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Electrodynamic tethers are used to remove large uncontrollable satellites from low Earth orbits. However, tether
systems are vulnerable to collisions with space debris orbiting at high speeds. Such collisions can easily sever

electrodynamic tethers. The success of an electrodynamic tether mission to remove uncontrollable satellites from low
Earth orbits will depend in part on how often the electrodynamic tether collides with space debris and how the
electrodynamic tether fractures as a result of a collision. The dynamic fracture progress of an electrodynamic tether in
response to a collision with space debris has not been previously considered in predicting the success rate of an
electrodynamic tether mission. In this study, the fracture progress of an electrodynamic tether owing to a
hypervelocity impact collision with space debris was experimentally and numerically examined to understand the
dynamic fracture phenomenon. In addition, an estimate of the survivability of an electrodynamic tether in orbit was
made, which included a consideration of the dynamic fracture of the tether, and this estimate was found to be lower
than the survivability estimate, which did not consider the dynamic fracture of the tether.

Nomenclature

A(d) = effective cross-sectional area as a function of d, without
considering dynamic fracture

A,(d) = effective cross-sectional area as a function of d, by
considering dynamic fracture

Dy = diameter of tether

Drc = critical distance of tether (minimum distance of tether
to survive)

d = diameter of space debris particle

d, = minimum diameter of space debris particle to sever a
tether

Ly = length of tether

R = fatal impact rate (number of debris collisions per year)

Ry = residual distance of tether after collision

t = time, year

X(1) = survivability of tether at time ¢

X = overlapped distance between debris and tether

a = progress distance of dynamic fracture

y = ratioofatox

o(d) = debris flux (number of debris particles per year per

square meter) as a function of d

I. Introduction

HE promotion of space development in the future requires that

space debris should not be neglected. Space debris consists of
defunct manmade objects in the space environment. These objects are
amajor threat to space development [1,2]. Space debris travels at very
high velocities and can cause extensive damage to currently operated
satellites or the International Space Station. Therefore, for future
space development, it is important to reduce the amount of space
debris. Of the various types of space debris that exist, large uncon-
trollable satellites are the highest-priority objects that need to be
removed from orbit because they possess the greatest potential to
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generate large amounts of debris when they break apart or collide
with smaller pieces of space debris.

Electrodynamic tethers (EDTs) have been proposed for use in
removing uncontrollable satellites from low Earth orbits (LEOs)
[3-8]. Figure 1 shows the principle of operation of an EDT. Although
the basic concept of EDTs and the procedure for removal of space
debris using EDTs have been described in the literature [3,9-11], a
brief explanation is offered here so that the reader may better
understand what follows. An EDT consists of a conductive tether, an
emitter, and a collector. After the conductive tether is attached to a
target satellite, the collector starts to collect electrons, and the emitter
starts to emit electrons. Because of the motion of the electrons,
electric current flows in the longitudinal direction of the conductive
tether. A pseudocircuit can be created with the conductive tether and
the space atmosphere by collecting electrons from plasma in the
space environment at one end and emitting electrons at the other end.
A Lorentz force is induced in the tether by the interference between
the current flow and the geomagnetic field. This force can decelerate
the traveling speed of the target satellite because the force acts in the
direction opposite to the traveling direction of the target. The slower
velocity of the satellite breaks the equilibrium between centrifugal
and gravitational forces, and eventually the satellite deviates from its
orbit and falls to the Earth. Because an EDT does not require any
propellant to deorbit a target satellite, the total mass of the EDT can be
much less than that of a conventional rocket-based deorbit system.
The light weight of EDT systems is a great advantage over conven-
tional space debris removal systems. The mathematics of the com-
plex motion dynamics of EDTs have been studied extensively
[12-15]. The tethers used are thin but long enough to have suffi-
ciently large surface areas that they are subject to collisions with
small pieces of space debris. Accidental collisions with space debris
can easily sever the tethers. The success of an EDT mission to remove
uncontrollable satellites from LEOs depends greatly on the surviv-
ability of the tether (i.e., the probability of being not severed during
the mission). Therefore, it is necessary to accurately estimate the
survival probability of the tether to predict the survivability of an EDT
mission.

II. Problem Statement and Research Objectives

Previous studies on the survival probability of EDTs [16-19] have
one or more of the following three limitations to their success in
estimating hypervelocity impact fracture. First, the fracture of an
EDT tether after debris impact has not been clearly defined. The lack
of a standard definition for impact fracture has led to arange of results
in the fracture evaluation of tethers. The definition of the critical
distance [8,19] of a tether, which is required for the tether to survive a
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debris impact, has been a particularly controversial subject. Several
studies have made particular mention of the critical distance. The area
of the fracture of tethers after the impact is essential to evaluate the
damage of tethers. One study assumed that the fracture area of the
tether coincides with the path of the debris [17]. This assumption is
too simple when considering the actual fracture after the impact
because there is a chance that, as a result of the hypervelocity
collision, the fracture of the tether will progress from the path. In
other words, the fracture of the tether may be larger than the path area.
Another assumption made in previous research is that the fracture of
the tether is three times greater than the debris diameter [20]. This
assumption is derived from the empirical results of experiments of
hypervelocity impacts against a thick metal that were conducted by
Simon et al. [21]. The target metal has large thickness and creates a
crater rather than a penetration hole. However, because the collision
configuration of a thin tether is completely different from that of a
thick metal, the empirical coefficient number (i.e., 3) for the fracture
based on impact experiments in that study might not be valid in
impact experiments for tethers. To address this limitation, we
introduce a factor of safety (FS) and define the critical distance of the
tether in a more rigorous way.

The second limitation of previous studies is that the fracture of the
tether after impact has not been investigated experimentally, although
many impact experiments involving bumper shields ([22], for
example) have been conducted. Some studies on tether systems were
conducted experimentally. Hortz et al. [23] made experiments of
impacts on aluminum foil of decreasing thickness, which showed that
the transition from craters to penetration holes. Sabath and Paul [24]
carried out hypervelocity impact experiments on nonconductive
tether materials. They reports observations of hypervelocity impact
experiments on three different braided materials used for tether
applications. Francesconi et al. [25] conducted impact experiments
and evaluated the impact damage of tape tethers. Their experiments
showed that the impact damage is very close to the projectile size in
case of normal impact, whereas it increases significantly at highly
oblique impact angles. However, the number of the experiments of
tether systems is much fewer than that of bumper shields. In this
study, we carried out hypervelocity impact experiments on tether
systems using large-scale experimental equipment.

The third limitation is that it is difficult to measure the path of space
debris in hypervelocity impact experiments. The path must be mea-
sured to estimate the actual fracture. We therefore devised a new
method to measure the path of the debris experimentally. The fracture
of the tether can be determined from the measured path of the debris.

In this study, we analyzed the fracture of the tether due to collision
with space debris. We carried out numerical simulations of the
collision impact between a tether and space debris and gained new
insights into the phenomenon of tether fracture due to hypervelocity
impact. Hypervelocity impact experiments were carried out using
a high-explosive gun as the impact instrument to validate the

simulation results. We devised a new experimental method to deter-
mine the trajectory of the debris. The insight gained into the phenom-
enon of tether fracture due to hypervelocity impact led to a new
approach to tether fracture evaluation. By taking into consideration
this fracture phenomenon and using a debris flux model provided by
NASA, we were able to develop a new method for estimating the
survivability of an EDT in orbit.

III. Numerical Simulation
A. Smoothed Particle Hydrodynamics

We analyzed the phenomenon of tether fracture in collision with
small-sized debris using numerical simulation based on the smoothed
particle hydrodynamics (SPH) method [26]. The SPH simulation
method involves dividing the analyzed object into particles and
following the motion of each particle, in a manner similar to that of
the Lagrange method. The SPH method does not require any compu-
tational grids, which is one of its major advantages over conventional
computation methods. This method yields the physical quantity at
any spot in the calculation area by compensating for the physical
quantity of particles around the spot. The SPH method is often used
in numerical simulation of hypervelocity impacts and large-scale
fracture phenomena. This method is regarded as being suitable for
simulating hypervelocity impacts and dynamic fracture after impact.

Figure 2 shows the simulation model of the collision between the
tether and the space debris and indicates their initial positions. We
assumed that the tether was cylindrical in shape and that the space
debris was spherical in shape. The diameter of the tether was 1 mm,
and that of the debris was also 1 mm. The impact velocity was
6.0 km/s. In the simulation, the debris collides with the tether while
moving downward, as shown in the figure. The overlapped distance
between the debris and the tether is described by x in the initial
position. Figure 3 shows the cross section of the tether after the debris
collision. The shaded area to the right represents the travel path of the
debris. The residual area of the tether is represented by the crescent
shape to the left in Fig. 3. Between the residual tether and the debris
path, there is nothing left (as indicated by the hatched area in Fig. 3).
This half-moon shaped area is shaved off by the debris impact.
Apparently, the fracture area progresses from the boundary of the
debris path. Thus, we concluded that the assumption made in a
previous study [17] that the fracture area of the tether was the same as
that of the debris path was invalid. We obtained details of the fracture
produced by the collision between the tether and the debris from the
measurements illustrated in Fig. 3. The diameter of the tether before
the collision is Dy, and the residual distance along the center line (the
thickest distance of the residual tether) after the collision is Ry. The
subscript 7 denotes the tether. The path of the debris completely
removes the tether, and nothing remains. Furthermore, because of the
hypervelocity collision, the fracture area of the tether progresses from
the path area. In other words, the fracture area of the tether is larger
than the collision area. Note that the fracture after the impact has to be

Y & Overlapped distance

|

|

| )

| Debris
|

|

Tether ' X
et ——— - - - - - - b

Fig.2 Initial positions of debris and tether before collision in numerical
simulation model.
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considered to evaluate the fracture at impact. This additional fracture
is referred to as dynamic fracture in this paper because it occurs just
after the impact. We refer to the area in which the dynamic fracture
progresses after collision as the distance of fracture progress, denoted
by ain Fig. 3. The hypervelocity collision induces high temperatures
and stress in the tether and thereby induces the dynamic progress of
the fracture. This paper focuses on the macroscopic influence of the
fracture on the tether mission rather than the microscopic causal
investigation of fracture phenomenon.

B. Analysis of Residual Distance of Tether

We analyzed the residual distance of the tether after the debris
collision using SPH simulation. The critical distance of the tether
after the impact, D, is the criterion for whether the tether is severed
or not. When the residual distance of the tether equals the critical
distance (i.e., Ry = Dtc), the tether is completely severed. There
have been several studies on the critical distance of the tether. Cosmo
and Lorenzini [3] touched upon the issue of the critical distance and
wrote that D¢ is 0.7D7. This assumption suggests that the tether
could be severed when the debris grazes the critical distance of the
tether. The value of the coefficient is based on a tentative assumption,
and it was adopted in Action Item 19.1 tests managed by Inter-
Agency Space Debris Coordination Committee [27,28]. Anselmo
and Pardini [6] and Pardini et al. [8,18,19] estimated the survivability
of EDT's based on this assumption [3]. It is important to note that each
of these studies has relied on an assumption concerning the critical
value of tether diameter, Dy, and we also note that a widely accepted
definition of the critical distance has not been established. As
mentioned previously, some studies have implied that the critical
value seems to include the fracture progress a, whereas others have
implied that the critical value does not include the fracture progress.
Furthermore, the actual tether diameter is not always linked to its
critical distance because a sufficient safety margin is determined in
the design stage for the EDT mission and the tether structure.

We clarify the definition of D¢ and D7 by introducing a factor of
safety (FS) value. The FS is a term describing the structural capacity
of a system beyond the expected impacts or loads, which can lead to
the reliability of a design. The FS value can provide solid evidence for
designing the diameter of the tether, which can be accepted as a
commonly recognized value. The FS value stipulates enough margin
of the tether to survive the debris collision. When we design an EDT
system, we first have to determine the value of Dyc. The value is
determined with the value of the maximum tension of the tether,
Lorentz force, descending acceleration, yield stress, mass of a target
satellite, and so forth. The maximum tension of the tether is deter-
mined during the design of an EDT mission to remove a target
satellite. The Lorentz force is determined from the geomagnetic field
and the drive capabilities of the emitter and the collector. We next
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Fig.4 Residual distance of tether (diameter of tether is 1.0 mm).

have to determine the value of D using a prescribed FS value, which
is usually stipulated by design engineers. The diameter of the tether is
related to the critical distance as follows:

DT :FSXDTC (1)

The FS value can provide solid evidence for designing the diameter
of the tether, which can be accepted as a commonly recognized value.
The FS value commonly used in aerospace engineering ranges from
1.15 to 1.5. In this study, we set the FS value to 1.5.

Figure 4 shows the simulation results for the residual distance of
the tether for debris diameters of 0.33, 0.67, and 1.0 mm. The
overlapped distance between the tether and the debris at the initial
position as shown in Fig. 2 is plotted on the horizontal axis. The
residual distance of the tether after collision, Ry, is plotted on
the vertical axis. The diameter of the tether, D, was 1.0 mm in this
simulation. From Eq. (1), the critical distance is 0.67 mm. Therefore,
the tether will be severed when the residual distance R becomes less
than 0.67 mm. As seen in Fig. 4, the tether is always severed by the
collision with the debris, regardless of the debris diameter, when the
overlapped distance is greater than 0.08 mm. In this case, the distance
of the dynamic fracture progress a, defined in Fig. 3, is measured
as a = 0.25D7. The overlapped distance is 0.08D; when a =
0.25D7. When we introduce the relationship @ = yx, we obtain y =
0.25D7/0.08 D7

We also conducted simulations for another tether configuration.
Figure 5 shows the simulation results for debris diameters of 3.3, 6.7,
and 10.0 mm. The diameter of the tether in these cases was 10 mm. In
these cases, the tether was severed when the overlapped distance was
greater than 0.9 mm. The progress distance of dynamic fracture, a,
was calculated as @ = 0.24Dy. Therefore, in both sets of cases, the
fracture area that included the dynamic fracture area was greater than
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Fig. 5 Residual distance of tether (diameter of tether is 10 mm).
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the area of the debris path, and the values of a/ D for the two sets of
cases were essentially the same. When a = 0.24 D, the overlapped
distance is 0.09Dt and y = 0.24D;/0.09D;.

Simulations were also conducted for a range of tether diameters.
We calculated values of a for the five tether diameters shown in Fig. 6.
The slope of the regression line (i.e., the value of a/D7) remains
almost constant at 0.253, regardless of the diameter of the tether. The
correlation coefficient of the regression line is 0.999, which indicates
that the regression equation fits the data very well. In other words,
a/Dr is independent of the size of the tether. Therefore, it is possible
to estimate the value of a, regardless of the diameter of the tether,
which means that the shape of the dynamic fracture remains similar
for any size of the tether. The progress distance of dynamic fracture,

Recovery tank

Launch tube

IliglrpWSSllm coupling

Propellant chamber

a, can be quantitatively determined for fracture of tethers in collision
with the space debris. The average value of y is 0.253D;/0.085D; =
2.98 because the average value of the overlapped distance is 0.085D ¢
for all calculation cases.

IV. Hypervelocity Impact Experiments
A. Experimental Outline

To investigate the nature of the dynamic fracture of the tether, we
conducted hypervelocity impact experiments with the high-explosive
gun [29] located at the Institute of Fluid Science of Tohoku
University, shown in Fig. 7. Figure 8 is a diagram of the one-stage
high-explosive gun, which consists of a pump tube 51 mm in
diameter and 3400 mm in length, a launch tube 15 mm in diameter
and 3000 mm in length, and a recovery chamber 12 m in length with
an inner diameter of 1.7 m. The gun is made of stainless steel and has
three observation sections 600 mm in diameter with 20-mm-thick
acrylic windows. The recovery chamber was evacuated using a
turbomolecular pump that can reduce the internal pressure to less
than 1 Pa.

There have only been a few reports of experiments on tether
impacts. These experiments have involved the use of quite thin
aluminum wires, 0.4 mm in diameter, as tethers [30]. Because tiny
debris particles were shot at tethers (0.4 mm in diameter) in these
experiments, it was difficult to distinguish between the path areas of
the debris and the fracture areas of the tethers in these experiments.
To resolve this difficulty, we invented a new method to distinguish
between the fracture area and the path area. As Fig. 9 shows, two
aluminum bars were used. The method that we devised to identify the
debris path was to shoot the debris so that the debris would graze the
leftend of the right aluminum bar. The direction of the debris particles
was gradually adjusted to touch the target bar by trial and error. We
were thereby able to distinguish between the debris path and the
fracture area. The bars had diameters of 10 mm. The distance between
the two aluminum bars was 22.5 mm. The projectile that was shot as
space debris was a cylinder of polycarbonate 15 mm in diameter and
15 mm in height. These experimental parameters are summarized in
Table 1.

B. Results of Impact Experiments

Figure 10 shows the results of the impact experiments. The left bar
was the target tether and was bent by the impact shock, which was not
the focus of this study. The right bar served as a guide to provide a
contact point to trace the debris path. We confirmed that the projectile
grazed the right bar, which was our intention with the experimental
configuration shown in Fig. 9. The fracture of the left aluminum bar
progressed in the same way as in the SPH simulation (Fig. 3). The
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Fig. 8 Illustration of high-explosive gun used in hypervelocity impact experiment.
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residual distance of the aluminum bar, Ry, was 5.3 mm. The progress
distance Dy — Ry was 4.7 mm (equal to 10.0 — 5.3). The overlapped
area was 2.5 mm. Therefore, it is clear that the fracture area (4.7 mm)
was larger than the overlapped distance (2.5 mm). These results are
consistent with those of the SPH simulation.

Table 2 shows a comparison between the results obtained in the
impact experiment and the SPH simulation. The results were ob-
tained for the same hypervelocity impact conditions. The results of
the experiment agreed very well with those of the SPH simulation in
terms of the residual distance after the collision. The simulation result
and experimental result differed by only 1.9%, which confirms the
validity of our fracture model for hypervelocity impact. Because the
SPH simulation is two-dimensional, the center area (A-A’ in Fig. 10)
is practically important, and the edges are insignificant, despite the
discrepancy between the results shown in Figs. 3, 10.

V. Improved Probability Formulation of
Electrodynamic Tether by Considering Dynamic
Fracture

In this section, we improve the survival probability formulation
of EDT systems, considering the dynamic fracture that we have
discussed. The survivability calculation approach described later is
consistent with that used in previous studies [8,17-19]. EDT systems
have been proposed to remove large uncontrollable satellites from
orbit by flowing electric current through the conductive tether
and generating electrodynamic forces, which cause them to deorbit.
During such removal missions, small space debris can accidentally
collide with the EDT tether. If the tether is severed, an EDT mission
to remove large satellites will fail. An EDT system moves large
uncontrollable satellites from the orbit and fall to the Earth by flowing
electric current through the conductive tether. During the removal
mission, the small space debris accidentally collides with the EDT
tether. If the tether is severed, the EDT mission to remove large
satellites fails. As shown in Fig. 11, a tether can be severed by space
debris with a diameter of d when the debris edge passes within a
critical distance + Dy /2 from the longitudinal axis of symmetry of
the tether. In other words, the tether can be severed when the center of
the debris passes an area within £(Dyc/2 4 d/2) from the
longitudinal axis of the tether. Thus, the conventional effective cross-
sectional area for severance of the tether in previous studies [8,17-19]
is obtained as follows:

Table1 Results of hypervelocity impact experiment

Tether distance Overlap distance Tether diameter Residual distance
22.5 mm

2.5 mm 10 mm 5.3 mm

Residual area of bar ~ Touch point

Fig. 10 Aluminum bars after impact.

A(d)=Ly(Drc + d) 2

The tether will be severed when the center of the space debris
travels within the effective area A(d). This conventional effective
cross-sectional area was used for single and double tethers [8,17-19],
but the distance of the fracture progress after the debris collision, a,
was ignored in these studies. This approach to estimating the
survivability of the tether has also been applied to other types of
tethers, such as tape tethers [20,31].

In contrast to the conventional definition of the cross-sectional
area, our definition of the effective cross-sectional area accounts for
the fracture progress a, shown in Fig. 3. The effective area illustrated
in Fig. 11 is expressed as follows:

Ay(d) =Min[Ly(Drc + 2a + d), Ly (D + d)] 3)

This new effective area definition considers the dynamic fracture
that was discussed previously in this paper. In the case that
(D1c + 2a) > Dy, the space debris does not collide with the tether.
In this case, it is reasonable that A,(d) = Ly(D7 + d).InFig. 11, we
find that

DTC + 2a —+ 2x = DT (4)
The new effective area can thus be rewritten as

Ag(d) = Min[LT(1 l“:_ﬂ;s Drc + d), Ly (Dy + d)] 5)

When y = 0 (no fracture progress), Eq. (5) turns to Eq. (2).

The amount of debris that passes within the effective cross-
sectional area per year dictates the fatal impact rate R. The fatal
impact rate for a tether orbiting at a certain altitude, R, is obtained by
integrating the product of the effective cross-sectional area A, (d) and
the differential debris flux de¢(d) from d,, to co with respect to the
debris diameter d. The subscript a refers to the fracture progress.
Thus,

r= [" A dpta) ®
The debris flux is determined using the ORDEM 2000 model [32]

provided by NASA. Figure 12 shows an example of debris flux of the
OREDM 2000, which will be used in the next section. The debris flux

Table2 Comparison of
experimental and calculated
residual distances

Experiment _Calculation Error
52mm  1.9%

5.3 mm
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is a function of the debris tether and the orbital altitude. The survival
probability [8,17-19] of a tether at ¢ years, X(¢), is calculated as
follows:

X (1) = X(0) exp(—R?) ™)

where X (0) is the initial survival probability at r = 0.

VI. Survivability of Electrodynamic Tether in Low
Earth Orbit

This section discusses a mission scenario of EDT systems to see
the effect on the survivability that is described by the new formulation
shown in Eq. (5). The scenario presented here is the same one that
Khan and Sanmartin [20] discussed. In the following calculation, we
used @ = 0.253D and y = 2.98, based on the results of the SPH
simulations and impact experiments. We compared the predicted
survivability obtained using our approach and that obtained using the

Table 3 Fatal impact rates per a year at an orbit at 800 km altitude

With considering dynamic Without considering Reference value
fracture dynamic fracture [20]
5.257 4.905 4.884

1 : gt .
\ —e— With considering dynamic fracture
—— Without considering dynamic fracture

0.85

=
o]
I

Suvivability, X{(7)

0.75 -

0.7

0.65 — ) A |
0 6 12 18 24 30
Time 7 [day]
Fig. 13 Survivability of EDA in low Earth orbit.

conventional approach. The tether has a diameter of 1 mm and a
length of 1000 m. The EDT is assumed to stay at an altitude of 800 km
for a full year (1 January 2000 through 31 December 2000). The
inclination of the orbit is 28.5 deg. Table 3 shows fatal impact rates
perayear and 1000 m, R, for two cases (with and without considering
the dynamic fracture) and reference value [20]. To compare the fatal
impact rates on the same condition in Table 3, we followed the
formulation of d,, thatis provided in [20]. Then, in the calculation, we
set d,, = 1/3D7. The determination of d,, is explained in [20]. The
fatal impact rate determined by considering the dynamic fracture is
calculated by Egs. (3, 6) and is 5.620. The fatal impact rate without
considering the dynamic fracture is calculated by Egs. (2, 6) and
is 4.905. This number is slightly different from the reference value,
4.884. This is because the data precision of debris flux is a bit
uncertain, whereas the value of debris flux in is read in the figure data
that the ORDEM 2000 software provides. Because the fracture
progress provides wider collision area of the tether, the risk of debris
collision will definitely increase. Accordingly, it is reasonable that
the fatal impact rate by considering the dynamic fracture is larger than
that without considering the dynamic fracture. The conventional
approach is proved to underestimate the risk of debris collision.
Figure 13 shows the survivability X(z) for the two approaches for a
tether. The probability of survival predicted using our approach is
lower than that predicted using the conventional approach. In other
words, the conventional approach overestimates the survival proba-
bility of the tether. Consideration of the fracture progress provides



MAKIHARA AND TAKAHASHI 7

valuable insights into the consequences of a collision between the
tether and space debris and yields a different estimate of the surviv-
ability. The conventional approach to predicting the survivability of
an EDT can be considered to yield overestimates. We concluded from
these comparisons that future EDT mission designs should consider
the dynamic fracture progress described in this paper.

VII. Conclusions

This study examines the phenomenon of dynamic fracture of a
tether after a hypervelocity impact with space debris for predicting
the survivability of an EDT. The tether can collide with small-sized
space debris and be severed. The success of an EDT mission to
remove uncontrollable satellites from LEOs depends greatly on the
dynamic fracture progress of the EDT as a result of a collision with
debris. This dynamic fracture progress has not been considered in

.previous studies of EDT systems.

The phenomenon of fracture of tethers as a result of collision with
small-sized debris was analyzed using SPH simulation. The results of
the numerical simulation indicated that the fracture area of the tether
is greater than that considered in conventional approaches to analyze
EDT systems.

Hypervelocity impact experiments were also carried out to
simulate collision of tethers with small-sized space debris. A method
was developed to distinguish between the debris path area and the
fracture area in the hypervelocity impact experiments. The results of
the impact experiments confirmed that the fracture area of the tether is
larger than the path area of the debris. These experimental results
indicate that the fracture area will progress after collision of the tether
with space debris.

Based on these results, a more accurate way to estimate the survival
probability of an EDT system was developed that considers the
distance of the fracture progress after collision with space debris. It
was confirmed that the survivability estimate obtained using the
proposed approach is lower than that obtained using the conventional
approach. The superiority of the present approach is expected to
contribute to the success of EDT missions in removing space debris
and thus help accelerate space development. Furthermore, the pro-
posed approach can theoretically be applied to the safety evaluation
of a space elevator having thin and long tethers.
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