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Abstract

This paper presents a dynamic simulator with a con-
tact model for capture operations using a large space ma-
nipulator. Capture operations in orbit have commonly
used enclosed wires. The contact dynamics between the
wires and the target generate complicated motion that is
difficult to predict. Additionally, the joint flexibility of the
manipulator makes capture operations more difficult. For
these reasons, there is a potential risk, and such missions,
which require a high degree of safety, may be endangered.
In this study, we developed a simulator for capturing a tar-
get in orbit with joint flexibility and contact dynamics. An
empirical equation for the contact dynamics with a wire
was derived, and the performance of the simulator was
evaluated by parameter matching with a flight data. Fi-
nally, a case study was conducted, and an example of the
risk was developed.

1 Introduction

On-orbit transportation is necessary technology for
activity on the International Space Station (ISS). The H-
II Transfer Vehicle (HTV), which was developed by the
Japan Aerospace Exploration Agency (JAXA), is cur-
rently responsible for one of the transportation means
(Figure 1). HTV-4 was launched on August 4, 2013, and
transported essential materials to the ISS. The retirement
of NASA’s space shuttles has accelerated demand for the
HTV. The HTV is docked with the ISS using the Space
Station Remote Manipulator System (SSRMS). The SS-
RMS, which is a large flexible space manipulator with

Figure 1. HTV captured by SSRMSc⃝NASA

seven degrees of freedom, can capture and guide the HTV.
In addition, the SSRMS can be used to build large space
structures, such as the ISS, and assist astronauts during
extra-vehicular activities. Thus, capture operations by the
SSRMS play important roles in on-orbit service. When
carrying out these space activities, the SSRMS needs to
capture a target.

To capture the HTV, the SSRMS is equipped with a
dedicated holding mechanism called the Latching End Ef-
fector (LEE). The LEE has three snare wires that form a
curvilinear triangle in the cylinder of the end effector. The
HTV is equipped with a Grapple Fixture (GF) that verti-
cally extends from the HTV and can be captured by the
LEE. Figure 2 shows an overview of the LEE and the GF.
In the capture sequence shown in Figure 3, (a) the opera-
tor first guides and inserts the SSRMS to cage the tip of
the GF in the curvilinear wire triangle of the LEE. Subse-



Figure 2. LEE and GFc⃝NASA
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Figure 3. HTV capture sequence by LEE

quently, (b) the GF is latched by narrowing the triangle of
the wires. Note that the operator sees a target rod on the
GF through a camera of the LEE but cannot observe the
size of the narrowing curvilinear triangle and the contact
point between the wires and the GF. Finally, (c) the LEE
and the GF are constrained geometrically owing to the
wires fully tightening and are docked by the wires drawing
the GF into the cylinder of the LEE. This capture method
using the LEE and the GF has been commonly used in or-
bit, however, its secure operation depends greatly on the
skill of the operator. In general, the capture operation in-
volves difficult operational techniques and a high level of
training because the operator cannot observe the contact
point and because the SSRMS cannot completely stop be-
fore holding the GF, owing to the joint flexibility of the
SSRMS. Furthermore, in a microgravity environment, the
contact phenomenon is quite complicated, and it can be
subject to high risk even with a weak contact force. The
potential risks need to be known to avoid a deadly acci-
dent. Therefore, the contact phenomenon must be exam-
ined.

We have therefore developed a dynamic simulator that
be used to evaluate and analyze the capture operations
quantitatively. The simulator is intended for use in de-
termining the potential risks described above and in the
training of the operator. Roman Tutor [1], a simulator that
is related to the SSRMS simulator, is also used in train-
ing astronauts to operate the SSRMS. However, in Roman
Tutor, the contact dynamics are not modeled. Despite the
existence of Roman Tutor, there has not been much exam-
ination of the contact between a wire and the GF. There-
fore, we have studied these contact dynamics in [2], [3].
However, these studies did not confirm consistency with
the on-orbit dynamics.

In this study, we developed a dynamic simulator for
use in simulating capture of the HTV by the SSRMS. An
overview of the simulator is presented in section 2. The
joint flexibility model of the SSRMS, which is needed to
finely simulate on-orbit dynamic behavior, is presented in
section 3. The contact dynamics are described in section
4. Section 5 describes how reasonable values were deter-
mined for simulation parameters to match behavior in the
simulator with the flight data. Finally, an example of the
risk is presented through a case study in section 6.

2 HTV Capture Simulator

Figure 4 shows the LEE and the GF in the simulator.
The LEE and the GF are modeled based on their actual
size, and the wire curve in the LEE is described by using
an elliptic function. Figures 5 and 6 show an overview of
the HTV capture simulator and its GUI display, respec-
tively. The LEE and the GF, as well as the dynamic model
of the HTV, use actual values. The dynamic model of the
SSRMS is presented in the following section. In practice,
an astronaut operates two joysticks and watches the mon-
itor. Therefore, this simulator reproduces the interface ac-
tually used. In addition, the display is designed to make
conducting the contact analysis and the case study easy.
The partitions in the display represent the following:

i. The relative position and velocity between the LEE
and the GF and the joint angle and velocity

ii. The values for determining the contact position be-
tween the wire and the GF to conduct the case study

iii. Buttons for changing the camera position
iv. Buttons for changing the control mode of the SSRMS
v. Buttons for initializing, starting, and stopping the

simulation
vi. A monitor for the viewing the simulation graphics

(The view angle can be changed by the camera posi-
tion button)

vii. A simulation time display
viii. A power gauge for the joystick inputs
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Figure 6. Simulator display

3 Dynamics of SSRMS

3.1 Nonlinear characteristic of joints
In depicting the motion of the SSRMS, the simulator

considers the geometric connection relations of the joints
and the nonlinear stiffness of the joint. The geometric con-
nection relations are constructed based on Figure 7 and
Table 1 [4]. Each link of the SSRMS is represented by
frame, as shown Figure 7. In Table 1,mi represents the
mass of linki; ci andI i represent the mass center location
vector in each link frame and the inertia moment matrix
of the mass center, respectively; andpi,i+1 represents the
position vector that expresses thei+1 joint location in link
framei.

Each joint of the SSRMS has nonlinear flexibility ow-
ing to low stiffness. As described in [4], based on ground
tests and on-orbit data, and neglecting hysteresis, the joint
characteristics can be represented by the following non-
linear functiong(δm):

τg = sign(δm)g(δm) (1)

g(δm) =


τ∆

∆2
δ2m |δm| ≤ ∆

Kg(|δm| − ∆) + τ∆ otherwise
(2)
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Figure 7. Joint connectivity of SSRMS
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Figure 8. Joint characteristic of SSRMS

whereKg = 1.33× 106 [Nm/rad],∆ = 9.17× 10−4 [rad],
τ∆ = 434.5 [Nm], and the twist angleδm is defined as the
motor angle minus the link angle. All joints have the same
characteristics, illustrated in Figure 8.

3.2 Modeling of flexible manipulator

We modeled the joint flexibility of the space manip-
ulator using a 2-inertia system [5]. The 2-inertia system
gives a virtual joint in which each joint has two masses
with a rigid link and a rotary motor. These are connected
by a linear torsional spring that generates elasticity by the
coupling effect. In this case, because a gear reducer be-
haves like a spring element, we used a model that could
describe the inertia of a link and an actuator. Therefore,
the motion of the SSRMS can be represented by solving
the following two simultaneous equations of motion for
the manipulator and the motor:

Ma(qa)q̈a + C(qa, q̇a) − τg(δm) = JT
eFe (3)

Mmq̈m + Dq̇m + τg(δm) = τc (4)

where

qa ∈ R7×1 : the angle of the actual joint axis

qm ∈ R7×1 : the angle of the motor axis



Table 1. Inertial properties of SSRMS [4]
i 1 2 3 4 5 6 7 8

mi [kg] 246 .66 105.98 105.98 314.88 279.2 105.98 105.98 243.66
ci [m] 0.669 0 0 3.55 3.55 0 0 0.669

0 0 -0.2316 -0.08 0 -0.337 0 0
0 0.2983 0 0 0 0 -0.404 0

I i [kgm2] Ixx = 9.336 Ixx = 12.19 Ixx = 8.088 Ixx = 15.41 Ixx = 9.522 Ixx = 8.305 Ixx = 12.13 Ixx = 9.336

Iyy = 44.413 Iyy = 12.13 Iyy = 3.061 Iyy = 2094.71 Iyy = 1966.28 Iyy = 3.061 Iyy = 12.13 Iyy = 44.41

Izz= 44.413 Izz= 3.061 Izz= 8.446 Izz= 2103.19 Izz= 1966.28 Izz= 8.386 Izz= 3.061 Izz= 44.41

Ixy = 0 Ixy = 0 Ixy = 0 Ixy = 49.52 Ixy = −39.95 Ixy = 0 Ixy = 0 Ixy = 0

Iyz = 0 Iyz = 0 Iyz = 0 Iyz = 0 Iyz = 0 Iyz = 0 Iyz = 0 Iyz = 0

Izx = 0 Izx = 0 Izx = 0 Izx = 0 Izx = 0 Izx = 0 Izx = 0 Izx = 0

pi,i+1 [m] 1.3589 0 0 7.11 7.11 0 0 1.3589
0 0 -0.5692 -0.475 0 -0.5692 0 0
0 0.7026 0 0 0 0 -0.7026 0

Ma ∈ R7×7 : the inertia matrix of the SSRMS

Mm ∈ R7×7: the inertia matrix of the motor

C ∈ R7×1 : the nonlinear velocity-dependent term of the
SSRMS

D ∈ R7×1 : the viscous damping coefficient of the motor

Fe ∈ R6×1 : the force and moment exerted on the
end-effector

Je ∈ R6×7 : the Jacobian matrix with respect to the
end-effector

τc ∈ R7×1 : the torque vector on the joints

δm ∈ R7×1 : the twist angle vector between the motor and
the link

τg ∈ R7×1 : the gearbox torque vector with respect to the
twist angle vector

The inertia matrix of the motor is represented as follows
in [4]:

Mm =


Izzη

2 0 · · · 0
0 Izzη

2 · · · 0
...

...
. . .

...
0 0 · · · Izzη

2

 (5)

whereIzz= 2.67×10−4 [kgm2] denotes the inertia moment
andη = 1845 denotes the gear reduction ratio. The value
of the viscous damping coefficient of the motor was de-
termined by means of parameter matching with the flight
data.

3.3 Control method

While operating the SSRMS, the operator observes a
relative position with respect to the GF only through the
camera on the LEE. Therefore, the SSRMS in the simula-
tor should be operated using the camera coordinate system
rather than the inertial coordinate system. For this reason,

letting Jc(qa) be a Jacobian matrix for the camera coordi-
nate system, the desired joint angular velocity vectorq̇d

a is
derived as shown:

q̇d
a = Jc(qa)+

[
vd

e
ωd

e

]
(6)

where [vd
e

T
ωd

e
T
]T denotes the desired velocity of the end-

effector for the camera coordinate system because the op-
erator determines the desired value from joysticks, (·)+ op-
erator denotes the pseudo inverse of a matrix. The desired
joint angle vectorqd

a is derived as the integral oḟqd
a, and

the joint torqueτc is given by the following PD controller:

τc = kp(qd
a − qa) + kd(q̇d

a − q̇a) (7)

wherekp andkd represent the proportional and derivative
gain matrices, respectively, and which are determined by
parameter matching.

4 Contact dynamics between wire and GF

This section describes the contact dynamics between
a wire and the GF. Because the shape of a wire-applied
force changes with time, as shown Figure 9, contact dy-
namics between a wire and the GF are complicated, in
contrast to rigid body contact. Therefore, the simulator
must finely duplicate dynamic behavior attributed a con-
tact reaction force. In general, a contact force can be di-
vided into a normal forceFn and a frictional forceF f . The
normal forceFn is defined as the linear sum of kinetic and
static elements, i.e.,Fn = Fk(δ̇) + Fs(δ). Let k be the
stiffness andc be the viscous damping. The normal force
Fn can be expressed as a function of the displacement of
penetrationδ [6]:

Fn = cδpδ̇q + kδn (8)

wherep, q, andn are constant values. Whenp = 0 and
q = n = 1, this model represents the following spring-
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Figure 9. Contact model between wire and GF

dashpot model:
Fn = cδ̇ + kδ (9)

We have focused on the contact dynamics between a
wire and the GF to capture the HTV safely. Eq. (9) was
selected as the contact dynamics model in [2], assuming
that a wire is modeled as the superposition of a beam and
a string and that its stiffnessk can be defined by the ra-
tio of their stiffnesses. The static force model used in [2]
is, however, insufficient to express the contact kinematics
between a wire and the GF. A wire would not become a
perfectly rigid body during penetration because it is de-
formed geometrically by contact with the GF. In addition,
tension was assumed to be applied to the straight shape
of the wire. However, a wire has no tension initially, and
in practice, the displacement of the GF is started from a
bowed state. In [3], these assumptions were improved
based on the results of ground experiments. The results
showed that the force observed was greater than that pre-
dicted by the simple spring-dashpot model and that it can
be approximated by a quadratic function of the following
form: Fn(δ) = Aδ2 + Bδ +C.

For further study, other factors need to be considered
as well. In the previous experiments mentioned, the load
was applied in the direction perpendicular to the ground
plane, and the reaction force was distributed laterally. In
addition, given the limited amount of experimental data
obtained less, an approximate equation was obtained by
based only on the discrete response. To derive a more
realistic and precise static force equation, we carried out
further experiments.

4.1 Experimental conditions
In our experiment, a device that fixes both ends of a

wire was set in a rigid frame. The wire used in the exper-
iment is thinner and more flexible than the actual wire on
the LEE. An overview and a schematic view of the exper-
imental devices are shown in Figures 10 (a) and (b), re-
spectively. Both of the end points of the wire are rotation
points fixed by idlers. This device is equipped with a slide
mechanism for setting the horizontal displacement of the
end point of the wire. To measure the force, the end point
is equipped with a force/torque sensor produced by Nitta
Corporation (IFS-90M31A 50-I 50). To apply the load to
a wire, we used a PA10 industrial robotic arm produced
by Mitsubishi Heavy Industry. The tip of the PA10 is also

Table 2. Wire configuration in the experiments
Lengthl 180 mm
Diameter 2 mm

Horizontal displacementw 0, 5, 10 mm
Contact positiona 70, 80, 90, 100,

110 mm (from the left end)

PA10 Force/torque
sensor

Grapple Fixture

Bowed wire

Force/torque
sensor

(a) Overview

F
l

a w

s

(b) Schematic view

Figure 10. Experimental setup for analysis
of the contact dynamics

equipped with a force/torque sensor (IFS-90M31A 50-I
50) and a rod that represents the GF. In the experiments,
we measured the reaction force of the wire with respect
to the bending displacement during static loading applied
to the bowed wire by the PA10. There was no frictional
force because the force was applied to the bowed wire ver-
tically. An OptiTrack FLEX:V100R2 motion capture sys-
tem produced by NaturalPoint was used to measure the
displacementδ. The experimental conditions for the wire
are presented in Table 2. Note that of the contact positions
between the wire and the rod listed in Table 2, the 90 mm
position is at the center of the wire.

4.2 Experimental results
The graphs shown in Figure 11 illustrate the relation-

ship between the displacementδ and the static reaction
force Fs for each condition. These graphs show that the
stiffness of the static reaction forceFs increases because
a dominant factor changes with the displacementδ. In the
cases of the 5 mm and 10 mm horizontal displacements in
particular, the stiffness change was remarkable. The stiff-
ness then started to change linearly as the wire extended
to a certain extent and reached a stable value. Moreover,
the stiffness did not change when the horizontal displace-
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(c) w = 5 [mm], a = 90 [mm]
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(d) w = 5 [mm],a = 70 [mm]
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(f) w = 10[mm], a = 70[mm]

Figure 11. Experimental measurements of wire stiffness

ment exceeded over 5 mm. Therefore, we conclude that
the static reaction force can be regarded as a superposition
of two functions.

Based on these results, we selected the following an
empirical equation:

Fs(δ) = α(e
βδ − 1)+ γδ (10)

whereα, β, andγ represent arbitrary constant parameters.
The graphs made using Eq. (10) are shown together in
Figure 11 and show that Eq. (10) represents the stiffness
change of the wire well.

Considering the characteristic of Eq. (10), constant
values for the kinetic element of the normal forceFk(δ̇) in
the simulator were set asp = 2 andq = 1, and the fric-
tional forceF f applied was represented by the Coulomb
friction model, as shown below:

Fk = cδ2δ̇ (11)

F f = µFn (12)

whereµ denotes the coefficient of kinetic friction.
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Figure 12. Trajectory of telemetry and estimation

5 Parameter matching of simulator

This section presents the matching of the undeter-
mined parameters to precisely incorporate the SSRMS
motion and the contact dynamics in the simulator. In the
matching process, we utilized the flight data used in [7],
which was estimated from the practical telemetry data of
the sensor output of the HTV and the camera images on
the LEE and the ISS.

5.1 Relative trajectory between wires and GF

In determining the values of the parameters of inter-
est, it is important to estimate where the GF contacts the
wire in the LEE, because the contact point is not filmed
by the camera. Hence, we first analyzed how far the GF
was moving with respect to the wires, using both the flight
data and the captured movie. Figure 12 (a) represents the
results plotted as a trajectory on they-z plane from 0 s to
20 s in the flight data. As Figure 12 (a) shows, the GF
started moving from the lower right to the upper left of
the curvilinear triangle at 0 s and made contact at 2.9 s and
4.8 s, respectively. In addition, the GF being fixed by the
wires can be represented by drawing a circular trajectory
inside a curvilinear triangle. Because the GF follows such



Table 3. Initial states of SSRMS and tight-
ening values of wire

SSRMS
Initial joint angle [◦]
(based on Figure 7 )



−31.87
42.73
−66.72
105.1
−178.6
−174.6
−131.5


Initial relative position
vector [m]

 −0.4760
0.013
−0.003


Initial relative velocity
vector [m/s]

 0.030
−0.012
0.008


Initial relative attitude
vector [◦]

 0.0108
0.763
0.110


wire initial angle [◦] 130

final angle [◦] 200
tightening time [s] 5

Table 4. Simulation parameter values ob-
tained by matching with flight data
α β γ c [kgs/m2] µ

0.0043 2162.2 648.6 0.83× 107 0.08
kp,i [Nm/rad] kd,i [Nms/rad] Dii [Nms/rad]

120 240 18000

a trajectory, we estimated that the GF moved as shown in
Figure 12 (b).

5.2 Result of parameter matching

When matching the behavior in the simulator with the
flight data, the contact force between the wire and the GF
was based on the empirical equation though the material
of the wire used in the experiment differs. In addition, the
initial states of the SSRMS were set to be the same as in
the flight data. The tightening time, which is the moving
rate of the end point of the wire from the initial angle to the
final angle, also uses the same values. These conditions
are summarized in Table 3. The values of the parameters
for the wire reaction forceα, β, γ, c, µ, the control gain of
the SSRMSkp, kd and viscous damping coefficient of the
motor D were determined by parameter matching.

The result of the parameter matching is shown in Fig-
ures 13 and 14. Figure 13 shows the time response of the
simulator behavior and the flight data. Figure 14 shows
successive pictures of the simulator. The simulation pa-
rameter values obtained by matching with the flight data
presented in Table 4. Figures 13 and 14 illustrate the
trends of the estimation shown in Figure 12, however the
simulator behavior has higher amplitude than the flight
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Figure 13. Time response of relative posi-
tion between LEE and GF
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Figure 14. Successive pictures of capture sequence

data. We considered that higher amplitude could be tol-
erated as the wide margin because the purpose developing
the simulator analyzes the safeness of capture operations.
Notice that the values in Table 4 do not ensure unique-
ness of the combination of parameters because the num-
ber of parameters is large and uncertainly factor may be
included. However, in terms of matching the flight data,
the numerical model simulates the relative motion of cap-
ture operation.

6 Case Study

This section describes a case study conducted exam-
ine the safeness of capturing the HTV. When an astronaut
operates a large space manipulator and captures a target
using the LEE, the criteria for the capture possibility are
defined to be whether the mission can be safely accom-
plished. If this criteria are not satisfied, a capture sequence
must be stopped immediately. The relative position and
angle in the approaching phase before the contact are de-
fined as part of the assessment that the criteria can be met,
but the relative translational and rotational velocity are not
defined explicitly. Therefore, the margin of safety of the
capture velocity with respect to the SSRMS operation ve-
locity needs to be examined.
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Figure 16. Results of case study

6.1 Case study results and discussion
We conducted a case study under the following con-

ditions.

• The matching parameters listed in Table 4 were used.
• The case study was started from the state at which

the GF was inserted into the enclosed region of the
LEE.
• In the worst case, the GF was located in a corner of

the enclosed region, as shown Figure 15.
• The curvilinear triangle began narrowing at 0 s.

In addition to the above conditions, the LEE was supplied
with an initial velocity in thez-axis direction. We then
determined the limiting initial velocity at which the GF
and the LEE could be constrained.

The results are shown in Figure 16. When the initial
velocity was less than 0.32 m/s, the LEE captured the GF
because the relative velocity between the two was 0 m/s.
However, when the initial velocity was greater than 0.33
m/s, the LEE failed to capture the GF. Therefore, for this
case study, the limiting initial velocity was found to be
0.32 m/s. This velocity is much greater than the typical
operating velocity of the SSRMS, which is 0.03 m/s.

7 Conclusions

This paper describes a dynamic simulator for the
HTV capture by the SSRMS. This simulator was devel-

oped to analyze safe capture operations and is therefore
focused on joint flexibility and the contact dynamics be-
tween a wire and the GF. An empirical equation that rep-
resents the contact dynamics was introduced based on the
results of ground experiments and was integrated into the
simulator to match its behavior with available flight data.
The simulator can contribute to the analysis of the safety
of capture conditions, as demonstrated by the case study
presented in this paper. The potential risks inherent in the
capture operation will be gradually clarified by conduct-
ing additional case studies.
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