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Abstract Ever since the space tether was first pro-
posed by Tsiolkovsky, it has been extensively utilized
in space missions, for attitude stabilization, momen-
tum exchange, and space elevators. Developments in
engineering technology and changes in the space envi-
ronment have diversified the current applications for
the space tether. New applications for the space tether
include the Tethered Space Robot, Tethered Space Net,
and Tethered Spacecraft Formation. These are quickly
being adapted for in-orbit maintenance such as fueling
service, orbit maneuvering, and active space debris cap-
ture/removal. The flexibility and elasticity of the space
tether lead to complex issues with tethered space sys-
tems, including the mechanics design, dynamics mod-
eling and analysis, and control scheme design. In this
paper, we review several new applications for the space
tether during service in orbit, and research the on struc-
ture, dynamics, and control of each application. This
review is conducted to provide an overall summary of
the space tether for On-Orbit Servicing, and further
the conversation regarding possible research interests
in the future.
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1 Introduction

Ever since the concept of the space tether was first
proposed by Tsiolkovsky in 1895, it has generated a
multitude of possibilities for use in space exploration
[1]. In the beginning, applications for the space tether
seemed science fictions than reality. Space tethers were
imagined for use within artificial gravity, as a space ele-
vator, for orbit transfer, and for similar, seemingly oth-
erworldly tasks. The space missions of the 1960s saw a
turning point for the application of the space tether. In
later decades, many of publications were released and
proposed applications became great in number and in
variety.

More recently, there has been a growing inter-
est in On-Orbit Servicing (OOS), which comprises
all aspects of in-orbit assembly, including preventa-
tive and corrective equipment maintenance, consum-
ables replenishment, upgradation, repair, and space
debris removal [2—4]. The achievement of OOS mis-
sions have been very successful for spacecraft oper-
ators, to facilitate space montage, orbital maneuver-
ing, in-orbit maintenance and repair, refueling, and
deorbiting. In early OOS missions, astronauts took
part in extra vehicular activities (EVA) only pro-
tected by their spacesuits, they had to walk outside
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of the capsule for spacecraft reconditioning. These
manned OOS missions are dangerous for astronauts,
and extremely expensive. Robotic devices built specif-
ically for in-orbit manipulations were addressed, and
have developed rapidly since 1980s [2]. The major-
ity of existing rigid robotic arms are designed and
created in such a way to maximize stiffness and
minimize vibration of the end-effector in order to
achieve precise position [5]. Compared to the heavy
rigid manipulator conventionally used safety at the
moment of contact with the object, flexible manip-
ulators in OOS, flexible manipulators are advanta-
geous in their lower cost, higher payload in manipu-
lator weight ratio, better maneuverability, easier trans-
portability, and more secure manipulation. Because
weight reduction lowers the launching cost, and soft-
ness improves are better suited for space applications
in OOS.

However, both rigid and flexible manipulators only
work for short range capture, and point-to-point cap-
ture is difficult and risky, especially in an uncoop-
erative capture. Scholars are begun to focus on the
space tether as a new approach to capture techniques.
Before these new OOS, research of the space tether had
fallen to the wayside for a number of years. Most tra-
ditional space tether applications (e.g., orbit transfer or
artificial gravity) are impossible or excessively costly
with the existing space technology and engineering
capacity.

Research on the space tether is growing rapidly due
to the relative maturity of OOS technology, and high
demand for new space tasks. Research on the design,
dynamics, control, and testing for various space tethers,
is motivated by their potential in OOS.

This paper provides a review of space tethers in OOS
on different topics related to Tethered Space Robot,
Tethered Space Net, and Tethered Space Formation.
The rest of this article is organized as follows: Sect. 2
reviews the applications in the early stage, and the
space verification experiments for the space tether in
the prophase. Section 3 discusses the Tethered Space
Robot for OOs, including mission scenarios, and the
extant research on dynamics and control in different
phases. Section 4 outlines the research on the Tethered
Space Net. Section 5 overviews the Tethered Space For-
mation. Section 6 provides a brief summary and con-
clusion.
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2 Development of space tether
2.1 Applications in early stage

Tethers are commonly considered to be as useful in
their performance in space as they have been on the
Earth [6]. The space tether concept has been studied for
over 100years, and applications in various capacities
have been proposed by many different researchers. In
this section, we will summarize several basic concepts
of space tethers applications cite several contributions
to the development of the space tether concept.

2.1.1 Artificial gravity

Artificial gravity is highly desirable for long manned
space flights since even small fractions of gravity will
improve living conditions aboard a space station. It
was precisely for this task that the space tether was
first proposed. The centrifugal force of inertia can be
used to create artificial gravity on Earth or in space.
Tsiolkovsky thought to implement this idea in 1895
wherein two spacecraft were connected by a tether
chain and the whole system was rotated to create arti-
ficial gravity [7]. The length of the chain is a key factor
in the magnitude of the force generated as well as the
square of the angular velocity of the mechanical sys-
tem’s rotation.

Chobotov was the first researcher to render a detailed
dynamic analysis of this mode of motion in orbit in
1963 [8]. Gemini 11, tethered to the rocket stage Agena,
was the first spacecraft to demonstrate the feasibility
of this concept during its flight in 1966 [9]. Generating
an artificial gravity of even 10~ g can be very useful
in space. One example would be the transfer of sup-
plies (such as fuel [10]) from one spacecraft to another,
where microgravity could accelerate the process.

2.1.2 Orbit transfer

There are advantageous and far-reaching applications
associated with the space tether for transportation. Tra-
ditionally, thrusters are mounted on a spacecraft as a
reactive mass for maneuvering in orbit. When the work-
ing medium is exhausted, however, this process will
fail.
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For tethered satellites on opposite sides, the use of a
space tether system utilizes a pure exchange of energy
and angular momentum between them. Since there is
no fuel consumed, this kind of orbit transfer system
promises a sizable reduction in fuel usage. Hence, it is
a viable alternative to the traditional approach.

Colombo et al. [11], Bekey [12], Penzo [13], and
Carroll [14] studied this potential alternative exten-
sively to find that the space tether system can indeed
save large quantities of fuel for transfer missions in
circular orbits. Kyroudis and Conway [15] further
studied a tethered dumbbell system with an elliptical
orbit to explore the advantages for satellite transfer
at geosynchronous altitude. Kumar et al. [16] stud-
ied different kinds of tether deployment systems for
raising orbits as well as out-of-plane payload libera-
tion. Yasaka [17] studied the problems of orbit trans-
fer for exhausted tumbling satellites. Bekey [18] and
Kumar [19] stated the advantages of using a tethered
reusable satellite for payload deployment. Lorenzini
et al. [20], Ziegler and Cartmell [21] studied spinning
tethered systems. Ziegler and Cartmell also examined
tether release via spindle dynamics in regard to alti-
tude gains of the SV/payload. Kumar et al. [22] studied
the tether retrieval used for the SV/payload deployment
and proposed a system model including a payload and
a connection tether.

Bonnal et al. [23] introduced the principle and mod-
eling of the “MAILMAN” process. They put forward
the idea of optimization with variable weight factors
that can be applied to deorbit debris with passive teth-
ers. In their plan, a passive tether is used to lower the
orbital lifetime of debris N; simultaneously, the chaser
maneuvers from N to the adjacent N + 1 benefiting
from the momentum AV saved. Hyslop et al. [24] pre-
sented a micro-launcher with a tethered upper stage and
tested it on two typical missions: Payload delivery into
a target orbit and deorbiting an exhausted solid stage to
Earth. They also proposed a preliminary design of the
tether system.

2.1.3 Attitude stabilization

The orientation of a spacecraft mission is usually ori-
ented toward the Earth’s direction. When in space, it
may be necessary to maintain this orientation for a long
time. Active stabilization systems can assist in satisfy-
ing this requirement. Traditionally, these systems use

jet engines with small thrust for attitude adjustment.
However, these kinds of systems have the same disad-
vantage as the requirement for the use of a propellant.
The passive stabilization system was developed as a
solution to this problem; a long flexible tether with the
load is one such approach.

In the 1960s, Chobotov [25] and Robe [26] both pro-
posed and improved upon the use of tethers for satellite
gravity-gradient stabilization. The tether can be applied
for a distance as long as several kilometers between the
spacecraft and the stabilizing target, and thus create
an increase in the recovering moment of the gravity-
gradient; this value is proportional to the distance in its
first approximation.

Misra and Diamond [27] presented a TSS model for
attitude stabilization consisting of a main satellite and a
subsatellite linked by two extendable massless tethers.
Both of out-of-plane and in-plane motions of TSS were
assumed to be in a circular Keplerian orbit. The longi-
tudinal oscillations of the tether were also considered.
Ciardo and Bergamaschi [28] researched the motion
discipline of a dual-tether system including the 3D alti-
tude motion of the tether with in-plane and out-of-plane
angles. Ignoring tether tension variations, motion dis-
cipline was described by linearized equations and sim-
ulated accordingly. Banerjee and Kane [29] studied the
use of pull force for controlling the stability of a space
platform connected to a space station by two tethers.
Kumar [30] studied the use of two tethers for satel-
lite altitude stabilization during circular orbit motion.
Kumar also studied the this problem in an elliptic orbits
[31,32], and analyzed the altitude dynamics of a dual-
tether system with a kite-like tether configuration [33].
These works have altogether demonstrated that it is
feasible to use two tethers for passive satellite pointing
stability.

2.1.4 Others

A number of valuable tether applications have been
also suggested by Levin [35], including upper atmo-
sphere exploration, interplanetary transfers, space esca-
lator, creation of a traffic artery linking Earth and the
moon, auxiliary structural members, space harpoons,
and so on. This list can be extended. More so, any dis-
cussion on tether applications often brings about new
proposals—in short, there is much further potential for
the space tether concept.
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2.2 Space test and verification

Compared to a conventional manned OOS operation
or an OOS manipulator, the OSS space tether is distin-
guished by three main features: A larger working space,
a flexible configuration due to the changeable length
(by release and retrieval with respect to the connected
spacecraft), and the maneuverability [36]. Several
experiments have been conducted on the space tether to
verify the feasibility and effectiveness of its key tech-
nologies before practical application in OOS missions.

A Soviet cosmonaut carried out the first EVA on
March 18, 1965 tethered to his spaceship for safety:
This was the first application of a tether in space. Later,
on September 12, 1966, America’s Gemini 11 was
launched with the intent of testing their rendezvous and
docking technology [10]. The first space tether experi-
mentation aimed at generating artificial gravitation was
met with great success, resulting in a 10~# g accelera-
tion. On November 11, 1966, Gemini 12 was launched
and the space tether experiment on gravitational stabi-
lization lasted for approximately four-and-a-half hours
[37]. The Gemini 12 experiments illustrated that the
dynamics of a space tether were more complex than
researchers had first expected. For this reason, the
Apollo project was not fitted with a space tether system.

Due to the lack of appropriate technology, compli-
cated by the characteristics of tether dynamics, tether
experiments in space were suspended for more than a
decade after the Gemini missions. There was a renewed
interest for such experiments in the 1980s, however.
Since then, America, Japan, Canada, and other coun-
tries have carried out numerous space experiments
with electric tethers such as the Tethered Payload
Experiment (TPE), Cooperative High Altitude Rocket
Gun Experiment (CHARGE-1 [38], CHARGE-2 [39],
CHARGE-2B [40]), Observations of Electric-field Dis-
tribution in the Ionospheric Plasma — a Unique Strategy
(OEDIPUS-A, OEDIPUS-C [41]), and so on.

In July 1992, the Tether Satellite System (TSS-1)
experiment was implemented by the USA and Italy.
The TSS-1 mission focused on a wide variety of tests
involving tether dynamics and the physics of space
plasma, as well as the Faraday effect based on electri-
cal energy generation [40]. In this mission, the Space
Shuttle Atlantis (STS-46), tethered by a spherical sub-
satellite, was employed as an experimental spacecraft.
The subsatellite had a diameter of 1.6m and a mass
of 521kg, while the conducting tether had a diam-
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eter of 2.54mm. In the experiment, the subsatellite
was released along the local vertical toward the Earth.
After the deployed tether reached 268 m, a malfunction
occurred and the deployment was halted. The exper-
imental data indicated that the short tether deployed
from the shuttle was more rigid than expected. After
the unsuccessful TSS-1 program, the TSS-1R experi-
ment was repeated in 1996 with the equipment mounted
on the Space Shuttle Columbia (STS-75) [42]. During
the experiment, the electrodynamic tether was released
to 19.7km yielding a voltage of 3500 V. Although there
was an electrical arc causing a break in the tether, the
experiment still demonstrated favorable potential for
space tether use in electrical power generation.

In March 1993, the Small Expandable Deployer
System (SEDS-1) experiment was launched [43]. The
experiment aimed to demonstrate the capability to deor-
bit a payload by means of a tether without fuel con-
sumption, and to study the dynamics of a payload after
being separated from a tether. The device and payload
were moved to the second stage of a Delta II rocket
used for launching GPS satellites into orbit. A 20km
tether made of Spectra-1000 and a 26 kg payload were
utilized in the experiment. The deployment of the space
tether used predictive control instead of feedback con-
trol. The tether was successfully deployed, but the rel-
ative velocity of the payload was about 7 m/s leading to
a series of oscillations. The tether was cut at the prede-
termined time, causing the payload to descend along a
ballistic trajectory into the atmosphere and eventually
splash down near to the coast of Mexico.

In 1994, the SEDS-2 experiment was executed to
evaluate the efficiency of the feedback deployment con-
trol mechanism and to investigate the dynamic evolu-
tion of Space Tether System (STS) in the long term [43].
Vertical deployment of the tether was achieved, the rel-
ative velocity of the cable was smaller than 0.02m/s,
and the oscillation amplitude of the tether was sup-
pressed within 4°. The STS was planned to be in orbit
for 12 days; however, the tether was ruptured due to a
collision with a micrometeorite on the fourth day. A
7.2 km portion of the tether continued to be attached to
the Delta II stage and remained stable along the local
vertical with a tension of 0.4 N.

In 1996, the Tether Physics and Survivability (TiPS)
mission was carried out to evaluate the reliability of
space tethers and their likelihood for long-term usage
[44]. There were two spacecraft and a 4km non-
conducting Spectra-1000 tether with a diameter of 2
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mm constituting the system. The system was planned
for a 3-years orbit, but functioned well in orbit until
2006. In 1998, by virtue of the success of TiPS, an
Advanced Tether Experiment (ATEx) was conducted
in three fields: (1) Experiments on the tether oscilla-
tion control using sixteen thrusters mounted on one
spacecraft; (2) tests on the feasibility of using satellite
laser ranging to stabilize the altitude of a tethered satel-
lite; and (3) exploring improved reliability of the tether
system using a multicore flat strip. Unfortunately, an
accident occurred causing the tether to be cut unexpect-
edly at 22 m due to a false command from the onboard
computer.

The ESA’s Robotic Geostationary Orbit Restorer
(ROGER) started in 2001, the main task being to inves-
tigate the commercial and technical conditions which
would establish a satellite servicing system with the
capability to clean up the geostationary orbit of satel-
lites and send them into disposal orbits [45]. There were
two different types of capture mechanism: The net cap-
ture scheme, and the tether-gripper scheme. Unfortu-
nately, the program was stopped in 2003.

The Russian—European experiment Young Engi-
neers Satellite 2 (YES2) [46] was executed in 2007
to test the likelihood of payload orbit transfer using a
dynamic deployment scheme [47]. The non-conducting
tether was 31.7km long and 0.5mm in diameter, but
because of malfunctions in the deployment gear, the
tether was unreeled at 29km. The capsule with the
cargo successfully descended from orbit, but was not
located on Earth.

On January 23, 2009, KUKAI was launched by the
Japan Aerospace Exploration Agency (JAXA) with the
H-ITA rocket. The orbit is a sun-synchronous orbit at
altitude of 700 km and inclination of 98°. The KUKAI’s
main mission is the technical verification of a Tethered
Space Robot [48,49].

3 Tethered space robot

The Tethered Space Robot (TSR) (Figs. 1, 2) is com-
posed of a space platform, a space tether, and a grip-
per/manipulator. Because of its flexibility and large
workspace, the TSR is a promising future solution for
On-Orbit Servicing such as in orbit maintenance and

repair, in-orbit refueling, orbit maneuvering, and space
debris removal [34,50,51].

Target satellite
~a

Gripper

Space Tether

Space Platform

Space Tether

Space
Platform

Fig. 2 Tethered space manipulator

3.1 Mission description

The TSR mission scenario (shown in Fig. 3) examined
here is similar to the one described by Zhai [53]. The
TSR is propelled by large launchers such as CZ-3s.

(1) Orbit transfer sub-maneuver The system will
maneuver to point (S1), which is around 100km
below and 200 km behind (or ahead of) the target
with the same inclination but different altitude.

(2) Homing sub-maneuver A thrust maneuver leads
TSR to drift to the point (S2), which is located
15km behind but in the same orbit altitude as the
target. When this sub-maneuvering is complete,
the target is in the measurable scope of the space
platform.

(3) Closing sub-maneuver The TSR moves 1 km away
from the S3 target by the closing maneuver guided
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~ Graveyard
~ Orbits

Fig. 3 Mission scenario of TSR

by two thrusts. An inspection is conducted at this
point.

(4) In-plane detection sub-maneuver In this phase, a
rough parameter estimation for the target should be
completed. In-plane ellipse detection is conducted
to inspect the basic parameters of the target. Then
the TSR will come within 200 m of the target, i.e.,
point S4. At this point the gripper of TSR will
be launched from the space platform which con-
tains the launch subsystem and then fly to the target
automatically.

(5) Final maneuvers The gripper flies to the target after
launch, then the GNC subsystem of the gripper
supplies the relative pose information between the
target and gripper during the approach phase. To
approach the target directly and stably, the grip-
per needs to plan an optimal trajectory and work
under coordinated control methods. When the rel-
ative pose is in accord with the capture condition,
the gripper captures and locks the target. The orbit
maneuvers of TSR are shown in Fig. 4.

(6) Deorbit maneuvers After capture, the target is
deorbited to a graveyard orbit or another orbit.

3.2 Release/retrieval phase

When TSR’s tether length becomes kilometers long, the
TSR dynamic model can be simplified as the classical
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Fig. 4 Orbit maneuvers designed for TSR

TSS model. Because TSS’s dynamic model during the
deployment and retrieval phase is generally consistent,
most of the researchers tend to analyze TSS’s deploy-
ment and retrieval together. So we go about analyzing
the characteristics of the TSS firstly.

3.2.1 Dynamics characteristic analysis

During the deployment and retrieval phase, the dynamic
characteristics of the TSS are quite complicated. TSS
dynamics have been simulated via three methods. The
first two methods were established by Galerki (with lat-
eral vibration to the strain or without lateral vibration
to the strain). The third method is a lumped parameter
method. Among these methods, the tether is assumed
to be a series of point masses connected to each other
by massless springs and revolute joints [54]. Li and
Zhu [55] addressed a globally stable numerical mod-
eling scheme with the Nodal Position Finite Element
Method (NPFEM). In this approach, the Gaussian—
Legendre Runge—Kutta is used for time integration.
Meng [56,57] proposed a universal dynamic TSR
model and corresponding control scheme. Zhang [58]
proposed a scheme to select a proper dynamics model
for space debris removal which is captured by a Teth-
ered Space Robot. Up to now, plenty of researches have
been conducted on the characteristics of TSR. Mantri
[59] investigated the system parameters which affect
length during the deployment phase, and Yu [60] pre-
sented the effect of J2 perturbation on the tethered satel-
lite during deployment and retrieval while accounting
for heating effect to derive new dynamics. Yu [61] also
analyzed the stability of equilibrium positions of the
flexible TSS system considering the complicated exter-
nal environments. In [78], TSR’s equilibrium condi-
tions are derived and system’s equilibrium state’s the
stability of the system equilibrium state is analyzed by
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utilizing Taylor expansion formula. Liu [62] analyzed
dynamics of the space tug system with a short tether
during deorbiting. Aleksander [63] focused on the
research of the collision probability of Active Debris
Removal (ADR) missions. Aslanov [64-66] deeply
investigated the dynamics of large space debris removal
using tethered space tug, considering the space tug
thruster, atmospheric disturbance, gravitational torque,
debris’s physical characteristic, the coupling between
tether’s vibration and debris’s vibration and so on. Fur-
thermore, Aslanov and his colleagues [67—69]also dis-
cussed swing principle in tether-assisted return mission
from an elliptical orbit, chaotic attitude motion of a low-
thrust tug-debris tethered system in a Keplerian orbit
and the conditions of the payload separation from the
tether. Soltani [70] investigated dynamic analysis and
trajectory tracking of a tethered space robot.

3.2.2 Measurement of TSR

As the control input of the TSR system, the accu-
racy and robust reliability of the measurement sys-
tem seem be of prime importance. During the deploy-
ment phase TSR will approach the target, the measure-
ment of the target for the TSR relies on very important
technology which can ensure the TSR tracks and cap-
tures the target. Huang [71] presented a method of a
monocular real-time feature point tracking for TSRs
at long distances. Cai [72,73] presented an effective
circle detector without relying on edge detection and
designed a TSR visual servoing system based on a
dynamic template matching method at close range; this
included vision-based pose measurement and visual
servo tracking methods for TSRs. Chen [74] studied
a non-cooperative target grasping position prediction
model for a Tethered Space Robot, which supports the
TSR capture of the non-cooperative target in the future.

3.2.3 Control of TSR

By involving the orbit and attitude control, as well as
tether’s elastic vibration control and dynamic stabil-
ity control of the working condition, the control prob-
lem during the deployment and retrieval phase become
extremely complicated. The research over TSR control
can be mainly classified as the following three types:
tether tension (length Rate) control, optical control, and
tension control augmented with thrusters.

a. Tether tension and length rate control

In [75], the dynamics during the phases of releas-
ing, approaching, and retrieval of TSS were taken into
account and proposed as an intermediate scheme, i.e.,
an extension of the traditional scheme. In [76], a fast
retrieval law for Tethered Satellite System was pro-
posed and several corresponding control strategies put
forth by researchers at the beginning of the twenty-first
century. He [78] developed a stable control scheme
containing a range-rate control algorithm for Teth-
ered Satellite System with special focus on the phases
of deploying, holding, and retrieving. Variable-length
tethers have been explored in effort to avoid slack on the
tethers during deployment; new control schemes have
been designed accordingly [77]. Wen [79,80] presented
a tension controller with explicit tension constraint and
saturation, which is closer to the practical situation.
Wen [81] also presented a tension control law to stabi-
lize the motions of a tethered space tug system during
its deorbiting process by regulating the tension in the
tether. A tethered satellite system consists of a space
tether, which was considered as a discrete mass con-
nected by inelastic links, was studied and proposed as
an optimal methodology for deployment/retrieval [82].
Sun and Zhu [83,84] proposed a brand new controller
for tethered satellite deployment and retrieval, which
is named Fractional Order Control. With use of this
controller, the target can be deployed/retrieved stably
and quickly via the tether. Furthermore, this method
is also extended to other rigid—flexible coupling space
structures [85]. Ma [86] proposed a novel adaptive slid-
ing mode tension control method for the deployment
of tethered satellite, where the input tension limitation
is taken into account. Huang and Zhang [87] proposed
a full control scheme for the target retrieval via flexible
tether with unknown kinematic and dynamic parame-
ters of the captured target. Meng [88] designed a twist
suppression method of tethered towing for spinning
space debris, where tether tension is investigated. Wang
[89] proposed an underactuated attitude control law to
stabilize a target using only a single tether. The tether
tension torque required for attitude control is achieved
by a manipulator for moving the tether attachment
point. What” more, Wang [90] explored a space tethered
towing method to fulfill transfer and bounded tether
tension to stabilize tether heading. In addition, Nohmi
[91-93] focused on momentum and motion control
of the tethered robot during casting, where angular
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momentum of the tethered robot can be controlled by
proper motion of the tether attachment point. Wang
[94] designed an attitude controller for the post-capture
combination, which are realized by coordination of
thrusters, tether tension and tethered space manipulator.

b. Optical control

Fujii [95] studied the optimal path during the deploy-
ment/retrieval phase and designed a corresponding
feedback control law. This included research on new
control schemes during the phase of deployment/
retrieval for a tethered satellite consisting of a subsatel-
lite, an elastic tether, and a main body [96]. Lakso [97]
studied optimal trajectories during the tether deploy-
ment/retrieval phase based on direct collocation and
nonlinear programming. Wen [98] studied the in and
out-of-plane motion, of an elastically tethered subsatel-
lite model, and proposed a nonlinear optimal control
scheme for releasing and approaching. A nonlinear
optimal feedback control involving the uncertainties in
inertia parameters, the errors in initial conditions, and
the disturbance of external forces, is presented [99].
Huang [100] developed an optimal controller based
on the hp-adaptive pseudospectral approach which can
lower the fuel consumption; varying mass and force
distribution of the tether are both accounted for in the
control scheme. Huang also proposed an optimal tra-
jectory tracking scheme for TSRs based on velocity
impulse [101].

c. Augmented tension control with thrusters

Mantellato [102] addressed issues relevant to the
deployment operations of a multi-kilometer tape-
shaped tether from an orbiting spacecraft with the aid
of an inline low-thrust propulsion system located inside
the tip mass to be deployed. Meng [103] proposed an
adaptive dynamic inversion anti-windup controller to
realize the retrieval for a non-cooperative target, tether
tension force and thruster force were applied. During
the deployment phase, fuel consumption is a critical
problem for the TSR. Nakamura [104] designed a coor-
dinated control of tension and thruster in approaching
phase which neglected the altitude. Wang [105] pre-
sented a new control strategy which considered the
tether attachment point as mobile, meaning coordinated
control of tether tension and thruster force. Huang and
Xu [106] investigated the coordinated control method
of position and altitude of a TSR based on its translation
and link motion, where the traditional position control
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force of the TSR is obtained through a linear quadratic
regulator. After the control force is optimized, it com-
prises the tether tension and thrusts.

3.3 Capture and post-capture phase

Similar to the rigid manipulators, dynamics and control
during capture and post-capture phase are very impor-
tant for the success of the mission. The characteristics
of the TSR are different from the classical space robot
because of the existence of the space tether, especially
in the capture and post-capture phase. Few researchers
have devoted their attention to this complex problem.

Huang and Wang [107] presented a position-based
impedance controller for uncooperative space debris
capture and a neural network estimator to compen-
sate for uncertainties, where the tether is described
by lumped mass model. They proposed an adap-
tive scheme to overpower any disturbance the space
tether may receive. Zhang [108] studied a tethered
system for capturing rigid space debris and devel-
oped a new methodology for on-line inertia parame-
ter estimation. Lu [109] proposed a fast terminal slid-
ing mode controller for the post-capture combination
attitude takeover control by TSR, where the control
input constraints, tether oscillations and external dis-
turbances are solved. What’s more, the control inputs
are distributing over TSR’s thrusters. Taking orbit
motion into consideration, Huang and Wang [110,111]
designed relevant control scheme which coordinates
the tether force and thruster force to stabilize the post-
capture combination, where the fuel consumption can
be reduced. Taking into account the constraints on
thruster and velocity of space tether, Wang [112] pro-
posed a back-stepping control method to stabilize the
combination, where command filter is utilized to guar-
antee the velocity of the space tether, feedback term is
adopted to solve the thruster saturation. What’s more,
an adaptive law is designed to estimate the disturbance
of parameter uncertainties and disturbances.

3.4 Progress and challenges

The TSR features high flexibility and a large workspace,
which is promising for future On-Orbit Servicing appli-
cations such as orbit maneuvering and space debris
removal. Many researchers have explored the TSR in
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recent years, especially the dynamics and controls of
the release and retrieval phase, and have made a great
deal of progress. The TSR is a rather complex multi-
body with highly coupled dynamics and requires more
in-depth investigation. Capture and post-capture phases
of TSR are quite complicated due to the existence of
a space tether. So, researching this subject is rather
challenging. In real situations, the target satellites are
normally an uncooperative satellite or piece of space
debris, which may be spinning satellites with nutation.
The altitude and position control during capture and
contact is thus much more complicated due to the flex-
ible tether. The lack of practical ground test options
is another challenge to verifying the feasibility of the
proposed control strategy for TSRs.

4 Tethered space net

The prior proposal of large flexible structures involved
large in-orbit antennas and solar-powered systems
extended to a new application for OOS [113,114]. In
recent decades, as the tethered space capture device
is becoming a promising solution for the space debris
retrieval (especially in case of uncooperative captures),
the TSN has become a popular research target.

In this section, some important conclusions regard-
ing the traditional applications of TSN are discussed
first as they serve as a foundation in TSN for in-orbit
target capture. This is followed by the literature review
on the release dynamics and control of TSN, which are
crucial for capture missions. New improvements to the
TSN are also reviewed below.

4.1 Tethered space net in early applications

Net shape and mesh geometric topology were not the
focus in early studies on this subject [50]. Because cen-
trifugal forces are used for release and deployment in a
traditional TSN [115], the centrifugal force field leads
to the non-uniform pre-stress distribution of the net.
The entire net must have sufficient tension. Pre-stress
in the net causes stiffness in the out-of-plane angle,
which relies on the geometric topology of the mesh
[116]. Stiffness and spinning of the net in the out-of-
plane angle generate unsatisfactory altitude and posi-
tional motions of the net, namely oscillation transfer.
These additional motions cause a reduction in the net’s

performance [117]. An exactdynamics model and anal-
ysis for net shape and mesh geometric topology is crit-
ical, to this effect.

Maximum permissible sag-to-span ratios of differ-
ent corner masses were investigated by Tibert and
Girdsback [114], who concluded that a large sag-to-
span ratio produces undesirable pointier vertices. They
alsoidentified optimal dynamics and numerical simula-
tions of triangular mesh [118,119]. Schuerch and [120]
proposed a quadrangular mesh that is able to withstand
grand shearing deformations; this attribute is impor-
tant for package design. Kyser [121] analyzed rela-
tionships of mesh geometry with uniform pre-stress.
Since triangular, square, and hexagonal are the three
prime topologies, many researchers have compared the
structure and stresses among them to find that equi-
librium geometry is determined by the force distribu-
tion [122-126]. Another important conclusion about
the eigenfrequency and eigenmode of the TSN is that
eigenfrequencies and free-vibration modes are impor-
tant for the effects of traveling waves, out-of-plane
damping requirements, and other phenomena such as
orbital maneuvering [127-129].

Structure design of the net is also the focus of
research for TSN, and the information gathered is
the foundation of the space net. MacNeal [130] pro-
posed a criterion for the structure design of space net.
The optimal design of the net is governed via: (a)
pre-stressability, (b) manufacturability, (c) mass, (d)
stiffness normal to orbit plane, and (e) eigenfrequen-
cies. Based on the aforementioned requirements, only
square mesh is pre-stressable under centripetal force. A
square web with a square mesh is the best option based
on feasibility. Additionally, both the releasing velocity
and bullet masses are determining factors of stiffness
normal to the orbit plane and eigenfrequencies.

According to the special deployment required for
space net, namely centrifugal deployment, a good fold-
ing structure design is crucial for proper release. Many
researchers have explored folding patterns based on
the basic dynamics of the flexible tether [131-135].
Scheel [132] developed a pattern with straight folding
lines, while Mclnnes [133] proposed another folding
pattern with 36 radial spars emanating from a central
hub. Schuerch and [136] later derived a star-like shape
folding pattern which allows the net to be folded into
the central hub in the releasing subsystem.

@ Springer
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Fig. 5 Tethered space net

4.2 Tethered space net

The TSN is an extended application of the TSR shown
in Fig. 5, which is another solution to Active Space
Debris Removal. This kind of TSN is released from a
platform satellite via a flexible tether [45]. Normally,
this kind of TSN is used for space debris or uncooper-
ative target capture, and other in orbit service.

4.2.1 Structure and configuration

The various applications of the TSN make its struc-
ture and configuration design different from that of the
TSN in early applications. After the project Robotic
Geostationary Orbit Restorer (ROGER) from ESA [45]
was proposed for in orbit space debris and uncooper-
ative satellite capture and retrieval, the TSN emerged
as a good option because of its safety and large oper-
ation radius. The TSN is a good trade-off in Active
Debris Removal (ADR) in particular. ESA also pro-
posed e.Deorbit project, which may be the first inflight
demonstration of ADR mission [137]. The mission
design of e.Deorbit is similar to ROGER.

Generally, the TSN is catapulted through the release
subsystem and the corner bullet masses propel the net
forward. Benvenuto [138] gave a detailed design pro-
posal for the TSN, including the net material, net size
and configuration, mesh size and topology, and the clo-
sure device system. Then, they performed parabolic
flight experiment to validate the net deployment pro-
cess, namely, to validate the releasing subsystem and
net ejection subsystem [139]. They also treated the
design and experimental investigation of a tether-net
and net gun device, intended to shoot a conical or
pyramidal shaped net dragged by four terminal masses
[140]. Recently, they focused on the architecture of the
thrown-net dynamics simulator together with the set-up
of the deployment experiment and its trajectory recon-

@ Springer

struction results on a parabolic flight [141]. [142,143]
gave a detailed design description of the TSN including
the mechanism of net ejection, configuration of the net,
and configuration of the capture element. Zhai not only
paid attention to ejection subsystem, but also designed
data management subsystem, attitude and orbit con-
trol subsystem and target tracking [144], which was
an overall design for TSN. Gao [145] studied launch
scheme of space net capturing system by experiment
and simulation. Sharf [146] described the design and
testing of a debris containment system for use in a
tether-net approach to space debris removal.

4.2.2 Releasing dynamics and contact dynamics of TSN

Releasing dynamics is always one of the hot spots in the
research of TSN. Based on the research of single tether
system and ground net, several methods have been
proposed, such as rigid model [141,147], mass-spring
model [148,149], absolute nodal coordinate formula-
tion (ANCF) model [150] and cubic B-spline curve
interpolation surface model [151]. Rigid model is the
most common used model in tethered space system.
It treats the tether as rigid body, the platform and the
net as mass points, which is easy to derive and can
better demonstrate the dynamics of tether. Based on
this model, Zhai [141] presented a control strategy to
compensate for error through tether tension. [143] also
studied the performance of the motion equations in the
deployment phase, including both free and non-free
motions in circular orbit as well as the motion dynam-
ics. A later study investigated the disturbance of orbital
dynamics which may lead an altitude vibration [152].
Liu et al. [147] made some modifications of this model,
in which the net was considered as four tethers. They
studied the orbital motion of the system, relative alti-
tude motion of the net and base satellite, and the dynam-
ics of re-orbit after net capture. Mass-spring model
can better reflect the configuration of TSN and it is
always used for describing quadrilateral mesh net. Ben-
venuto, Salvi, and Lavagna [148] discussed the possible
problems of TSN, namely the GNC issues, in the cap-
ture and removal phase. The collision detection, con-
tact dynamics in capture, and tether tension in retrieval
were all studied in this paper. Botta et al. [149] derived
the mass-spring model of the net in Vortex Dynamics
and simulated the deployment and capture phase of the
net. Besides, they analyzed the deployment dynamics
of space nets based on energy and momentum [153].
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Absolute nodal coordinate formulation (ANCF) model
can better describe the flexibility of the net, especially
reflecting the flexibility between two nodes on the net.
Shan et al. [150] derived the ANCF model of TSN
and made comparison with conventional mass-spring
model based on numerical simulations. The simula-
tion results showed that ANCF model can be capable
of describing the flexible of the net, while it was more
computationally expensive. The validation of space net
deployment modeling methods, including mass-spring
method and ANCF method, is performed by parabolic
flight experiment [154]. Cubic B-spline curve interpo-
lation surface model can make the bridle and surface
of the net more smooth and continuous and better for
visualization. Gao et al. [151] were aimed to simulate
the dynamic behavior of fishing net and visualize the
fishing net based on cubic B-spline interpolation sur-
face by simplifying the geometric model of the net.
Contact dynamics of TSN has been received much
more attention in recent years. Benvenuto and his team
[148] have researched all the aspects of contact, includ-
ing modeling of the net and tethers, modeling of debris,
collision detection, contact dynamics, closing mecha-
nism and simulations of removal. They chose linear
Hertz law for forces normal to the contact surface and
a Coulomb friction model for tangential forces. Then,
they [155] improved the contact model, in which the
linear Hertz law was substituted as nonlinear continu-
ous compliant model. Botta et al. [156] also focused on
the contact dynamics of TSN. Based on the dynamics
model of tether-nets with Vortex Dynamics mentioned
above [149], they exploited a modified linear continu-
ous compliant model for the normal contact force and
a scaled box friction model and some regularization in
the sticking regime. Recently, based on the previous
work, they introduced microslip frictional models and
applied the model to the simulation of capture of debris
of cylindrical shape in microgravity and vacuum condi-
tions [157]. Besides, they selected several contact mod-
els to make detailed comparison with the model they
proposed. The simulation results demonstrated that the
proposed model could better describe the capture of
TSN for space debris. Shan et al. [158] studied the con-
tact dynamic model of space net based on two methods,
penalty-based method and impulse-based method. The
simulation results showed that the both methods are
effective to model the contact dynamics of the net.

Flexible Net

Platform

Maneuvering Unit

Fig. 6 Maneuvering tethered space net

4.3 Maneuverable tethered space net

Itis clear that the research of traditional TSN is focused
on the net eject and contact dynamics due to the charac-
teristic of nonmaneuverability of TSN. Thus, there are
little studies discuss the control issue of TSN. Huang
et al. proposed a new configuration as an improvement
to the traditional TSN called the Maneuverable Teth-
ered Space Net Robot (MTSNR), which is shown in
Fig. 6. The MTSNR is comprised of a main net and
four maneuverable units at the four corners of the net
that guide mass bullets in the TSN [159,160]. Since the
corners are maneuverable units are rigid and maneu-
verable bodies and the net is flexible, the dynamics
of the MTSN are fairly complicated. Maneuverability
may lead to the net being asymmetrical, which gener-
ates more complicated vibration motions of the flexible
net. Thus, the studies about MTSNR focused on the
releasing dynamics, dynamics analysis, and controller
design. The releasing dynamics and stability control
of MTSNR were implemented in [161], in which the
structure of MTSNR was described in detail. Consid-
ering the elasticity of tether and the uncertainties from
space environment, a second-order sliding mode con-
trol was employed for MTSNR. Then, based on the
dynamic model in [161], both symmetrical and asym-
metrical configurations were analyzed by Zhang et al.
[162]. According to the specific vibration analysis, a
modified Adaptive Super-Twisting Sling Mode Control
scheme was also proposed for MTSNR. The issues con-
cerning coupled dynamics modeling and shape main-
tenance in the deployment phase were examined by
the same research team [162]. Recently, they derived a
novel dynamics model and proposed a corresponding
controller, which was a dual-loop control scheme with
double optimization pseudo dynamics inversion and
sliding mode control [160]. They [163] also studied the
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kinematics and dynamics of a formation-based space
net system and derived an improved dynamics model
by employing the extended Hamilton’s principle. In
this paper, the inverse dynamics were transformed into
a double-level optimization problem.

4.4 Progress and challenges

Although the TSN for active debris removal has
become a promising approach for space debris removal
in recent years, it is still at its very beginning stages
compared to rigid capture in space. Since TSN uses a
special cast deployment for in orbit capture, the tether
is relatively short compared to the traditional Teth-
ered Satellite System. This makes the coupled altitude
motions of the platform satellite and of the space net
highly significant. The capture phase is integral to the
process in addition to approaching phase. Further, the
necessary ground tests verify the key technologies such
as ejection, deployment, capture, and retrieval may be
challenging.

5 Tethered spacecraft formation

Formation flying has been considered as an efficient
means to reduce expenses and add new potential mis-
sions for space-based programs [164]. Large spacecraft
could be replaced by many smaller and less compli-
cated satellites that make up a particular spatial config-
uration, and the satellites would communicate to share
information. Compared to single large spacecraft, satel-
lite formations are more flexible and reliable. Satellite
formation technology has become the focus for devel-
oping future space mission technology accordingly.
Currently, satellite formation has been used in syn-
thetic aperture radar satellite formation, distributed
meteorological satellite stereoscopic imaging, high-
resolution synthetic aperture optical interferomety,
electronic surveillance, and more [165]. Spatial forma-
tion flight is complicated due to a number of factors,
however, especially space environmental disturbance
such as interference by gravity, air resistance, sunlight
pressure, electromagnetism, and modeled force. This
makes spatial formations difficult to employ for forma-
tion stability in the long term. Further, satellites have
to consume large quantities of fuel to maintain stable
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configurations, so the service lives of the satellites in
formation are greatly reduced.

Tethers can be applied to the satellites, connected to
the spacecraft, remain taut, and the relative distances
between spacecraft can be maintained accurately. A
satellite formation connected by tethers is a “tethered
satellite formation” which rotates along an axis or with
thrusters. Gravity gradient or air resistance keeps the
tether in tension and maintains the shape of the for-
mation. The primary advantages of the usage of space
tethers for space formation missions were summarized
by Fedi [166]. The tether also has many disadvantages
in space formation, however, including more complex
deployment in tether dynamics which complicate con-
troller design and practice, as well as the possibility
of environmental deterioration and risk of collisions
[167]. Tethered satellite formation has become a pop-
ular research object accordingly.

5.1 Structure and configuration

Many researchers have focused on two-body systems,
since the initial applications of tethered spacecraft for-
mation techniques involved only two bodies. Sarychev
[168] investigated the equilibrium of a dumbbell sys-
tem in circular Keplerian orbit in relation to the orbital
reference frame. Lorenzini [169] investigated a satel-
lite system with three end satellites: The Space Station,
an end mass fixed 10-km away from the station via a
Kevlar tether, and a gravity laboratory which is able
to crawl along the tether. Pizarro [170] was dedicated
to the dynamics of multi-tethered satellite formations.
This system consists of two configurations. One is a
central hub configuration containing a central body for
the tether revolving spindle and a satellite fixed to the
end of tether [171]. The other is a closed hub-and-spoke
configuration, which is a series of satellites connected
by tethers that add to the aforementioned configuration
[172]. When spinning in the orbital plane, the hub-
and-spoke configuration can stabilize the end bodies
[178]. The feasibility of a rotating formation of satel-
lites using flexible tethers was investigated by previ-
ous researchers. The system consisted of three space-
craft connected by tethers in a triangle-like formation
[173]. The open-loop control scheme for deployment
and retrieval was investigated in the same paper. Guer-
man [174] studied equilibrium of the tetrahedral config-
urations, i.e., four rigid bodies attached by three mass-
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less rods. The dynamic stability of a spinning trian-
gular formation during the deployment and retrieval
stages was also investigated [175]. Zhang investigated
the source localization system and presented a rotat-
ing tether satellite formation which have a triangular
configuration, and the localization system performance
better than traditional one [176].

5.2 Dynamics and control

The dynamics and control of tethered satellite forma-
tions in flight have been studied extensively. Avanzini
[172] explored the multi-tethered satellite formation by
modeling the tether as a sequence of point masses and
massless springs. The results showed that the dynamics
model using a massless link to represent the tether is
precise enough for parameter estimation and controller
design during capture. A control scheme for track-
ing via the 6-D technique was proposed by Liu [177]
and shown to satisfy the TSS working on halo orbits.
Another formation near liberation points in a spinning
triangular formation was investigated by Lorenzini
[169], including deriving dynamic motion equations
and analyzing the dynamic characteristics of the sys-
tem. Zhao [179] investigated formations composed by
multi-satellites and tethers and derived corresponding
full coupled dynamics models; the parent satellite was
working on a large halo in 3D and the center point sur-
rounded the second liberation point with respect to the
Sun-Earth system. The orbit dynamics performed well
even when initial spin rate was increased; similar results
were obtained for other tether liberations. Pizarro
examined the dynamics model of a hub-spoke forma-
tion [174]. Zhao [180] presented the dynamics of multi-
tethered satellite formations in which subsatellites sur-
round a parent satellite attached by varying-length teth-
ers in a hub-spoke formation. Chung [181] investigated
the multi-vehicle tethered spacecraft and established a
corresponding nonlinear dynamics model; they found
that both reshaping and spin-up are controllable only
by the flying wheels and tether tension. Razzaghi Con-
sidered the perturbations of low Earth orbit and oblate-
ness of earth, and derived the dynamics model of multi-
tethered satellite formation. The aerodynamic drag per-
turbation is considered as external force, the J2 pertur-
bation is regarded as potential energy [182].

Zhai aimed the problem of deployment for pla-
nar multi-tethered satellite formation, established the

deployment dynamics, the parent satellite is treated as
a finite sized rigid body and the deployment strate-
gies presented [183]. Huang aimed the deployment
and retraction of a rotating HS-TFS derived a dynamic
model of the rotating HS-TFS and employed the Gauss
pseudospectral method to solve the optimal deploy-
ment and retraction problems [184].

5.3 Formation control

It is necessary for the satellite formation to change the
rotation direction in many missions such as interferom-
etry observation [185]. Nakaya [186] discussed altitude
maneuvers of a spinning tethered configuration system
and presented a feedback maneuver control scheme
based on the virtual configuration method as-proposed.
Other researchers proposed that the configuration of
a tethered satellite formation can be maintained or
changed by using an active controller of both tether
tension and length; a coordinate controller comprised
of thrusters, fling wheels, and tether tension was also
addressed [187]. Menon [188] investigated a tethered
formation system consisted of two platforms linked by
aflexible tether a few hundred meters long. A decentral-
ized coordinated altitude control strategy was derived
under the behavior-based control approach in another
study [189]. Existing controllers can assure globally
asymptotical reachability for a reference trajectory in
the presence of model uncertainties and external per-
turbation [190]. Yarotsky aimed the “hub-and-spoke”
configuration present a novel strategy to maintain the
satellite formation in space [191]. Choosing the proper
parameters of the system, the satellites can move to
the local vertical, and along the Lissajours curves in
the plane normal. Zhang invested the three-spacecraft
array, and decoupled the system into three individual
dynamics [192]. A feedback control law and a decen-
tralized controller was presented to stabilize the center
spacecraft and the single-tethered spacecraft especially.

Ma [193] aimed the problem of attitude regulation of
the multi-satellite inline tethered system present a novel
adaptive hierarchical sliding mode control, derived the
attitude dynamic equations of the three-satellite system
by utilizing Lagrangian mechanics theory. This control
method considered the saturation of the control input
and the external perturbation, and introduced an adap-
tive update rate to eliminate them.
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5.4 Progress and challenges

Although there have been several studies on tethered
spacecraft formation in recent years, there are still
many problems in space tether flying formation. The
majority of researchers assume the tether to be mass-
less and inextensible, while few individuals take tether
mass and elasticity into account in their studies. The
folding and releasing control of the tethered spacecraft
formation is a very important problem which merits
further research, as does the reconfiguration of teth-
ered spacecraft formation systems. Ground tests are
also still necessary to verify the key technologies.

6 Conclusions

The space tether has become a popular research object
by virtue of its many potential applications, particularly
in regard to orbit manipulation. A vast amount of stud-
ies have been conducted on the subject and its deriva-
tives related to a variety of applications and research
aspects since the concept was first proposed. This litera-
ture review mainly focuses on the use of the space tether
for in-orbit manipulation. Interested readers may con-
sult our references for further reading on the subject.
This review began with a concise introduction on the
development of in-orbit manipulation, then proceeded
to a brief synopsis of the applications in early stage,
then to the main contribution: The applications of the
space tether for in-orbit manipulation regarding TSR,
TSN, and space tether flying formation.

There has been extensive research to date on the con-
figure design, dynamics analysis, and control schemes
of the space tether for in-orbit service. There are many
problems yet to be addressed, however. For example,
almost all the verifications on the dynamics and con-
trol strategies of these applications were facilitated by
numerical simulations because of limited ground test
conditions, which may greatly decrease the feasibility
of these applications. There also is no material yet con-
sidered optimal for space tethers. As space technology
continues to advance, the space tether is expected to be
promising solution for in-orbit manipulation. The TSS
for in-orbit service will certainly bring about a revolu-
tionary change in our ability for space exploration and
exploitation.
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