Introduction

The concept of the space elevator and
space tether systems are examples
of how fictional ideas have evolved
to technical and elaborate proposals.
The tether is a cable that can be used
to connect together multiple objects
as part of a tether system. Potential
applications include transport of
payloads to higher orbits. Tether
systems with lengths that extend
from lower Earth orbit (LEO) to
medium Earth orbit (MEO) have the
potential to reduce the dependence
on conventional methods to transport
cargo into space. The student team
LIFT from the Master of Space Studies
program at the International Space
University were vested to further
explore this subject, guided by the
following mission statement:
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o 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.

Tether systems can contribute to a significant cultural shift in how humans interact with one another by creating
new industries and economic growth. Global cooperation, international legislation and a multidisciplinary
approach will be required in this endeavor. This executive summary highlights all of these aspects by evaluating
the development of both a LEO-MEO tether and a 500 or 6500 km tether demonstrator, connected to the
International Space Station (ISS).
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Tethers
Gemini XI
• NASA 1967 - Spin stabilized tether (15m)

Agencies and Missions

Gemini XII

Several space missions using tethered
satellites have been developed over the
past forty years. NASA has been the most
involved space agency in the development
of tether missions, including the TSS and
SEDS programs. Recently many tether
experiments have been developed in Japan,
such as the STARS missions.

• NASA 1967 - Tethered capsules set in rotation (30m)

CHARGE-1
• NASA/ISAS 1983 - Full deployment of conductive tether (500m)

CHARGE-2B
• NASA/ISAS 1992 - Full deployment EDT (500m)

TSS-1
• NASA/ASI 1992 - Electrodynamic tether, partial deployment and retrieval (267m)

SEDS-1
• NASA 1993 - Downward deployment, swing and cut (20m)

SEDS-2
• NASA 1994 - Stable vertical position and feedback control (20m)

OEDIPUS-C
• NASA/NRC 1995 - Spin-stabilized, 0.7 rpm (1km)

TSS-1R
• NASA/ASI 1996 - EDT full deployment failure (19.6 km)

PICOSATs
• Aerospace Coorporation/DARPA- Two S/C operated connected (30m)

Tether Applications
Many potential applications have been proposed for
tether systems. These include:
• Electrodynamic Tethers: Can provide power
generation or propellantless propulsion by
interacting with the ionosphere and Earth's
magnetic field
• Lifting Payloads: Tethers can be used to lift
payloads from lower to higher orbits using
climbers, which are vehicles that move along a
tether
• Momentum Exchange: A rotating tether system
can be used to transfer some of its angular
momentum to a payload, 'throwing' it into a
higher orbit.

Technology Readiness Level

While small tether have ﬂown in space successfully, thus making them TRL 9, large tethers have never ﬂown in space.
An informal analysis of the TRL of large tether systems was conducted. Depending on the analysis technique used, the
TRL is either 3 or 4. The system readiness level (SRL) is potentially a more useful metric than TRL for large tethers, as
they are complex systems consisting of many components. Because no organization has made a strong effort to develop
such a system, large tethers are currently SRL 1.
Metric

Level

Maximum Possible
Level

Technology RL
(Mankins)

3

9

Technology RL
(AFRL)

4

9

System RL (Sauser)

1
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Companies and organisations

There are a small number of companies that work under contract from NASA
or on their own. Additionally, a few organizations focus on working towards
the achievement of a space elevator.
Some of the companies working on
tethers are:

YES2
• ESA/Delta Utec 2007 - Momentum exchange tether successfully deployed
(31.7m)

Provided below is a table presenting the key facts
about past tether missions.

STARS
• Kagawa university/JAXA 2009 - Cubesat platforms, “Ku” and “Kai,”
connected (5m)

STARS II
• Kagawa university/JAXA 2014 - Mother -daughter satellites with a
tension control system (300m)

STAR-C
• Kagawa university/JAXA 2014 - 2U CubeSat form factor (100m)

KITE Experiment

As an example, the International Space Elevator Consortium produces a
report each year with the status of an area of research.

• JAXA 2016 - To collect electrons (700m)
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Current State of the ISS

Benefits of Keeping the ISS

The ISS is the largest human construction in space, and has played an important role in demonstrating the value of
international cooperation by incorporating contributions from five different partners. Furthermore, it has vastly
contributed to scientific research as a unique platform for experimentation which can be continued and expanded.

In the proposed ISS tether system concept, an EDT is used to provide station keeping propulsion. The orbital
lifetime of the ISS can be extended past its current 2028 deorbit date. This would have many benefits:

The development cost of the ISS is $33 billion, using the ISS allows continued use of this
investment. The operational costs raise the total cost of the station to over $150 Billion, this is
significantly due to propellant costs. Use of an EDT would eliminate the need for station keeping
propellant, cutting the operational cost.
The general public (approx. 64% of Americans) is supportive of the ISS mission. Extending its
lifetime is therefore a great way to maintain public interest in exploring space.
Important scientific experiments relying on prolonged exposure to reduced gravity can continue
to increase our understanding of the general scientific world.
Using a tether, ISS could be a valuable site or precursor for space tourism, promoting the growth
of the industry by attracting investors.
As it would continue cooperation between international partners, re-using the ISS is a great way
to maintain and enhance global cooperation between states.
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Facts

Figures

Description

Solar Array Length

73 m

Mass

419, 725 kg

Habitable Volume

388 m3

Power Generation

8 Solar Arrays
The ISS is powered by one acre of solar panels
= 84 kw

The surface area of the solar arrays is three times
that of the floor space of the U.S Senate Chamber
The weight of the ISS is equivalent to the weight of
320 cars
The ISS is nearly four times as large as the Mir space
station
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Benefits for Humanity

Benefits to the Space Industry

In the past, humanity’s transition from the Palaeolithic era to the Neolithic era was arguably the most important
transformation it experienced, providing unanticipated expansion in all important facets of human life. This massive
evolution was the result of a geographical and technological expansion beyond our previous physical limits. As a
result, a similar transformation of our ability to deal with our issues is bound to occur once space transportation is
commonplace. This is inevitable once large space tethers have been implemented.

Military
Ra�onale
Religious
Ra�onale

Economic
Ra�onale

According to Dr. James A. Dator, every
rationale is a cultural one, including
every rationale for exploring space.
As a result, a general cultural
rationale directing space tether
development efforts is proposed.

Poli�cal
Ra�onale

Ethical
Ra�onale
Scien�ﬁc
Ra�onale

Cultural Rationale

Space tethers are proposed as a means towards offering humankind
a whole new dynamic in catering to its communities, understanding
its unrevealed self, and fulfilling on what it holds as fundamentally
meaningful.

Entertainment and Tourism

Scientific Development

Space Resources

Tourism in space would become
more viable thanks to the
increased ease of accessibility to
space resulting from tether use.

Development of the tether system
would drive a great deal of scientific
research. Once a tether system
is in place it would then allow a
continuation and evolution of current
space research.

A tether would help to reduce
the cost of access to asteroids,
promoting the development of
the asteroid mining industry.

Space Debris

Space Insurance

Putting Satellites into Orbit

The development of large
space tethers will have the
by-product of improving the
ease of implementation of
electrodynamic tethers, which
can be used to deorbit satellites
at their end of life.

Given the risks of increased access
to space as well as liability issues
concerning large tethers, tether
implementation would increase
the demand for insurance in
space.

The use of space tethers could
reduce the launch and orbit
transfer costs of satellites and
spacecraft in general, facilitating
access to space.

How the ISS Benefits Large Tethers
The ISS infrastructure, including Canadarm 2, as well
as its human spaceflight capabilities allow for continual
maintenance to be performed on the tether.

As the most famous ongoing
space project, the ISS is a great
platform for providing public
outreach supporting large space
tether development efforts.

Using the ISS reduces the size of the counter
mass needing to be launched from Earth for
effective tether implementation.
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Analysis of Obstacles
Van Allen Belts
Tether systems in general and the ISS tether system in particular are facing many engineering and nonengineering obstacles. These are presented in this section, with a short description of what they are, an
evaluation of their severity, and category classification.

Severity: High
Category: Space Environment

The Van Allen belts are areas around the Earth with trapped high-energy particles and
have the potential to harm materials, devices and biological systems.

Mass of Tether Systems
Severity: High
Category: Engineering

The maximum mass that can be launched to space is limited
by available launch vehicles. Large tether systems with a
large enough diameter to survive in space will exceed this
limit for lengths greater than a few thousand kilometers.
This can possibly be overcome by in orbit construction, but
further research is needed.

Deployment

Severity: Medium
Category: Engineering

Because of their large size, tether systems
must be compactly stowed for launch and
then deployed in orbit. This deployment has
been a common point of failure for previous
small tether missions. Current deployment
techniques are not suﬃciently reliable to
ensure mission success.

Interfacing

Severity: Medium
Category: Engineering
For a tether to be able to lift payloads, there must
be a mechanism to attach the payload to the tether
climber at its bottom end. Such mechanisms are
untested and this could prove to be a risky operation
for both the tether and the potential payload.
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Climber

Severity: Medium
Category: Engineering

Many of the potential benefits of tether
systems would be achieved by using them to
lift payloads to higher orbits. This is performed
using a climber vehicle that moves along a
tether. Climbers have never been demonstrated
in orbit and the forces they exert on a tether
are not well understood.

Space Debris

Severity: High
Category: Space Environment
Collision with space debris could damage or destroy a tether system. Due to the large surface area
of large tether systems, the collision probability is quite high. For a 6500 km tether, a 1.2% per year
chance of debris impact has been estimated. This is an order of magnitude higher than the usual
collision risk for spacecraft.

Other

Severity: Low
Category: Engineering
Other engineering obstacles include the lack of
flight heritage, tether manufacturing processes, the
inherent technical risk of tether projects and the
maximum energy to the payload without requiring
a reboost.
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Analysis of Obstacles

Solar Radiation Pressure
Severity: Medium
Category: Space Environment

A large tether system would have a larger surface
area than any other Humanmade objects in
space. Because of this, the perturbation in
the system’s orbit induced by solar radiation
pressure is likely to be very large.

ISS Tether Obstacles

Solar Weather

Severity: Medium
Category: Space Environment

Space weather events, resulting in geomagnetic
storms such as the Carrington Event of 1859,
could induce significant electrical current
within and around a large tether system, likely
destroying it.

Attaching a tether to the ISS is not a new idea. It was a concept first proposed when the ISS was being
constructed. However, there were a number of obstacles that prevented this from happening and are a
significant consideration in any future endeavors.

Orbital Considerations
Severity: High
Category: ISS Specific

All obstacles as part of the Space Environment
section apply to an ISS tether, namely space
debris and increased radiation. The Van Allen
Belts are a more significant concern due the
impact of radiation on human health.

Other

Severity: Low
Category: Space Environment

Microgravity

Severity: Medium
Category: ISS Specific

The ISS is used as a microgravity platform, with
the best conditions at the center of mass. The
addtion of a tether will shift the center of mass
outside the station and contribute pertubations
to the already noisy microgravity enviroment.

Other space environment obstacles include heating and drag, the presence of atomic oxygen and the
unpredictability of electrodynamic tethers.

Schedule

Severity: Medium
Category: ISS Specific

Cost

Severity: High
Category: Other Obstacles

The cost of a large tether project is likely to be
billions of dollars. Unfortunately, cost estimation
for such projects is extremely diﬃcult. Parametric
techniques are unsuitable due to the lack of
suﬃciently similar past systems. The only suitable
method of cost estimation for a large tether is
engineering build up. This method is inaccurate in
the early phases of a project as little information
is available.

Other

Severity: Low
Category: Other Obstacles

The ISS tether system will need to be developed
on a tight schedule as the station is planned for
de-orbit in 2028. It may be possible to reboost
the station to a safe orbit for later use.

Besides cost, the lack of companies dealing
with tethers and the lack of public outreach
are two factors that impact the development of
such systems.

Regulatory Status
Severity: Medium
Category: ISS Specific

The station is governed by a complex regulatory
framework that requires international
cooperation. Any significant change, like
addition of a tether, would require agreement
of all parties or separation of certain national
modules.

Other ISS Obstacles
Severity: Medium
Category: ISS Specific

Other potential problems standing in the way of putting a tether on the ISS are the risk of tether failure, EVA
safety, political and liability considerations.
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Feasibility Study: 6,500KM

Feasibility Study: 500KM

The mass for each concept was derived by analogy with the YES-2
mission. The proportions were calculated as percentages in order to
estimate the mass of the system.

Strengths
Would serve as a technology demonstrator for future implementation of tether systems
Diameter of the tether is more likely to have better survivability
Gradual development allows for a manageable number of ATV launches (5) or a single SLS launch with a
high enough mass margin
Concept is much more affordable for a single agency or multiple agencies to take on
Gradual future development of the system up to a 6500 km length allows for the further development of
necessary technologies for large tether systems

Orbit
Top end: 7000 km
Bottom end: 500 km

Orbit
Top end: 700 km
Bottom end: 200 km

97 000
i.e. as much as 16
Elephants

Tether Concept 1
Direct deployment
Length: 6500 km
: 1.47 mm

79 000
Problems
The diameter of the tether is likely too
small for survivability and operations
It would take 66 ATV launches or 4 SLS
launches to put into orbit
Too expensive for any agency to justify
the expenditure
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a more
manageable
mass

Tether Concept 2
Gradual development
Length: 500 km
: 4.8 mm

13

ISS Tether Demonstrator Requirement
A list of preliminary requirements has been developed for the initial 500 km
ISS tether demonstrator concept. These requirements could be used as a
starting point for design work on development of the demonstrator
mission. This list is non-exhaustive and will evolve as the concept is further
developed; it is a basis and a starting point for future design work.

Key Research Areas
Research in five key areas has the potential to resolve many of the obstacles facing tether projects and advance the
capabilities of tethers. Many of these research areas could also have wider benefits throughout the space industry.
On-orbit servicing could help
resolve any issues with tether
deployment and will be needed
to repair a tether system if it is
to operate for very long periods
of time.

Functional Requirements:
• The length of the tether system shall be 500 km.
• The tether shall be maintained in constant tension.
• The deployment system for the tether shall include a fixed mass for the bottom
end of the tether.
• The bottom end of the tether will include payload interfacing equipment
• The deployment system 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.
• 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.
• The tether system shall include plasma contactors.
• The tether system shall include a climber which shall move along the tether.
• The tether shall consist of multiple strands or employ some technique to provide
redundancy.

Improvements in basic
technologies for tether
systems, such as materials
and deployment systems,
would increase reliability
and potential functionality.

On-Orbit
Servicing

Technology
Development

Performance Requirements:
• 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.
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On-Orbit
Construction

Five Main
Focus Areas

Interfacing Requirements:
• The mass of the entire tether system shall not exceed 100 metric tons.
• The tether system shall not interfere with the structure of the ISS or its normal
operations.
• The tether system will comply with all human safety guidelines 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.
• 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.
• The tether system shall interface with existing power and computer systems of
ISS.

On-orbit construction of a
tether system would resolve the
obstacle of tether system mass.
This could be achieved by
constructing the tether from
segments or using space
resources,
but
significant
challenges
exist
to
implementation of these with
current technology.

Modelling
and
Simulation

Modelling and Simulation
improvements could reduce
the risk involved in tether
projects and reduce the cost
of testing.

Climber
Improvements

Advancements
in
the
understanding of climbers
and the creation of higher
speed climbing techniques
will be required in order to
properly transport objects
along tethers.
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