culture, science, and politics are important aspects of
modern society, but it may falsely lead to the assumption that they are mutually exclusive of
unrelated. Further investigation into the relationships of these imperatives may reveal any
of the Boolean depictions shown in Figure 2-1.
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(a)

(c)

Figure 2-1: Venn diagrams depicting possible relationships between the IAA imperatives
(a) Suggests that the three imperatives are mutually exclusive in terms of their relevance for exploring
space, e.g. the value of exploring space from the perspective of the cultural imperative is actively
distinct from that of exploring space from the political or the scientific imperative, and similarly from the
perspectives of both the scientific and political imperatives.
(b) Suggests that there is some shared value for exploring space between each of the three
imperatives, but that each one generally serves a different purpose.
(c) Suggests that the cultural and scientific imperatives owe most of their value to their ability to answer
a larger political imperative, while still having some small value of their own.

These are a few possible depictions for relationships between the three imperatives, and it
is of interest to identify a model which is a little more consistent with observations yielded
from greater scrutiny. In investigating the common ground between these imperatives, there
is indeed no reason to assume that they cannot be encompassed into a more far-reaching
one. Such an imperative for their use should also be found to drive human existence and be
observable at the core of all cultures and societies.
In the book Social Foundations of Human Space Exploration by James A. Dator, it is proposed
that all rationales are essentially cultural, whether they be scientific, economic, political,
legal, or of any other nature. Any scientific or political imperative is a cultural one, which has
been deemed important based on the value it has been given by the cultural background
from which it emerges and develops (Dator, 2012). The Venn diagram shown in Figure 2-2
emphasizes the inclusion of the imperatives proposed by the International Academy of
Astronautics within a grander, cultural rationale.
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Figure 2-2: Illustration of a cultural rationale encompassing all three of IAA’s imperatives

Consistent with the relationship proposed by Figure 2-2, the concept of large tethers
ultimately finds its relevance within a context emerging explicitly from culture. Implementing
space tether systems is a large-scale project that both requires and welcomes the
involvement of many national cultures, and the ideal imperative for the use of tethers is
characteristic to a world culture shared by all.
It seems natural to propose large tethers as an important stepping stone towards a world
characterized by the culture arising from the International Academy of Astronautics’ three
imperatives. This world alluded to by the IAA and imagined by other inspiring figures may be
envisioned as one in which humanity’s dreams of exploration, growth and harmony take the
center stage. In this world, any given boundary or limitation is viewed as a gleaming hint for
the direction of humanity’s next important breakthrough, nations strive towards a common
goal with a commitment to the greater good of future generations, and life is globally viewed
as an exciting and cooperative journey towards the continuous self-discovery of the human
race. Richard Buckminster Fuller (1969) wrote a book called 'Operating Manual for Spaceship
Earth' in which planet Earth is conceived as an organic spaceship flying through space (Fuller,
1969). To extend his concept of our planet, the world imagined here may hold Earth as one
of humanity’s (possibly numerous) spaceships that it should care deeply about while avoiding
compromise to its structural integrity. The view that the world functions the way it should is
widespread in this end vision, and notions of corruption or personal profit at others’ expense
are practically extinct. In this world, it is well understood that the individual gain of greatest
magnitude comes from the act of sharing and sparking inspiration, rather than from hoarding
and practicing alienation. Space tethers, or an even more effective tool for space
transportation, may be seen providing a whole new edge to our ability to explore beyond our
natural boundaries.
However, this type of world is still far away from reality. Instead, dramatic situations across
the globe are constantly shown in mainstream media, discriminatory attitudes pervade most
communities, and crimes of hate and greed appear to be just as widespread as ever. It is a
real challenge to sift through all these apparent differences in people’s mindsets and to once
and for all seek an inspiring cultural ground common to each of us. It seems that culture,
whether it be personal, familial, communal, or national, can differ to the point of giving rise
to conflict on a fundamental level. Though perhaps counterintuitive, this may be the exact
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reason that large tether systems are relevant from a cultural perspective. Such a project
having a gigantic scale and giving unparalleled access to the physical space beyond, requires
the full cooperation of a diverse set of highly regarded entities around the globe. As a result,
superfluous cultural gaps between antagonizing communities may be universally bridged
through the pursuit of a greater purpose.
Currently, public support space exploration is declining in many countries. The argument that
attention should be focused on problems here on Earth is widely upheld, and the once global
excitement towards exploring the Moon and deeper space has dispersed. It is apparent that
space exploration must undergo a fundamental transformation if it wishes to again be
exalted for its potential to serve humanity. Once this transformation has occurred, it will
open humanity to opportunities that our current civilization may be unable to imagine. Large
space tether systems could represent such a fundamental transformation.
The transformation proposed by space tethers lies in the realm of transportation. As the main
limiting factor for the launch of heavy objects into deep space, transportation needs to be
made many orders of magnitude easier. The purpose of space tethers is to achieve just that.
Electrodynamic tethers can help to dramatically reduce propellant costs (Smitherman and
Howell, 2000), making space accessible to both commercial and governmental ventures on a
whole new level. Great missions such as colonizing the Moon or Mars that have been put off
for years may suddenly seem achievable in the shorter-term, and space may truly be
accessible to the general public. This could spark large-scale wonder and inspiration across
the globe.
Of course, wonder and inspiration alone may not be able to solve world hunger or abolish
large-scale conflict, but since space has been ventured into, it has broadened our capabilities
as a species. Spin-offs from space technology have enabled crucial new technologies such as
more efficient renewable energy in the form of solar panels, compact water purification
systems, and Earth monitoring satellites giving us the ability to predict weather and mitigate
the effects of natural disaster (ISEC, 2013). What is noteworthy here, however, is that
although these new abilities solve problems that once inhibited humanity, this was achieved
by expanding beyond our physical boundaries, rather than by being fixated on solving such
problems directly. In other words, the by-product of a bold expansion is what allowed us to
overcome a much wider variety of limitations than focusing on any single one problem could
have. Because expansion beyond a confining context typically multiplies the number of
angles from which a problem can be approached, it is efforts of this nature that will continue
to give us real power in dealing with our most important issues. By developing space tether
systems as a path towards such expansion, new possibilities for solving problems using space
activities are bound to arise. Figure 2-3 analogously depicts one of the most important
transformations that humanity has undergone in the past.
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Figure 23: Agricultural practices after an important transition from the paleolithic era [Shaffer, 2016]
Past contexts confining humanity to a limited set of capabilities include the nomadic behaviors of the
paleolithic, the absence of the wheel, the confinement to a geocentric model, and the confinement of
gravitational theories to only that proposed by Newton. In all these cases, expanding beyond such
contexts allowed us to solve many important problems. Introducing sedentary lifestyles solved the
problems of food shortage (Bar-Yosef, 1998), inventing the wheel allowed for transportation and
acquisition of vital goods (Hooke, 2000), and humanity's conscious expansion beyond limited scientific
views of the universe has allowed for countless new technological inventions as well as the altering of
previously abusive social establishments (Ferngren, 2002).

The culturally game-changing transition from the Paleolithic to the Neolithic era altered
crucial facets of human existence, extensively providing both immediate and long-term
benefits. New technologies for hunting such as archery improved human subsistence, the
development of more effective clothing allowed expansion to higher latitudes, and new tools
for gathering and transporting food reinvented both the social dynamics and survival habits
of human communities. Inter-communal interactions became common practice, extending
shared territory, and the human world acquired a whole new ability to connect and prosper
(Bar-Yosef, 1998). This transformation is possibly the most significant one in written history.
In particular, it yielded a new-found ability for humankind to care for itself on a whole new
level, in addition to a series of valuable and, most importantly, unanticipated by-products
addressing fundamental aspects of human existence. An analogous sudden expansion of
human capability is inevitable once space transportation becomes common practice. This is
sure to occur almost as soon as large space tethers have been effectively implemented into
the global infrastructure.
Thus, in the light of opening up a new path, the cultural rationale proposed is for the use of
space tether systems ‘to propel humanity towards transforming its current state into one
offering greater communal power, understanding, and fulfillment.’ This is intended to
encompass all further rationales offered in this chapter.

Section Summary

Beyond technological motivations and implications, space projects have a widespread
significance. The International Academy of Astronautics (IAA) has 3 perspectives from which
to draw relevance from space exploration efforts, namely the cultural, political and scientific
imperatives. However, according to Dator (2012), every rationale is essentially a cultural one,
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implying that we can regroup the IAA's three imperatives into one.
Unfortunately, many people do not see space as a priority, and many have yet to
acknowledge its contribution to mankind. However, in support of a society that embraces its
extended potential, a large tether system is an effective tool for democratizing space,
increasing its relevance in the eyes of the general public. It is often stated that there is an
abundance of issues on Earth which require immediate and focused attention, while funding
space activities is a serious waste of capital which could instead be used to resolve such
urgent issues. However, we have seen in the past that going beyond deeply ingrained
practices is in fact what helped remedy these, providing a larger scope to humanity's daily
operations.
It is thus proposed that a broad, meaningful cultural context from which to implement tether
systems is to offer humankind a whole new dynamic in catering to its communities,
understanding its true self, and fulfilling on what it holds as fundamentally meaningful.

2.2. Political Considerations for Tether Systems
This section aims to evaluate whether the current political landscape is preventing any entity
in developing and launching a large tether system. In doing so it will provide an overview on
current political drivers, along with general guidance for how political factors could foster an
environment where it would be desirable to develop such a system.
2.2.1. Geopolitics of a Large Tether System Project

In the context of a project that has such a large scale, geo-political dynamics require a high
level of attention. Indeed, conceiving, producing, launching and deploying space tethers with
a length exceeding 500 km seems highly infeasible if performed by one state or private
company alone. For example, the ISS took 27 years from its initial announcement until the
final part of its main construction, even though five of the world's most developed space
agencies were involved (CASIS, 2018). Given the mass requirements, a project involving the
construction of a large tether system should have an even larger scale than the ISS and can
therefore be anticipated to take over thirty years before it is fully complete. As is the case
for the ISS, it is more likely that this tether would be carried out by a consortium consisting
of states and private companies. Even beyond economic considerations, few countries would
let another party orbit the Earth using a large tether without their contribution in the
development and operational phases. The risk of occurrence of any type of incident is huge
with such a large system, and the strategic advantages provided would threaten diplomatic
relations on Earth. This provides clear justification for a large tether system to be developed
and used within the contextual framework of international cooperation.
2.2.2. The USA's National Space Policy

The U.S. national space policy has largely remained unchanged over the last decade. Under
President Obama's Administration, guidelines for the U.S. space exploration program were
released on June 28, 2010. Recently, the Trump Administration revived the National Space
Council and issued a presidential memorandum modifying only a paragraph (White House,
2017). The elements of this space policy could prove beneficial to large tether systems, as
many of them could potentially align with the benefits provided by tethers.
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The commercial and civil space guidelines from the U.S. Space policy relevant to the building
a large tether system are shown in Table 2-1 below complied using information from the
White House (2017).
Table 2-1: Commercial and civil space guidelines relevant to large tether systems

Commercial and Civil Space Guidelines
Explore the use of inventive, non-traditional arrangements for
acquiring commercial space goods and services to meet United
States Government requirements, including measures such as
public-private partnerships, hosting government capabilities on
1.
commercial spacecraft, and purchasing scientific or operational
data products from commercial satellite operators in support of
government missions

2.

3.
4.

Pursue potential opportunities for transferring routine,
operational space functions to the commercial space sector
where beneficial and cost-effective, except where the
government has legal, security, or safety needs that would
preclude commercialization
Cultivate increased technological innovation and
entrepreneurship in the commercial space sector using incentives
such as prizes and competitions
Encourage the purchase and use of U.S. commercial space
services and capabilities in international cooperative
arrangements

2.2.2.1. NASA Budget

The National Aeronautics and Space Administration (NASA) budget remains very small in
comparison to what it was during the space race. NASA continues its focus on science,
exploration, and space operations, classifying its missions into four different categories:
small, medium, large, and flagship. Building a large tether system would likely fall under the
category of either a medium or a large based on its likely price mission, but NASA may avoid
it because the agency continues to focus on low-risk missions, except those classified as small
or flagship (Siegel, 2018).

2.2.2.2. Small Business Innovation Research

A private company can secure a public-private partnership with NASA through the Small
Business Innovation Research (SBIR) program (National Academies of Sciences, Engineering,
and Medicine, 2016). This can help it develop its products thanks to improved support. The
SBIR program may therefore be useful for private companies wishing to develop space tether
technology.
NASA has sent small tether experiments to space. These previous small tether experiments
show that, at the very least, some of NASA's segments are very interested in tethers and their
possible applications. This interest could help an aspiring large tether developer secure a
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partnership through the SBIR Program.
2.2.3. Russian Commercial Space Policy

Russia has a long history of commercialization, being pioneers in leasing space objects,
advertising and space tourism. After the fall of the Soviet Union, Russia desperately needed
foreign investment to keep its space program operating. The political reforms opened doors
to new partnerships, including one with China. However, this was not enough to keep the
industry afloat (Moltz, 2009). Russia’s lack of a commercial space policy, however, allowed
Russian space officials to become pioneers by being provided the freedom to use creative
commercial platforms to attract customers (Tkatchova, 2018).
Russia’s Energia, the organization in charge of Mir, needed financing to keep Mir
operational. It was able to secure private investment through creative commercial activities,
a feat that had not previously been accomplished. MirCorp, which tried to deploy a tether
for Mir (see Section 4.3.6.1), became the first company to sign an agreement for the lease of
the Mir station and for sending two cosmonauts into space on a privately funded mission
(Tkatchova, 2018), as well as to sign an agreement with Dennis Tito, the first commercial
space tourist (Klerkz, 2014). Russia also sold advertising on their Proton launcher, where two
pizzas were delivered to the ISS, and where the launcher thematically displayed the Pizza Hut
logo (Tkatchova, 2018).
Since 2002, funding for space missions has gradually increased (Moltz, 2009), and Russia has
developed a national space policy to meet their mandates of being space industry leaders in
science, technology and innovation (Edelkina, Karasev and Velikanova, 2015). Russia’s three
priorities include state-level program management, management of innovation in
government-controlled companies, and the importance of public-private-partnerships in
technology and industry. These priorities could align well with a push to develop a tether
system.
Russia is in the process of developing a legal framework for public-private partnerships. There
are many key issues being discussed so that industry reforms can take place. These issues
relating to commercialization are ‘‘creating conditions for harmonious horizontal and vertical
integration of space sector enterprises, the creation of institution for technology
commercialization, and budgeting on the basis of results through a system of contracts,
grants and subsidies’’(Edelkina, Karasev and Velikanova, 2015). These reforms would create
an environment where suppliers could compete for business. Increasing competition has the
effect of advancing technology more rapidly while lowering costs. Such a public private
partnership could be a useful framework in which to develop a large tether.
Russia’s current space policy focuses on commercialization, international cooperation and
openness (Moltz, 2009). Focusing on space tethers opens doors to cooperating with other
space faring nations. Interestingly, Article 14 of Russia’s space policy states that, “Mixed
companies shall be allowed to act as contractors under the state order, provided that the
share of foreign capital in their statutory fund does not exceed 49 percent” (UNOOSA,
2018a). This means that Russia is careful to keep majority ownership of new technologies
within the nation. The US paid Russia for their expertise in helping to build the ISS (Russia
was the only paid partner; others incurred financial cost to join the effort).
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2.2.4. China Commercial Space Policy

In 2016, the Chinese government published a white paper on the developments of its space
activities (China, 2016). In this paper, it was revealed that China has developed a national
space policy governing the activities of the space industry in order to create an environment
that promotes sustainable and rapid development. The paper states that China’s priority is
to develop the infrastructure to support space exploration and scientific research so that it
can guarantee space security. In particular, the policy also states that China has created a
system with the goal of enabling funding from a diverse set of sources, along with a guarantee
of “sustainable and steady government financial support for space activities.” (China, 2016).
Such a financial support would be useful for the development of a large tether if it were so
allocated.
While China does not currently have a commercial space policy, a national space policy of a
commercial nature is in development. Article IV of its national space policy supports “nongovernmental capital” and private investment encouraging participation in space activities
to increase commercialization of the industry. In Article V, it is stated that China supports
international commercial space activities and has signed cooperation agreements with over
40 countries. Its efforts in international cooperation have so far been very rewarding. China’s
partnership with Russia has allowed them to develop space technologies much more quickly
than doing so alone could have (Moltz, 2009).
In China, space activities are attracting investment by venture capitalists and many
commercial players are emerging. The China Aerospace and Technology Corporation (CASC)
and China Aerospace Science and Industry Corporation (CASIC) are two state-owned
conglomerates that own publicly listed companies. They are also the main contractors in
China's space industry (CASC, n.d.; CASIC, n.d.). These organizations could be the key players
that could push for the development of a tether system.
In recent years, China has been building up its capacity very quickly, which is evidenced from
its list of achievements since 2011 (China, 2016). Since 2003, from the time of China’s first
human spaceflight, the government has made strong efforts to accelerate its space program
(Moltz, 2009). Now, China claims that it is focusing efforts on building a space laboratory and
research base (China, 2016). According to Dr. Gongling Sun (2018), CASC has a dedicated
team studying tether systems and their applications. Thus, the tether system and its potential
uses are relevant to the Chinese space program's future activities.
2.2.5. European Space Policy

At this time, there do not appear to be any elements of the European Space policy that are
of particular relevance to tethers. Several research groups within ESA and academic
institutions, particularly in Spain (Johnson, 2018), study tethers and publish papers about
them. However, there does not seem to be any institutional push towards tethers at this
time.

Section Summary

Political considerations are an important aspect of a large scale project such as a tether
system. Geopolitical dynamics are important in this light. This can be attributed to the fact
that a large tether would redefine access to space and the capacity for launching spacecraft.
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The project will require a high level of cooperation between states, and current relationships
could be turned around within the time it would take to develop the tether system.
To be endorsed by states, a large tether project would have to comply with national policies
and interests. The USA has issued guidelines from its space policy, and a large tether would
allow it to fulfill these. However, the NASA budget remains lower than during the space race
and low risk missions are the main focus. Russia has developed a commercial space policy.
Following its need for investment after the fall of the Soviet Union, it has gained experience
dealing with private companies which obtained by attempting to lease the Mir space station
to private investors. China also developed its space policy through a white paper published
in 2016. In this paper, China sets its objective to create an environment that promotes
sustainable and rapid development.

2.3. Tethers for the Benefit of the Space Industry
Large tether systems have the long-term potential to revolutionize transit to and from space.
A large momentum exchange tether system could enable transportation between Earth, the
Moon and Mars, with no propellant consumption. Even simpler, non-rotating large tether
systems could considerably reduce the cost of delivering objects to space and to orbits above
LEO, making Earth orbits much more accessible.
These systems also have an enormous potential to boost the economy. Space activities such
as space tourism, space debris mitigation, deep space exploration, space mining, and other
space applications requiring cheaper and easier access to space could benefit from space
tethers. A complete industrial chain consisting of research centers, tether material
processing facilities, tether manufacturers, and operating companies, all of which are
currently non-existent or struggling due to lack of support, would likely grow or form
following the successful implementation of a large tether system. As the number of tethers
increases, the number of trips to and from orbit will also grow and each trip will become
more economical, benefiting from economies of scale. Even larger tethers can then be
developed to increase their capacity and the range of attainable destinations, promoting
market growth through economies of scope.
Though there is much opposition, the curiosity to explore outer space is still exhibited by
many humans, and there is a belief that one day we will have the ability to colonize space.
Dr. Peter Swan is the president of the International Space Elevator Consortium, which is a
professional society of space elevator advocates. He has said that “by having extremely lowcost access to space, you can open up the human mind, so moving off-planet is not a dream,
but a reality,” and that “we can talk about going to Mars, going to the Moon, (or) having a
colony orbiting around the Earth.” He believes that space tether systems, especially space
elevators, will expand “the aperture of the human spirit” (Holger, 2016). Based on this
perspective the societal benefits offered by the implementation of a large tether system are
clear.
In particular, the development of tethers presents a huge opportunity for the development
and growth of the space industry. The industry is currently valued at USD 350 billion and is
projected to be over USD 3 trillion by 2050 (Sheetz, 2017). The development of tethers could
potentially open up new areas of business related to space in terms of launch, transportation,
orbit maneuvers via EDTs or tourism. Various drivers that may spur the space industrial
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growth as a direct result of tether implementation include putting satellites into orbit,
materials mining, transportation, the manufacturing of tethers, and clearing space debris.
2.3.1. Putting Satellites into Orbit

Launching a rocket is an expensive activity. It costs millions of dollars to procure a launch,
and another very large sum of money to launch the rocket. The development of tethers
would significantly reduce this cost. To estimate the potential cost savings of launch using
tethers, consider a mission aiming to boost a 5 metric ton class payload into a geo-transfer
orbit (GTO). Doing so with currently-available rocket launch systems is possible using a Delta
IVM+ (4,2) or a Proton M. along with other business factors, this launch would cost
approximately $90M. However, if a tether capable of boosting the 5 metric ton payload from
a LEO holding orbit to GTO was available, a smaller launch vehicle, such as a Delta-II 7920,
with an estimated launch cost of $45M, or a vehicle comparable to the Dnepr 1 (RS-20),
costing of $13M could be used. Even though these are rough estimates, it has been shown
that using tethers can reduce launch costs by a factor of two or more (Hoyt, 2000a).
Momentum exchange tethers, Figure 2-4, are already being considered for payload transfer
to higher orbits. In addition to that there are various other concepts that can be studied for
eventual implementation. A potential scenario would be that of a tether being deployed from
a given height, picking up a payload and putting it into orbit, all without a rocket being
launched. Such a tether would provide payloads access to higher orbits with significant delta
V savings. The initial costs of building a large tether might be huge given the mass
requirements and complexity of the project, but in the long term its potential applications
would inevitably provide a return on investment.

Figure 2-4: Payload transfer using a momentum-exchange tether [Tethers Unlimited Inc., 2018]

2.3.2. Materials Mining

A tether system would inevitably be subject to various loads and stresses as it passes through
the space environment. The materials to be used for tether construction must be strong
enough to withstand such loads. One of the potential industries that may benefit from
tethers is asteroid mining, which in turn could provide return to the tether manufacturing
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industry through the distribution of mined materials. Various asteroids orbiting the Earth
contain materials that could be used in the manufacturing and strengthening of tethers, and
asteroid mining itself is valued at over $1 trillion or maybe even $1 quadrillion (Patel, 2017).
The use of in space materials for construction of a tether could represent a first viable
product of resources mined in space. Large tether systems require a large amount of material
to construct but are relatively simple structurally (Hein, 2012). Other concepts have
considered using tethers as part of space mining operations as a way to move the mined
resources without propellant. Figure 2-5 shows one such tether mining concept, developed
by NASA. Based on these two possible connections, if tethers were to become widespread,
it could directly spur the growth of the asteroid mining industry, which would itself add to
the valuation of the overall space industry. This idea is discussed further in Chapter 3.

Figure 2-5: NASA’s concept of mining asteroid using tethers [Metzger, 2013]

2.3.3. Clearing Space Debris

The issue of overly abundant space debris needs to be addressed with increasing urgency.
The cost of launching a spacecraft or satellite is enormous, and any malfunction due to
collision with space debris would result in an important waste of time, money and energy.
This, in itself, is a great driver for the development of tethers. One method under
consideration would utilize EDTs that can be attached to satellites to generate thrust or drag
and can be used to deorbit a satellite (CORDIS, 2014). Technology from a large tether project
could easily be spun-off and used to benefit this debris removal concept. Having a tether
system from LEO to MEO may give rise to concerns for collision with debris, so it could be
designed instead to collect this junk and effectively decrease the hazard of collision within
this orbit. Section 3.3.2 considers the issue of space debris in more detail.

Figure 2-6: Deorbiting of a spacecraft using an electrodynamic tether [Chappell, 2016]
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2.3.4. Entertainment and Tourism

As the world economy grows and per capita wealth increases, sources of entertainment can
be expected to rapidly change. Tether systems could have many applications for space
tourism and potential space hotels.
Space is a thrilling topic in public perception. It is viewed as adventurous and mysterious.
Skydiving is one of the most thrilling activities one can experience today. Felix Baumgartner
stunned the world with his record jump from the stratosphere (Scott, 2014). This may lead
to a potential activity for ‘‘bungee jumping’’ from space, for example, which could be possible
using tethers. The concepts of space hotels and space elevators have been around for
decades, and tethers could enable hotels hanging in space at a height of about 1000 km
above Earth, for example, and can also have a docking facility for rocket docking.
An interesting concept of combining reusable launch vehicles and space hotels is proposed
where a hotel would orbit 1250 km above the earth, suspending a space dock at an altitude
of 260 km via a hanging tether. A new suborbital reusable launch vehicle would bring the
passengers and cargo to the dock from where they would travel up the tether using a space
elevator. The launch vehicle would latch onto the dock and be carried back to the launch site.
The dock would move at only 79% of orbital velocity, which would greatly improve the
payload capacity of the launch vehicle (Wilson, 1998).
With more and more research and ideas, we could soon see people going to a hotel or
restaurant orbiting the earth to have a meal. Though the past prediction that space hotels
would be largely available by the year 2030 (Wilson, 1998) is seeming unlikely to come true
in the time proposed, they are likely to emerge as soon as space tourism proves economically
sustainable. More recently Russia has taken up the ambitious plan to build space hotels.
Russia's space agency ROSCOSMOS is planning to build a 20 ton space hotel module in the
ISS, the cost of which is estimated to be between $279-$446 million (Leary, 2017). Tether
systems can catalyze the widespread emergence of space hotels because of their ability to
drive down space transportation costs. Once many space tethers exist in orbit, it is probable
that economies of scope lead to an increased number of space hotels. In turn, as space hotels
and space tethers continue to multiply, the price of staying at a space hotel is likely to
undergo a significant reduction. Figure 2-7 shows an interpretation of a combined tether
hotel concept.

Figure 2-7: Space elevator with various stations, including hotels [Shimizu Corporation, 2018]
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2.3.5. Space Insurance Industry

Looking at the potential applications of tethers, it is of utmost importance to consider their
effects on other industries. When we talk about space hotels and space tourism, it is
necessary to consider the risks involved. Risks provide business for the insurance industry.
Tourists need to be insured when they go into the hostile space environment. The materials
and components used in the construction of tether structures need to be insured as there is
a large cost involved. In addition, with the crash of the Virgin Atlantic spaceship in 2014, the
insurance industry is preparing for increased insurance needs for space activities
(Bensoussan, 2010; Alwyn, 2014). The development of large tether systems will thus open
new space insurance markets and bring growth to the space insurance industry.
Section Summary

In addition to reducing operating costs in space, tethers also show promise for the economy
on a global scale. They can be used to boost space commerce, space tourism or other areas
linked to the space sector. The space market represents USD 350 Billion today and is
expected to be worth 3 trillion in 2050. It is undergoing considerable growth despite
exorbitant launching costs, which are indeed preventing an even more important growth. By
implementing large tether systems, we can much more easily reach MEO, which would
provide a reasonable return on investment in all cases.
In addition to this, a tether system would support several anticipated activities such as
mining. Some estimate that asteroid mining will be worth trillions of USD. A tether would
provide much easier access to the materials we need from these asteroids, potentially
making this practice much more feasible and reducing its costs considerably. Cleaning space
junk could be a potential application as well. By using such a long tether, it would be possible
to remove hazardous debris orbiting the Earth. Space tourism and entertainment in general
could also benefit from space tethers. Many activities in this area perhaps have yet to be
conceived, but hotels or activities such as space bungee jumping are already imaginable
concepts going hand in hand with tethers. Finally, the space insurance industry is likely to
grow as a by-product of space tether implementation. In fact, there is already a considerable
increase in activities within this industry.

2.4. Scientific Drivers
The space sector, from observatories to satellites, even research and development
laboratories, have always been an incubator for science in every domain. The development
of the ISS is a very good example. The construction and continued operation of the ISS
allowed the acquisition of knowledge in many fields. New materials have been developed, as
well as new approaches and techniques for docking, undocking and re-entry into the
atmosphere. A key component of what has been learned from ISS has been the development
and validation of operational practices. With the ISS being itself a laboratory, researchers
been able to conduct experiments impossible on Earth’s surface due to the constant effect
of gravity, the protection of the atmosphere or the presence of air. Unlike other microgravity
platforms, the ISS allows the deployment of experiments in space that can still be
manipulated by humans.
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Similarly, it is highly probable that the development of a large tether system in space would
provide considerable scientific return. Indeed, this huge structure will require development
in new structural designs using existing materials. Moreover, the deployment of a tether that
long will require an engineering and systematic process never before seen.
Furthermore, a space tether would allow experiments along a whole region of LEO-MEO
depending on the orbit chosen. Far more extensive examination of this region of Earth’s
atmosphere and characterization of longer term phenomena within this region would be
possible. Understanding of the Van Allen Belts (VAB) would be improved, including their
interactions and uses within the Earth’s magnetosphere and atmosphere. Development of
knowledge for electrodynamic tethers could interact in interesting ways with the ionosphere
and magnetic field, discussed in depth in Section 3.3.7.
Whether or not many obstacles lie in the path of the development of tethers, missions to
unravel their mysteries will be fascinating. The development of a large tether system will be
a huge boon to any researcher in the space domain. Beyond all the tests we can do, combined
with simulations, theory and equations, performing ever more complex flight
demonstrations will be the key in garnering the knowledge required to properly develop
these systems.
Section Summary

Science applications are potentially numerous when it comes to tethers. Large systems can
be used to offer the possibility of carrying out experiments at many orbital altitudes,
alongside development of electro-dynamic tethers that can be used for electric propulsion.
Chapter Summary

Justifications for tether implementation have been presented from the perspectives of
culture, economics, politics, and science. The cultural justification has been introduced as an
all-encompassing one driving all other justifications and relating tether implementation to
what is universally viewed as valuable to humanity. The subsequent justifications are
ultimately meant to fall within this one.
Economically, tethers can cause important expansion of the space industry by providing
easier access to space resources and opening a sustainable path to space tourism. From a
political perspective, the situation in the US is quite permissive of future innovations in the
field, and tethers are promising in terms of promoting international cooperation and
economic prosperity. The policies of Russia and China present similar opportunities, though
China’s policy is still in its early phases of development. Science will benefit greatly from
experiments and other scientific activities permitted by tethers. The space industry will
benefit on all of these levels.
Perhaps the most far-reaching of these justifications is that tethers will revolutionize space
activities, promoting a large-scale change in perspective as well as a greatly improved ability
to solve modern-day problems here on Earth.
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ANALYSIS OF OBSTACLES

The concept of large space tether systems has existed since the first days of spaceflight.
Despite this fact, no tether system larger than 32 km has ever flown in space. Many projects
have been proposed but gone no further than the early phases of study. It is clear that there
exist many obstacles that have inhibited implementation of large tethers.
The aim of this chapter is to identify all such obstacles and analyze the ways in which they
have stopped large tether projects from being realized. First, the predictions made by past
roadmaps for tether development are outlined and analyzed.
The major obstacles that are inhibiting the development of large tether systems are then
discussed. Once each obstacle is described, recommendations are offered about how it can
be overcome, mitigated, or circumvented. It is hoped that a clear understanding of the
obstacles to the implementation of large tether systems and having concrete steps to
overcome them will help guide future projects towards actual implementation.
To provide a clear indication of which obstacles are the most important, each obstacle is
classified according to its severity. A three-tier classification system is used. Obstacles with a
severity of one are those that have clear possible mitigation or avoidance techniques that
will not significantly impact other aspects of the development of a tether system. Obstacles
with a severity of two require further research and engineering work to overcome or can only
be mitigated by way of solutions that have a significant impact on other aspects of the
system. Severity three obstacles have no currently apparent mitigation strategy and could
represent total ‘show-stoppers’ for the development of large tether systems. These obstacles
will require significant further research to determine how they may be overcome.
In the present Chapter, Section 3.1 discusses past roadmaps and where they have failed,
Section 3.2 discusses the current status of tethers, Section 3.3 discusses the engineering
obstacles, Section 3.4 talks about space environment obstacles, Section 3.5 discusses other
types of obstacles, and Section 3.6 discusses aspects of large tether implementation that are
not currently viewed as obstacles.

3.1. Past Roadmaps
In this section we are looking at the main driving forces behind tether research: Agencies and
missions, companies, international associations and the competitions they support. The aim
is to provide a view of the contributions of each so far, where possible presented against
their strategic planning or technological roadmap. As this chapter progresses, it will become
obvious that NASA is, unsurprisingly, by far the greatest contributor to tether research, and
any significant contributions by others, in most cases, seem to have NASA's support in some
form.
In Figure 3-1, a possible evolution roadmap for tethers technologies is shown, in terms of
future applications once the basic technology is mature and reliable. It is worth noting that
in this respect, there is a lot of similarity in the roadmaps that will be presented in this section,
whether these are from NASA, companies or other entities.
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Figure 3-1: Evolution roadmap tethers technologies [Eiden and Cartmell, 2003]

3.1.1. Agencies and Missions

Several space missions using tethered satellites have been developed over fifty years. Many
applications have been investigated, among them scientific experiments in microgravity,
electricity generation, cargo transfer, etc. NASA has been the space agency most involved in
the development of tether missions, including electrodynamic tether propulsion flight
experiments, momentum exchange tethers (mechanical tethers), etc.
In the NASA Technology Roadmaps (NASA, 2015a) the stated goals and objectives of the
agency regarding tethers are to develop longer tethers (100 km stated as an upper limit in
the document) and long-lived tethers, i.e. tethers that survive over one year in space. They
split the research in two paths, one is momentum exchange tethers and the other is EDTs.
Other topics of research NASA proposes to investigate further in their roadmaps are current
collection modelling, high-fidelity models of tether dynamics including deployment and the
tether’s operational aspects. They mention that system-level validation in space is necessary
to avoid the TRL of the technology slipping backwards.
Some concepts regarding the materials useful for long-tether realization (carbon nanotubes
concept) are currently under study. Several issues and complications have been observed
during the past missions and a simple systems roadmap for space transportation has been
proposed by Eiden and Cartmell (2003), displayed above in Figure 3-1.
For longer tethers, NASA has in the past conducted a study of a Space Elevator concept, which
is meant to start from a partial Space Elevator at LEO and grow to the full length (Smitherman,
2000).
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Figure 3-2: The NASA space elevator concept [Smitherman, 2000]

In the above roadmap, the towers part is not relevant to this report, but the tethers section
and the electromagnetic systems section are. In addition, it is interesting to see in the tether
branch the names of real missions that have flown, and it is notable that there is also a step
called “Electrodynamic Tether for Space Station Reboost”, which is a topic discussed in
Chapter 4 of this report. It should be mentioned however that there have not yet been any
missions with electromagnetic climber systems, therefore that part of the roadmap is not
discussed further in this section.
In Table 3-1, a number of tether mission groups are presented according to where they have
failed and what has been learned from them. The list includes the most notable missions,
covering mechanical and electro-dynamic tethers.
Table 3-1: Important tether missions and their results

Mission
•
Gemini 11 & 12

YES 1 & 2
(Deployment not
executed for YES 1)

STARS 1, STARS-2,
STARS-C

•

Goal
Investigation of tether dynamics
deployment in space
Demonstration of the
rendezvous/docking maneuvers
capability

Deploy a 35 kilometers tether
Testing de-orbiting capabilities
of tethers

•

Capture space debris and make
orbital lanes safe for
exploration (STARS-2)
technology demonstration of
the tether deployment (STARSC)
dynamic motion analysis by

•

•

•

•
•

•

Lessons learned
Ability to perform a
stable rotation of the
tether
Successful deployment
in space
(eoPortal, 2018)
Data collected
regarding tether
deployment, dynamics
and deorbiting (Chen
and Huang, 2013)

•
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•
TPE-1, TPE-2, TPE-3
(First electrodynamic tethers)

•
•

•
•
TSS-1 & TSS-1R

•
•

•
Plasma Motor
Generator (PMG)
mission

telemetry data received (STARSC)
Deployment of a cable of length
400 meters (TPE-1) (Failed)
Deployment of a cable of length
500 meters (TPE-2) (Failed)
Deployment of a cable of length
500 meters (almost success)
and observation of an electric
charge
Verify the performance of the
tether
Study the electromagnetic
interactions with space plasma
Investigate tether dynamics
Technology development for
tethers and scientific
measurements

International Space Station Reuse

•

Generating
electrical current

•
•

Ability to deploy
Control and retrieve of
the system
TSS-1R famous for
severed tether and
remaining in space for
months
Failure attributed to
voltage spike (lasting
impact on the
perception of tether
systems
Failure due to high
voltage generated
Ability to use EDTs to
offset drag in LEO
space systems
Ability to use direct
magnetic propulsion
for orbital
maneuvering (Cosmo
and Lorenzini, 1997;
Chen and Huang, 2013)

•

•

•
To test the hollow cathode
technologies to produce
electrical currents discharging
the energy to space

•
•

an

3.1.2. Companies

Tethers have been a subject of study not only by space agencies but also by private
companies that saw tether systems as a promising business endeavor. Such companies,
including Tethers Unlimited, Liftport, Thothx Technologies Inc, Star inc and Obayashi
Corporation have published their roadmaps towards large tether systems and space
elevators, and in some cases have made significant contributions to the research and
development of tether systems. The most notable example of this is Tethers Unlimited, which
with the help of contracts from NASA has been able to successfully demonstrate the concept
of tethers in space. This section outlines the roadmaps and progress made by private
companies and also the reasons for any setbacks.
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3.1.2.1. Tethers Unlimited

Robert L. Forward and Robert Hoyt founded Tethers Unlimited in 1994. The initial funding
was provided by NASA SBIR (Small Business Innovation Research) and NASA Institute for
Advanced Concepts (NIAC) and since then Tethers Unlimited has completed more than 70
contracts for NASA, DARPA, the Navy, AFRL, Army and for industry prime contractors (Hoyt,
2013).
Tethers Unlimited, in cooperation with Boeing, was funded by NIAC to develop the Moon and
Mars Orbiting Spinning Tether Transport (MMOSTT) and the Hypersonic Airplane Space
Tether Orbital Launch (HASTOL) concepts. The major objectives of these NIAC funded
projects were to perform technical and economic analysis, identify technology needs and to
develop conceptual design solutions for the Tether Transport Systems. In 2000, Tethers
Unlimited published a report to outline the Moon and Mars Orbiting Spinning Tether
Transport Architecture Study for the Phase II contract from NIAC. The technical objectives of
the Phase II study included development of concepts such as the Momentum-eXchange
Electrodynamic Re-boost (MXER) Tether Boost Facility, which is a rotating tether around an
orbiting control station that picks up a payload from a lower orbit and sends it into a higher
orbit by giving the payload some of its energy and orbital momentum (Boeing, 2000).
The studies on MXER resulted in it being considered by NASA’s In-Space Integrated Space
Transportation Planning Process (IISTP). IISTP evaluated these designs in trade studies and
for several classes of missions and classified it as “High-Risk/High Payoff”.
In the same report and in presentations that outline the Moon and Mars Orbiting Spinning
Tether Transport Architecture Study, Tethers Unlimited contained their Roadmaps on the
MXER, shown in Figure 3-3 and Figure 3-4 below.

Figure 3-3: Tethers Unlimited on MXER for use in a Mars Transport System [Hoyt, 2000a]
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Figure 3-4: Tethers Unlimited on MXER for use in a Cislunar System [Hoyt, 2001]
Although the dates described in the roadmaps are now past without the predictions coming
true, the figures above give a good indication of the technology progression and
interdependence. While these systems were not developed, the NIAC funded studies did
develop new tools for tether analysis.
In 2003, Tethers Unlimited and Stanford University’s Space Systems Development Laboratory
(SSDL) started the development of the Multi-Application Survivable Tether (MAST)
experiment. This launched in 2007 but failed due to tether deployment issues (Frank, Hoyt
and Slostad, 2003). The Terminator Tape was developed in 2009 with a deployment of a 250
meters conducting tape which increased the electrodynamic drag of the satellite and
eventually de-orbited a few months later (Tethers Unlimited Inc, 2018).
The RETRIEVE Tether Experiment was developed to demonstrate controlled orbital
maneuvering using Electrodynamic tethers. Based on the RETRIEVE mission, the
Microsatellite Tethered Orbit Raising Qualification Experiment was proposed to create LowCost Demo of MXER tether technology.
In 2013, NanoThor was developed in collaboration with NASA to deploy a small satellite from
GTO to deep space by injecting it into Earth Escape Trajectory using a spinning tether system
(Hoyt, 2013).
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Figure 3-5: Tethers Unlimited roadmap for NanoThor [Hoyt, 2013]
3.1.2.2. LiftPort Group

A NASA team, Tethered Towers, studying tether systems, formed the LiftPort Group in 2003.
The LiftPort Group has proposed a roadmap to build a Lunar Space Elevator Infrastructure
(LSEI) (LiftPort Group, 2018).
The LSEI project has been divided into 3 phases:
●

●

●

Phase 1: Research
○ In this phase will be focused on the feasibility and technical study of the
project. 2 years and $8 million required to complete this phase.
Phase 2: Development
○ Implementation of the knowledge acquired from Phase 1 to begin
experimentation and evaluation. 3 years and $80 million required to
complete this phase
Phase 3: Construction and Deployment
○ Projected cost is about $800 million and 3 years required to complete.

For the initial fundraising, stocks were offered on the Liftport website. The stock offered was
priced at $1.50 per share with a minimum investment of $500. Liftport managed to secure
$117,542 with the help of 85 investors. However, the company ran into financial trouble, and
in 2007, a case was filed against them (WSDF 2007). The company and the founder were
charged with misrepresentation and omissions since they ‘failed to provide reasonable basis
for its projection that the space elevator would be completed by 2018 and/or 2031 and failed
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to disclose limitations on the projection.’ Furthermore, Liftport was not registered to sell
shares and a ‘cease and desist’ order was issued and the company was charged for ‘offering
and selling unregistered securities’ and charged a fine. Recently, Liftport has started
operations and are looking for investors (LiftPort Group, 2018).
3.1.2.3. Obayashi Corporation

The Obayashi Corporation was founded in 1892 in Osaka by Yoshigoro Obayashi. It is one of
the biggest construction companies in Japan. They have undertaken projects not only in
Japan but worldwide such as Kansai Airport, Hoover Dam Bypass Project Colorado River
Bridge (U.S.A.), Dubai Metro project, Tokyo Skytree and many more.
Obayashi Corporation has published a concept and roadmap for a 96,000 km tether system
built using carbon nanotubes. As per their current roadmap the system will be completed by
2050. Figure 3-6 shows the overall concept of their tether system (ISEC, 2016; Obayashi,
2018) and Figure 3-7: Proposed roadmap by Obayashi Corporation [Obayashi, 2018] the
current roadmap.

Figure 3-6: Proposed architecture for space elevator [Obayashi, 2018]

The Obayashi Corporation tether system consists of the following infrastructure:
1.
2.
3.
4.

96,000-km carbon nanotube cable;
400-m diameter floating Earth Port;
12,500-ton counter-weight;
In-space facilities such as a Low Earth Orbit Gate, a Geostationary Earth Orbit Station,
a Mars Gate, Martian/Lunar Gravity Centers and a Solar System Exploration Gate.

Martian/Lunar Gravity Centers will be stations that will have similar gravity as on Mars/Moon
used for training and research. LEO Gate will be used to deploy satellites in the Low Earth
Orbit. GEO station will be used to deploy satellite in Geostationary Earth Orbit. The Mars
Gate and Solar System Exploration Gate will be used for planetary exploration and resource
mining in the solar system (Obayashi, 2018).
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Figure 3-7: Proposed roadmap by Obayashi Corporation [Obayashi, 2018]

The deployment will start with several launches that will assemble the system in Low Earth
Orbit. Then the spacecraft will move to GEO using electric propulsion and when the
spacecraft reaches GSO it will start to move upwards and simultaneously reel out cable down
towards Earth. The cable is then reinforced by climbers that will join the counterweight.
Using the completed cable, parts and cargo is sent for assembling the GEO station.
Construction of the other bases will be done in parallel to GEO station. The project is
estimated at $100 billion USD with a per kilogram price of $50-$100 USD.
3.1.2.4. Google X

Google’s research department has recently decided to take a look at the concept of the space
elevator. This office is looking at projects that range from advanced to bordering on science
fiction, including driverless cars, hoverboards and teleportation (Anthony, 2014). Not much
information is available, however the project seems to have been dropped due to the current
state of materials technology. The production capability of carbon nanotubes is cited as the
primary constraint at the moment, with nobody being able to produce strands longer than a
meter long, and of sufficient strength.
3.1.3. Organizations and Competitions

Besides the well-known agencies such as NASA, JAXA and ESA, and the companies that were
analyzed earlier in this chapter, there are a number of organizations that have a specific
interest in tethers. The ones presented in this chapter are:
● International Space Elevator Consortium (ISEC)
● Japan Space Elevator Association (JSEA)
● The Spaceward Foundation of NASA and the European Spaceward Association
These are all primarily involved in research towards the achievement of a space elevator,
therefore they intend to go further than merely developing large tethers in space, which is
the focus of this report. However, their planning, research, conferences and the competitions
they support have an obvious overlap with this report’s topic. In this section, their approach
and work are summarized.
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3.1.3.1. ISEC

The International Space Elevator Consortium was formed in 2008 and its mission is to
promote the development of a space elevator. To achieve this goal, the consortium engages
in activities including organizing a yearly conference, collaborating with other entities in the
space elevator field, and keeping a listing of all relevant publications. In addition, it selects a
yearly theme as part of their strategic planning, around which to concentrate research
efforts. The ISEC yearly theme for 2014 was to study how to move towards an operational
space elevator. The intention was to produce roadmaps and architectures, and the study was
based on five space elevator concepts (Fitzgerald, 2015).
At the end of the year-long study, ISEC produced a report describing the process and results,
and containing five roadmaps, each for a different segment of the space elevator: the marine
node, the climber, the tether, the apex anchor, and operations. From the five roadmaps, the
tethers, Figure 3-8 and climber, Figure 3-9, are very relevant to our project, and will be
discussed in more detail in this section.
The tether considered for the ISEC space elevator has the following characteristics: 1m wide,
apex at 100,000 Km, attached to a marine node at sea level. The study identifies 4 primary
functions:
1. Development of a long, strong tether able to support itself and its climbers
2. Controllability: the tether should be movable as needed, and movement should be
dampened as needed
3. Simulations: Operational modeling and simulation capabilities for predictability.
4. Deployment

Figure 3-8: ISEC tether roadmap, with step numbers marked [Fitzgerald, 2015]

The climber has a number of mechanical challenges that have been identified by ISEC:
1. Climber structure design and production.
2. Gripping approach and mechanisms
3. Motor
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Breaks
Power by solar sails after first 40 km
40 km box: to counteract the dangers of the first 40 km (from the atmosphere)
Payload support: protection, comms, power

Figure 3-9: ISEC climber roadmap [Fitzgerald, 2015]

The climber technologies were also the focus of a yearly theme of an earlier year. The specific
obstacles that the study identified are presented in Section 3.2.3.
3.1.3.2. JSEA

The Japan Space Elevator Association is a non-profit organization that aims to develop and
collect information and technology that will facilitate the creation of a space elevator, and to
make the benefits of a space elevator known to the wider public.
The Association has in the past set up meetings and conferences, as well as a number of
yearly competitions on climber technology, starting from 2010 (Semon, 2018). The last
competition was in 2017 and there was participation from university teams from Japan and
Europe (JSEA, 2017). The 3 prizes at the 2017 competition were given for speed/acceleration,
maximum payload, and for safely performing a mission of carrying a specific payload safely.
The tethers for these competitions are held up by balloons, and there have been heights
reached of over a kilometer. However, although there is an obvious academic interest in
these competitions, the parameters of the technology tested are difficult to locate, since the
information is almost exclusively found in Japanese.
3.1.3.3. Spaceward Foundation and Eurospaceward

The Spaceward foundation has been set up by NASA and was the organizer of the Space
Elevator Games. This was a yearly technological competition that run between 2005 and
2009, with a significant monetary reward for teams that were able to demonstrate successful
achievement of the specific competition goals.
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The competition had a focus on powering of the climber unit, as this was seen as a
fundamental achievement required to move towards a functional system. The power was
meant to be wireless, through the use of laser beams, and was thus called “power beaming”
in the competition. In addition, there has been a tether strength competition, where samples
of carbon nanotubes were submitted from university labs, for testing in the competition (The
Spaceward Foundation, 2008).
Eurospaceward is the European partner of the Spaceward foundation and is an organization
whose mission statement is “to promote participation in publicly accessible space programs
in support of EuroSpaceward’s mission of the industrialization and settlement of space”
(Boucher, 2018). They are heavily involved in Space Elevator activities in Europe, and
especially the EuSEC, a yearly competition organized by WARR (the Rocketry and space flight
work-group of the Technical University of Munich). The next such competition is in
September 2018, and the focus is on the efficiency of the climber (European Space Elevator
Challenge, 2018).
Section Summary

It is easy to see from the number of failures of past tether missions that the basic technology
is still not fully mature and reliable. The most common points of failure are the deployment
mechanism and electrical discharges that damage electrodynamic tethers. Still, as seen in
Figure 3-10, which presents a summary of missions and lessons learned from them, the
success rate of tether missions is around 70%.
In the short term, experiments and projects are needed to fully mature tethers and related
technologies, but planning for the longer term should not be neglected. In the short-term,
the ongoing studies for ESA YES series mission, NASA SEDs missions, JAXA experiments in
electrodynamic field and the contributions by universities worldwide are needed in order to
improve the knowledge around space tether application for propulsion generation.
Larger missions that can happen in the short-term could be debris removal, (needing of
course to take into account other concepts and technological developments such as nets or
harpoons), as well as low cost propulsion generation with mechanical and electrodynamic
tethers for deorbiting re-orbiting spacecraft.
A bit further in the future, in the frame of low cost propulsion generation, the application of
ISS re-orbiting with a tether system can be considered and is in fact part of many roadmaps
in this chapter.
In the long-term, mature tether technology would allow not only re-use of the ISS, but
eventually a future concept for Moon and Mars colonization, giving limited costs for orbital
transfers, low cost space transportation systems such as a Space Elevator, Cis Lunar tethers
and so on.
There has been a significant effort from the private Space Industry with cooperation from
the Space Agencies towards the development of space tether systems. But all the private
endeavors have been either delayed or unsuccessful due to lack of funding or legal issues
relating to funding. Tethers Unlimited has been one of the most successful companies but
has not been able to keep up to the proposed roadmap due to cancellation of projects or lack
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of funding. On the other hand, Liftport was bankrupted by legal issues during their funding
stages and were never able to get off the ground. Obayashi Corporation is a well-established
company with a supply of necessary funds for this type of project. Since the tether concept
is still in the research phase, private companies will have to be well funded and have the
support of the space agencies to produce useful work.
It is interesting to see that there is active work being done in the two specific areas of
materials and climbers. Some of the parameters seen in climber competitions are non-trivial;
for example, the over 1 km climb seen in the Japanese competitions, and the beam powering
technologies in the Space Elevator Games. However, besides these examples, most numbers
seen are still quite far from what would be needed to consider what is presented as viable
technology for a tether system from LEO to MEO. Payloads are in the order of a few kilograms
and most climber competitions are much shorter length than the ones mentioned above.

Figure 3-10: Past experiments and lessons learned [Eiden and Cartmell, 2003]

3.1.4. Technological Readiness Level

Technology readiness level (TRL) is a widely used parameter that describes the status of
research and implementation regarding a technology. It has been used at NASA since the
1970s, but was not rigidly defined until 1995 (Mankins, 1995). After its definition was
solidified, the concept of TRL began to be used internationally throughout the space industry.
The TRL of a technology, concept or system consists of a number from one to nine. Each of
these levels has a set of requirements that must be satisfied for that level to be attained. A
detailed description of these levels can be found in Mankins (1995) and Mankins (2009).
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Defining and tracking the TRL of a system can be a key management tool for space projects.
Understanding the readiness of each element of a system and the system itself helps to
define and mitigate risks to the schedule and cost of the project. It can also help guide
decision making about the best path to develop and implement a project. To gain these
benefits, assessments of the TRL of the overall system and individual components should be
conducted many times throughout development. These assessments can be either detailed
and formal or less detailed and informal.
An informal review of the TRL of large tether systems has been conducted. This analysis is
specifically focused on large tether systems. As smaller tethers have already flown in space
successfully, they are considered TRL 9. This has been used to guide the recommendations
offered throughout this report. Three different methods have been used to define the
system’s TRL: the categories originally defined by Mankins, the United States Air Force
Research Lab (AFRL) technology readiness calculator (Nolte, Kennedy and Dziegiel, 2004),
and the system readiness level (SRL) (Sauser et al. 2006). Table 3-2 gives a summary of the
status of large tether systems according to each of these metrics.
Table 3-2: Readiness of large tethers according to various metrics

Metric

Level

Maximum Possible Level

Technology RL (Mankins)

3

9

Technology RL (AFRL)

4

9

Manufacturing RL (AFRL)

4

9

Project Management RL (AFRL)

1

9

System RL (Sauser)

1

5

The original definition of TRL provided a broad outline of the characteristics of technologies
at each level and defined a few prerequisites for each. Based on these definitions, large
tether systems are at TRL 3. Mankins (2009) summarizes the characteristics of TRL 3 as
applying to technologies that have an “Analytical and experimental critical function and/or
proof of concept.” In general terms, TRL 3 is obtained after the completion of analytical or
experimental proof of concepts that demonstrate the basic scientific and development
principles that are necessary to implement the technology. In this case, previous flights of
smaller tethers constitute a very strong experimental proof of concept for large tethers, so
TRL 3 has been achieved. TRL 4 has not yet been achieved because it requires laboratory
validation of the entire system including integration. This has not yet been attempted for
large tether systems. Therefore, by this system of definition, the TRL of large tether systems
is 3.
The AFRL has developed a more detailed system for quantitatively analyzing TRL. Each level
is subdivided into several tasks that must be completed for a technology to attain a particular
level, and a percentage of completion is assigned to each task. Additionally, the AFRL TRL
system accounts for the readiness of manufacturing (MRL) and project management (PRL)
elements. Based on this calculator the TRL of large tether systems is currently 4. Based on
the experience of many companies such as Tethers Unlimited in constructing smaller tethers,
the MRL is also 4. However, because a directed development program for large tethers does
not currently exist, the PRL is currently 1. A sample of the inputs to the AFRL calculator is
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given in Figure 3-11. For each step that the technology needs to achieve, the percentage of
completion is input. This is then used to calculate the overall TRL of the system. For example,
the milestone “Analysis of present state of the art shows that technology fills a need” is
estimated as 90% complete because the variety of benefits offered by large tethers is well
classified.

Figure 3-11: Example of AFRL TRL calculator inputs

The SRL defined by Sauser et al. (2006) may be more appropriate to analysis of large tether
systems; it focuses on refining the identification of readiness for an entire system concept
rather than on individual elements. SRL has five levels, unlike the nine levels in the TRL
system. Based on the definitions of each of these tiers, large tether systems are currently SRL
1. This level is defined as having a defined general concept and the initial stages of an
implementation strategy. The concept of large tethers is well understood, as is the basic
physics of their implementation, so this tier has been achieved. To advance to SRL 2,
technological risk must be quantified and mitigated, and subsystems and components must
be selected.
Theoretically, increasing the length of a tether system does not fundamentally change the
physics involved, and only somewhat changes the design methodologies that must be used.
As smaller tethers have already flown in space, they are at TRL 9. The fundamental similarity
between large and small tether may thusly be able to substantially accelerate the
development of technology for large tethers and allow their TRL to increase quite rapidly.
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Section Summary

The TRL of large tether systems is currently 3 or 4; this is low compared to the TRL of smaller
tethers which is 9. The similarity between large and small tethers could allow large tethers
to increase in TRL rapidly. The SRL may be a more useful metric. Large tethers are currently
SRL 1; the max SRL is 5.

3.2. Engineering Obstacles
This section will begin the examination of specific obstacles facing the development of large
tethers by examining key engineering challenges. These obstacles are ordered by severity.
3.2.1. Mass of Tether Systems

The mass of large tether systems represents a major obstacle to their implementation. The
material properties of Kevlar given later in this chapter in Table 3-6 were used with an
assumed diameter of 2 mm to calculate the mass of large tether systems as a function of
their length. This is shown in Figure 3-12. The payload capacities to LEO of a few
representative launch vehicles is included for reference.
Based on this analysis, the mass of a large tether system could easily prevent its
implementation. The Falcon Heavy has the highest payload capacity to LEO of any rocket
currently operating. However, it is insufficient for deploying tethers that are any longer than
14000 km in length as an absolute maximum value. It is important to note that this
relationship ignores the mass of the bus for the tether or any extra mass added to the ends.
Additionally, the mass restriction limits the possibility for building redundancies into the
system, as adding additional strands to the tether has a multiplicative effect on the mass. For
a functional tether system, the situation will be even worse than this figure suggests. For
tethers longer than about 5000 km in length, the Falcon Heavy is the only possible launch
option. While more heavy launch vehicles will become available in the future, even the BFR,
the largest launch vehicle currently planned, is still insufficient for a tether that stretches
from LEO to GEO. Mass can be a major barrier to some if not all large tether concepts.
The ISS, the most massive man-made object in space currently, was constructed over a series
of multiple launches. Many subsequent concepts for large space systems have imagined this
as a possibility. However, this is not really possible for large tether systems with current
technology. There is no clear way to connect multiple segments into a single system while
still allowing climbers to move along the length of the tether. The possibility of advancing
technology to accomplish this is discussed in further detail in Section 3.7.4. Currently,
multiple launches only provide a solution for adding multiple parallel strands to a tether,
which is a good solution for increasing redundancy but cannot be used to increase the overall
length of the system.
The mass limitation imposed by the need to launch a tether into space is unavoidable with
current technology. There are some promising concepts for how this may be overcome, but
all require significant further research. One of these is assembly of a tether system in space,
either from segments assembled on Earth and launched separately or from resources mined
in space. This concept is discussed further in Section 3.6. Another is research into lighter
materials with sufficient strength to form a large tether, such as graphene or carbon
nanotubes. Because this limitation cannot be avoided and it imposes significant constraints
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on nearly all aspects of the development of large tethers, it is classified as severity three. For
a detailed discussion of how this issue constrains the design possibilities for some particular
large tether system concepts, see Section 4.4.1.

Figure 3-12: Tether mass as a function of length

3.2.2. Deployment

Deployment has been one of the most common points of failure for previous smaller tether
missions and is likely to cause even more problems for larger tethers due to the larger
amount of material that must be deployed. The design and operation of tether deployment
systems is complex and this is a likely cause of many failures. As deployment is a critical phase
of tether missions, is developmentally complex, and has been the cause of previous failures,
deployment is a severity two obstacle. Understanding the fundamental dynamics of the
tether and the technical challenges of tether deployment is essential to the design and
development of a space tether system. Primary drivers such as deployment control and
current tether technology need to be identified prior to determining the deployment system
parameters. The remainder of this section will outline some of the most critical technical
aspects of deployment.
3.2.2.1. Tether Deployment Control

Tether deployment control depends on both the tether and deployment system design.
Control of the deployment trajectory can be achieved by defining either the length or tension
profile. These techniques are described in Table 3-3. The design of the trajectory also has
limitations such as the gravity gradient restricting the deployment acceleration and the
deployment velocity determining the tether in-plane angle (Kruijff, 2011).
Table 3-3: Tether deployment control methods

Tether deployment

Length Control

Tension Control
International Space University, MSS 2018

Characteristics
Tether slackness can result from high deployment
accelerations. The tether is then expected to experience
free orbital motion due to the absence of tension. Control
is thus achieved when the tether experiences non-zero
tension and the distance between end masses reaches the
deployed length (Kruijff, 2011).
Tether slackness is less of a problem under this method.
However, friction on the deployment system should be
considered as it can cause a premature deployment halt
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and set the tether into pendulum motion. Deployment can
only happen when the deployer friction is less than the
pendulum tension (Kruijff, 2011).
3.2.2.2. Tether Angular Motion

Irrespective of the deployment control method, specific initial conditions and a deployment
velocity profile need to be determined. The deployment velocity determines the magnitude
of the in-plane angle. A fast-initial deployment can be achieved through low tension. A slow
deployment, in turn, can be achieved by maintaining the tension at levels similar to the
gravity gradient force. Transitional levels of tension and angles lead to a maximum
deployment velocity. Finally, an exponential deployment can be achieved by maintaining a
constant deployment angle, where the gravity gradient force is expected to increase with
length and consequently increase the acceleration (Kruijff, 2011).

3.2.2.3. Tether Deployment and Retrieval Control Approaches

Two dynamic problems result from two different tether deployment and retrieval control
approaches, described in
Table 3-4.
Table 3-4: Tether control approaches

Control Approach
Kinematic

Dynamic

Dynamic Problems
The tether length or rate of change is given by a function of time.
This approach requires a tether deployment/retrieval device with a
high operational accuracy. Minor errors have been found to cause
tether slackness which is undesired (Beletsky and Levin, 1993).
Tether tension is controlled at one end of the tether and depends on
observable state variables. The dynamic deployment approach can
be exponential or uniform (Beletsky and Levin, 1993).
Exponential Deployment Uniform Deployment
The uniform strategy on the other hand,
The disadvantage of the
endeavors to attain a steady tether
exponential strategy is
ejection rate, which is more practical in
the extensive variation in
design. Under this strategy, deployment
velocity throughout the
could be achieved through a tension
deployment process.
control system with a velocity feedback.

The tether will experience permanent deflection due to Coriolis forces, which should be
considered during the deployment process. In the event of a tether breaking, the end bodies
can be expected to experience off-loading waves at high speeds (Beletsky and Levin, 1993).
3.2.2.4. Tether Deployment Mechanism

The success of a tether system relies greatly on the design of its deployer system (Gavira et
al., 2000).
The tether deployer should be designed to fulfill certain functional requirements, including:
• Tether storage (during transportation and launch phases)
• Tether ejection and acceleration system
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Tether guidance (to prevent damage)
Tether system behavior monitoring
Tether deployment control (via tether tension and velocity)
Tether cutting (in case of unforeseen situations e.g. swing-back)

Before deployment initiation, is essential the tether be stored away to protect it against
mechanical damage. Upon deployment, the tether can interface with a guidance system with
a brake, strain gauge and cutter, to provide accuracy throughout the process (Gavira et al.,
2000).
Current deployment technology is restricted to four types of mechanisms including active
reels, passive reels, passive spools and passive unfolding systems. Previous flight experiments
have shown that active reel and cold gas systems can generate the separation required for
gravity gradient forces to initiate deployment, but at the expense of increasing complexity.
Similarly, spring separation systems which are dependent on providing enough initial kinetic
energy and momentum to counteract deployment frictional forces, require proper design to
not completely deter deployment friction, as it creates tension on the tether which can be
used for attitude and deployment control (Kruijff, 2011).
3.2.3. Climbers

A device or other advanced means to transport payloads placed at the lower end of a space
tether has yet to be fully realized. This device, typically referred to as a “climber” in the space
tether community, is envisioned to grab hold of a payload that has been dropped off at the
lower end of the tether, and then transport the payload up its length. The climbers on a
space tether could be propelled using mechanical means, electrically, using electromagnetic
propulsion or even chemical propulsion, for example. Various concepts proposed and space
missions have been carried out to investigate the options available; a few of them will be
outlined in more detail in the following section. Several components are required for an
effective climber, and the possible types of friction that a climber could be designed to use,
are then summarized.
3.2.3.1. Climber Concepts and Space Missions

A few concepts for climbers to attach to space tethers and space missions carried out to
demonstrate the feasibility of climbers are summarized throughout this section.
Massive tether wheels, capable of accepting payloads from the Earth’s surface, and then
slowly lifting off, may be a feasible climber solution (Evjenth, 2006). However, the space
tether would have to be designed to extend from the Earth’s surface into space for this
approach to be used.
A climber that uses friction was proposed during a 2011 meeting of the International Space
Elevator Consortium (ISEC). Later that the same year at Japan’s Space Elevator Technical
Competition a climber using friction to advance up along a tether was made and had an
average speed of 17 m/s (Swan et al., 2013). The climber at the Japanese competition was a
small scale model, however, and so it was concluded that a larger version of this climber
would require a roller mechanism to apply more frictional force to a real space tether.
Bartoszek Engineering has produced a computer model of a full-scale climber using friction
and rollers (see Figure 3-13). The compression mechanism and floating wheel modules in
this climber unfortunately made up 43% of the total mass. It was concluded that significant
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engineering would be required to reduce the mass to a point where it would be of any
practical use (Swan et al., 2013).

Figure 3-13: Complete roller assembly for a tether climber [Bartoszek Engineering, 2013]

The upcoming STARS-E mission plans to deploy a multi-wheeled and move it along a
stabilized, 2 km long tether (Yamagiwa et al., 2017). STARS-E is currently in the design phase
and is planned to have a 0.6 to 0.7 mm diameter tether made from Kevlar (Yamagiwa et al.,
2017). If successful, the STARS-E mission will be the first mission where a climber moves along
a tether in space.
3.2.3.2. Climber Obstacles

As indicated in the 2013 ISEC final report (Swan et al., 2013), the consortium considered that
an automated tether climber will need to consist of the following major components:
•
•
•
•
•
•
•
•
•

Motor and engine
Main structure with bays to hold payloads
Energy source, storage and distribution management
Wheel drive apparatus
Interface equipment
Environmental controls
Antennas
Attitude control
Support equipment such as a robotic arm

Many issues and design considerations exist surrounding the development of each of these
subsystems. Unfortunately, it seems likely that no one size fits all climber solution exists.
Specific climber designs are needed for specific tether systems. Therefore, the ISEC proposed
in 2013 that multiple types of climber designs will be needed, depending on the type of
mission conducted; these missions are summarized in Table 3-5.
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Table 3-5: Types of Tether Climbers [Swan et al., 2013]

Type - Mission
Atmospheric Protection

40 km- GEO

Beyond GEO

Return from GEO

Repair

Construction

Designs
Shroud to protect tether
climbers
within
the
atmosphere
Principle
operational
climber to carry 14 MT of
payload
Could be new design or leftover
principle
climber
design
Probably
operational
climber returning to Earth
without large solar arrays
Variable design for different
needs such as small patches
or
major
segment
replacement
Early climber to attach
tether material to original
seed ribbon

Power Option
Power cable or laser

Laser or solar

Solar

Solar

Laser or solar

Laser or solar

In order for the 2013 ISEC report to flow smoothly, specific design parameters were assumed
for a larger tether system that consisted of all of the missions listed in Table 3-5. Though the
ISEC report does not cover a LEO to MEO tether as is the case for this project, the
aforementioned considerations for major components and types of climbers are still
applicable for a large tether system, particularly to one connected directly to the ISS.
The effects of the space environment, coupled with other loading could result in the tether
vibrationally oscillating and/or unwinding the tether during the descent or ascent of a
climber. This could damage or impede the motion of the climber. A strategy to control
longitudinal vibrations should be used (Meng, 2017).
Climbers must be supplied with power to move along a tether. Technological advances in the
efficiency, mass density and area of photovoltaic cells must happen before power climbers
using solar energy can be used. The ISEC concluded, for example, that a solar array could
provide 4 MW of power to a climber if its area was 100,000 m2, weighed 1,220 kg and was
40% efficient in its energy conversion (Swan et al., 2013). A 188 kWh lithium-ion battery
module with a mass of 400 kg was proposed, but this baseline assumes significant mass
reductions in the primary structure of climbers by the use of carbon nanotubes (Swan et al.,
2013).
Magnetic torque rods, possibly used in conjunction with a reaction wheel, to control the
attitude of the tether itself, is important. The torque rods could be used to remove rotational
momentum within the reaction wheel and maintain control of the climber’s position (Swan
et al., 2013).
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The ISEC concluded that linear motor drives are the most suitable for large tether systems,
but that these motors would be most efficient if they were used to drive optimized friction
drive mechanisms.
The interface used between the climber and tether could be contactless (utilizing
magnetism), use wheels for mechanical contact, or other means of mechanical contact that
do not use wheels. Wheel contact mechanisms could consist of capstan (wrapping tether
around a solid wheel), pinching (wheel is flexible and deforms), use tracks similar in concept
to military tanks, or a hybrid of the aforementioned models. The ISEC also concluded that
mechanical walkers, inchworm type mechanisms, or a tether-vibration drive are other
mechanical approaches of interfacing the tether to the climber (Swan P. et al., 2013).
All the design factors explained in this section are clear obstacles for the design of a climber
interfacing with a tether connected to the ISS. Selection of a climber that uses friction
appears to be the most widely accepted approach to date by the ISEC but further research
into the use of friction-based climbers is still required. Currently, no clearly viable design
exists, and all concepts have low TRLs. Any tether system concept that seeks to implement
climbing functionality must further develop this technology itself, as no ready-made solution
has been devised. This increases the development costs for a tether system and makes
potential funding sources reluctant. Because of the high complexity involved with designing
a climber particular to an individual large tether system and the uncertainty surrounding
precisely what loads the climber will induce, this is a severity two obstacle.
3.2.4. Interfacing with Tether

The design of a climber that travels along the length of a space tether will have to incorporate
an easy means for allowing payload transfer from an external vehicle. External vehicles may
include rockets that travel near the tether and drop off payloads during flyby, or hypersonic
vehicles that travel up to a predefined altitude and rendezvous with the tether. Currently no
known space mission has successfully tested mechanisms to capture payloads. The planned
STARS-E mission will use a climbing vehicle that is pre-attached to the tether. (Yamagiwa et
al., 2017). General methods proposed to capture the payload by a climber include using
netting with or without propulsive capabilities, a physical grappling arm, an electromagnet,
or the cone trapping approach. The capture mechanisms used for these approaches are
described in further detail below. The selection of one of these methods by a future space
company designing this element of a tether system is wholly dependent on the specific
design of the tether and climber.
The ISS allows spacecraft such as the Soyuz to dock with it in a similar fashion as the cone
trapping approach. The cone trapping approach would therefore be a reasonable one to use
to design an ISS tether system because the payload could attach to the end of the tether,
become encapsulated within the climber itself, and then be transported by the climber along
the tether.
Boeing has proposed the following three capture mechanisms (Boeing, 2000):
•

Net: The net consists of flexible cables and would capture the payload travelling in a
ballistic trajectory in free-fall. The payload would be placed in a protective cloak prior
to its ejection from a hypersonic vehicle.
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Grapple: The grapple is shaped like a claw and attached to the tether. A grapple
would need an active guidance and a reaction control system and the external
vehicle used to transport the payload would need a passive docking system.
Electromagnet: A large magnet, magnetized through constant current and connected
directly to the end of the tether while being used to lift payloads out of space
vehicles. An adaptor made out of ferrous material with an isolation barrier to protect
payload electronics would be required, attached to the payload itself. The system
would have the ability to magnetize and demagnetize the magnet as it is turned on
and off.

A design for a net cushioned with a propulsive thruster was proposed by Keramati Nigjeh
(2002), and was found to be able to propel itself and withstand a large error of speed of 60
m/s. This capture approach would be capable in real time of grabbing payloads, and thus is
a preferred concept over a passive system (Williams et al., 2005).
For cone trapping, a cone which is externally connected to the payload itself slides into a
recessed sleeve manufactured either within the tip of the tether or climber. When proper
alignment is established, the payload would be locked into place and transferred into the
climber. Cone trapping could be a very successful approach, not only because of the
requirement for proper alignment between payload and tether, but also because it could be
retrofitted with new hardware (You, 2007). Figure 3-14 shows three of the interface
approaches described: the net, the electromagnet and the cone trapping.

Figure 3-14: Capture mechanisms: a.) Net, b.) Electromagnet, c.) Cone Trapping [Boeing, 2000]

The lack of any successful demonstration of these possible capture techniques makes it
difficult to determine which is the best option. Capture is likely to be a risky procedure for
the tether and the payloads; if any errors occur, both could be lost. Therefore, robust well
considered designs are needed for this element of the system. Because of the lack of flight
heritage, this will represent a significant area of development work for a large tether project
that seeks to move a payload and is a severity two obstacle.
3.2.5. Materials

Materials used to construct a space tether must be capable of carrying forces such as those
that occur while it is in equilibrium (i.e., static loads), oscillating (i.e., dynamic loads), and
temperature changes that occur within the material of the tether itself, causing the tether to
permanently deform (i.e., thermal loads). Material selection is also dependent on the
physical cross-section and configuration used (i.e., circular or flat rectangular cross-section
and single or multiple lines). Tether geometry, design and loading affects what material can
be selected for use in a space tether; a couple of the most common commercial off-the-shelf
(COTS) materials that have been used in existing space mission are Kevlar and
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Dyneema. Kevlar has high heat resistance, and thus has been used in the initial length of
tethers for both the YES and YES2 space tether missions, where friction in initial tether
deployment caused high thermal loads. Dyneema, an Ultra-High Molecular Weight
Polyethylene (UHMWPE), has a high strength-to-weight ratio and is still the existing material
to beat because it tends to become stronger in cold environments and be less prone to creep
(degradation due to prolonged storage coupled with temperature changes) (Hoyt, 2018).
Materials and structures obstacles preventing a large space tether currently include: ease of
manufacture and testing of materials on Earth and then transporting them into space
(severity one), and the fact that tether designs such as the Caduceus and Hoytether have not
had significant flight time to properly test the merits of either one of these designs (severity
one). Advanced materials such as carbon nanotubes (CNT), graphene made into colossal
carbon tubes (CCT) or diamond nanothreads (DNT) hold promise to overcome the
inadequacies currently prevalent with both Dyneema and Kevlar; however, these materials
are still experimental and further research for them is required.
The remainder of this section will delve deeper into discussing aspects of tether geometry,
design, loads, existing COTS materials and experimental materials; this information was used
to develop the summarized remarks made at the beginning of this section.

3.2.5.1. Tether Geometry

Different cross-sections of a tether have been addressed analytically and/or tested through
actual space missions. For example, solid circular cross-sections were studied by both Ishige
et al. (2004) and Misra et al. (2014). The former study considered an electrodynamic tether
solid aluminum circular cross-section with an area of 3.14 mm2 (Ishige et al., 2004). Two
different simulations were done in the Ishige study: first the tether was assumed as a simple
point mass and rigid (i.e., the tether’s cross-sectional moment of inertia was ignored) and in
the second, the tether was modeled into segments with spring elements to account for its
ability to oscillate under dynamic loading (it was assumed to not be stiff in bending). In the
Misra study a constant circular cross-sectional area of 2 mm^2 and length of 5,000 km, made
out of Kelvar, was used (Misra et al., 2014).
Rectangular cross-sections and non-solid cross-sections have been used for tethers flown in
space missions. For example, in the YES mission, a double strand Carroll Caduceus design
was used, where each strand was Dyneema SK66 braided into rectangular cross-sections
(Kruijff, 2011, pp. 269). The successful YES2 mission opted to use Dyneema SK65 braided
into a 0.5 mm diameter circular cross-section (Kruijff, 2011, pp. 298). A mission that chose
to use a non-solid cross-section Hoytether design was the MAST mission; it is suspected that
the reason why this mission was not successful is because the separation mechanisms used
did not deploy as intended (Hoyt, 2018).
Single line tethers are those with strands braided into a single, solid circular or rectangular
cross-section. Other concepts, such as the Caduceus and Hoytether, are multi-stranded. The
Caduceus tether has one secondary line with strands braided together is wrapped around a
primary line consisting of straight braiding of strands (Hoyt, 2018). An example of a
Caduceus tether design was the one used for the YES mission shown in Figure 3-15. The
Hoytether design consists of multiple primary lines that run along the length of the tether,
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cross-linked with its secondary lines (Forward and Hoyt, 1995). This more complex nettinglike tether structure is shown in Figure 3-16.

Figure 3-15: YES Tether Design in three segments [Kruijff, 2011, pp. 269]

Figure 3-16: a) General layout, b) Hoytether sample geometry, c) Load redistribution due to severed
primary line, Hoytether Concept [Forward and Hoyt, 1995]

For both the Caduceus and Hoytether tethers, a minimum of one primary line is designed to
always remain in tension and the secondary lines only pick up load if unexpected loads occur
on the tether and/or if the primary lines themselves fail. This redundancy has the potential
to greatly reduce the risk of tether failures. However, both tether designs have seen limited
use in space missions, and the Hoytether itself has yet to have a successful mission (Hoyt,
2018). This makes implementation and therefore of the desired redundancy of these ideas
more difficult.
3.2.5.2. Tether Loading

A space tether is likely to be subjected to some of the following loads:
▪

Initial Deployment - during initial deployment, such as for the YES mission, axial
loading on the tether was planned to be initially higher than normal to overcome
friction and to ensure tether release (Carrol, 2018).

▪

Thermal - contact between the tether and its spool during deployment result in
friction, which in turn results in the tether itself to heat up. The space
environment and its extreme changes in temperature is also another source of
thermal loading on the material of a tether as discussed in section 3.3.1.
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▪

Jerks - unexpected dynamic motion of the tether can cause high tensions (Kruijff,
2011, pp. 142).

▪

Static - for a tether in dynamic equilibrium (i.e., not oscillating significantly and
fully deployed) the loading on the tether will be tension.

▪

Aerodynamic - if the orbit of a space tether causes it to be exposed to the Earth’s
atmosphere, aerodynamic drag may be introduced on the tether as discussed in
section 3.3.1. The effects of aerodynamic drag may be counteracted if the tether
is electrodynamic (Kruijff, 2011, pp. 12).

▪

Electrodynamic - if the tether is made from conductive material, the Earth’s
magnetic field can cause Lorentz forces to be applied to the tether; these forces
can be used to counteract solar and aerodynamic forces, as well as aid in
movement of payloads along the tether (Kruijff, 2011, pp. 12).

The list above is by no means exhaustive but covers the most prominent loads the material
of a space tether may need to endure while operating in a space environment. The material
used must be able to carry axial loads caused from initial deployment, jerks, static, and
aerodynamic; all these loads except static ones tend to oscillate the tether, which in turn will
induce axial loading. Static loading, as previously explained, can only occur if the tether does
not significantly oscillate. Electrodynamic loading may also deform the tether (Kruijff, 2011,
pp. 40), which though not explicitly stated in some literature will further result in axial loading
on the cross-section of the tether. Electrodynamic loading may also result in heating the
tether, which in turn affects the tether’s electrical resistance (Kruijff, 2011, pp. 38). Other
forms of thermal loading, whether it be due to friction during initial deployment or due to
the extreme changes in space environment temperatures, can cause the tether to deform
and create additional undesired loading throughout the tether structure.
3.2.5.3. COTS Material Properties

Two of the most common materials used today for space tethers are Dyneema and Kevlar.
As shown in Table 3-6, a couple different types of Dyneema (UHMWPE) have very low density
whereas Kevlar (a type of aramid) has a very high heat resistance. Furthermore, Dyneema
has excellent creep properties (Bernard, 2018), unlike Zylon (a polyparaphenylenebenzisothiazole (PBO)), which was found to have poor creep properties in a study carried out
by Sterling and Fairbrother (2004). In the study loads were applied on PBO test specimens
and then stored for one year to study the effects of creep degradation under light exposure;
the PBO specimens were found to undergo significant strength loss.
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Table 3-6: Relevant material properties for space tethers [Kruijff, 2011, pp. 113]

Kevlar and Dyneema both have reasonable strength-to-weight ratios and appear to have
flown in the most space missions to date. Both existing COTS materials are therefore
currently the most logical ones to be used in the design of a space tether in the near future,
particularly for a space tether connected directly to the ISS.
Aluminum is known as a conductive material and was proposed to be used in a study carried
out by NASA (Johnson and Herrmann, 1998). Due to its low tensile strength (see Table 3-6),
a space tether design would have to ensure that any aluminum used for conductive purposes
does not become load bearing.
3.2.5.4. Future Material Properties

Research continues to be conducted into carbon nanotubes (CNT), colossal carbon tubes
(CCT) and diamond nanothreads (DNT). These three materials possess theoretical tensile
strength and heat resistance greater than both Dyneema and Kevlar; data for CNT is shown
in Table 3-6. These materials could also provide similar performance characteristics to a
tether at lower mass.
CNT has been difficult to manufacture into large fibers, however, due to the microscopic
defects that occur within the walls of this material during its processing. Furthermore, the
microscopic defects of CNT have also been attributed to altering the strain distribution in this
material while it is exposed to tensile loads, decreasing its strength by an order of magnitude
(Zhu, 2016). CNT possess excellent thermal properties (and its thermal conductivity is twice
that of copper’s at 1000 W/mK (Stein, et al., 2013).
Graphene is another material currently being researched for use in applications such as space
tethers. One of the most current graphene-based materials is colossal carbon tubes that
consist of multiple layers of nanoscopic graphene tubes with microscopic voids. CCT tubes
tend to be long and of low mass. CCT has less molecular connections requiring binding
material to keep it together when compared to CNT, which is why CCT tends to have a lower
mass than CNT. CCT macrofibres have been found to have high tensile strengths of 6.9 GPa
and high electrical conductivity, making it also a potential candidate for electrodynamic
tethers. The greater void density of CCT may have the potential to dampen and disperse the
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loading caused by large micrometeoroid impacts, but this characteristic of CCT requires
further research (Meulenberg and Poston, 2011).
DNT, with its tightly packed bonds, may contain variations in the polybenzene rings that make
up its diamond-like structure. These rings contain Stone-Wales defects (SWD); these defects
exist with CNT but unlike CNT, the number of SWDs can significantly alter the mechanical
properties of DNT. Yield strength is defined as the maximum tensile stress that a material
can take before it starts to permanently deform (i.e., will no longer return to its original
length and cross-section). It was found that the yield strength and yield strain depends
directly on the length of the DNT chain. Once methods to control SWD and the effects due
to temperature on DNT are resolved, the mechanical properties of DNT may be tailored as
desired. The electrical and thermal properties of DNT are further believed to be. Sample
mechanical properties found for DNT from simulations show that the yield strength of DNT
averages around 56 GPa (Zhan, et al., 2016).
3.2.6. Risk of Tether Projects

In general, tether projects are perceived by the space industry as having a very high risk. This
view is not entirely without justification; after all, the success rate of tether missions has
historically been low, ranging between 60% and 90% depending on the criterion used to
define success. The perception, however, is in many ways worse than the reality. Some
industry leaders have said that tethers never work at all, which is untrue. This perception,
combined with the high cost of large tethers, can make it very difficult to justify a tether
project, especially in the generally quite risk-averse space industry (Straub, 2012). Potential
sponsors and funding sources are likely to be reluctant to put any money into a proposed
tether system because of this perception of risk.
Including redundancies and other possible risk mitigation techniques in any tether system
proposal is a necessary step. This will help to increase the reliability of the system and reduce
the risks of a tether failure. Additionally, extra care should be taken to systematically track
and mitigate all risks for a large tether project. Rather than executing this as a background
systems engineering task, as most space projects do, this project should be open and heavily
emphasized. Lastly, large tether systems should be designed so that they can be safely and
effectively serviced in orbit by human astronauts or by robots. This will allow the repair of
many possible failures and create the potential for the system to operate for longer periods
of time. In the medium term, which is when it is most likely large tether projects will start to
be deployed, the cost of such servicing operations should be greatly reduced (Flores-Abed et
al, 2014). Taking these steps will both increase the likelihood of mission success and respond
to the criticism that the project is too risky, aiding in securing funding. This obstacle can be
significantly reduced through meticulous and transparent systems engineering, so it is
classified as a severity one obstacle.
3.2.7. Energy Transfer to Payload

When a tether system is used to move a payload, whether by way of a climber or by
momentum exchange, some of its orbital energy is transferred to the payload. This causes
the semi-major axis of the tether systems orbit to decrease. If the payload is large enough,
this orbital decay could cause the tether system to re-enter the atmosphere and be
destroyed. Propulsion can be used to counter this loss of energy, but if the payload is lifted
too fast then the propulsion system may not be able to replace the energy quickly enough.
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In this way, the performance of the tether's propulsion system is the key factor for
determining both its payload capacity and the maximum climber speed.
Conservation of energy is the dominant mechanism governing what happens when the tether
lifts a payload. Assuming no other energy transfers are occurring between the system and
the external environment, the only energies involved will be the orbital energies of the tether
and the payload. In each of the following equations, the subscript t refers to the tether while
the subscript p refers to the payload. E is energy. Equation 3.1 shows the conservation of
energy relationship.
∆𝐸 = 0 = ∆𝐸𝑡 + ∆𝐸𝑝

(3.1)

The specific orbital energy of a body is given by Equation 3.2.
𝜀=−

𝜇
2𝑎

(3.2)

μ is the gravitational parameter of the central body of the orbit. a is the semi-major axis of
the object’s orbit. For a tether system, this is the semi-major axis of the center of gravity of
the system. The specific orbital energy, ε, is measured in J/kg; therefore, it must be multiplied
by the object’s mass to determine the actual value of its orbital energy. The mass used for
the tether system is the sum of the mass of the tether itself and the mass of each end of the
tether.
∆𝐸 = 0 = 𝑚𝑡 ∆𝜀𝑡 + 𝑚𝑝 ∆𝜀𝑝 = 𝑚𝑡 (−
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(3.3)

From the energy balance given in Equation 3.3, the change in semi major axis for the tether
can be determined. For the situation under consideration, with a large tether lifting a payload
from its bottom end into some target orbit, all of the parameters in this equation are known
except for at2. Rearranging the equation to solve for at2 yields Equation 3.4.
−1

𝑚𝑝
𝑚𝑝
1
𝑎𝑡2 = [
−
+
]
𝑎𝑡1 𝑎𝑝2 𝑚𝑡 𝑎𝑝1 𝑚𝑡

(3.4)

Equation 3.4 was used to calculate the change in the semi-major axis for a large tether system
for a range of payload masses and tether sizes. Regardless of total length, the bottom end of
each tether was assumed to be in LEO (500 km). The initial orbit of the tether was assumed
to be a circular orbit with parameters determined by the location of its center of gravity. The
initial orbit of the payload was assumed to be a circular orbit at the same altitude as the
bottom of the tether, while its final orbit was assumed to be a circular orbit at the altitude of
the top of the tether. The mass of the tether itself was calculated based on the material
properties of Kevlar and an assumed diameter of 3 mm. Figure 3-17 shows the change in the
semi-major axis of the orbit of a large tether system as a function of the payload mass lifted.
For purposes of this analysis, a constant length of 7000 km was assumed. The relationship is
shown for a variety of masses for the ends of the tether system.
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Figure 3-17: Change in the semi-major axis of a tether’s orbit as a function of payload mass lifted

The relationships shown in Figure 3-17 are close to being linear. As expected, the orbit decays
more as payload mass grows. This occurs at a slower rate for tether systems with greater
total mass. While the tolerance for orbital decay will depend on the payload climbing rate
and the design of the propulsion system used for the tether. Since this is a function of the
components selected for a particular design and not described by any general mathematical
law, determination of the maximum payload capacity for a particular tether system cannot
be done until design work has commenced. However, by assuming that any tether is capable
of lifting a payload that will leave its bottom end still in space (here considered as above 100
km) without risk of deorbiting, it is possible to illustrate and draw conclusions about the
relationship between the maximum payload capacity and other parameters. Figure 3-18
depicts this relationship; maximum payload capacity is plotted as a function of tether end
mass values for a variety of tether lengths, ranging from 1000 km to 35286 km, which is the
length of a tether stretching from an altitude of 500 km to GEO. For each tether length, it is
assumed that the tether is lifting the payload to the altitude of its upper end, therefore the
longer tethers in this scenario are lifting payloads much higher than the shorter tethers.

Figure 3-18: Payload capacity as a function of end mass for a variety of tether lengths

Several key observations emerge from Figure 3-18. As expected, the payload capacity
increases as the end masses increase. However, the magnitude of this effect is strongly
dependent on tether length. The payload capacity of shorter tethers scales much more with
end mass than that of larger tethers; in the larger systems the mass of the tether itself plays
a more significant role than the end mass. Therefore, from the perspective of payload
capacity, including heavy end stations is less important as the tethers grow longer.
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Additionally, somewhat counterintuitively, shorter tethers can lift more payload than longer
tethers. Although the mass of the system increases with tether length, the effect of this is
dwarfed by the increased energy transfer caused by lifting the payload higher.
Based on the results of this analysis, the decrease in orbit when lifting a payload does not
seem to be a significant obstacle for tether systems between 1000 km and 5000 km in length.
Such systems should be capable of lifting payloads that have masses of more than five metric
tons without risk of falling out of orbit and without the need for prohibitively large end
masses. For reference, potential payloads, such as GNSS spacecraft and telecommunications
spacecraft have masses around 1.6 and 5.8 tons respectively (Boeing, 2017; Clark 2016).
For tether systems with lengths more than 5000 km, orbital decay as a result of lifting a
payload could represent a serious obstacle. To overcome this, it is critical for such systems to
include a propulsion system capable of restoring the tethers orbital energy at the rate that a
lifted payload removes it. This is not impossible, but it is likely to represent a significant
design driver for tether systems in this length range and will significantly increase the
complexity of their construction. Another possible option is to increase the available end
mass by reusing objects already in space, such as the ISS (see Chapter 4). As this obstacle only
applies to some large tether systems and can be mitigated by the development of a highly
capable propulsion system, this obstacle is severity one.

Section Summary

There are many engineering obstacles facing the development of large tether systems.
However, most of these can be resolved with further design work, though in some cases this
work may represent a significant effort. The most critical obstacle is presented by the mass
that a large tether system must have if assembled using current materials. Table 3-7 lists the
obstacles discussed in this section along with their respective severities. The following
section will focus on the obstacles that are imposed by the space environment in which a
large tether must operate if implemented.
Table 3-7: Summary of engineering obstacles

Number
1
2
3
4
5
6
7
8
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Obstacle
Tether System Mass
Deployment
Climber Design
Interfacing
Lack of flight heritage for
advanced tether geometries
Tether Manufacturing
Risk of Tether Projects
Energy Transfer to Payloads

Severity
3
2
2
2
1
1
1
1
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3.3. Space Environment Obstacles
This section looks at the space environment considerations and what presents an obstacle or
may in fact be useful for a large tether in the region of LEO to MEO. This concerns a possible
environment from 100 km to 10,000 km depending on the altitude determined for the orbit
of a large tether. It is complex with a wide range of impacts and intertwined environments.
This is peculiar compared with usual spacecraft as this encompasses a constant exposure to
a wide range of orbital environments. However, it is relatable to some spacecraft orbits, for
example the Molniya orbit of 500 km to 40,000 km.
It is commonplace for satellites in Earth’s orbit to utilize the geomagnetic field in performing
attitude control. The tether could be the next development of that. This applies specifically
for electrodynamic tethers which are designed to utilize the Earth’s magnetic field and the
ionosphere. Depending on the material the tether is constructed from, if a tether is charged
or conductive it will result in interaction with the Earth’s magnetic field. Utilization of the
Earth’s magnetic field and ionosphere by tethers is further discussed in Section 3.3.7.
With regards to the magnetic field, the main consideration presented in the following
sections is the resulting interaction of a tether with particles trapped in the magnetic field,
which is detailed in discussion of the Van Allen belts, Section 3.3.1. These particles are the
result of Earth’s magnetic field protecting it from solar wind, coronal mass ejections (CMEs)
and solar flares which may present their own problems discussed in Section 3.3.4. However,
cosmic rays are high energy particles unlikely to be deflected by the magnetic field and can
cause issues similar to solar particles and those trapped in the Van Allen belts. Nonetheless,
while this does not appear to have been studied in detail, magnetic disturbance could be an
important perturbation to tether systems that should be researched.
Gravity gradient and magnetic disturbance traditionally are the strongest perturbing torques
a spacecraft will experience as it flies through space (Messerschmid, 1999). However, a
tether would have an Earth-oriented flight attitude, thus the gravity gradient can be used as
a stabilizing factor and does aid in deployment. This occurs as the smallest moment of inertia
is oriented towards Earth with a tether system. As a result, the gravity environment is not an
obstacle.

3.3.1. The Van Allen Belts

Van Allen belts, Figure 3-19, are the regions around the Earth where charged particles,
predominantly emitted by the Sun, are trapped by the magnetosphere. The magnetosphere
is Earth’s natural protection mechanism against solar radiation, as it deflects most of the
charged particles. (Pelton and Allahdadi, 2015).
For a LEO to MEO tether, a concern would be the lower Van Allen belt, a region of maximum
electron density, centered between 1000 km and 16,000 km, and composed of highly
energetic electrons and protons. The position of the lower Van Allen belt is highly dependent
on orbital inclination and solar activity (Messerschmid, 1999).
In 2013, NASA launched the Radiation Belt Storm Probes and studied the radiation belts. It
was determined that these are indeed not fixed, and that they change both in shape and size.
The mission found a temporary third belt, which it studied until it naturally dissipated. Solar
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events influence the radiation belts, changing their shapes and sizes, thus making the area
they cover fluctuate. The Sun’s activity reaches a solar maximum approximately every eleven
years, at which point this spatial fluctuation is most likely to be pronounced. This means that
an orbit which is usually relatively un-exposed to radiation may temporarily find itself in a
radiation zone. There is currently no way to predict this variability (Pelton and Allahdadi,
2015).

Figure 3-19: Example satellite orbits and the Van Allen belts [Pelton and Allahdadi, 2015]

3.3.1.1. Effects on Materials, Devices and Biological Systems

Any system going through the Van Allen belts using a tether would be subject to significant
levels of radiation over an extended time frame. The energy of the particles in the belts is in
the hundreds of MeV range (ESA, 2008). Energy transfer from ionized particles in the belts to
biological tissues produces free radicals. These are highly reactive and can interact with biomolecules like DNA, causing damage (Pelton and Allahdadi, 2015).
Beyond direct effects on humans, radiation causes organic compounds to degrade through
the process of radiolysis. This would impact items meant for human consumption such as
food, drinks and medication, again contributing to negative effects on human health
(Holmes-Siedle and Adams, 1993).
Besides these consumables, vulnerable organic compounds include polymers, which are used
in electronics, coatings, lubricants, structures, and many other materials and components.
The bombardment of these materials and subsequent rupture of chemical bonds can have
effects like brittleness, discoloration and radiation-induced conductivity (Holmes-Siedle and
Adams, 1993). This would be a major concern for the material the tether is constructed from
and should be taken into consideration certainly when designing the system and then in later
testing. It would even be of interest to take what materials are likely to used and utilize these
in-flight experiments to experimentally determine the risk.
Inorganic materials are not immune to the effects of radiation either. The logic state of
electronics can be changed causing calculation errors. Degradation can cause faults or reduce
performance (Holmes-Siedle and Adams, 1993).
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In terms of mitigation, because of these effects certainly the critical sections if not the whole
system must be shielded, and radiation hardened. This adds to a system’s complexity, its
total weight to be transported, and so introduces extra cost (Holmes-Siedle and Adams,
1993). Generally, spacecraft try to avoid ever passing through the VAB, with damage and
failure to spacecraft having been found directly correlated to passing though the South
Atlantic Anomaly, a section of the VAB at the closest point to Earth’s surface. However, this
will not be possible for a tether system because of the size. Nonetheless it may be of interest
to consider the orbit of the tether system and the inclination to minimize time spent in the
densest areas of the VAB. The VAB is seen as a potentially critical obstacle of severity three,
certainly to the presented ISS reuse case as discussed in Chapter 4.
3.3.1.2. Remediation of the Van Allen belts

Due to the highly ionizing nature of material trapped in the Van Allen belts, they are
considered an obstacle to space activities. Thus, their remediation or removal has been a
topic of research in recent years. In summary, a high-volt electromagnetic tether could
reduce the flux of ionized material in the belts and consequently that received by systems
passing through the Van Allen belts, such as would be the case for anything using a MEO
tether system climber, including the system itself.
The research on the effects of such remediating action is somewhat unclear until now. The
Van Allen belts are generally considered to be a side-effect of the natural protection
mechanisms of the planet, but academic sources in some cases include them as part of the
mechanism itself (Pelton and Allahdadi, 2015).
The remediation of the Van Allen belts could be considered as geoengineering. As such, it
would have global reach. It would be interesting to determine how such a disturbance in the
upper atmosphere is likely to affect communications and electronic systems on Earth.
While the idea of remediation of the Van Allen belts--intentional or not--may seem like an
interesting idea, the implications are quite complex. The idea of changing something that
belongs to all of humankind is an ethical dilemma that should be considered very carefully.
As per Article IX of the Outer-Space Treaty (OST) countries must avoid adverse changes in the
environment of the Earth, and that international consultations should take place before
carrying out any activities that may cause harm in the peaceful exploration and use of outer
space. The impact of the charged particles released upon the remediation of the Van Allen
belts, such as increased radiation reaching Earth or on surrounding space objects, are
important to be investigated before any action is taken. If geoengineering the Van Allen belts
causes more harm than good, it can be a tricky situation to navigate.
Lastly, besides the scientific or engineering effects of the Van Allen belts depletion, it would
be interesting to identify the societal effects. As an example, auroral effects in latitudes
further away from the poles would have an impact on tourism, media, education, but would
likely cause disturbance and worry. It would not even need to be intentionally removed; it
may be inevitable that the process of a large electrodynamic tether passing through the
lower Van Allen belt could cause such an interaction.
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3.3.1.3. Using Electrodynamic Tethers for Remediation

Electrodynamic tethers moving through the Van Allen belts have been suggested as a feasible
way of remedying the radiation in the belts, which would have the effect of reducing the
associated risks to humans and systems passing through them. The method proposed to
achieve this is to use EDTs to change the angle between the charged particle’s direction of
motion and the local magnetic field, called its pitch angle (Danilov, 1996).
If the pitch angle is reduced to a value referred to as the “loss cone angle” the particles enter
the upper atmosphere, collide with atmospheric particles and dissipate their energy. All the
angles with which the particle can strike the atmosphere and free itself from the
magnetosphere comprise what is called the loss cone.

Figure 3-20: Plasma sheath, equipotential contours of a 25-wire tether [Hoyt, 2005]
A deployed electromagnetic tether should stay aligned vertically. This would place the tether
perpendicular to the Earth’s magnetic field lines, assuming equatorial (or near equatorial)
orbits. A large voltage would then be applied, which would create a field around the tether.
Ultimately, this would locally distort the planet’s magnetic field, allowing the particles
passing close to the tether to scatter. The way a particle will be affected is random, so many
passes may be needed until a loss cone path is achieved (Hoyt and Minor, 2005).
The application of voltage to the tether causes a plasma sheath to form, which is shown in
Figure 3-20. This is in effect a cylinder around the tether, where some particles are attracted,
and others repelled. The diameter of the sheath is determined by the applied voltage.
Additionally, the current produced and the length of the tethers is determined by the altitude
of the system, as at different altitudes there exist different sources of ions. Simulations
indicate that the belts would be depleted within two months given a system of twenty-five
tethers charged to 2kW (Tethers Unlimited, 2007).
Whilst theoretical, this option to remediate the belt is not just of passing interest but may be
critical to ensure the health of the tether system and certainly anything biological using it.
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3.3.2. Space Tethers and Debris

“Space debris” is the defined as non-functional man-made objects in the space environment,
orbiting around the Earth, including defunct satellites, spent upper stages and parts of them
(IADC, 2007).

Figure 3-21: Spatial density of debris by orbital altitude [Baojun, 2015

The distribution of debris covers all orbits and most observation and computation of debris
density have been done in LEO and GEO instead of in MEO, where investigation has been
scarce so far.
Figure 3-21, shows the spatial density of space debris objects as a function of altitude. In our
case of study, the tether extends from LEO to MEO and according to the data in literature, a
higher risk of accidents (collisions) can be observed in lower orbit. The MEO region is sparsely
populated. Tethers are delicate systems, harboring very high risks in terms of accident
probability. The probability of accidents highly depends upon contact with debris or other
space elements, malfunction, manufacture defects, vibrations and many more.
Therefore, the following aspects of the interaction between a large tether and debris must
be quantified:
1. Collision probability of a long tether in space with mainly debris and operational satellites
2. Tether survivability, to assess the capability to be damaged by debris and meteoroids and
to evaluate possible guidelines useful for the design.
The probability of collision with debris is highest in LEO; the majority of threatening objects
are found in the 200-2000 km altitude range. In addition, a high collision velocity of about
10km/s can be expected at these altitudes (Rossi and Farinella, 1992). Therefore, putting a
tether in orbit and having it survive for a long period of time will be a challenge considering
the constantly growing amount of space debris. A lower density of objects and hence collision
probability can be found in the MEO region (about two orders of magnitude lower than in
LEO). However, in this case the mean collision velocity is still relatively high, about 5 km/s
(Rossi, 2008).
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3.3.2.1. Analysis of collision risk probability

The risk of collision for large tethers is one of the crucial aspect to consider, as well as a critical
aspect for the design, in terms of tether survivability and safety of operations. The large
cross-sectional areas are the main parameter and an average impact probability can be
predicted as a function of size, debris density and collision velocities at different orbit
altitudes (Pardini, 2009).
The determination of the risk for collision probability, can be obtained by way of Equation
3.5 (Gittins, 2003).
𝑃 = ⍴𝐴𝑣𝑡

(3.5)

⍴ is the debris density. 𝐴 is the tether cross-sectional area. 𝑣 is the relative velocity. 𝑡 is the
time interval under consideration.
Therefore, the collision probability per unit time Pi is given by Equation 3.6:
𝑃𝑖 = ⍴𝐴𝑣

(3.6)

The impact cross-sectional area will depend on the type of tether. For single stranded tethers,
it is possible to compute the impact cross-sectional 𝐴 as:
𝐴 = 𝑙(𝐷 + 𝑑)

(3.7)

𝑙 Is the length of the tether. 𝐷 Is the fragment diameter. 𝑑 Is the tether diameter.
To obtain the probability of collision for large tether system, calculations will be performed
based on an example case of a 65000 km tether with its lower end at an altitude of 500 km.
For a more detailed analysis Equation 3.8 gives an approximate value for the average collision
velocity (Rossi and Farinella, 1992).
𝑣𝑐 = 1.41𝑣0 √1 − cos 𝜃

(3.8)

In this equation 𝑣𝑐 is the collision velocity, 𝑣𝑜 is the orbital velocity and 𝜃 indicates the
collision angle. Assuming that a mean collision value occurs for 𝜃 = 90 degrees (Rossi and
Farinella, 1992) a simple value can be obtained for the mean collision velocity. For the case
considered, this produces a collision velocity of 10.8 km/s.
The following data have been used for an estimation of the collision probability. These
parameters assume the debris density is constant at its 500 km altitude value, a worst case
scenario.
𝜌500 = 10−8 objects/km3 the estimated rough debris density
𝑣𝑐 500 = 10.8 km/s the estimated collision velocity
𝐴𝑡𝑒𝑡ℎ𝑒𝑟 = 0.097 km2
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The value for the tether cross section 𝐴𝑡𝑒𝑡ℎ𝑒𝑟 is obtained considering a tether length
of 6500 𝑘𝑚, a tether diameter of 5 𝑚𝑚 and a debris fragment diameter of 10 𝑚𝑚 (most
common value for debris size). For this scenario, the collision probability over the course of
one year is:
𝑃𝑖𝑡𝑒𝑡ℎ𝑒𝑟 = 3.3 ∗ 10−1 𝑦𝑒𝑎𝑟 −1
The results shown that the collision probability for a large tether is very high, with a 33%
chance of a major collision each year. A more realistic value for collision probability can be
obtained, considering a mean value for debris density and collision velocity in the orbit range
between 7000𝑘𝑚 and 500𝑘𝑚. In this case an average value is used, producing the following
input parameters.
𝜌𝑎𝑣𝑔 = 5 ∗ 10−10 objects/km3 the estimated rough debris density
𝑣𝑐 avg = 7.97 km/s the estimated collision velocity
𝐴𝑡𝑒𝑡ℎ𝑒𝑟 = 0.097 km2
From these assumptions it’s possible to obtain a value of 𝑃𝑖𝑡𝑒𝑡ℎ𝑒𝑟 = 3.9 ∗ 10−10 𝑠𝑒𝑐 −1 as well
as:
𝑃𝑖𝑡𝑒𝑡ℎ𝑒𝑟_𝑎𝑣𝑔 = 1.2 ∗ 10−2 𝑦𝑒𝑎𝑟 −1

This results in a collision probability of just 1.2% per year. However, a large tether system
could still be classified as being at a high risk from debris; 1.2% is still a large value compared
to the current average collision risk for large spacecraft in LEO which is in the range 10-3 to
10-5 per year (Chan, 2008). Therefore, a mitigation measures are needed, taking into account
that the collision risk largely depends on the tether system design. The cross sectional area
value plays an important role consequently the design of the space tether will be a crucial
aspect in terms of collision probability with debris and impact on space environments.
The following mitigation recommendations are provided:
 Collision avoidance maneuvers for space tether to avoid large objects
 Selection of appropriate materials for tether survivability
 Redundant tether design
3.3.3. Solar Radiation Pressure

Radiation incident on the surface of a material not only results in heating from the absorbed
energy but the reflected component of the light imparts a force, this is known as solar
radiation pressure (Pisacane, 2016). Interestingly for spaceflight, the upper limit of
atmosphere can be defined as 1000 km where radiation pressure dominates over
atmospheric pressure as the dominant perturbing influence. This does however, depend on
solar activity and can vary between 500 km and 1000 km (Messerschmid, 1999). Certainly,
for an object such a large tether of the order of a thousand km in length, it is expected that
radiation pressure will be an important consideration.
Determination of whether this will be a significant perturbation for a large tether system can
be estimated with Equation 3.9. M0 is the solar constant, c is the speed of light, r is the
reflectivity and Ψ is the angle between the surface normal and the sun. The reflectivity
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assumed is that of natural silk at 0.55. Assuming a worst case scenario where the tether is
fully illuminated and cos Ψ = 1 this gives a value of 0.69x10-5N/m2. Then using a surface area
of a 6500km tether with a diameter of 4.8mm it can be calculated that the tether will
experience a force of 0.22N. However, this equation does not consider the force imparted by
absorbed photons.
𝑝𝑠 =

4 𝑀𝑜
(1 + 𝑟) = 0.46 ∗ 10−5 ∗ (1 + 𝑟) ∗ 𝑐𝑜𝑠 2 Ψ
3 𝑐𝑜

(3.9)

While this value might seem negligible, it is a perturbation that will need to be corrected for
and accounted for in operations of the system. Furthermore, it is larger than any radiation
perturbation on any existing spacecraft due to the size of the tether. To minimize this
perturbation, the reflectance of the tether should be kept to a minimum. As the solar
radiation pressure force will apply continuously whenever the system is in the sun, this will
represent a significant and difficult to exactly predict perturbation on the orbit of the tether
system. As this could disrupt the operations of any large tether system and will be complex
to model, this obstacle is severity two.
3.3.4. Solar Weather

The Carrington event of 1859 is often described as a ‘perfect storm’ and was the largest space
storm or geomagnetic event in the last 500 years. Surprisingly, this was not a singular event.
A similar scale event occurred in July 2012 but luckily did not impact Earth. This describes a
particularly rare culmination of several solar events at the same time, including a huge
coronal mass ejection (CME) (or ejections), solar flares and the solar wind (US Government,
2013).
The most damaging solar phenomena are the CMEs. These occur more regularly during solar
maxima, cycles of approximately 11 years in solar activity, and are comprised of large
amounts of plasma with a strong magnetic field. These are composed of mainly electrons and
protons ejected by the Sun as well as an ionizing radiation component. Solar flares are a
sudden flash of increased brightness from localized eruptions in the photosphere, namely in
the form of electromagnetic radiation. They are unpredictable and often followed by a CME.
The solar wind describes the continual flow of material in all directions from the Sun. This
material is majorly composed of protons and some electrons with approximately a million
tons per second lost at velocities of around 300 to 700 kilometers per second. Solar wind is
effectively deflected by the magnetosphere, with material trapped in regions known as the
Van Allen belts, section 3.3.1 (Houston and Rycroft, 1999).
The primary concern in solar activity is around the irreversible damage that would be done
because of large geomagnetically induced currents. This damage results from the rapidly
changed magnetic field of Earth, producing these large currents in any lengthy conductive
material. For a long tether, this could be devastating (Lloyds, 2013).
On the ground, power surges would damage transformers and likely any electronics
connected to main power grids, rendering entire power grids and systems unusable on a
timescale of days to years. (Lloyds, 2013; US Government, 2013). What this might mean for
a tether system is that if an electrodynamic tether section is used, it could result in the
overloading of the system, possibly causing an event similar to TSS-1R where the tether was

International Space University, MSS 2018

58

Lifeline for ISS and Future Tethers

International Space Station Reuse

cut due a high voltage arc (Cosmo and Lorenzini, 1997). Depending on the tether material
used, this may even result in current induced along the whole tether.
The damage to electrical systems in the tether system would mainly be the result of high
energy particles impacting, penetrating and inducing electrical charge inside the spacecraft
with currents induced in circuitry. Furthermore, high levels of electrostatic charge can
accumulate in a disparity over a surface. This could lead to a voltage difference across the
tether resulting in a discharge between sections on the tether which could potentially cut or
damage it. Consideration would then need to be made, similar to issues generally with EDTs,
Section 3.3.7, to remove any voltage difference. Finally, atmospheric expansion from the
increased temperature of the exosphere would increase drag in the tether tip in low orbit
(Houston and Rycroft, 1999). This would require reboosting of the tether system but itself
could be mitigated by preemptively by increasing the minimum orbital altitude during
periods of high solar activity.
While it is thought that serious damage to systems on the ground requires a solar storm with
a magnitude comparable to that of the Carrington Event, even lower level CMEs and flares
may present a threat to a space tether system due to it being outside Earth’s atmosphere
and inside the magnetosphere. Electronic systems on the tether will have to be taken into
consideration and should be suitably hardened against radiation. Should the CME be of great
enough magnitude, any electrodynamic or conductive section of the tether is in danger of
overloading. These systems would need to be specifically designed and strengthened.
Furthermore, consideration must be made for any system using the tether, especially those
which are biological in nature, similar to what has been discussed in section 3.3.1.1.
However, for all current spacecraft, while it is discussed as a threat, it is generally ignored
and not specifically mitigated against. Nonetheless, a tether system would be unlike any
other spacecraft flown and the desire would be to keep it flying. It then highly depends on
the setup of the tether system but for all cases it would be advantageous to consider ways
to mitigate the issue in terms of engineering and procedures of use. This could include:
redundant systems, ways to ‘emergency’ discharge the tether and in the worst case even cut
the tether to prevent an uncontrolled loss of the tether system. The potential damages
represented by a solar weather event make this a severity two obstacle.
3.3.5. Heating and Drag

Sources of heating for a large tether due to the environment can be split into two, that due
to incident radiation and that resulting from aerodynamic drag. Other thermal effects that
should be considered are heating of the tether itself from oscillations while in tension and
heat generated by electrical components of the tether. Furthermore, the tether will pass in
and out of sunlight in each orbit, unless the orbit is Sun synchronous, resulting in a
temperature fluctuation of the tether (Cosmo and Lorenzini, 1997). This fluctuation itself is a
significant issue as it will result in expansion and contraction of the tether.
In very low orbits aerodynamic heating is an important consideration. At 150 km for a circular
orbit the heating effect due to drag is the same magnitude as the solar constant, however
this decreases rapidly with increased altitude to 1% of the solar constant at 300 km
(Messerschmid, 1999).

International Space University, MSS 2018

59

Lifeline for ISS and Future Tethers

International Space Station Reuse

While it is unlikely the tether would nominally operate at such a low altitude due to excessive
drag continually degrading the orbit, it may be useful as part of operations to slow the tether
to accepting docking of suborbital vehicles. This will mean that if the tip is allowed to drag in
such a low orbit, it will have a localized heating effect that will need to be considered and
result in a perturbation to the system. Re-boosting will then be required to prevent continual
degradation of the orbit due to drag.

Figure 3-22: Graph of heat flux due to atmospheric drag as a function of altitude [Messerschmid, 1999]

Figure 3-23: Consideration of sources of spacecraft heating and loss [Pisacane, 2016]

When considering a spacecraft and the energy exchange with the environment, three
external sources are considered: the direct solar radiation, Earth albedo and Earth infrared
radiation. Earth albedo is considering light from the sun reflected by the Earth, while Earth
infrared radiation is that emitted by the Earth itself. This heating occurs due to absorption of
the light incident on the tether, which is dependent on the surface material. The heating due
to systems in the spacecraft and that which is lost to space are further considerations.
Considering these influences gives rise to what is known as the steady state heat flux
equation. This gives an idea of the tether temperature and consideration made if some form
of thermal control may be needed for the tether. Certainly, as mentioned, the main obstacle
due to tether heating will be variation in heating and temperature leading to variation in
length, however variation in the other source’s flux can contribute to this issue. This then
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leads into the following section with the incident light not only heating the tether but
imparting a force (Section 3.3.3).
The resulting perturbation, which may manifest as an oscillation, will need to be accounted
for in control and uses of the tether system. This may require thought as to the material color
used to reduce any absorption of light, yet this may then increase reflectivity which may be
interesting to the public perhaps able to view the tether but may present a problem for
astronomers and discussed in Section 3.5.3. The potential effects of atmospheric heating for
a tether could potentially cause problems if not accounted for or larger than expect.
However, an efficient thermal and structural design could circumvent most of these
problems, so this obstacle is severity one.
3.3.6. Atomic Oxygen

In LEO, primarily between 100 and 600 km but even up to 1000 km, spacecraft interact with
a low density atmosphere which contains significant amounts of atomic oxygen. The impact
energy and the highly reactive nature of atomic oxygen cause oxidative erosion of materials.
This is most significant in the direction of motion impacting the atmosphere, known as the
ram exposure. The processes that occur involve chemical reaction with surface molecules,
elastic scattering, scattering with partial or full thermal accommodation and recombination
or excitation of the constituent species (Pisacane, 2016; NASA, 2014)
Atomic oxygen can react with polymers, carbon and metals to form volatile oxidation
products that result in gradual erosion and degradation of the material. This is particularly a
concern for polymers, for example kapton, and carbon based materials where loss rates in
an orbit of the ISS, 400 km, equates to a surface recession of 102 μm per year. (Messerschmid,
1999)
A solution to this would be to utilize surface treatments as a protective measure against the
resulting erosion, or to utilize a material which is resistant to the atomic oxygen for this
section of the tether. This would require sufficient testing and consideration before launch,
for example to ensure any surface treatment does not outgas which would then cause
perturbations and possible damage to the tether or reduces its usable lifetime. These
additional design considerations and potential for damage to the system if the surface
treatments aren’t properly and uniformly applied make this a severity one obstacle.
3.3.7. Electrodynamic Tether Unpredictability

As outlined in the introduction, EDTs can be used to provide power, propulsion or attitude
control. For the first two of these applications, a longer tether is generally more capable
(Eiden and Cartmell, 2003), increasing the benefits that large tether systems can gain from
being electrodynamic or by including electrodynamic segments. However, these benefits
come at the cost of introducing new EDT specific obstacles, primarily relating to the
interactions between the EDT and the space environment, that inhibit the implementation
of such systems.
The ionosphere is the optimal area of operation for EDT experiments, as it exposes the EDT
to the electron rich environment available there, allowing for more efficient current
generation (Wen et al., 2008). This is the region of Earth’s atmosphere extending from 50 km
up to around 1000 km at the edge of the magnetosphere. Its name comes from the fact that
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it lies beyond the ozone layer where particles are ionized by high energy ultraviolet radiation.
It is a highly varying part of the atmosphere dependent among other things on the day/night
cycle and solar activity. The area of primary interest is the F region from 150 km to 1000 km,
which has a high electron density because of ionized oxygen producing atomic oxygen. This
is positive in terms of possible efficiency of the system, but atomic oxygen is one of the
common challenges to spacecraft, discussed in section 3.3.6 (Pisacane, 2016).
However, the fact that the ionosphere is rich in electrons is in itself one of the main obstacles
with the safe operation of electrodynamic tethers, as there is high variability with time of the
state of plasma in that area. The dynamics of it are not perfectly understood, making the
modeling of the generated current a difficult topic (Cartmell and McKenzie, 2008). This can
have at least two types of negative effects: voltage spikes that can cause critical failure, and
variability in the voltage along the tether, which can lead to variability in the Lorentz force
generated and therefore instability.
The second effect can be derived from the Lorentz force equations, but the first has been
observed with the TSS-1R experiment which failed due to a high voltage arc severing the
tether. It was found that far more current was being generated in the tether than was
expected during the mission design (Cosmo and Lorenzini, 1997), although the failure was
also attributable to the degradation of insulation material quality as the tether was kept in
storage for long time before being deployed (Johnson, 2018). While the threat of voltage
unpredictability can cause many problems for an EDT system, this can be mitigated by using
insulation with sufficient shelf life and including safety margins on EDT parameters;
therefore, this obstacle is severity one.

Section Summary

The space environment presents many of the most significant obstacles for the
implementation of large tether systems. The Van Allen belts threaten to harm any spacecraft,
whether manned or unmanned, that transit along a long tether that passes through them.
The potential radiation damage to humans could mean that any tether passing through the
lower MEO region where the Van Allen belts are located is unsuitable for moving manned
spacecraft. The likelihood of space debris hitting a large tether may be as high as a 33%
chance per year. Unless a large tether system includes redundancy, which is costly from a
mass standpoint, it is likely to be destroyed within several years. This presents one of the
most critical blockers for the implementation of large tethers in the current space
environment. Table 3-5 summarizes the obstacles discussed in this section. The numbering
is continued from the previous section. The subsequent section will address political,
financial, and management issues facing the development of large tether systems.
Table 3-8: Summary of space environment obstacles

Number
9
10
11
12
13
14
15
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Obstacle
Van Allen Belts
Space Debris
Solar Radiation Pressure
Solar weather
Heating and Drag
Atomic Oxygen
EDT Unpredictability

Severity
3
3
2
2
1
1
1
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3.4. Other Obstacles
While there are significant technical challenges facing the development of large tether
systems, as discussed in the previous two sections, many non-technical issues also play a
significant role. This section outlines some significant such obstacles.
3.4.1. Cost

Cost estimation for large tether projects is extremely difficult. It is hard to find any analogous
systems for large tethers due to their size; parametric estimation is made nearly impossible
due to the lack of relevant data to feed the construction of a parametric model. This issue is
compounded by the fact that space industry cost models are already having difficulty
accurately accounting the rapid miniaturization of many spacecraft systems and components
(Johnson, 2018). Because of this, the only suitable method for cost estimating is based on
engineering build up. This method is inherently not very accurate at the early phases of a
project, which is where tethers currently are. This is a significant obstacle because decision
makers expect plausible cost estimates when making determinations about whether to fund
a project. If they cannot trust the estimated cost of a large tether, they are more likely to be
reluctant to fund it, especially because such a project is likely to be very expensive. As this
could potentially block initial funding for a large tether from being secured, and the amount
of funding needed may be prohibitively high, this obstacle is severity three.
3.4.2. Lack of Tether Companies

The lack of institutional support for tether systems - driven by the past failures of tether
missions giving tether systems a bad reputation - is not a good incentive for the industry to
develop systems in this area. It is important to note that most of the companies that have
previously expressed an interest in tethers are defunct or dedicate themselves to material
studies for carbon nanotubes. Due to this lack of support or interest, companies such as
Tethers Unlimited have had to shift their focus and diversify as it is not advantageous to take
the high financial risk of investing in tethers.
The lack of companies developing technologies for space tethers presents an obstacle to the
development of large tether systems, as currently main developments are being led by
missions such as JAXA’s STARS mission, but however there is little impact from the private
sector. A possible effort to reinvigorate the sector could be led by Tethers Unlimited Inc
(2007) in public private endeavors to deploy more systems in orbit. This would create a
commercial incentive, thus minimizing the financial risk private companies would have to
incur in order to put a tether system in orbit by working in conjunction with space agencies.
While the lack of companies in the space tether field is problematic, an entity that seeks to
implement a large tether system can still construct the necessary components in house.
While this may be more expensive, the project could still proceed. Therefore, this obstacle is
severity one.
3.4.3. Lack of Public Outreach

The use of tethers in space has yet to be understood as feasible by the space industry and
the public. One of the primary reasons for this is the partial failures of the TSS-1 and TSS-1R
missions, in which the tethers snapped after deployment (Schneider, 1996).
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This failure caused disappointment, and since then, any work related to space tethers has
received a skeptical eye. It has been difficult to garner any type of public interest for tether
missions. However, an important point to note is that analysis of TSS-1R’s tether deployment
failure showed that the tether snapped due to degradation from electrical discharge or
electrical arcing, triggered by an internal system engineering failure (Schneider, 1996). The
reason for this was that the tether was stored for a long time, and the quality of materials
degraded. In fact, proper insulation testing would have averted the failure. The negative
presentation of this mission by the media played a direct role in tarnishing the image of
tethers. As a result, the public and the space community have largely overlooked the
encouraging reality that the tether was in fact successfully deployed within 1 km of reaching
its maximum length (Johnson, 2018)
Paul Nelson (2008) conducted a survey at a high school in the United States. He attempted
to gauge the level of public awareness and support for the concept of space elevators.
According to the survey, adults are generally unaware about space history and space
missions. People find it hard to believe that space exploration could benefit their daily lives.
As a totally out of the box concept, people would really hesitate to invest in space elevators.
Social awareness will therefore play a vital role. From his findings, Nelson believes it
important to educate the public to gain support (Nelson, 2008).
In line with this, a great deal of fiction and fascinating ideas with great influence have been
delivered by science-fiction writers and artists. By being less technically oriented, new ideas
and technology have been brought to the attention of a broader public. This type of endeavor
helps create public will and desire to advance space elevators and tether technology, and
these science fiction ideas and concepts can help drive the technology to realization, as has
been the case with many other space technologies (Van Pelt, 2009).
In all cases, one of the main obstacles to the development of space tethers is how they are
publicly perceived. In addition to what has been proposed above, various outreach activities
can be performed to mitigate this, such as conferences and activities centered around
tethers. Perhaps even more importantly, markets which could potentially benefit from space
tether use should also be analyzed and targeted.
Market analysis is a long term forward looking methodology to increase business and attract
potential customers and funding. In the case of tethers, where huge costs and complications
are involved, it is imperative to do a thorough research on the scale of the market. This
depends on the potential applications of relevant products. In other words, it is important to
know how large tether systems fit into the market. Analyzing the market size for tethers
requires considering the components of marketing segmentation, targeting, and positioning.
Public support will likely be necessary to implement a large tether system, but outreach in
the early phases of a tether project could be a solution, meaning this obstacle is severity one.
Section Summary

The most significant non-technical obstacle facing the implementation of large tether
systems is the cost. Money will be needed to implement a large tether, possibly large
amounts of it. Unfortunately, the lack of any previous large tether flights makes cost actuate
cost estimation almost impossible. This prevents many concepts for large tethers from ever
even beginning to be developed. The lack of companies and lack of current outreach activities
are also issues that will need to be considered if tethers are to be implemented. Table 3-9
summarizes the obstacles discussed in this section. The following section will discuss issues
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that have been suggested as problems for tether projects that do not currently appear to be
significant.
Table 3-9: Summary of other obstacles

Number
16
17
18

Obstacle
Cost
Lack of Tether Companies
Lack of Outreach

Severity
3
1
1

3.5. Non-obstacles
Several items that have been considered possible problems for the development of large
space tethers have been shown by this analysis to be non-problematic or only minorly so.
These will be examined in this section.
3.5.1. Testing

Usually, space systems are heavily tested before launch. Of note is the fact that most
satellites test the operation of all mechanisms and deployment of all deployable
components. This is not possible in the same way for large tether systems because of their
extreme size. It would be impossible to extend the tether to test it. Previous smaller tether
projects have also encountered problems with this, electing to test based on small scale
comparisons with simulated models rather than large scale testing (Kruijff, 2011).
Other tether projects have tested using a system where the tether is deployed incrementally
in a vacuum chamber. As it extends, it is loaded onto a storage reel mounted within the
chamber. This allows the tether to be tested in a representative environment before flight,
but care must be taken to ensure that the influence of the capture reel does not affect the
data. This appears to be a viable testing method that can accurately demonstrate the tether
system on the ground if conducted properly (Johnson, 2018).
Additionally, complex simulations have been developed for tether deployment and
operations and these have generally been shown to be quite accurate (Johnson, 2018;
Williams et al, 2005; Kruijff et al, 2009). These simulations can be used to model the tether
system during development and before flight, reducing the need for detailed testing.
Moreover, historical failures have shown successful in-orbit operation of tether systems are
not correlated to effective ground testing (Kruijff, 2011). Between the testing protocols that
have been developed for tethers and these simulations, testing does not appear to be a
significant obstacle for large tether systems; however, there is room for improvement in the
testing procedures for tether systems and such improvement is a worthy goal for any tether
project to pursue as part of its development.
3.5.2. Launch Vehicle Integration

For a system to be sent to space, it must be able to fit in the payload fairing of a launch
vehicle. In the case of a large tether that is 6,500km long, this has been considered to be
potentially problematic. Usually, space systems are never bigger than few meters in
diameter, so they can easily fit in the fairing of a launch vehicle. As a large tether would
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consist of a large amount of material, it has been imagined that it could have issues fitting
within a payload fairing.
Fortunately, for tether systems on the order of thousands of kilometers in length, this can be
shown to not be a significant concern. The following calculation of the volume of the tether
is an approximation. It does not consider the deployment system nor the counter mass
necessary to maintain its orbit, and assumes that the tether is packed with complete
efficiency, with no allowance made for gaps. In other words, it only considers the actual
physical volume of the tether itself. In this example, a 6500 km tether is considered Woo and
Misra (2014) suggested that a 2mm² cross section tether is a good example for this type of
calculation, so this value was used as a reference.
Performing the calculation with these assumptions results in a total volume of 13m3. In
comparison, the volume of the payload fairing of Ariane 5 is 122 m3 (Isakowitz et al, 2004),
which represent roughly 10 times the volume of the tether itself. This leaves plenty of room
for inefficiencies in the packing of the tether, the deployment system, the bus for the tether
system, and the counter mass for the end of the tether. For tethers in this size range, volume
is not a significant concern.
However, this issue could resurface if a larger tether system is considered. To counter this
obstacle, the tether could be sent into space via multiple launches and constructed from
segments in space. This idea is discussed further in Section 3.6.6.
3.5.3. Visibility of a Large Tether

It is worth considering the visibility of the ISS LEO-MEO tether for an observer on Earth. For
the SEDS-2 mission it was recorded that the tether was visible from the ground with the
naked eye. This could be an interest to the amateur observer or general public, but the
primary concern here is for disruption to astronomical observations. For astronomers on
Earth this could be a major issue, conflicting with observation programs and may result in
being a major blocker to a proposed large space tether system.
A calculation was derived to roughly estimate the apparent magnitude of the tether and it
was estimated that this was -2.6. This value was derived from two equations, firstly the flux
density was calculated using Equation 3.10. A tether of length 6500 km was assumed, as was
a diameter of 4.8 mm and a reflectivity of 0.5.
𝐹𝑙𝑢𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

( 𝑆𝑜𝑙𝑎𝑟 𝐹𝑙𝑢𝑥 × 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 × 𝐿𝑒𝑛𝑔𝑡ℎ × 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 )
2𝜋 × 𝑑2

(3.10)

d is the distance from the observer to the middle of the tether. Equation 3.10 is an
approximation and the equation itself can be refined further for accuracy by accounting for
parameters such atmospheric distortion and the viewing angle. From the flux density,
Equation 3.11 was used to calculate the apparent magnitude.
𝑚 = −2.5(log10 (

𝐹𝑙𝑢𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
))
𝐹𝑙𝑢𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑉𝑒𝑔𝑎

(3.11)

The choice of Vega was due to its apparent magnitude being 0 it acts as a reference star.
Conclusively, the apparent magnitude of the tether is lower than that of the ISS and Iridium
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flares, which at their brightest are -5.7 (Heavens Above, 2018) and -9.5 (Joshua Roth, 2006),
respectively. Using Kepler’s third law, the orbital period was calculated based on the tethers
center of gravity which sets the velocity at which the system will orbit. The orbital period of
this was 3 hours and 52 minutes, therefore, the tether will orbit approximately 6 times a day.
The relative magnitude of a large tether system would be sufficient to make it visible in the
sky, which could interfere with the observations of astronomers. However, since this
magnitude is less than that of ISS, this cannot be considered a significant obstacle to the
implantation of tether systems; the visibility of ISS did not stop it from being constructed and
is in many ways considered to be a good thing as people can watch it fly overhead. The same
logic should apply to a large tether system.
3.5.4. Legal Status

This subsection aims to evaluate whether the current legal and regulatory framework is
preventing any entity from launching and deploying a large tether system, especially from
the perspective of the United States. This section also attempts to provide an overview on
current legal and regulatory framework and produce a checklist of important questions and
relevant legal sources an entity should consider before operating a large tether system. It
may be used as an important reference document to new actors who wish to plan and budget
for a large tether system.
The current legal and regulatory landscape can be ambiguous for the emerging space
industry due to the lack of national legislation regulating space activities, as well as the
number of international treaties and agreements signed since the 1960s. If one overlooks
any of the international or national laws, contracts, insurances, and frequency management,
a large tether system deployment may be halted until each of these is addressed.
3.5.4.1. Current legal and regulatory framework

Virtually all space technologies can serve both military and non-military purposes. A large
tether system is so-classified as “dual-use” technology. As a result, legally binding
international treaties were signed to govern how the states should be regulating, authorizing,
licensing, and supervising all space activities within their jurisdictions for the peaceful
exploration and use of outer space. This section will not go into detail on each treaty, but
they may be found clearly documented on UNOOSA's official website (UNOOSA, 2018b).
These treaties are:
1. The Outer Space Treaty (1967)
2. The Rescue Agreement (1968)
3. The Liability Convention (1972)
4. The Registration Convention (1976)
5. The Moon Agreement (1984)
In the context of deploying a tether system, listing the legal hurdles an organization should
address to operate such a system within the US is of value. The US has ratified all of the
treaties listed above except for the Moon Agreement (UNOOSA, 2018b). The US has the most
elaborate national space legislation. In the case of large tether systems, the Outer Space
Treaty and Liability Convention require a state to pay for the damages arising from national
activities. The Commercial Space Launch Act of 1984 provides groundwork for a licensing
regime and for the Federal Aviation Administration to handle launch insurances and licenses.
The Outer Space Treaty and Liability Convention require a state to pay for the damages
incurring from activities under its jurisdiction (Tronchetti, 2013). Additionally, space systems
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using technology developed in the US must comply with the International Traffic in Arms
Regulations (ITAR).
According to a hearing by the Committee on Transportation and Infrastructure, a private
third party needs to obtain $500 million in liability insurance, and the government will cover
additional claims up to $1.5 billion in 1989 dollars, or $2.01 billion in 2017 dollars. The
question is whether or not this amount is sufficient to cover liability costs associated to
damage incurred from a large tether system. Insurance and licenses are critical for operating
such a system due to its expected long operational lifetime (CTI, 2017). Beyond national
legislations, international agreements, in addition to the launching and deploying of large
tether systems, cover frequency management. The International Telecommunication Union
(ITU) is a body under the United Nations that is responsible for regulating frequency usage.
The process of obtaining the proper spectrum requires advanced planning because it follows
a “first-come, first-served” principle (ITU, 2016). Obtaining the proper license and frequency
allocation is a difficult process.

3.5.4.2. Large Tether System Legal Checklist

Table 3-10: Checklist of Legal and Regulatory Concerns [Johnson, 2016] provides a checklist
for the legal concerns pertaining to the use of large tether systems. Answers to each question
are found within the correspondingly relevant treaties.
Table 3-10: Checklist of Legal and Regulatory Concerns [Johnson, 2016]

Topic
International Space Law

International Space Law
International Space Law

International Space Law

Question
Which state is the launching
state for your large tether
system?
Which state is the state of
registry?
Which national agency will
inform the United Nations of
your launch for registration?
Will you be adhering to the
space debris mitigation
guidelines?

Sources of Law
Outer
Space
Treaty
Liability Convention
Registration Convention
ONOOSA registry form

IADC
space
debris
mitigation guidelines
COPUOS
space
debris
guidelines
Outer Space Treaty
USA Space Law
Do you have launch The Commercial Space
insurance and licensees Launch Act
approved by FAA?
USA Space Law
ITAR Compliance
ITAR
Business
What requirements does Launch services agreements
your
launch
provider
impose? Such as insurance
and waivers of claims?
Frequency Allocation and What type of data are you ITU Radio Regulations
Coordination
transmitting to and from
your large tether system?
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What
frequencies
available and suited?

are

Although there is a checklist of prerequisites needing to be met before both launching and
operating a large tether system, careful budgeting and planning can overcome legal and
regulatory obstacles. Involving the international community in the launch and operation of
such a system will increase the project's complexity, which can be inferred from the legal
framework behind the International Space Station. Overall, however, in the context of large
tether use within the United States, any legal or regulatory issues preventing an entity from
launching can be overcome.
Section Summary

Several aspects of the development of large tether systems that have been considered
potential obstacles seem to not be issues in reality. Testing is an important part of the
development of any space system. While it seems difficult to test a 6,500 km long tether,
viable approaches exist to address the testing challenges posed by the length of the tether.
Additionally, modelling and simulation of tether systems are sufficiently advanced to reduce
the need for testing.
Launch vehicle integration does not seem to be a problem either. A tether with a cross
section of 2 mm² and a length of 6500 km would easily fit within the payload fairing of Ariane
5 (Isakowitz et al, 2004). Even if the actual volume is ten times this prediction, a large tether
system should be able to fit within a payload fairing.
It has been proposed that a large tether would be visible from the ground and disrupt
astronomical observation. With an estimated apparent magnitude of -2.6, it is true that a
large tether would be visible to the unaided eye. However, the tether system would be less
visible than the ISS (-5.7) or an Iridium satellite (-9.5), so it would not cause any observational
problems worse than those that already exist.
Finally, the actual legal framework covers the development, deployment and operation of a
tether from a US standpoint. While the involvement of the international community would
increase the complexity of the project, but the tether project could just fall under a similar
legal regime as International Space Station. The next section will highlight key research areas
for tethers.

3.6. Key Research Areas
Several possible areas of research could be advanced to ease the development of tether
systems or enable new tether system concepts. It is often found that a large-scale venture
enables proposal and research into many novel areas which would otherwise would not be
possible. Many of these areas may be required for development for a large tether system or
spin off other useful applications.
3.6.1. Critical Tether Technology Development

Currently, there is still a need to further develop, manufacture and test technology which is
critical for tether viability, seen in Table 3-11.
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Table 3-11: Tether technology development (Gavira et al., 2000)

Tether component
Tether Material

Technology development
The material properties of the tether i.e. stiffness and
friction, are critical as they affect the deployment process
and collision risk.
Tether Motion Device/Brake It is the most critical component of the deployer and is
required to control the tether deployment.
In-space experience is essential to properly control the
deployment and braking process.
Tether Motion Sensor
It is required to measure the length and velocity of the
deployed tether. Optical turn counters have been flown
and tested but are considered critical due to the relation
between the sensors performance and the deployment
algorithms.
Tether Guidance/Cutter
It is critical to minimize the internal friction to successfully
deploy the tether. All the deployer components must be
evaluated to identify friction.
Control Algorithms
Must be developed to ensure the tether deploys along a
predefined path.
3.6.2. Improved Modeling and Simulation

Testing and demonstrating tethers in orbit is always expensive. This is a significant constraint.
As such, computer simulations can be an alternative solution to identify potential design
solutions. For this reason, it is important to increase the confidence of computer simulations
and complement them with on-ground closed loop deployment testing to corroborate
performance. While current modeling techniques are good, research to improve them will
always be useful.
3.6.3. In-Orbit Construction

Andreas Hein (2012) proposed constructing a tether system in orbit using resources mined
from a near-Earth asteroid (NEA). This could be accomplished by capturing an asteroid into
Earth orbit and constructing the tether there or by assembling the tether at the NEA and then
moving it into an Earth orbit. This concept would remove several constraints currently placed
upon tether projects. The tether would not have to be stored to be compatible with a rocket
and therefore would not need complicated storage and deployment mechanisms.
Despite this idea’s promise, several issues require significant further research if it is to be
implemented. Based on Hein’s ideas, mining the asteroid and assembling the tether would
still take many years. Additionally, this concept of development would require a huge amount
of propulsion to transfer the NEA or the tether to Earth orbit (Hein, 2012). Fortunately, these
issues are likely to be relieved by advances in space mining research, which is currently a very
active topic. As a concrete project that can be enabled by space resources, a very large tether
system could represent an early viable product for space mining. Therefore, this idea would
be worthy of being revisited for large tether systems in the future.
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3.6.4. On-Orbit Servicing

The most dangerous phase for a tether mission is deployment, as discussed in Section 3.3.2.
A potential way to reduce the risk of deployment would be for the tether to be serviced in
orbit by humans or robots that could resolve any deployment anomalies. To make this
possible, it must be researched and planned for in advance.
To make human servicing of a tether system possible, the system must be developed with
this servicing in mind. Human factors must be considered during the engineering design. The
system must be designed so that astronauts can easily access all relevant components and
manipulate them as needed. This would represent a significant design requirement and R&D
task for a tether system that is targeting servicing by humans. Additionally, it would be
important to outline the operational procedures for such a servicing mission well in advance.
These procedures should be developed with input from all stakeholders, including the
astronauts and the medical operations team. This would ensure the operation was safe for
the astronauts and successfully completed.
Ongoing research into robotic servicing could also benefit tether projects. If a tether project
wants to take advantage of the potential for robotic servicing, it must be designed with
compatibility with such systems in mind. Most robotic servicing concepts plan to use robotic
arms to conduct their operations, so a large tether system should be designed to be
manipulable by such arms. This would enable future robotic missions to help repair the
system and ensure the success of its operation (Flores-Abad et al., 2014).
3.6.5. High Speed Climbing Techniques

Currently, it unclear whether a climber can move up a large tether at a rate that would be
sufficient for manned missions. For tethers that are thousands of kilometers in length, it is
possible that a slow climber would be unable to ferry astronauts from one end to the other
fast enough for the logistics of such a mission to be viable. Further research is needed into
tether climbing techniques and technologies, as almost no papers have been published in
this area. Those papers that have been published focus on ground demonstrations or very
short tether demonstrators (Yamagiwa et al, 2017). This is a major gap in the research and
could represent a major blocker to large tether systems unless further study is conducted as
soon as possible.
3.6.6. Modular Tethers

One idea that could be developed further is the concept of a modular tether. With this
technique, it would be possible to make several identical tethers designed to attach to one
another in space and form the entire desired tether system. Alternatively, these segments
could be connected on the ground before launch; possibly representing an improved
manufacturing technique. As each segment could be identical or very similar, manufacturing
would be simplified, and the total cost could potentially be reduced through the influence of
economies of scale. Additionally, the first segments deployed could be used to lift the
subsequent segments. This would also allow the technical complexity of the tether system to
grow over time, eventually possibly evolving into a system that would be far too large and
complex to construct all at once, such as an Earth to GEO space elevator.
This idea has not yet been studied in detail. Several issues must be researched to enable
development of this concept to begin. A considerable challenge is the interfaces between the
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segments. A method must be developed to be able to connect multiple tethers to reach the
full length while still allowing climbers and payloads to pass along the tether. Additionally, as
development would take several launches and deployment until getting the required length
for its full operations, there exists a tradeoff between this launch cost and the potential
savings provided by a modular design. Research must be conducted to determine if the
launch costs will be too significant for this system to be viable. The dynamics of this concept
also bear further study. As additional segments are added, the center of mass of the system
will shift. It is currently not well understood how this would affect the orbit of the system.
However, this possibility could enable a tether system to be constructed over the course of
multiple launches.
Section Summary

Research into several key areas could be beneficial to future tether projects. Table 3-12
summarizes the benefits of these research areas.
Table 3-12: Summary of key research areas and their benefits

Key Research Areas
Critical
Tether
Technology
Development
Improved Modeling and Simulation
In-Orbit Construction

On-Orbit Servicing

High Speed Climbing Techniques
Modular Tethers

Benefit
Improved
tether
materials,
deployment
mechanisms, and control.
Reduced need for testing, particularly test flights in
orbit.
Removes any restrictions imposed by launch mass,
provides a potential viable customer for early
space mining efforts
Possible to resolve any deployment failures or
failures with the bus of the tether system in flight;
these failures would otherwise result in loss of the
system.
Transit along a very long tether could take too long
for manned systems unless these are developed.
Generation of economies of scale, circumvention
of launch mass restrictions.

Chapter Summary

Several space tether missions and experiments have been conducted so far, developing and
testing tether concepts such as momentum exchange and EDTs. Table 3-13 shows some of
the achieved milestones and interesting facts of tether missions that have flown.
Table 3-13: Summary of interesting facts about tether missions flown.

First missions
Longest length
Longest time

Common failures

Gemini 11 and 12 missions - 1966.
Demonstrated artificial gravity through rotation.
YES-2 mission – 30+ km
Demonstrated the de-orbiting of a target body
The TiPS mission – 10+years
Was aimed to study survivability in space and also gather
data on gravity-gradient tether dynamics.
Deployment mechanism
Voltage spikes in electrodynamic tethers
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It is quite clear from the list of missions presented in the beginning of this chapter that NASA
is the main contributor to tether system knowledge and work, though ESA and JAXA both
have flown missions in recent years. In the commercial sector, there are not many companies
that are actively involved in tether technology. Those that are, work under support from
contracts with the agencies. In addition, there is a number of organizations that support
conferences and competitions that aim to advance certain aspects of tether research, by
connecting academia with companies and agencies. These are important because they
function as a repository of knowledge and provide some organized view of the state of
research in the academic world. It is however very obvious from the analysis in this chapter,
that it is unlikely that the main breakthroughs will come through any of the actors in industry,
organizations or academia, without the established space agencies of the world and their
missions providing the backbone of funding, research and technological muscle.
Depending on the estimation technique used, large space tether systems are either TRL 3 or
4. For such systems to fully advance to TRL 9 and be implemented in space, the obstacles
facing their implementation must be understood and resolved. This report has identified
eighteen of these obstacles and classified them according to their severity. They range from
complex engineering problems to management related concerns. Each has been rated as
severity one, two or three. Four obstacles have been identified as being of severity three,
meaning they have no clear possibility for mitigation with current technology and represent
potential deal breakers that could completely block the implementation of large space
tethers.
The first of these is the mass of the tethers considered. This is fundamentally unavoidable. A
tether of significant length that has any hope of surviving in the space environment will need
to be made out a significant mass of material. With current and near launch vehicles,
launching this much mass into space could easily be impossible depending on the length of
the tether considered. The only way that this obstacle will be avoided is through the
advancement of technology; lower mass tether, in orbit construction from segments, or
improvement in launch vehicle payload capacities are the only ways that the significance of
this problem can be reduced.
Whilst considered an issue for most spacecraft and related systems, for a tether system the
lower VAB presents an intriguing yet very serious obstacle. The majority of a large LEO to
MEO tether would be inside the lower VAB and any future space elevator would have to
transit the extent of the VABs. This region is a maximum of trapped electrons and ionized
particles in the magnetosphere. This can result in damage ranging from degradation of
organic materials to induced, potentially fatal, damage to electronics. This is particularly an
issue if the tether is to involve any human presence. Nonetheless, there is discussion of
utilizing a form of tether system to in fact remediate the Van Allen Belts and this remains a
very interesting option for future mitigation. However, consideration must be made to the
issue of geoengineering.
A prominent issue in current times, due to the orbital range considered, space debris will be
a critical and somewhat unavoidable obstacle. The collision probability for a LEO to MEO
tether is found to be 10-2 in magnitude compared to the average for large spacecraft in LEO
between 10-3 and 10-5. Mitigation measures will be critical for the survival of the tether
system. Unless countered by the space community, this problem will only continue to
worsen. It may even result in the requirement for control and removal of debris for a long
International Space University, MSS 2018

73

Lifeline for ISS and Future Tethers

International Space Station Reuse

duration tether system to be viable.
The major obstacle is presented by the cost of tether systems. This is likely to be high, but is
difficult to estimate precisely due to the lack of previous flights for large tether systems.
While bottom-up cost estimation techniques can be used, they are not at all accurate until
significant amounts of design work have already been conducted. This makes it very difficult
to receive funding for a large tether project. Unfortunately, this issue is also difficult to
mitigate; the only way to increase the fidelity of early cost estimation for such projects is to
implement large tethers and see how much they cost to provide costing data for future
missions. The four largest obstacles to large tether systems are summarized in Table 3-14.

Table 3-14: Summary of most significant obstacles to large tether systems
Obstacle
Severity Description
Tether
3
A robust and survivable tether system will need to
System
be made of a lot of material. With current materials
Mass
and available launch vehicles, this could easily
make a large tether too massive to launch into
space.
Van Allen 3
A large tether extending from LEO will pass through
Belts
the Van Allen belts. This will degrade electronic
systems and could present a danger to astronauts if
the tether system is used for human spaceflight.
Orbital
3
The tether has a large cross sectional area, so
Debris
debris impacts are likely. These impacts could
damage or destroy the tether.
Cost

3

Large tethers are likely to be expensive to develop.
Precise cost estimation is difficult because little data
is available.
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Mitigation
None.
Technology
advancement is needed.

Possible remediation of the
Van Allen belts using the
tether.
Build redundancy into tether
system. Possible collision
avoidance manoeuvres for
large objects.
None. Large tether must
actually be developed to
provide data.
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The reuse of the International Space Station as the basis of a large tether system has the
potential to serve as the first demonstration of large tethers in space. This system could
immediately take the form of a LEO to MEO tether system or could be an initial shorter
demonstrator tether. In either case, such a system would immediately be able to circumvent
or alleviate many of the obstacles discussed in the previous chapter by virtue of using the ISS.
The obstacles presented by deployment of the tether, the need for large end masses to
enable the lifting of payloads, and the difficulty of gaining public support for tether projects
all find natural solutions through the reuse of ISS.
However, this comes at the expense of introducing a few new obstacles to the development
of the system that must be overcome if the system is to be realized. Risk management has
become a more central concern, as the safety of humans on board ISS and protecting the
value of ISS itself necessitate a much more risk averse approach. Perhaps most importantly,
the use of an ISS based tether system necessitates a rapid development schedule to comply
with the current deorbiting date for the ISS.
Despite these added difficulties, the potential benefits offered by an ISS based tether system
make it a concept worthy of further development. A variety of payloads could potentially see
noticeable delta V savings by using the tether to travel from LEO to MEO. The development
of such a system would also nicely line up with and support the space policies of many key
actors, especially ESA and the United States.
Furthermore, there are many benefits offered by simply keeping the ISS in orbit; it would be
far more than a simple counter-weight. After an initial disruption associated with the
deployment of a tether system, the ISS could continue the majority of its current functions.
In addition, it would remain in orbit to enable many potential future uses, such as space
tourism. In this respect, the reuse of the ISS as a tether system is capable of encompassing
many other concepts for the future of the ISS within it.
Section 4.1 outlines two possible ISS tether system concepts. Section 4.2 presents the case
for reusing ISS as part of a tether system. Section 4.3 discusses obstacles specific to the
development of an ISS tether system. Section 4.4 presents a feasibility analysis for the ISS
tether system concepts introduced in Section 4.1. Section 4.5 develops preliminary
requirements for a 500 km ISS tether demonstrator.

4.1. ISS Tether System Concepts
The first step in the design of a space mission is to define an overall mission concept. Two
main concepts for how an ISS based LEO to MEO tether system might develop will be
considered in this report: direct and immediate development and deployment of a 6500 km
tether stretching from LEO to MEO and more gradual development of an ISS tether system
over time, slowly growing into a LEO to MEO system. These are by no means the only two
alternatives for how an ISS tether system might be developed, but they represent two of the
more likely possibilities; the former is the simplest concept from an operations standpoint as
it would only require one launch and the development of one spacecraft, while the latter has
much lower technical complexity for initial development.
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4.1.1. Direct Deployment of 6500 km tether from ISS

In this concept, the tether system would be developed as essentially a new module for the
ISS. This module would be developed, sent to the ISS, and attached at the docking port closest
to the current center of mass of the station. Once the tether module has been attached, the
ISS will use either its own propulsion system or that of a docked spacecraft to transfer from
its current orbit to a new circular orbit at an altitude of 7000 km. At this point, the station
will be evacuated of human presence to mitigate the risks associated with the deployment
of the tether. The tether will then deploy downwards from the ISS towards Earth. Its full
extended length will be 6500 km, stretching from LEO to MEO. The station can then be
reoccupied after a commissioning period for the tether.
Where possible, this concept will have the combined ISS tether use all of ISS’s systems in their
current roles. The power and communications subsystems of ISS will serve as the power and
communications subsystems for the tether as well. The tether will replace the need for ISS’s
propulsion system by providing for station keeping using an EDT segment.
4.1.2. Gradual Tether Construction and ISS Transfer to MEO

In this concept, based on one developed by Pierre Brunner (2017), an initial 500 km tether
would be developed for the ISS. While still a fraction of the length of a full LEO-MEO system,
this tether would still be an impressive step forward at a length that is over ten times that of
any tether that has flown before. This tether would include an initial demonstration climber
that could serve as a test bed for future climbers. This tether would be attached to the ISS,
then, before it is deployed, the orbit of the ISS would be raised by a few hundred kilometers.
The exact amount of this orbit raise will be determined based on the available propulsion
capacity contributed by the vehicle that delivers the tether to ISS and any other spacecraft
docked with the ISS, such as an Automated Transfer Vehicle (ATV), Soyuz capsule, or
commercial resupply (CRS) vehicle. As with the previous concept, this tether would include
electrodynamic capabilities to provide station keeping ΔV to the ISS and would reuse the
systems of ISS wherever possible. It is also still advisable for the ISS to be unoccupied during
tether deployment to ensure the safety of the astronauts.
This system would then evolve over time into a full LEO to MEO tether. The ISS end of the
tether system would need to be raised to higher orbits as the length of the tether increases,
either through the use of the EDT already installed or by sending more vehicles to use their
propulsion systems to raise its orbit. The increase in tether length can be achieved in two
ways: the initial tether can be replaced by an entirely new, longer tether, or a hypothetical
technique to connect two segments of tether in orbit could be pursued, as discussed in
Section 3.6.6.
Section Summary

Many different ISS reuse concepts that incorporate large tethers could be imagined. This
Chapter focuses on two concepts in particular that are representative of the two main
approaches that could be taken to developing such a system: direct deployment of a LEO to
MEO tether or gradual development of such a system based on precursors in orbit. Both
concepts aim to reuse all components of the ISS as much as possible. The next section will
elaborate upon the reason for developing such concepts in the first place.
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4.2. The Case for ISS Reuse

To secure funding and support for the development of either of the concepts described in
the previous section, it will be necessary to provide a clear justification for why such a project
is worth pursuing. ISS reuse offers several opportunities and potential benefits in addition
to the general reasons for pursing large tether projects, described in Chapter 2. Most of these
benefits are applicable to both ISS tether system concepts; as both concepts aim to
eventually extend from LEO to MEO, any benefits associated with a LEO to MEO ISS system
are applicable to both, though the direct deployment concept will attain these faster.
Additionally, opportunities associated with EDTs or with the continued use of ISS for scientific
applications or tourism apply to both concepts equally. If any benefit is only applicable to
one concept or the other, this will be explicitly mentioned.
4.2.1. Socioeconomic Effects of ISS Reuse

In the near horizon, most of the socioeconomic benefits offered by the concept of large
tethers in general can potentially be reaped by the implementation of a space tether using
the International Space Station (ISS). The ISS lies at the center of space exploration today and
using it to prove the feasibility and effectiveness of large tether system implementation may
be such an avenue yielding increased public interest in the matter. Additionally, the
previously mentioned tether industrial chain as well as the opening of the human mind,
particularly to tether use, will result from this venture.
Based on Hoyt’s incremental concept of building a tether transport system in which the
whole system is divided into several segments, each component may be able to perform a
useful revenue generating mission to help fund the deployment of the rest of the system
(Hoyt, 2000). The ISS reuse concept can act as an initial segment in this way. It could be the
first revenue generating mission. A successful demonstrator mission will encourage more
participants, especially commercial companies.
Space tourism has yet to prove a sustainable profitable venture, and a reused ISS with a
tether system could present a profitable space tourism opportunity, potentially attracting
investors for funding. As one of the most significant artifacts of human space activity, over
time, if it remains in orbit, the ISS could become both a place to stay in space and a historical
site worth visiting. As a tether system would provide the potential for keeping the ISS active
for a very long time, it represents one of the best opportunities for this.
In fact, the general public is quite supportive of the ISS mission. In a study reported by Cary
Funk and Lee Rainie (2015), it is found that approximately 64% of lay Americans believe that
the ISS has been a worthwhile space endeavor. This public support represents a strong
argument to keeping the ISS in orbit; the general public will be saddened if the ISS leaves
orbit. Given that this is the case; it can be anticipated that reusing the ISS will provide
continued societal benefits.
4.2.2. Alignment with Space Policy Goals

While politics is often an inhibitor rather than an enabler for space projects, including for the
case of an ISS tether system, it could also serve as an enabler. In particular, an ISS tether
system could align well with the space policies of two key actors, the European Space Agency
International Space University, MSS 2018

77

Lifeline for ISS and Future Tethers

International Space Station Reuse

and the United States.
4.2.2.1. International Cooperation

As a project requiring massive amounts of resources, implementing large tethers will
inevitably require the cooperation of many national entities. This provides another important
opportunity for bringing once hostile nations together in a setting of cooperation and shared
interest. The political benefits that have been made available due to the International Space
Station (ISS) program are huge; it has promoted international cooperation between the USA,
Canada, Russia, Japan and Europe (St-Arnaud et al., 2013). In this respect, large tether
systems have the important potential versatility of creating new cooperative relationships
between nations, as well as sustaining the relationships created for ISS.
4.2.2.2. Space 4.0

Overall, the current narrative of the space industry has the International Space Station play
the central role in space activities. ESA has broken down the industry into four different
distinct eras. It is currently trying to push beyond the ISS era into the Space 4.0 era. The four
eras are summarized by Table 4-1.
Table 4-1: Four distinct eras of space exploration

Space 1.0
Space 2.0
Space 3.0
Space 4.0

Astronomy
Space Race
International Space Station
Democratization of Space Industry

Space 4.0 is an era where diverse actors are involved including nations, private companies,
universities, and citizens (ESA, 2016).
Building a large tether system based on the ISS perfectly matches the theme of democratizing
access to space. The tether system has the potential to cheapen access to various orbits
above LEO by lifting payloads. Moreover, the possibility of transitioning the ISS to a
commercial operation could provide access to the station, continue microgravity
experiments, and spaceflight for a wider range of actors outside of government institutions.
Therefore, this idea could gain traction within ESA’s space policy.
4.2.2.3. National Space Policy (USA)

The space policy of the U.S. present similar opportunities. In Chapter 2, four guidelines from
the U.S. national space policy were identified that would be well suited to supporting the
development of a large space tether system. These guidelines also support the development
of the ISS tether system. Additionally, the following two elements of the policy that do not
apply to general large tether systems could be applicable to the ISS tether system.
1. “Continue the operations of the International Space Station (ISS), in cooperation with
its international partners, likely to 2020 or beyond, and expand efforts to utilize the
ISS for scientific, technological, commercial, diplomatic, and educational purposes,
to support activities requiring the unique attributes of humans in space, to serve as
continuous human presence in Earth orbit, and to support future objectives in
human space exploration.”
International Space University, MSS 2018

78

Lifeline for ISS and Future Tethers

International Space Station Reuse

2. “Seek partnerships with the private sector to enable safe, reliable and cost-effective
commercial spaceflight capabilities and services for the transport of crew and cargo
to and from the ISS (United States Government, 2010).”
The strong alignment between the ISS tether concept and the current direction of U.S. space
policy could represent a strong argument for the United States to support development of
the ISS tether. As the development of the tether begins and funding is sought, this alignment
could form a key element of the case for the tether system.
4.2.3. Resolution of Obstacles Facing Other Tether Projects

As discussed in Section 3.2.7, the maximum payload lifting capacity of a tether system
increases as a function of the total mass of the system, including the mass at its ends. This
obstacle is significantly mitigated by incorporating the mass of ISS, which is over 400 metric
tons, into such a system. Using this mass with a 6500 km tether would produce a system
capable of lifting payload in excess of 20 metric tons along its length without risk of falling
out of orbit. As this is greater than the mass of almost all existing spacecraft, the reuse of ISS
as part of a tether system allows this obstacle to be avoided completely for the length of
tether considered for the case of a direct deployment or technology demonstrator.
The obstacle presented by the high risk of tether deployment failure is also eliminated by the
reuse of ISS. If a tether attached to the ISS fails to deploy, multiple options to fix the system
and deploy the tether exist. If the tether is placed at an appropriate attachment point on the
station, one of the robotic arms attached to the ISS, such as the Canadarm 2, could be used
to manipulate the tether and begin extending it. Alternatively, if necessary astronauts could
be sent out to work on the tether deployment mechanism and fix any issues that may occur.
Another significant obstacle that is eliminated by the use of the ISS is the difficulty associated
with marketing and gaining support for tether projects. The ISS is extremely well known and
is popular with both the public and within the space industry (Funk and Rainie, 2015).
Therefore, no significant additionally marketing or awareness raising will be needed. As long
as it is publicly announced that the tether project will be associated with the ISS and will be
used to keep the ISS in orbit it is more likely to be widely supported by both the public and
space industry figures.
4.2.4. Potential Payloads

Earth orbits are broadly divided into four categories, low Earth orbit (LEO), medium Earth
orbit (MEO), geostationary Earth orbit (GEO) and highly elliptical orbits (HEO). The
overwhelming majority of satellites use LEO and GEO. MEO and HEO have historically been
reserved for a few very specific applications. Figure 4-1 shows the distribution of orbit classes
of the satellites in orbit as of September 2017. This figure was compiled based on NORAD’s
satellite tracking data (Kelso, 2018).
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Figure 4-1: Distribution of spacecraft by orbit class as of September 2017

While the percentage of satellites in MEO is small, the total number of spacecraft in MEO,
97, is not insignificant. Multiple spacecraft are placed into MEO each year, meaning that
opportunities to use a MEO tether system to lift payloads could still occur regularly, even if
it is exclusively employed by MEO payloads (Kelso, 2018). This does not necessarily have to
be the case. It is conceivable that the tether could be useful for taking payload part of the
way to GEO or to elliptical orbits.
For missions to consider using the tether as part of their orbital insertion plans, it must
provide them with significant reductions in necessary propellant measurable as delta V. To
determine whether this is the case, orbits will be discussed and the potential benefits of the
tether for each will be analyzed. As precise orbital parameters for the tether have yet to be
established, for this analysis it will be assumed that the bottom end of the tether is at the
current orbit of the ISS, while the top end is at an altitude of 6900 km. It is also assumed that
the possible payloads are starting from LEO, which is not always the case as spacecraft are
often launched directly into their target orbits or into transfer orbits. Table 4-2 summarizes
the findings of this analysis Figure 4-2 and Figure 4-3 provide a graphical depiction of the
delta V benefits missions targeting various orbits could gain from using the tether system.
The most common application for MEO is GNSS constellations. While these constellations
are already well established, spacecraft need to be replaced periodically, meaning that GNSS
satellites could be a potential payload that could be lifted by a tether system. This possibility
is somewhat limited by the altitude of GNSS orbits; due to the need for multiple satellites
covering every area on the ground at every moment, these constellations usually operate in
circular orbits at altitudes of around 20000 km, significantly higher than the ISS tether system
would be. However, the tether system could noticeably reduce the delta V needed to insert
these satellites into orbit, achieving a savings of about 2 km/s.
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Another possible application of MEO is for communications constellations. Since the 1990s,
MEO has been considered a strong candidate for communications applications because it
could possibly provide a balance between the wide coverage offered by higher orbits and the
low latency offered by lower orbits. Many such constellations have been proposed, such as
Odyssey and ICO, both of which failed due to lack of sufficient funding sources. Today, SES’s
O3b constellation seeks to use MEO to provide continuous communications coverage of most
of the Earth. Several O3b satellites are already in orbit, and more can be expected in coming
years (Swan, 2003; Logsdon 1995). However, if the tether system is in an inclined orbit similar
to that of the ISS, it is not well positioned to help launch O3b. The large inclination changes
required mean that the delta V savings are not sufficient to justify use of the tether. However,
if the concept communications constellations with inclined MEO orbits is revived, these could
provide an idea payload application for the tether. Swan views this as a likely possibility.
If the ISS tether system is constructed, it could encourage the development of new
applications for satellites in the same orbit as the top of the tether. Such hypothetical
spacecraft would represent the best possible payloads for the tether as no additional delta V
would be required. One possible application that could be considered for this orbit is space
situational awareness. A spacecraft in MEO could potentially be used to continuously track
and monitor debris and spacecraft in LEO. By performing this observation from space rather
than from Earth, a greater range of objects could be observed with greater accuracy.
The ISS tether system could also help to ferry objects part of the way to GEO or to a Molniya
orbit. It is unclear if this would be desirable given that spacecraft with these destinations are
generally launched directly into transfer orbits, but it is possible that this use of the tether
could still be relevant; perhaps it could be used to help return such spacecraft to LEO for
servicing or to help boost spacecraft in the event of launch anomalies that result in their
insertion into the wrong orbit.
Table 4-2: Delta V savings using tether to reach certain orbits rather then from LEO

Figure 4-2: Delta V Savings for payloads with their desired inclination and semimajor axis
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Figure 4-3: Delta V savings as a percentage of the total Delta V required for transfer

It is possible that over time the ISS tether system could be imparted with a rotational velocity
to develop it into a momentum exchange tether system. This would greatly increase the
range of potential payloads for the system, as it would be able to provide payloads with
significant ΔVs. Equation 4.1 gives the value of the ΔV relative to a circular orbit at the top of
the tether as a function of the angular velocity of the tether. This equation is valid as long as
the rotation of the tether is circular and the tether maintains a straight axial alignment.
𝜇𝑒
𝜇𝑒
∆𝑉 = √ + 𝐿2 𝜔 − √
𝑟𝑐𝑔
𝑟2

(4.1)

In this equation μe is Earth’s gravitational parameter. rcg is the orbital radius of the tether’s
center of gravity. r2 is the maximum orbital radius achieved by the top of the tether at the
top of its rotational path. L2 is the length of the tether between the center of gravity and the
top end. ω is the angular velocity of the rotating tether system.
For a rotational velocity of 2π rad/day, this ΔV is large enough to transfer payloads to a
heliocentric orbit. This could enable a variety of scientific missions, particularly with
CubeSats. The primary obstacle to implementing such a system is the strength of the tether
itself, as the centripetal forces induced by this rotation would cause the tether to undergo a
very high degree of stress (Yamagiwa et al, 2009).
4.2.5. Commercial Trends

The development of a large tether system would require very large amounts of capital. In
order for such a capital intensive development to occur, the market demand for its services
would need to be high. Therefore, it is worth looking at demand projections from key markets
that could potentially drive the development of a tether system.
There is ongoing research to further the usage of MEO from organizations such as the
National Oceanic and Atmospheric Administration (NOAA). The Jet Propulsion Laboratory
(JPL), who were carrying out the research, concluded that a constellation of satellites
operating in MEO could comparatively have similar benefits to the ones operating in LEO or
GEO. NOAA is constructing a Program Implementation Plan which would enable them to
evolve into an integrated environment system, making use of MEO architecture. Therefore,
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if this is implemented, other environmental satellite operators could follow having seen the
benefits of operating in MEO, increasing demand (Trali, 2005).
In addition, as mentioned in Section 4.2.4, GNSS satellites which operate in MEO need
replacement, which is why it is worth observing the future rate of replacement for satellite
constellations in MEO orbit. A recent study estimated that GPS will be renewed at a rate of
2.2 satellites every year, whilst, COMPASS satellites and Galileo are to be renewed at an
average rate of 3.75 and 2.5 satellites a year, respectively (Jenkin et al, 2013). Satellites
operating as MEO constellations need constant replacement, this with the additional plans
from the NOAA to enable more MEO constellations that will be drivers for the development
of a tether service which can transition satellites from LEO to MEO.
Another key driver could be space tourism. Therefore, it is worth observing the market
demand for orbital tourism. It is also crucial to note that although there is a significant
interest in space tourism, it will not be a viable driver at the current ticket price which only a
few can afford. A survey conducted by DePasquale et al, expressed that the number of
customers paying for trips per year would go from 0% to 20% when the price of the ticket
dropped from $20M to $5M. Further, this figure increased to 25% when the orbital tourism
trip included a destination (DePasquale et al, 2006). Therefore, if the ticket prices are
lowered, which is an adequate assumption considering the recent rise of commercial space
actors, then the demand for orbital tourism trips which include a destination in the form of
a hotel could assist in driving the development of a concept such as an ISS based LEO-MEO
tether. It could be worthwhile for commercial space actors to invest in the development of
tether systems if it leads to extending the operational lifetime of the ISS and using it as a
service provider for their future customer base.
4.2.6. Business Model Canvas

A business model canvas presents an overview of a business model using a number of
building blocks, it highlights the value proposition a company can bring, as well as, the key
clients, the customer channels and the relationship that the company hopes to have with its
clients. Below is a concept of a business model canvas that could be proposed in the future,
the term ‘founding company’ is used to address the hypothetically company involved in
selling the services of a full ISS LEO-MEO tether (Osterwalder, 2008).
4.2.6.1. Customer Segments

This block outlines the key actors for whom the founding company will create value:
Satellite Operators: They will benefit from the ISS tether service which can be used to
maneuver their satellite from one orbit to another.
Space Tourism Companies: The tourism company will benefit from the ISS tether by enabling
them to extend their own services and provide habitation to their clients in outer space via
the ISS service.
Scientific Community: They will still be provided long duration experimentation services
within the ISS.
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4.2.6.2. Customer Channels

This includes the touchpoints for which the founding company will be interacting with
customers and delivering value to them. The potential channels for the respective customers
are highlighted below:
Client: Space Tourism Companies (ISS)

Most companies such as X Virgin Galactic have their prices online from deposit to onboard
ticket details. However, there are also companies which sell these tickets on their behalf from
the lottery fund set up by I Dream Of Space. There have also been alternative channels
through the historical case of PAN AM’s which had taken advantage of the Apollo Era to sell
lunar flights using a numbered cards process on a first come first serve basis. Therefore, both
direct channels and indirect channels could be used to provide the ISS tourism service to
customers (Mann, 2012). Channels could include:
•
•
•
•

Website with information regarding price breakdown
ISS trip in collaboration with existing space tourism companies package
The founding company can have face-to-face interactions when training occurs and
prior to full ticket payment
Sell services through general commercial space activity websites such as One-StopShop

Client: Space Scientific Community

The current procedure for sending scientific experiments to the space station is through the
sponsorship of a space agency. In the context of the United States these encompass the
funding sources and initial points of contact. From this point onwards the scientist would
prepare for the flight through a number of phases from conception to verification and finally
delivery to the launch site. It would be important to maintain this structure to ensure that
the experiment is fully prepared and verified to fly on board the ISS. Further, as these
research centers and directorates will still be in existence they can still be involved in the
phases and preparation as the incentive for them will still be there which is to benefit the
scientific and research community.
However, the delivery phase and information with the respective point of contacts to the
scientists could be shared with the founding company to ensure all the resources and services
needed to successfully put the experiment up to space are available. Further, although this
could incur a higher cost for the scientific community as they are now purchasing a
commercial service, there could be offers of discounted prices if a certain quota of
experiments is sent up. All in all, it can be concluded that the direct channel with the scientific
community and space agency remain the same but with the extension of key contacts within
the agency booking directly with the founding company and consulting them during the
phases of the experiments. (NASA, 2017)
Client: Satellite Operator

The channel between the space operator and founding company will have to be created
without familiar concepts. However, it is worth looking at the current customer channel
between the space operator and launching company. For example, if an operator wants to
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send a satellite up to space, they can go onto Space X’s website which has a list of prices for
their rockets and maximum mass per destination. Therefore, the founding company can
display key information online and have a key representative for each client to discuss
bookings face-to-face or over the phone, this can develop the relationship of the client and
founding company.
4.2.7. Customer Relationship

In order to fund the tether, the initial development cost can act as a barrier to entry. It would
be key to obtain contractually committed and frequent uses of the service; this is similar to
the market strategy used by Space X (Space X, 2002). In order to send a satellite, the client
must contact Space X directly and book. Elements which can help build this relationship could
be:
• Personal contact, whether face-to-face or over the phone
• Long-term contracts offering discounts
• Frequent use of services offering discounts
• Host events and dinners for committed clients
Regarding clients such as space operators, currently the client must ensure the manufacturer
tests the satellite to ensure it is strong and secure enough to withstand the launch,
deployment and harsh space environment (NASA, 2015b). Therefore, it could be important
that the founding company upon communication with the operator states the additional
tests needed to use the ISS tether for maneuvering the satellite; this way it ensures the
success of the mission and provides supportive relationship, potentially resulting in longer
contracts.
4.2.8. Value Proposition

The value proposition explains why customers should choose one product over another.
Here, the reason a LEO-MEO tether system should be beneficial for mentioned customers is
outlined, specifying the unique products which provide specific customers these benefits
either through pain relief or gain creation.
4.2.8.1. Services of the ISS

The ISS, Figure 4-4, service can provide experimentation and space tourism habitation. The
ISS holds 13, 696 cubic meters of habitable volume in which both tourists can stay and
experiments can take place (NASA, 2016a).
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Figure 4-4: Sections of the ISS [NASA, 2016]

4.2.8.2. Tether

A 6500 km tether attached to the ISS will provide orbit transfer services for spacecraft going
from LEO to MEO as well as for energy production for ISS operations.
4.2.8.3. Satellite Operator

Space tether systems can be used as EDTs providing ∆V savings, as well as revolutionizing
maneuverability from stabilization to attitude control. Customers would be able to move
their payload to an ideal orbit, whether it be MEO or LEO.
A pain reliever solves the problem the customer is facing. The ISS tether product alleviates
pain in the form of cost and risk. The tether will maneuver the satellite from one altitude to
another directly. This is potentially a more precise process than conventional propulsion.
Finally, cost will be reduced significantly because of ∆V savings in orbit transfers and the use
of smaller launchers due to this development (Riatt, 2017).
Ranking the intensity of mentioned pain areas:
1. Less Propellant needed
2. Smaller Launchers needed
A gain creator evaluates how products lead to customer gain either by enhancing an
experience through the fulfillment of his/her expectations but also beyond it. As mentioned
previously, the use of an EDT would reduce the amount of propellant needed for orbit
transfers, thus operators would incur an increase in savings if tether systems are adopted for
this use. In addition, an indirect benefit for this case is a more environmentally beneficial
operations cycle as less propellant has to be produced as smaller rockets would be needed
for satellite launches and orbit transfers (Hoyt, 2000).
Ranking the gain creator impact for the customer and frequency of occurrence:
1. Money saved for re-investment
2. Environmental benefit
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4.2.8.4. Space Tourism Companies (ISS)

As mentioned previously, the extension of the ISS's operational life using a space tether
system would likely be well received. Any tourist wishing to experience space would be able
to stay in the ISS functioning as a historical site visit as well as a hotel. This would allow
customers to elongate their trips, providing significant increases in clientele and popularity.
Currently, the space tourist experience is limited, as tourists are allowed to be in space for a
short period of time only (Finance Online, 2013). Allowing the ISS to be used for tourism will
enable longer stays in space, saving the customer from spending excessive amounts of
money to prolong an otherwise short-lived experience. Furthermore, the resulting dynamic
could allow for the sharing of responsibility between the customer and the ISS tether
company, instead of the customer bearing all of the weight in terms of liability and risk.
Ranking the intensity of mentioned pain:
1. Elongated time of trip
2. Sharing risk/responsibility of client
There is a large scope to gain for the customer by using the ISS service. Changing the
experience for the customer from short duration flight to a stay in the ISS, will enhance their
experience. Further, it could increase the popularity amongst potential customers. Finally, an
increase in ticket sales, could potentially allow the customer to reduce their overall ticket
price due to economies of scale and increase the frequency of trips.
Rank how gains impact customer and frequency of occurrence:
1. Ticket sales
2. Popularity
4.2.8.5. Space Scientific Community

For many years the ISS has acted as a lab in space for academics, scientists and government
agencies (NASA, 2018). This work can be continued, sending revolutionary experiments on
board the ISS for as long as needed with the conditions monitored and maintained to
prosper.
Carrying out long duration experiments in space without the ISS tether would be infeasible
as there is not an alternative to the International Space Station, other than perhaps
suborbital flights, however these are costly and only beneficial for short-duration
experiments.
Ranking the intensity of mentioned pain:
1. Prevents limiting options for scientist to send experiments to space
The gain is already observed from previous experiments which have taken place in the ISS,
from the long duration aspect to the ability to constantly monitor. (NASA, 2015b) To enhance
the conditions for the experiment, the ISS MEO-LEO Tether company could provide
employees who monitor and correct the experiment or it can allow for the customers to bring
astronauts/scientists to accompany the experiments.
Rank how gains impact customer and frequency of occurrence:
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1. Long duration
2. Constant monitoring
4.2.8.6. Key Partners

Key partners are those that will support the company and add to its success. Potential key
partners to assist in providing the ISS Tether for the respective services are mentioned below:
The cost of running the ISS over a decade is estimated to be between €100 to €150 billion
(ESA, 2013). Therefore, we can assume that buying the ISS would be infeasible, hence it
would be crucial for the founding company to partner with either private or public entities
to help relieve not only operating costs but the selling or leasing price for the ISS. We have
seen public private partnerships (PPP) grow within the commercial space sector in recent
years due to its benefits to both the government and private enterprise. Both ESA and NASA
have been involved in public private partnerships and through this they have explained the
benefits of such a partnership for the development of space projects. Firstly, they can provide
lower costs overall, particularly, during events such as the financial crisis. The benefits that
an ISS LEO-MEO tether project could attain from public and private actors involved in a PPP
partnership:
•
•
•
•

Innovation increases
Budget and schedule deadlines are efficiently met
R&D development increases
More efficient costing for tether construction, especially during times of financial
uncertainty

Ultimately, this will also share the risks and finances between the actors involved, which
could encourage more participants to be involved in a PPP for an ISS LEO-MEO tether,
particularly, considering the high risk involved in the initial development of such a concept
design. However, it is worth noting that part of the success of a PPP revolves around
commercial incentive, this is what drives private incentive for such a partnership (Nardon and
Venet, 2018). Further, as the ISS originated from an international intergovernmental project,
it is worth considering multinational public-private partnerships (MP3). The advantage of a
multinational corporation as a private actor is not just technological advancements and
greater market reach but also supply chain gains (Runde, 2013). The latter would be an
integral advantage to the development of an ISS LEO-MEO tether, as if a reputable
multinational company was involved in the development and servicing of the ISS LEO-MEO
tether they would have a greater influence amongst suppliers, this would provide greater
support for the development of the tether, all the way up to delivery (Financial Times, 2018).
In addition, any PPP developed for such a project would benefit from a leasing agreement as
it would make the partners involved in the ISS more likely to agree to a PPP as well as lower
costs for a commercial venture.
4.2.8.7. ISS Service:

As mentioned above, NASA has enabled scientists to have their experiments performed in
space. Therefore, an ideal partnership happens between the respective space agencies and
the founding company in the form of a Public Private Partnership. In this context, the
logistical preparation and process can remain unchanged, while it is ensured that the
founding company is aware of any preparation needed for the provision of optimal service
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to the scientist, ensuring the success of their experiment on ISS. Further, as experiments are
recognized for adding value to education and academia, the government agency can provide
funding to subsidize the cost of sending scientific experiments to space, thus assuring a
profitable incentive for the founding company to continue this service.
4.2.8.8. Tether Service:

To ensure the success of the ISS tether system’s capability of transferring satellites from one
orbit to another, the founding company can have a joint venture with an enterprise which
has R&D knowledge of tethers to support this activity. An example of such a venture could
be offered by Tethers Unlimited, not only because of their renowned tether expertise but
also because they have provided services on Earth with transferable expertise needed for
payload transfer along the tether. Although, this venture may have an impact on profit, it
could lower risk the of failure due to knowledge spillover and shared liability.
4.2.8.9. Key Activity

Throughout the canvas there are many activities which have been identified that will be
integral to the value chain of the ISS LEO-MEO Tether business. Post development of the
tether system, there are many services which will be provided that could generate revenue.
Within the ISS, the activities could entail scientific experiments, habitation for both
astronauts conducting and monitoring experiments and space tourists. Regarding the tether
system, the fundamental activity would be the orbit transfer of satellites to ideal orbit.
Section Summary

Several key benefits can be gained by reusing the ISS as part of a tether system. From a
socioeconomic point of view, the ISS is well known and appreciated by the public. Deorbiting
the station would represent a high-profile waste of resources and would be a huge loss from
a heritage perspective. Thus, reusing the station should be favored by the public. A long
tether system would require massive amount of resources; the development of an ISS space
tether system would present a good opportunity to continue the ISS’s legacy of international
cooperation.
Commercial opportunities have been laid out in a business model canvas, where customer
segments such as satellite operators or space tourism companies and the commercial
opportunities for each have been identified. In addition, customer channels have been
identified for companies to bring value to customers searching for commercial opportunities
with a space tether system. The customer segments include commercial actors such as
satellite operators and the scientific community. The business model canvas lays out a value
proposition for possible services a company could provide with this system for satellite
operations, space tourism and the scientific community. Key partners have been identified
for the viable development of a commercial venture.
As the cost of running the ISS is extremely expensive, public private partnerships have to be
established to share the incurred cost of ISS operations. A PPP or MP3 seems likely to be a
good way to structure the tether project.
Using the ISS inherently mitigates some obstacles identified in Chapter 3 . Using the ISS can
reduce the required counter mass needed for the tether. In case of deployment failure, the
infrastructure and human spaceflight capabilities allow for maintenance to be performed on
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the tether. MEO is rapidly becoming a more popular orbit option for satellite operators,
which can benefit from a tether system for orbit transfers from LEO to MEO, reducing
launching costs and operational costs. The following section will delve into the obstacles that
appear by making use of the ISS as a space tether system.
4.2.9. ISS Heritage

We have discussed the cultural justification and several other benefits but what of the
heritage of the ISS, a first in many respects and perhaps worth saving.
With the advent of commercial and a return of space agency interest to missions beyond
Earth orbit, for example the Moon and Mars, there is an initiative to look at preserving
landing sites on the Moon. For all Moonkind is an organization, supported by many space
lawyers and policymakers, that seeks to preserve these sites for future generations. This
would be similar to the World Heritage model starting with the six Apollo Lunar Landing sites
but with hope to extend this to other sites in outer space. They reason this by recognizing
the sites for their value to humanity, for example Apollo and how the space race changed the
world, alongside protection for posterity as part of a common human heritage (Moonkind,
2018).
This ideal can be expanded to outer space itself. While preserving ground-based sites maybe
easier in concept, as they are relatively fixed points, at a suitable orbit the ISS would be stable
and could be treated itself as a heritage site. It has been 24 years of work and the site of
much international co-operation. Even though periods of turmoil on Earth, relations have
remained stable on the ISS with people of many nationalities living and working together
alongside teams on the ground. It is a fantastic example of human development and cooperation. Even if this has been out of necessity, the ISS has become a popular public symbol
of our collective reach to space and this should be recognized.
In addition to these ISS values, a simpler, intrinsic value is the mass of the station itself. The
ISS consists of 400 tons of infrastructure. The cost of launching 400 tons to space with
modern rockets would be about 4 billion dollars. In addition, the estimated combined cost of
development and implementation of the ISS has been over 140 billion dollars. Simply
deorbiting the station seems senseless from this respect, with the cost of disassembly and
deorbiting high in itself. There is the option of boosting to a stationkeeping orbit safe from
interference with other spacecraft. Operations and associated costs can then be scaled back
until the future of the ISS is decided.
Nonetheless, maintenance of the ISS will be an issue. All things degrade over time with
several modules of the ISS at or near the end of their expected lifetimes. Therefore, simply
putting the ISS in a station keeping orbit and leaving it is not the best way to preserve its
heritage. Instead adapting and continuing its usage will make the most out of this system,
providing funding to maintain it. Thus, the concept of a large tether connected to the ISS is
proposed to be mutually beneficial to both development of large tether systems and
continuation of the ISS.
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4.3. ISS Obstacles
In addition to the general obstacles for large tether systems discussed in Chapter 3, the ISS
tether system concept will face its own set of obstacles. Most of these are driven by the fact
that, under current plans, the ISS will expire and re-enter into the Earth’s atmosphere in the
year 2028 (Sloat, 2018). Additional obstacles are imposed by the need to keep the crew of
the station safe, ensure continued operations of the station, and by the political situation
surrounding the ISS. However, most of these obstacles can be avoided or mitigated and they
are worth tackling to achieve the benefits described in Section 4.2. The avoidance and
mitigation strategies discussed in this section were used to guide the development of
preliminary requirements for the ISS tether system discussed in Section 4.5.
4.3.1. Causes of Previous ISS Tether Proposal Failure

Early in the ISS Program, an electrodynamic tether system was proposed to provide
propulsion for station keeping. This system was never implemented. Les Johnson (2018)
identified two major reasons for this, discussed in the following section.

4.3.1.1. Interference with Microgravity Environment

The current microgravity environment on the ISS is not ideal due to various perturbations
and vibrations reducing the quality of the microgravity environment. However, it does allow
for long term observations of the effects of reduced gravity in experiments where low fidelity
of a microgravity environment is suitable.
Currently the ISS has its center of gravity in the laboratory section, where the microgravity
environment is best. If the ISS is used as a counterweight for a LEO - MEO system, the COM
would shift to somewhere on the tether itself. This, alongside the many perturbations likely
to be present for a tether system, results in a large degradation of the microgravity
environment. Perturbations coming from the tether itself can appear due to: debris or
spacecraft avoidance, climber vibrations, radiation pressure, stretching of the tether or the
sequence of climbing disturbing the orbit and the structure. While it is difficult to predict the
intensity of these perturbations, it is highly probable that they will affect the microgravity
experiments on the ISS. This is because the systems of the ISS are disturbing these
experimentations already as shown in Figure 4-5 to which an attached tether would only add
to the vibrations (Whorton, 1995).
To what extent this may be is unknown, but can be theorized. This may render the ISS
unusable for certain microgravity experiments which will be dependent on the schedule
determined for activities such as any re-boosting, docking and transiting of the climber.
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Figure 4-5: Perturbations to the ISS microgravity environment (McPherson, K., n.d.)

The major experiments that are conducted and affected by the microgravity environment
include: biotechnology, combustion science, fundamental and fluid physics and material
sciences. The Biological Experiment Laboratory in the Columbus module examines the effect
of microgravity environment on plants and animal cells, tissue culture, microorganisms and
small invertebrates. Many of these biological experiments have time constants as hours, days
or weeks which are dominated by the 1-g environment (Delombard, et al., 2004).
Furthermore, the microgravity environment provides optimal growth for protein crystals.
However, because of the aerodynamic drag, the ISS must be re-boost periodically. This reboost can last from about 260 seconds to 2 full orbits totaling 3 hours and is noticeable to
the astronauts (ESA, 2008; Peake, 2016). The perturbation on microgravity experiments can
therefore be disturbed on different level depending on the actual re-boost procedure.
The microgravity environment is continuously monitored by onboard sensors for
perturbations. Currently, the Active Rack Isolation System (ARIS) is used onboard to absorb
any vibrations that affect the Microgravity environment of experiments. ARIS can predict
potentially damaging vibrations and protect the experiments from vibrational and
acceleration movements (NASA, 2005). Effects of perturbations and g-jitters are also reduced
mechanically decoupling the experiments by damping elements or conventional springs.
NASA has been developing the Principal Investigator Microgravity Services that will analyze
the microgravity environment of a particular location on the ISS and provide the user with
the microgravity acceleration data. (Delombard, et al., 2004)
An alternate way to reduce the vibrational perturbation is by using a small tether, depicted
in Figure 1-7, consisting of a chain of ball joints tied to each other under pressure by a
continuous wire. The friction between the ball joints dampens the oscillatory movement of
the attached experiments (Messerschmid and Bertrand, 1999).
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Figure 4-6: Short Tether for Experiment Attachment [Messerschmid and Bertrand, 1999]

All the current countermeasures must be placed at multiple locations and new techniques
must be identified to minimize the effect of perturbation on the microgravity experiments.
Considering all of these, it is legitimate to wonder if the ISS could still be used as a
microgravity laboratory. The existing counter measures of the perturbations may or may not
be able to discard these perturbations and a deeper analysis involving cost and a quality
analysis on this issue should be run before arguing the real possibility and interest of using
the ISS to conduct microgravity science experiments. However, as mentioned in Section
4.3.2, radiation experiments, which are not sensitive to microgravity conditions may greatly
benefit from the tether.
4.3.1.2. Orbit Re-Boost Procedure

Like all objects in LEO, the orbit of the ISS decays over time. To counteract this, its orbit needs
to be periodically raised using a propulsion system. When the space shuttle was used to
provide this propulsion, this required rotating the station 90 degrees to align the thrust
vector of the shuttle with the velocity vector of the station (Johnson, 2018). As the shuttle is
no longer in use, this is no longer a concern.
4.3.2. Orbital Considerations

Section 3.3 discussed several aspects of the orbital environment considered for large tethers
in the region of 100 km to 10,000 km. The main obstacles found were to be the constant
exposure in the lower Van Allen Belt (VAB), solar storms and incorporation of an EDT with
regards to interaction with the Ionosphere. Most considerations stem from those already
considered and are well understood for spacecraft but consideration needs to be made for
aerodynamic and solar radiation torques and atomic oxygen. These obstacles and
considerations still apply to a large tether system attached to the ISS but focus will be drawn
to the risk to human life in and viability for continued use in doing experiments.
As generally determined for large tethers the main obstacle in terms of the orbit will be that
a great deal of the tether and the counterweight is inside the lower VAB. This then applies to
ISS reuse case for the 6500 km long tether with the ISS acting as a counterweight.
Furthermore, a climber would have to ascend and descend whilst passing through this
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environment. Alongside the interest in keeping the ISS crewed to enable continued use for
experiments, maintenance and humanity’s presence in space, this presents a major radiation
issue for the occupants of the ISS. Yet, it would enable interesting research into biological
aspects and long-term exposure to radiation and research into shielding. This would be using
some form of analogue similar what current experiments use as it would be entirely unethical
to have humans exposed to the levels of radiation that would be expected at an altitude of
7000 km. Mitigation for this may require short duration trips to the ISS, utilization of new
forms of radiation shielding or the most sensible option may be to have the ISS uncrewed
potentially operated by robotic systems with intervention or repair by humans only when
strictly necessary.
For the case of an initial 500 km demonstrator ISS tether system, the system is mostly outside
the lower VAB in its orbit except when crossing the South Atlantic Anomaly as the ISS does
on occasion. This effectively delays the issue until the tether is extended to build towards the
6500 km case when it will become a significant issue. However, if the 500 km tether is to use
an EDT section this will remain an important consideration but not necessarily an obstacle. It
would in fact be sensible to build towards the 6500 km goal from the standpoint of learning
more on how to best utilize the system, interaction with the ionosphere and constrain where
problems may arise. Otherwise for a system operating at 200 km to 700 km, the main
perturbation and issue will be significant aerodynamic drag and degradation by atomic
oxygen.
4.3.3. Schedule

The ISS Tether System will need to be developed on a very tight schedule if it is to be realized.
Technical maturity of the tether system design must be achieved on a timeline consistent
with the ISS retirement schedule; the system must be delivered and installed on the ISS no
later than 2028. Several critical technologies have been identified and need to be verified to
be feasible, so they could be applied to this mission in such a short time before the detailed
design of the mission. This represents a major obstacle to the development of the system as
this timeline is relatively short for a major space project.
The experiences of the Chang’e missions and the Kepler mission - which have been assessed
to be of comparable cost and development complexity as a tether system - took ten years
from the proposal being accepted to launch (Borucki et al., 2009). By this rough metric, the
ISS tether project is already behind and will need to be developed at an accelerated pace.
This illustrated in the following schedule, in which the tether system is intended to be
delivered into orbit within 9 years.
To conduct experiments on the ISS a specific application and development procedure must
be completed in the following seven steps combining the typical procedure of a mission in
NASA and ESA (NASA, 2017):
•

•

Phase 0: Mission Analysis and Critical Technologies. Understand and analysis what
the payload developer needs from the Station Program. Identify critical technologies
which are applied and verify them to be engineering feasible, including the tether
deployment, docking and others. Identify funding source, initial Points of Contact
Sponsorship.
Phase 1: Feasibility. Establish a feasibility analysis report of the entire tether system
and review. This report includes analysis and evaluation of theoretical feasibility,
engineering feasibility and commercial feasibility.
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Phase 2: Conception. Establish preliminary definition and a design report. Station
Program collaborates with the payload developer to provide items required to design
the experiment or payload. Manufacture and basic functional tests of a tether system
engineering model. The manufacture and tests will be done with different subsystems separately at first and then following the tests of integrated system model.
NASA Security Audit.
Phase 3: Detailed Definition. Review and conclusion of the conception phase.
Establish a detailed design report. Manufacture and qualification tests of a tether
system qualification model.
Phase 4: Production of Flight Model. Review and conclusion of the detailed definition
phase. Confirmation of the technical status from detailed definition to production.
Establish a final design report. Manufacture and acceptance tests of a flight model of
tether system, shipment and launch vehicle separately.
Phase 5: Integration Test and Deliver. Perform launch vehicle and tether system
integration and deliver the launching to Station and deployment in orbit.
Phase 6: Operate and Post Operations. Operate research and experiments, including
docking to ISS and lifting payloads to higher orbits, and complete post-operations
integration.

Table 4-3: Schedule summary

PHASE
Phase 0
Phase 1
Phase 2
Phase 3
Phase 4
Phase 5
Phase 6

STARTING
APR 2018
JUL 2019
JAN 2020
JUL 2021
JAN 2023
JUL 2026
OCT 2027

ENDING
JUN 2019
DEC 2019
JUN 2021
DEC 2022
JUN 2026
SEP 2027
-

DISCRIPTION
Mission Analysis and Critical Technologies
Feasibility
Conception
Detailed Definition
Production of Flight Model
Integration test and Deliver
Operate and Post Operation

It is important to note the proposed procedure schedule above is for experiments in the ISS.
Because a tether system can be considered an experimental module to increase the
operational lifetime of the ISS – phase E of the ISS mission – the outline described above and
in Table 4-3 could be valid. However, it is unclear how the agencies involved would classify
this project as it would represent a redefinition of ISS’s mission. Because of this technicality
it is also difficult to determine precisely how long this tether system would take to develop
as there is no clear path that must be taken from a regulatory standpoint.
Because of the tight timetable required, it is important for the ISS tether concept to be
proposed to the ISS program management groups for each partner state as soon as possible.
This will enable development to proceed and meet the 2028 completion date or even before
that. It will also be important for the relevant agencies to dedicate sufficient resources to
allow the tether system to be developed without the delays common to space projects.
4.3.4. Risk

The obstacle that risk poses applies more forcefully to the ISS system than to general tether
systems. Any risk to the tether system could also present a risk to the entire station if not
properly handled. This increases the consequences of all risks because the potential losses
include both the value of the tether system and that of the entire ISS. Furthermore, risks
associated with the tether could become risks to the health of any astronauts occupying the
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station. For the ISS Tether to be developed, it will have to be selected over other concepts
for ISS’s future, and risk evaluation could be a very major part of this selection.
In addition to following the general recommendations for handling the risk of tether projects
offered in Section 3.3.6, the ISS tether project must take steps to manage the risks associated
with the safety of astronauts. As the riskiest phase of any tether project is deployment, it
would be advisable to remove the risk to humans by having the ISS be unoccupied during the
initial deployment of the tether. Once the tether has been safely deployed and the dynamic
oscillations associated with deployment have ceased, the station can once again be crewed
and resume operations.
4.3.5. EVA Safety

In the TSS-1 Mission, the tether was destroyed by an electrical discharge with surrounding
material that had outgassed from the tether insulation. This demonstrated the possibility of
undesired electrical discharges associated with a tether when it is not properly electrically
insulated and when the electrodynamic environment is not managed properly. When the
case of a manned tether station based on ISS is considered, this could present a significant
hazard to extravehicular activities (EVAs). An electrical interaction between the tether and
an astronaut would likely be fatal and must be prevented.
Several strategies should be pursued to reduce the potential for EVA electrical discharges.
Firstly, the tether must be well insulated within the vicinity of the station. This insulation
must be tested extensively before flight and must be shown to not degrade over the targeted
operational life of the tether.
Secondly, the likelihood of an electrical event can be reduced substantially by installing
efficient plasma contactors on the ISS tether system and building redundancy into the plasma
contactor system. This will ensure that the resistance between the tether and the plasma is
always lower than the resistance between the tether and the astronauts.
Thirdly, an exclusion zone around the tether should be established and EVAs in this area
should only occur in cases of necessity. This will help to limit the expose of astronauts to this
potentially higher risk environment. EVAs near the tether should require the explicit written
approval of both the ISS operations group and the lead engineer for the tether.
Lastly, when EVAs are conducted near the tether, the station should extend electrical power
to counter the natural direction of current in the EDT. With precise enough control of this
power usage, the current flowing in the EDT should be able to be reduced to zero during the
EVA.
4.3.6. Political Considerations

Given the international complexity of the matter, deploying a tether system using the ISS
may prove politically challenging. This section attempts to outline the potential political
difficulties and opportunities in this matter.
4.3.6.1. Mir Tether Failure

The Russian Mir space station had a long history of success until its deorbit in 2001. At that
time, the space station was arguably still fit to continue operations. An effort was made by
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private investors to save Mir through the use of a tether system and commercialization of
the space station, which could have provided the space station with the required energy and
funding to continue operating for several years. However, this effort was not fruitful in the
end as many factors led to Mir’s demise. These are discussed below, considering available
information.
In his book, Lost in Space: The Fall of NASA and the Dream of a New Space Age, Klerkx (2004)
describes the situation facing Mir in the late 1990s as bleak. After the fall of the Soviet Union,
Russia desperately needed funding to keep Mir in orbit. The space station required
maintenance, fuel for station keeping, and it developed a reputation as old and outdated. As
a result of its financing needs, Energia, the organization in charge of building and operating
Mir along with the Soyuz and other Russian launch vehicles, sought out private funding.
In 1999, a private organization, the Foundation for the International Non-Governmental
Development of Space (FINDS) came up with possible solutions to save Mir. The organization
proposed a financing scheme along with a tether system to keep the station in use for years
to come (Klerkx, 2004). The tether system, known as Firefly, or Mir Electrodynamic Tether
System (METS), could provide the energy required for station keeping by way of an EDT and
eliminate the required refueling supplies. While the basic technology was developed by
scientists and engineers sponsored by NASA, Firefly was designed and constructed by Russian
and American engineers that were not associated with NASA and were financed by FINDS
(Oberg, 2000). The tether system itself follows as standard for an EDT as a thin wire attached
to Mir, which would collect electrons from the ionosphere. As it passed through Earth’s
magnetic field, an electric current along the wire would provide Mir with the required energy
to stay on orbit (Oberg, 2000). However, FINDS was restricted in time for both financing and
the technology transfer for METS (Klerkx, 2004).
The transfer of the technology of the tether system between the US and Russia required
International Traffic in Arms Regulations (ITAR) approval. Although no one thought of a
space tether as a weapon, because it was developed for peaceful outer space purposes, it
fell under ITAR rules (Klerkx, 2004). The review process for export clearance took over one
year thus the tether system could not be deployed in time. Confirmation of ITAR approval
arrived in November 2000, after the announcement by Russia that Mir would be deorbited
(Klerkx, 2004).
At the end of 1999, MirCorp, was founded to complete the deal for Mir. Since Mir was owned
by the state of Russia, ownership could not be transferred to MirCorp, however, MirCorp was
given an exclusive “lifetime” lease for the commercialization of Mir (Klerkx, 2004).
It has been speculated that the Mir tether failure was a result of political influence. The
International Space Station (ISS) was in development, and Russia was a partner in the project.
Russia only had the funding to launch the Soyuz a limited number of times and focus was
desired for the ISS. Had it been sending resupply missions to Mir, it would have contributed
less to ISS missions. There may also have been security concerns over Mir’s
commercialization.
Liability issues may have also been a consideration. According to the Liability Convention
(1972), in case of accident or damage, the launching state is responsible. The state can then
seek indemnification in such an event by the private entity. Because of concerns about
liability, the US could have used this as an excuse to exert pressure on Russia to deorbit Mir
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before the tether system could be deployed and Mir could be further
commercialized. However, MirCorp was registered in Netherlands. In the film, “Orphans of
Apollo,” Jeff Manber goes on to state that the Netherlands also drafted national liability
legislation to take on full liability, so there was no risk to the US. Since Mir was owned by
Russia and the MirCorp was based in the Netherlands, US concerns about liability were
limited as precautions were taken based on the Liability Convention.
There is no doubt that the space industry is important for US politicians because of economic
impact--it is a source of jobs for the American people, which in turn is a source of votes for
the politicians. The ISS provided thousands of jobs for Americans. As a leader in space, it
provides NASA with a compelling argument to request a bigger budget so that Americans can
keep working in the space industry.
In summary, the use of METS, was a real solution offering the possibility of saving Mir so that
it could operate for a number of years longer than it did. However, there were many factors
that led to Mir’s demise. MirCorp, the tether system and the commercialization of space
stood little chance in these circumstances. All of these factors led to the deorbiting of Mir on
March 23rd, 2001.
The lessons that have been learned from the Mir tether failure can be applied to the
development of a tether system for the ISS. At the time, an obstacle for deploying Mir Firefly
was the political climate between Russia and the US. In the past 20 years, there have been
considerable strides in international cooperation, and the ISS partner states have worked
together to make advances towards obtaining benefits from space for all humankind. This
type of approach to international cooperation and removing any political agenda belonging
to the Partner States is necessary to successfully deploy a LEO-MEO tether system using the
ISS.
Additionally, ITAR export regulations must be considered. If US technology transfer is
involved, the lead time required must be scheduled to include additional margins in case of
any delays for ITAR approval. If this is not factored in, additional risks against the success of
the ISS tether system could arise from scheduling delays.
Lastly, in an ISS tether system, liability complications provide a very serious risk, and must be
carefully navigated. Changes in the legal and regulatory framework may need to be
considered, along with insurance against risk. The above considerations are addressed in
more detail in the context of the implementation of an ISS tether system in the following
section.
4.3.6.2. ISS Regulatory Status

The International Space Station (ISS) is governed by a regulatory framework that promotes
international cooperation and the peaceful use of outer space (COPUOS, 2015). The
framework incorporates all four United Nations (UN) Outer Space treaties: the OST of 1967,
the Rescue Agreement of 1968, the Liability Convention of 1972, and the Registration
Convention of 1976. It is also made up of three main agreements (St-Arnaud et al., 2013)
signed by the five ISS Partner States, (USA, Russia, Canada, Japan and the member states of
the European Space Agency) which include the Intergovernmental Agreement (IGA) signed
in 1998, four Memoranda of Understanding between NASA and each of the four cooperating
Partner States, along with Implementing Agreements between NASA and the other Partner
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States when required. The main agreement that relates to the development of an ISS LEOMEO tether system is the IGA, which is discussed below.
The IGA outlines the control, ownership and use of the elements of the ISS. Article 5.2 of the
IGA states that each Partner retains “jurisdiction and control over the elements it registers,”
and Article 6 states that each Partner owns the elements that it provides. At the same time,
transfer of ownership to any non-Partner must be agreed to by the other Partners. Lastly,
Article 9 states that each Partner has “the right to barter or sell any portion of” the use of
allocations received to a non-Partner or private entity with consensus of the other Partners
(U.S. Department of State, 1998). If the ISS is decommissioned after 2024 these articles would
be applicable should a transfer of property be required in order to develop a LEO-MEO tether
system.
In the development of a tether system utilizing the ISS, the articles in the IGA relating to
control, ownership and use of the elements of the ISS are applicable. These articles give the
corresponding rights to each Partner and the freedom to transfer these rights to another
party with the consensus of the other Partners. Upon the decommissioning of the ISS, should
a commercial opportunity arise for the Partners transfer or sell their share to a commercial
enterprise, they may wish to take advantage of it. However, since the sale requires
consensus, it may become a problem if not all partners agree.
The IGA includes the commercial use of outer space as an objective in Article 1. The US has
control over about 75% of the ISS (Steptoe, 2000) excluding the Russian allocation. The US
Commercial Space Act (1998) allows for commercial development of ISS activities, of which
30% of the US portion has been allocated. NASA Appropriations Act (1999) encourages
private commercial projects using the ISS “to benefit the US through the sales of goods or
services or the creation of jobs, or both.” The OST (1967) clearly states that the use of outer
space is meant for the benefit of all mankind. However, the IGA and national laws such as
the US Commercial Space Act may be interpreted as contrary to principles of the OST. In
order to develop commercial ventures such as a LEO-MEO tether, the legal framework must
be adapted so that the laws are not in conflict.
The Registration Convention applies to the ISS in that the launching state is responsible for
registering the respective element (Registration Convention, 1975). In the case of
transferring ownership, registration should also be able to be transferred; since the new
owner may not be the same as the launching state, provisions need to be made to address
this circumstance. This becomes particularly tricky as it relates to liability because the
launching state is liable in the case of damages or loss.
The Liability Convention is applicable in the case of damages caused by a collision or
accident. Utilization of the ISS for a space tether system has many risks, and thus, the risks
must be identified and mitigated. The technology and operations involved in a tether system
add complexity to the ISS, increasing the liability risk. Because the ISS is made up of 5 Partner
States, determining liability is difficult, and may be shared by all partners. In the case of
commercialization, the participating nation states will be liable for the commercial
venture. Whether the Partner States agree to take on this liability through the
commercialization of the ISS is yet to be seen.
The barriers that come into play may be political or economic. The US is a hegemon, and
they control a significant portion of the ISS. While the US has enacted a national regulatory
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framework to encourage commercialization and privatization of the ISS, they would want to
do so under their terms. Thus, the only way to transfer rights is for all the Partners to agree,
and if they do not reach a consensus, it can stall the process. For the development of a LEOMEO tether system using the ISS, the US may want to keep control over its usage for political
reasons, so as to limit the access to space for other space faring nations.
In 2015, Roscosmos announced that the Russian modules will continue to be a part of the ISS
until 2024; afterwards, it intends to separate the modules from the ISS (de Selding, 2015). A
new multipurpose module is expected to be launched by Russia in 2019, which would then
enable the Russian segment to become fully independent from the other segments
(Tkatchova, 2018). Thus, it will enable them to separate from the ISS and have their own
independent space station once again. Should this occur, it would create questions on what
would happen to the rest of the ISS. This information would be required in order to use the
ISS for the tether system, so that any replacement modules required could be identified, or
for the Russian segment to be used independently to host the tether system.
Since other partners are also involved, whether they agree to transfer their share or continue
to be involved in a commercial venture is yet to be seen. In this case, a multi-public-privatepartnership (MP3) may be a consideration so that the partners still have an element of
control and cooperation, yet the risk is shared with commercial enterprise. However, an MP3
could only work if the parties can keep their political agendas and security concerns in check.
4.3.7. Liability and ISS
4.3.7.1. Risk/Liability Involved in Catastrophic Failures

Liability is a significant consideration of the ISS as it relates to loss and damages, and
catastrophic failures in particular. When it comes to the development of an ISS tether
system, the OST (1967) applies in the event of an accident and in the case of liability. The
concepts in the OST are further developed in the Liability Convention (1972), the Registration
Convention (1975) and possibly the Rescue Agreement (1968). In addition, the InterGovernmental Agreement (IGA) (1998) also addresses the concept of cross-waiver of liability
between Partner States (UNOOSA, 2018b)
The legal framework surrounding risk and liability are outlined as follows:
• Article 7 of the OST (1967) declares the launching State, the procuring State, and the
State from whose territory an object is launched, is liable for damage caused on
Earth, in the air, and in outer space.
• The Liability Convention (1972) addresses third-party liability in the case of damage
caused to another party by a space object or activity.
• Under the Registration Convention (1975), the launching state registers the space
object. This creates a link to the OST and Liability Convention in that the launching
state is liable for damages caused to another space object.
• For manned missions, Article 5 of the OST declares that astronauts are considered
“envoys of mankind” and should be provided with assistance in the case of an
accident (OST, 1967). The Rescue Agreement (1968) builds on this article, providing
that “states shall take all possible steps to rescue and assist astronauts in distress
and promptly return them to the launching state,” and assist in recovering space
objects when they return to Earth away from the launching state.
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The cross-waiver of liability outlined in Article 16 of the IGA (1998) prevents one
partner state and related entities from making a claim against another partner state
and related entities.

There have been a number of tether system experiments in space, but the failure rate has
been somewhat high. A failure on an ISS tether system would have an impact on people,
property, the organization in charge of the space object, as well as on any nation States that
may be involved.
In the case of catastrophic failure of an ISS tether system, the most important consideration
is the risk to human lives. There is an obligation to mitigate the risk to the lives of astronauts
in manned missions or those who are living in or working on the space tether system ahead
of anything else. There must not only be emergency measures in place, such as a way for
astronauts to escape to safety, but there must be considerable safety precautions to mitigate
risks and procedures in place in case a failure occurs. The OST (1967) and the Rescue
Agreement (1968) apply in cases where astronauts require rescue or assistance and safe
return to the launching state. Because astronauts are government employees or military
personnel, their profession is considered risky and liability does not apply to nationals of a
launching state, or of foreign nationals invited by the launching state (Lyall and Larsen, 2009;
UNOOSA,2018). This may change in the New Space era as commercialization and space
tourism increase, necessitating clarification of legal responsibility to keep up with the
changing environment.
Another priority is the safety of the general public and other human lives that may be
affected by the failure of the tether system. If there is an accident or failure of the tether
system, any debris that does not burn up in the Earth’s atmosphere is a risk to human lives.
Danger increases substantially if the debris falls onto inhabited areas of land. Article XXI of
the Liability Convention (1972) declares that if the damage threatens populations in urban
centers, the launching state may render emergency assistance to the State that has been
affected. In this case, damages must be presented to the launching state through their own
government (UNOOSA,2018).
As a result of catastrophic failure of the ISS tether system, property damage in space and on
Earth is also a serious consideration. In the case where debris falls back to Earth, the
launching state is liable for damage caused to property or on the Earth’s surface
(UNOOSA,2018). Article 3 of the Liability Convention states that in space, fault must be
proven in order to claim damages against a launching state. This same provision applies if
the failure results in space debris. The debris may cause damage to other spacecraft, and
this could create even more debris in the space environment. Article 10 of the Liability
Convention (1972) specifies a one-year time limit to file a claim against a Nation State for
damages.
Not only would people be affected, but the organization that owns and operates the ISS
tether system, the launching state and the States that have jurisdiction and control of the
space object. There are many considerations relating to the liability, such as: who is the
launching state, and if there are two or more launching states, they are jointly and severally
liable for damage caused by the spacecraft; are other nation states involved who are not
launching states, and who is responsible for the space object at the time that damage to
others occurred. Another aspect is determining negligence as this will affect damages
claimed. The implications of liability as it relates to the ISS tether system are described in
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further detail in the next section.
The risk and liability are also serious considerations to the commercial activity of the ISS
tether system. First, a catastrophic failure would interrupt operations, either as a result of
the technology being damaged or destroyed, or stoppage of operations in order to conduct
an investigation into why the failure occurred, etc. This would result in loss of revenues, and
could result in lawsuits against the company, which hopefully would be insured by the
company. The technology would require a replacement to resume operations, and damage
to the ISS modules would also need to be investigated.
4.3.7.2. Legal Regime of Liability

In Chapter 3, the legal framework relating to large tether systems was examined. The chapter
concluded by suggesting that with careful planning and budgeting, any legal and regulatory
obstacles preventing the launch of a tether system can be overcome. Whether this is true
relating to cases of a tether system using space objects already in orbit, namely the ISS, will
be considered. The same legal framework is examined below as it relates to the ISS tether
system.
The main legal challenge for an ISS tether system relates to liability. The significant risk and
liability relating to a catastrophic failure in an ISS tether system was discussed in the previous
Section. What is important to consider is the role of the existing Partner States in an ISS tether
system and how this may impact liability in the case of a failure. As it stands, the legal regime
surrounding liability based on the OST (1967), the Liability Convention (1972) and the
Registration Convention (1975) can be applied to the ISS as a stand-alone space object.
However, these treaties may be outdated as the dawn of Space 4.0 introduces new players
and the commercialization of space.
The three treaties above place responsibility on the ‘launching state’ in the case of damages
caused by a space object. The treaties define ‘launching state’ as: i) the state that launches
an object; ii) the state that procures the launch; and iii) the state from whose territory an
object is launched (UNOOSA, 2018b). Thus, by this definition, there can be more than one
‘launching state.’ Article 5 of the Liability Convention (1972) declares that if there is more
than one launching state, they are jointly liable for damages caused by the space object. Yet,
since the Registration Convention (1975) requires that only one launching state registers the
space object, when there is more than one launching state, the states must decide among
themselves who will register the space object.
In 2002, the Legal Subcommittee of the Committee on the Peaceful Uses of Outer Space
(COPUOS) recommended that in recognizing the growth of commercialization of the space
sector, that national legislation be enacted to address the authorization and supervision of
private enterprises conducting space activities (UNGA, 2002). It also addressed
indemnification of private operators and insurance to be protected from damage claims.
Since the ISS is an intergovernmental partnership of five Partner States, the launching states
are broken down by each module. In an ISS tether system, if the current five Partner States
remain in charge of their respective modules—in particular, the US and Russia—the
launching states are generally unaffected and the legal framework is applicable. A
consideration, however, is if damage is caused by a tether system attached to certain
modules; which Partner State(s) would be liable? Which module would be considered
responsible? The module that the tether system is attached to the launching state? Can the
International Space University, MSS 2018

102

Lifeline for ISS and Future Tethers

International Space Station Reuse

modules run independently with the tether system attached, or must they operate as a
whole? These are important considerations when identifying the launching state for liability
claims.
Now, considering that ownership of the ISS may transferred to a private commercial
enterprise to construct and run the space tether operation. The launching state is still
responsible. This is because responsibility lies with the state that launched the space object
and is not transferred to a private or non-governmental organization. However, relating to
the ISS tether system, since the US has a strong national policy on the commercialization of
space, if ownership is transferred from a US module to a private company registered in the
US, there are provisions for indemnification in the case of liability.
In the case that the ISS tether system is purchased by a private enterprise that is registered
to another Nation state, particularly one that is independent of the Partner states, this is
where it gets complicated. This is because transfer of ownership does not transfer
responsibility, responsibility always remains with the launching state (Lyall and Larsen, 2009,
Aoki, 2012). So even though the original launching state may no longer have responsibility
or control over the ISS, they would still remain liable for any damages caused by the ISS tether
system. This puts the original launching state in a precarious position, where it has no control
over the tether system, yet still remains liable for any damage caused by it. Depending on
the registration of the new Nation State, they may or may not be jointly liable for damage
based on the current legal framework. Because of this, until the legal regime is changed,
caution must be taken for the original launching state to control and prevent the transfer of
ownership to a foreign State (Kerrest, 2012).
The idea of redefining or changing the responsibility of a ‘launching state’ has been discussed
in COPUOS meetings in the past (UNGA, 2002). While there were recommendations made
surrounding the issue, it was decided that no changes would be made at the time because
the launching state is and will always be the launching state of the space object. Thus, in
order to correctly ascertain liability when it comes to transfer of ownership for space objects
on orbit, the rules surrounding identification of launching state must be made clearer or
changes to the current legal regime must be considered (Aoki, 2012). In 2012, a symposium
covering the topic “Transfer of ownership of space objects: issues of responsibility, liability
and registration” was held to examine these issues (IISL/ECSL Symposium, 2012). The UNGA
(2008) adopted recommendations relating to the registration of space objects such as
information about changes in supervision, function, etc. and updates to registration by
international intergovernmental organizations (UNGA, 2008).
Section Summary

Using the ISS for a tether project presents many obstacles before its implementation. One of
the issues is that the microgravity environment of the ISS might be compromised, due to the
center of mass shifting to the tether itself. This might generate perturbations on microgravity
experiments.
Another major obstacle is the schedule. The ISS is retiring in 2028 at the latest, thus the tether
system needs to be sent and deployed by this time, resulting in a relatively short
development cycle for a tether system. As the tether would redefine completely the mission
of the ISS. As this is somewhat unprecedented, the precise procedure to follow is unclear.
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To accommodate changes that have been seen as a result of the Space 4.0 era, the current
legal regime must be reviewed to keep up as the industry changes. For an ISS tether system,
identifying whether the launching states for specific modules or the station as a whole are
liable in the case of damage caused by a failure is important. There must be updated rules
to recognize transfer of ownership together with the transfer of responsibility and liability,
for instance, through updating the registration of the space object. The original launching
state should be provided some protection from liability if it no longer has any control over
the space object. Reviewing the definition of launching state, and the role the launching
state plays in the Liability Convention (1972) should also be considered. The legal framework
must provide clear channels that protect any victims from damage caused by an ISS tether
system. The OST does not take into consideration the case where the original States involved
transfer ownership to another State. This situation may occur more and more in the era of
New Space and as access to space increases. The way the OST is written, the launching state
is responsible.

4.4. ISS Tether Feasibility
Section 4.2 established that developing a tether system based on ISS is a worthwhile pursuit.
The obstacles outlined in Section 4.3, as well as many of those described in Sections 3.3 to
3.5, will need to be overcome to enable implementation of such a system. However, none of
these seem impossible to resolve. To make a conclusive determination about whether the
idea of developing either of the concepts discussed here should be pursued further, a basic
feasibility analysis for both concepts was conducted. This analysis focused on three key
elements, which represent basic criteria that must be met for implementation of either
concept to be possible:
1. The mass of the system, which must be within the launching capabilities imposed by
available launch vehicles.
2. The number of launches that must be used to raise the ISS to an orbit appropriate
for the tether system, which could prevent the mission from a cost or logistical
standpoint.
3. A rough estimate of the cost of the system, which must be low enough for securing
funding to be possible.
4.4.1. Mass

The following mass budget of the ISS tether system was estimated based by analogy with the
YES-2 mission. This method is not overly accurate, but it is the best that is possible at this
level of development of the concept. While it is possible to directly calculate the mass of the
tether itself for a given tether material and cross-sectional area, rough estimation techniques
are the only suitable way to estimate the mass of the deployment system for the tether.
The lowest feasible mass for a tether system is determined by the cross-sectional area the
tether must have to withstand all loads that develop within the system. Unfortunately, this
mass cannot be calculated precisely; while the loads associated with tether flight can be
estimated, the loads produced by a climber are not well understood at this time. Therefore,
this section will discuss the minimum diameter and mass for the tether system in a qualitative
manner based on rough estimations.
To generate this rough estimate, the percentage of the total mass allocated to each aspect
of the tether system used in the YES-2 mission was calculated based on values given by ESA
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(2018). Proportionally, in the YES-2 mission the deployment system and tether cable
comprised 61% of the overall mass budget for the mission. The bus carrying the payload and
its housing comprised 39% of the mass budget. Based on this data, the following relationships
were determined:

Figure 4-7: CAD model of YES-2 mission with the mass of each subsystem [ESA, 2018]

As Figure 4-7 shows, YES-2 was comprised of different modules. The FLOYD module carried
the tether deployment system and the tether itself; MASS was attached to Fontino and would
be released from FLOYD, later releasing Fontino for reentry (ESA, 2018). In order to calculate
the overall mass of the tether system presented in this report the proportional relationships
of each module to the overall weight of the system were expressed as percentages where
Fontino and MASS were grouped together to represent the tether climber and the bus of said
climber, and FLOYD was kept separate to represent the tether deployment system and tether
cable. The relations thus derived showed that FLOYD represented 61.11% of the total mass
and the combination of Fontino and MASS modules represented 38.89%. These values were
rounded two significant figures when expressed as decimals and thus, from the estimation
of the mass of the tether cable itself the following equations can be used to calculate the
approximate mass of each element of the system:
𝑀𝑇𝑜𝑡𝑎𝑙 = 0.61𝑀𝑇𝑜𝑡𝑎𝑙 + 0.39𝑀𝑇𝑜𝑡𝑎𝑙

(4.2)

𝑤ℎ𝑒𝑟𝑒: 0.61𝑀𝑇𝑜𝑡𝑎𝑙 = 𝑀𝐷 + 𝑀𝑇 = 𝑀𝑇𝐷

(4.3)

From Equation 4.2, the proportion of the total mass (𝑀𝑇𝑜𝑡𝑎𝑙 ) comprised of the tether and
deployment system masses - 𝑀𝑇 and 𝑀𝐷 respectively – is expressed in equation 4.3. The
same is done for the climber system mass (𝑀𝐶𝐿 ) and the bus mass (𝑀𝐵𝑢𝑠 ), as shown in
equation 4.4:
(4.4)
0.39𝑀𝑇𝑜𝑡𝑎𝑙 = 𝑀𝐶𝐿 + 𝑀𝐵𝑢𝑠 = 𝑀𝐶𝐵
Maintaining the analogy, the combined mass of the tether and deployment system (𝑀𝑇𝐷 ),
the percentage mass for the tether and deployment system are 27.3% and 72.7%
respectively. Thus, knowing the estimated mass for the tether cable, we can solve for 𝑀𝐷 by
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cross multiplication, therefore:
𝑀𝑇
𝑀𝐷
0.727𝑀𝑇
=
∴ 𝑀𝐷 =
0.273 0.727
0.273

(4.5)

In order to calculate the estimated combined mass of the climber system and bus (𝑀𝐶𝐵 ) the
assumption that the payload to bus proportionality is valid for the climber system and bus is
made. Thus the bus can be described as 43% of 𝑀𝐶𝐵 and the climber system can be taken as
57% of 𝑀𝐶𝐵 . Solving for 𝑀𝐶𝐵 with the value derived for 𝑀𝑇𝐷 in the same manner as in
equations 4.5 and 4.6:
𝑀𝐶𝐵 =

0.39𝑀𝑇𝐷
0.61

(4.6)

and thus 𝑀𝐶𝐿 and 𝑀𝐵𝑢𝑠 can be estimated with:
𝑀𝐶𝐿 = 0.57𝑀𝐶𝐵 ; and 𝑀𝐵𝑢𝑠 = 0.43𝑀𝐶𝐵 𝑜𝑟 𝑀𝐵𝑢𝑠 = 𝑀𝐶𝐵 − 𝑀𝐶𝐿

(4.7)

These relationships were then used to estimate the mass of each element of the tether
system based on the mass of the tether itself for a given length and cross-sectional area. For
both concepts, it is desirable to identify the lowest reasonable mass for the system; lower
masses imply lower development costs and can potentially enable the system to be launched
using a wider variety of launch vehicles.
4.4.1.1. Direct Deployment Concept Mass

In the case of a 6500 km tether developed and deployed to the ISS directly rather than
incrementally, it was found that a relatively small tether diameter would need to be selected
to keep the mass of the system within a range that could be sent to space with a single launch.
Assuming a maximum mass of 97 tons to enable the payload to be launched with NASA’s
Space Launch System (SLS) Block 1B vehicle, the maximum tether diameter would be 1.47
mm. Table 4-4 gives the mass budget for a 6500 km tether system with this tether diameter.
Table 4-4: Mass budget for a 6500 km Kevlar tether with a diameter of 1.47 mm

Component
Tether
Deployment System
Climber
Bus
Total:

Mass (Metric Tons)
30
43
6
10
89

A tether diameter of only 2 mm is relatively small considering the size of the tether involved.
For reference, the YES-2 mission used a tether diameter of approximately one third of this,
while its length was one two-hundredth that of the ISS LEO-MEO system. Based on this
disparity, it seems reasonable to suspect that the maximum diameter imposed by the launch
requirements is in fact less than the minimum diameter needed to withstand all loads with
current materials, rendering this concept infeasible. However, this cannot be conclusively
determined at this time as climbers have been insufficiently researched and characterized,
as discussed in Section 3.2.
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This extremely low maximum diameter likely makes the direct development and deployment
of a 6500 km tether attached to the ISS infeasible. The concept may conceivably be revived
if can be devised to launch the tether and its associated deployment hardware separately.
These could then be integrated by astronauts with an EVA. This EVA would likely be very
complex and carry with it possible dangers; the astronauts would need to manipulate an
object weighing over fifty tons. The tether could potentially break, hitting an astronaut at
high speeds, or an astronaut could become tangled in the tether. Therefore, separate launch
of the tether system and the other hardware should only be considered if no other viable
method for developing the tether system is discovered.

4.4.1.2. Gradual Development Concept Mass

To begin to determine the mass of an initial 500 km tether system, the following equation,
developed by Arnold (1987), was used to produce a rough estimate of the tension developed
in the tether.
𝐹 = 3𝑚Ω2 𝑧

(4.8)

F is the force developed at each tether end; m is the mass placed at the end under
consideration; Ω is the orbital angular velocity of the tether, and z is the distance between
the end under consideration and the center of motion of the tether system, which is located
roughly at the center of gravity. This calculation neglects the mass of the tether itself,
considering only the mass of the ends of the tether. A three-ton bottom end mass was
assumed. This resulted in an estimated tension of around 4.5 kN. This estimated tension was
then used to determine the minimum cross sectional area that would keep the tether below
the yield stress of the material used, here considered to be Kevlar. A factor of safety (FoS) of
5 was applied to the yield stress value because of the very high amount of assumptions
currently involved in this calculation. Thus, by taking the yield stress of Kevlar as 1240 MPa
(Elsenburg et al., 1996) and combining the formula for stress in terms of area as well as for
area in terms of diameter – shown in equation 4.9 – the diameter of the tether can be
calculated:
𝐹
𝐹
𝜋𝐷𝑇 2
4𝐹
𝜎𝑦 =
; ∴ 𝐴𝑇 =
=
; ∴ 𝐷𝑇 = √
𝐴𝑇
𝜎𝑦
4
𝜋𝜎𝑦

(4.9)

This process yielded a minimum tether diameter of 5 mm with a FoS 5 for a 500 km Kevlar
tether attached to ISS. Using Equation 4.7 with this value yields the mass budget for the initial
500 km ISS tether demonstrator given in Table 4-5.
Table 4-5: Mass budget for a 500 km ISS tether demonstrator

Component
Tether
Deployment System
Climber
Bus
Total:

Mass (Metric Tons)
14
35
6
7.8
62.8

With a mass of 79 tons at a realistically useable diameter, the development of this 500 km
demonstrator seems feasible from a mass perspective. This mass leaves open the possibility
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for the system to be launched on SLS with margin left over for potential overruns.
However, most of the mass related problems discussed for the direct deployment case will
remerge as attempts are made to evolve the tether beyond 500 km in length into a LEO to
MEO platform. Unless the longer tether segments that follow on after the 500 km
demonstrator are assembled in orbit, use lighter and stronger materials, or can reuse the
initial deployment mechanism without presenting a danger to astronauts, the expansion of
the system from LEO to MEO will be infeasible. One or more of these techniques will need to
be selected and technologies will need to be developed to implement them as part of the
further development of an evolving tether system concept.
4.4.2. Orbit Transfer

As both concepts feature the ISS at the upper end of the tether system, both will require the
transfer of the ISS into a higher orbit. For the direct deployment of a 6500 km tether, the ISS
will need to transfer from its current orbit to a medium Earth orbit at an altitude of around
7000 km. For an initial 500 km demonstrator, the orbit will need to be increased to a
minimum altitude of 700 km to ensure that the bottom of the tether remains above the
denser portions of the atmosphere. Then, if the tether system evolves to extend further, the
orbit will need to be raised more. For an increase in altitude to 700 km using a Hohmann
transfer, a ΔV of around 160 m/s is necessary. For an increase to 7000 km, approximately
2150 m/s would be needed. While these values may not seem prohibitively large, the mass
of the ISS means that a very large amount of propulsion is needed to achieve these changes
in velocity.
The onboard propulsion system of the ISS is insufficient to provide for these orbital increases,
so additional vehicles will need to be launched to provide this orbit raise. Possible candidate
vehicles for this process include the automated transfer vehicle (ATV), the Soyuz spacecraft,
the Progress Spacecraft, and the future Orion capsule with the Exploration Upper Stage (EUS)
of SLS.
First, the ΔV needed for a Hohmann transfer from the current orbit of the ISS to the target
orbits for each concept was calculated. Then the rocket equation (Equation 4.11) was used
to calculate the ΔV each spacecraft could provide to the ISS. The needed value was divided
by the value available from each craft to determine the number of launches of that spacecraft
that would be necessary to complete the required orbit raise. The results of this calculation
are shown in Table 4-6.
𝑚𝑜
(4.11)
∆𝑉 = 𝐼𝑠𝑝 ∗ 𝑔𝑜 ∗ ln ( )
𝑚𝑓
Table 4-6: Number of launches to raise ISS to target orbits for propulsion vehicles

Vehicle

Provided dV (m/s)

Soyuz
Progress
ATV
Orion+EUS

6
7
33
560

Launches
to
transfer ISS to MEO
(7000 km)
352
320
66
4

Launches
to
transfer ISS to 700
km LEO
27
24
5
1

The number of launches required for the direct deployment of a LEO to MEO ISS tether
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system is quite large and likely to be logistically problematic using any vehicle other than
Orion and EUS for propulsion. For the initial 500 km demonstrator idea, multiple ATVs may
present a second possible boosting option. However, this would require the revival of the
currently cancelled ATV program. Nevertheless, raising the ISS’s orbit using Orion and EUS is
achievable with less than five launches in both cases, so the number of launches required
does not render either concept infeasible. Unfortunately, these Orion launches may
represent a significant cost driver and possible policy barrier. Each launch would be quite
expensive and currently there are no plans to send Orion to the ISS at all.
For the 500 km demonstrator, increasing the orbit using an EDT could represent a viable
option. If a 20 km segment at the end of the tether is developed to be electrodynamic, this
segment could be deployed at ISS’s current orbit then used to raise the station to an altitude
suitable to deployment of the full 500 km demonstrator. Based on calculations performed by
Pierre Brunner (2017), a 20 km EDT section can produce a constant thrust of 3.75 N. This
would be sufficient to raise the orbit of the ISS to 700 km in 206 days; while this could
represent an acceptable timeframe, operational cost over this period would be about 2.6
billion US dollars. If the same approach is applied to the transfer to MEO, it would take over
7.5 years, which is too long of a time frame for an EDT-based transfer to be useful.
If the 500 km demonstrator evolves into a LEO to MEO system, the total ΔV needed for the
eventual transfer of the ISS to MEO will be approximately equal to the ΔV needed in the
direct to MEO case. Therefore, if propulsion from a docked vehicle is used, it will require
approximately the same number of launches listed above. However, these will be able to
occur gradually over a much larger period of time. This larger schedule tolerance could also
mean that transfer using an EDT is a viable option, especially if more than 20 km of the 500
km demonstrator consists of electrodynamic segments.

4.4.3. Cost

In order to estimate the cost of the tether system, a cost per kilogram has to be derived. This
value has been derived based on analogy from the development cost of the ISS, which was $
33 Billion including US and Russian contributions in development according to Li (1998). The
development cost is then divided by the mass of the ISS taken as 420 tons and is then
multiplied by a factor of division (FoD), added to the calculation to account for the difference
in complexity between the ISS and a tether system. Thus we can simplify with the following
equation:
𝐶𝑜𝑠𝑡
= (𝐶𝑜𝑠𝑡𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡 ÷ 𝑀𝑎𝑠𝑠𝐼𝑆𝑆 ) × 𝐹𝑜𝐷
𝑘𝑔
From the equation above the Cost per kilogram for the development of a tether system was
derived to be approximately $ 7,857/kg based on a factor of division of 10. With this value,
the overall development cost of the tether system can be estimated by multiplying the
estimated total mass of the system by the cost per kilogram. In the case of a 6500km tether
system with a tether of 2 mm, the cost of development is approximately $776.29 M.
Considering the cost of launching the system and raising the orbit of the ISS, this rises to a
total of $21.96 billion. For a 500 km tether with a more feasible tether cable diameter of 5
mm, the development cost is approximately $ 628.57 M, and the total cost is approximately
$3.62 billion. This is summarized in Table 4-7.
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Table 4-7: Summary of launch and development costs

Tether

Development
costs

ATV (Arianne 5)
Total Launch
Cost

Orion (SLS)
Total
Launch Cost

Total
Cost
(ATV
use)

Total Cost
(SLS use)

Combined
Cost

6500km
Tether

$763.71 M

$ 13.2 Bn

$8 Bn

$ 13.98
Bn

$ 8.78 Bn

$ 21.96
Bn

500km
Tether

$620.71 M

$ 1 Bn

$2 Bn

$ 1.63 Bn

$ 2.63 Bn

$ 3.62 Bn

In order for this project to be feasible however, commercial opportunities need to arise and
at a price tag of $4 billion, the deployment of a large tether system will have to rely on current
institutions and public private partnerships in order for companies to enter the market for
this kind of system and to be able to afford the price tag. However, as the ISS is one of the
most expensive man-made objects ever, this cost can potentially be justified for preserving
the valuable investment that the ISS represents (Catchpole, J., 2008). Additionally, through
the use of electrodynamics, the operational costs of the ISS will be greatly reduced as it will
no longer need propellant for station keeping. This further helps justify the expenditure of
$4 billion on this project. As this price it is similar to the cost of many projects that have
previously been funded, thus it is feasible that the 500 km demonstrator mission could be
funded and implemented. Additional costs would be associated with further developing this
concept into a LEO to MEO tether, but these costs would be easier to work into budgets
because they would be distributed over a span of many years.

Section Summary

The concept of directly implementing a 6500 km LEO to MEO tether system based on ISS is
not feasible based on any of the three conditions considered using current technology. The
mass of such a system is too high to be launched into space unless the tether is made so thin
that it is unlikely to survive the loads it will experience. Raising the ISS to an altitude of 7000
km would require far too many launches using any re-boosting option other than Orion,
which is currently not intended to travel to the ISS. The costs imposed by these ISS orbit
raising launches would be far too high for the necessary funding to be received.
However, the idea of gradually developing the LEO to MEO tether system starting with a 500
km demonstrator shows promise. With current technology, a 500 km tether system can be
developed with a mass that is low enough for it to be launched to the ISS. Raising the ISS to
a higher LEO can be accomplished with a manageable number of ATV launches or with a
single Orion launch. While high, the $4 billion cost of developing this demonstrator is
conceivable to justify and secure funding for from the major space agencies.
The following section will begin to develop preliminary requirements for a 500 km ISS tether
demonstrator. As the immediate development of a 6500 km LEO to MEO system seems
infeasible at this point, it will not be considered further in this report.
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4.5. ISS Tether Demonstrator Requirements
The previous section showed that the concept of gradually developing an ISS LEO to MEO
tether, starting with a 500 km demonstrator and then progressively increasing the length of
the tether, has promise. The first step towards a further refinement and implementation of
this concept is the development of requirements for the design of the initial demonstrator
tether. This section will first outline the guiding principles used for developing requirements
for the tether system, then the requirements will be outlined.
4.5.1. Requirement Definition Logic

Badly developed requirements often cause cost and schedule overruns for space projects.
Though this is a preliminary list of requirements, it is still important to write them well so
that they may be more easily adapted to future use. The most important aspect of
requirements definition is that requirements should only be develop if they are needed.
Unneeded requirements lead to unneeded technical complexities when a system is actually
designed. Therefore, only requirements which have a clear justification for their necessity
have been included. Additionally, good requirements use the word shall, are directly worded,
and expressed in a positive sense. All of these aspects have been adhered to in the
development of these requirements (Larson and Wertz, 2005).
Requirements are generally divided into functional, performance, and interfacing
requirements. Functional requirements describe functionalities that need to be included in
the design. Performance requirements provide specific targets that the performance of the
system or elements of the system must attain. Interfacing requirements define how the
system needs to connect and interact with other systems or elements of systems, as well as
how subsystems connect to each other.
The design of space systems is an iterative process. Therefore, this list of requirements should
not be viewed as a static list. As the development of the 500 km ISS tether demonstrator
proceeds, these requirements will be continuously revisited. Therefore, the requirements
developed here should be seen as essentially a best initial approximation of many
requirements that might be needed in order to get the process of design started (Larson and
Wertz, 2005).
4.5.2. Requirements

With these guiding principles in mind, a set of preliminary requirements has been developed
for the 500 km ISS demonstrator tether. Table 4-8 shows each requirement matched with a
justification for its inclusion.
Table 4-8: Preliminary requirements for a 500 km ISS demonstrator tether

No.

Category

Requirement

1

Functional

The length of the tether system
shall be 500 km

2

Functional

The tether shall be maintained
in a constant state of tension.

3

Functional

The deployment system for the
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Reasoning
This is the target length of the tether
demonstrator considered in this
concept.
The orbital configuration of a tether
system is unstable unless tension is
maintained within the tether at all
times.
A bottom end mass is necessary to help
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tether shall include a fixed mass
for the bottom end of the
tether

4

Functional

5

Functional

6

Functional

The bottom end of the tether
will include equipment for
interfacing with a payload
The deployment system of the
tether shall be able to extend
the tether from the ISS
The deployment system of the
tether shall have the ability to
deploy additional parallel
tethers or replacement tethers
(Herrmann and Johnson, 1998).
The tether shall deploy without
introducing any vibrations into
the ISS that violate the limits
established in the ISS
specifications.
The tether shall include
electrodynamic segments to
provide propulsion capabilities.

International Space Station Reuse

maintain tension in the tether

While the 500 km demonstrator tether
is not likely to find many applications
for lifting payloads, it is still necessary
to demonstrate this capability before
incorporating it into a future larger
system.
This is the basic functionality of the
deployment system that must be
implemented.
This is necessary for long term
maintenance and evolution of the
tether system.
If the oscillations of the tether system
during deployment induce large
vibrations in the ISS, it could potentially
result in structural failure.

7

Functional

8

Functional

9

Functional

The tether system shall include
multiple plasma contactors.

Functional

The tether system shall include
a climber which shall be capable
of moving along the length of
the tether.

Functional

The tether shall consist of
multiple strands or employ
some other technique to
provide redundancy

The tether should have redundancy so
it can better resist potential damage
due to debris strikes.

Interfacing

The mass of the entire tether
system shall not exceed 100
metric tons.

This is the maximum capacity of SLS
Block 1B, the largest launch vehicle
with launches currently scheduled
before 2028.

10

11

12

13

Interfacing

14

Interfacing

The tether system shall not
interfere with the structure of
the ISS or its normal operations
(Herrmann and Johnson, 1998)
The tether system will comply
with all human safety guidelines
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This is necessary to provide station
keeping and propulsion to the ISS
tether system.
Sufficient plasma contactors help to
reduce the risk of unwanted electrical
discharge by ensuring that the path of
least resistance s always along the
tether and to the ionospheric plasma at
a controlled location. The inclusion of
more plasma contactors also increases
the current that can run through he
EDT, increasing the maximum EDT
thrust.
A key goal of this demonstrator mission
is to show the viability of using the
tether to transport payloads to a
higher orbit which is a key part of the
applications of a future LEO to MEO
system.

This is necessary to ensure the tether
does not damage the station or render
it useless.
If the ISS is going to be safe for human
occupation, the tether system must be
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15

16

17

Interfacing

Interfacing

Interfacing

18

Interfacing

19

Performance

20

Performance
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for ISS.
The tether system shall be
designed to ensure the safe
escape of the ISS in the event of
a break in the tether or an abort
condition (Herrmann and
Johnson, 1998)
The mechanisms and
electronics of the tether system
shall be accessible by humans or
robots for on-orbit servicing.
The tether system shall be
designed to allow the
microgravity environment of
the ISS to remain suitable for
some experiments (Herrmann
and Johnson, 1998)
The tether system shall
interface with the existing
power and computer systems of
the ISS
The tether system shall be able
to provide sufficient delta V to
maintain the ISS's orbit using
electrodynamics

Deployment of the tether shall
occur at a rate of 10 km/day or
greater

complaint with the safety guidelines.
It is desirable for a failure in the tether
system to not result in loss of the
entire ISS.
The possibility of on orbit servicing will
decrease the likelihood of a complete
loss of the tether system in the event
of a deployment anomaly.
While the microgravity environment
will inherently be disturbed by the
tether, it could be maintained at a level
that is suitable for less sensitive
experiments, particularly those focused
on the effects of long term
microgravity exposure.
The bus for the tether will need to take
its power from the ISS and it is
reasonable to reuse these existing
systems.
This is one of the main benefits of using
a tether with ISS and is key to
extending its lifetime in orbit.
This is necessary to have the tether
deploy within 50 days, which seems a
reasonable maximum range. Fast
deployment techniques will need to be
developed further if the system is to
evolve into an even longer
configuration over time.

4.5.3. Performance Parameters

Table 4-9 gives some target performance parameters for the 500 km demonstrator tether
mission and for an eventual LEO to MEO system evolving from the initial tether. These values
should not be taken as hard requirements but represent potential reference values that a
given design can be compared against.
Table 4-9: Tether performance parameters

Length (km)
Total Diameter (mm)
Number of Strands

500 km Demonstrator
500
5
8

Material (non-EDT)

Kevlar

Material (EDT)
Mass
Deployment Rate
Approximate Payload
Capacity From Bottom to

Aluminum
63 tons
>10 km/day

Future Evolution
6500
10+
8+
Carbon Nanotubes or Other
Advanced Material
CNT, CCT, DNT
100+ tons
>100 km/day

100 tons

20 tons
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Top
Section Summary

A list of preliminary requirements has been developed for the initial 500 km ISS tether
demonstrator concept. Each of these requirements was developed because it is a necessity
for some aspect of the considered system to be realized. Table 4-8 summarizes these
requirements and the reasoning behind their development. These requirements could be
used as a starting point for design work on development of the demonstrator mission. Table
4-9 gives early estimates of some relevant performance parameters for the tether.
Chapter Summary

The International Space Station has been a beneficial project for all of humanity. It has
provided an extreme wealth of scientific data and, by its current end of life date, will have
allowed humanity to maintain a continuous presence in low Earth orbit for over twenty years.
It has also been the leading example of international cooperation, not only for space projects
but across all aspects of global society. These benefits will be lost if the ISS is retired,
therefore continuation or reuse of the ISS is a valuable goal.
A tether system represents an attractive concept for how this may be achieved. An EDT
system would be ideal for ISS, removing the need for the use of propellant for stationkeeping. This could theoretically extend the lifetime of ISS indefinitely, though maintenance
of the stations systems will still be necessary. Moreover, being attached to the ISS would help
to resolve many of the obstacles facing implementation of a large tether system, helping ease
the development of such a system.
However, the concept of developing a 6500 km LEO to MEO ISS tether system is infeasible
due to the high mass of such a tether; with current materials and launch vehicles it cannot
be both light enough to launch into space and capable of surviving the loads and environment
it will encounter. Instead, the development of a 500 km demonstrator should be pursued.
This concept seems to be feasible based on all aspects studied in this report. While
significantly shorter than 6500 km, this would still be a large tether capable of realizing many
of the benefits associated with ISS reuse. Over time, this system could evolve into a full LEO
to MEO system, attaining all of the foreseen benefits. Preliminary requirements have been
developed as a first step towards development of this demonstrator system.
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5.

Summary and Conclusion

CONCLUSIONS AND RECOMMENDATIONS

This ISU team project report has outlined a justification for developing large tether systems,
analyzed the obstacles inhibiting their implementation, and considered the possibility of
reusing the ISS with such a system. The complexities of large tether systems have been
considered from a wide range of interdisciplinary angles, incorporating engineering, science,
cultural, political, legal, and economic aspects.
Numerous original analyses have been conducted and included in this report. Technical
analyses conducted include calculations for the mass of tether systems, the change in orbit
of a tether system when payloads are lifted, determination of an approximate maximum
payload capacity as a function of tether length and mass, calculation of ΔV savings offered to
potential payloads, development of preliminary requirements for an ISS tether system, and
calculation of debris impact probability. Significant original non-technical analyses include
the creation of a business model canvas for an ISS tether, cost analysis for the two considered
ISS tether concepts, and determination of the influence of politics and liability on the
development of an ISS tether system. Notably, two analyses conducted are entirely novel;
the calculation of the visibility of the tether from Earth and the creation of a cultural rationale
to support the development of large tethers have not been conducted before in any available
literature.

5.1. Conclusions
Based on the results of these analyses and study of previous work related to large space
tethers, this report has arrived at the following three main conclusions that align with the
original aims of the project.
1. The development of large tethers is a project worthy of pursuit -- The justifications
section yielded important arguments for the implementation of large tethers. The concern
for why we should pursue the development of tether technology was addressed from a
cultural, economic, and political perspective, while also relating these aspects to the
anticipated growth of the space industry and scientific opportunities resulting from larger
scale tether implementation. Culturally, tethers could instead be viewed as a valuable tool
for providing humanity with important breakthroughs in dealing with problems on Earth
while technologically, their implementation can greatly reduce launch and station keeping
costs. Politically, they offer opportunities to promote new levels of international cooperation
while sustaining proven initiatives in this regard, specifically concerning the ISS; Tethers
drastically expand our economic landscape by presenting new business opportunities in the
space sector as well as generating more jobs in the R&D and manufacturing sectors of
industry. Scientifically, they offer the opportunity to access a wealth of knowledge on space
weather, ourselves and the cosmos. Legally their implementation is sure to provide a new,
more appropriate framework for humanity's future endeavors. Indeed, the justifications
provided strongly support the pursuit of large tether development.
2. Currently, four main obstacles represent the largest impediments to the implementation
of large tethers – In total, this report identified 18 obstacles to the implementation of large
tether systems which span a variety of disciplines. Of these obstacles, four appear to be of
particular significance: the mass of tether systems, the Van Allen Belts, space debris, and
cost. Each of these could potentially represent an insurmountable barrier to the creation of
a large tether system. Attention should be focused on the resolution of these problems as no
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satisfactory solution currently exists for any of them. The other obstacles identified have
clearer mitigation strategies and in many cases are likely to be avoidable with significant
development effort.
3. Implementation of a LEO to MEO ISS tether system is impossible with current
technology. Instead, a 500 km demonstrator tether with the potential for future evolution
should be pursued - With current materials and launch vehicles, a 6500 km ISS tether cannot
be implemented; it falls victim to the obstacle of system mass. Such a tether system would
have a mass well in excess of the payload capacity of the largest existing launch vehicles
unless the tether was given a very small diameter. This does not represent a viable solution
as such a tether would be unlikely to survive the loads exerted by a climber or a space debris
impact. A 500 km ISS demonstrator tether, however, would potentially be of low enough
mass to launch in a survivable configuration. While less impressive than a 6500 km LEO to
MEO system, this demonstrator would still be worthy of pursuit. It would represent the
largest tether system ever flown and would be able to demonstrate key technologies, such
as climber motion over large distances, that will be necessary for the implementation of
larger systems. Moreover, this system could evolve over time into a larger LEO to MEO
system. It would also still be able to attain all of the potential benefits associated with
keeping the ISS in orbit.

5.2. Recommendations
Two main areas for future work emerge from these conclusions and the overall analysis
presented in this report. Firstly, research into resolving the obstacles facing the
implementation of large tethers generally should be pursued. Particular areas that should be
major focuses include in-orbit construction of a tether (either from segments or resources
mined in space), lighter and stronger materials, and the possible consequences of
remediating the Van Allen belts. Secondly, the 500 km ISS tether demonstrator should be
further developed; ideally, a space agency should pick up the project and commission a
detailed Phase 0 study that will refine the concept and the requirements. This would be the
first step towards implementation of the system.
One critical way to encourage this further work to actually occur would be for interested
organizations, such as ISEC, to increase in public outreach activities regarding tethers to
revive public belief in their feasibility and relevance following an unjustified negative
reputation. The resulting popularity of tethers is expected to have an impact on political
regimes, space agency funding, and legal constraints. The technological framework
surrounding tethers will be increasingly permissive of their implementation as technological
readiness increases, and commercial opportunities are likely to play a large role in multiplying
their numbers and uses. Focus on any of these paths is sure to yield important results in
making large tether systems a viable solution for our further expansion beyond Earth.
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