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Abstract A new remote manipulator based on cable-driven
parallel mechanism (CDPM) is designed for space long-
distance operations (e.g. space capture/docking and other
long-distance space activities) in this paper. By controlling
the cables and thrusters which are equipped on the manipula-
tor simultaneously, the new remote manipulator can achieve
expected position, linear velocity, and angular velocity. The
new manipulator has a larger controllable workspace com-
pared with usual CDPMs. The structure and characteristics
of this manipulator are discussed in this paper. The volume
and characteristics of the workspace are also discussed. The
influence of the distance on the static equilibrium is stud-
ied. The simulation results show that the workspace of this
new manipulator is larger than usual CDPM’s. The results
also indicate that the cable forces and thruster vectors can
completely constrain the manipulator and meet the require-
ments of space activities. The results of the simulation also
show that the controllable workspace of the manipulator is
not continuous at some regions. Hence, trajectory planning
is necessary.

Keywords Space operation - Cable-driven remote manipu-

lator - External thrusters - Static equilibrium - Workspace

1 Introduction

Over the past few decades, robots have played an increas-
ingly important role in space activities and missions. The
space robots (space remote manipulator system), such as
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Canadarm, Dextre, and ETS-VII [1], have been a cru-
cial element in all space construction activities and other
space missions. The space missions currently being planned
by space agencies around the world, like Orbital Express
mission of the U.S. Defence Advanced Research Project
Agency (DARPA) [2] and the ConeXpress Orbital Life
Extension Vehicle (CXOLEV) of Orbital Recovery [3], show
an increase in the number of robots.

Manned space docking of space assembly, on-orbit ser-
vicing of failed or failing spacecraft, and remote operation
of space maintenance are the main areas for the application
of space robotics. Approach, posture adjustment and cap-
ture are the main common tasks of space activities. These
tasks are usually conducted in a serial of remote manipula-
tions and considered as the most risky space actives because
the space robot and target not only have to match up at the
right time and right position, but also have to be oriented cor-
rectly with respect to each other, with relative velocity and
acceleration components near to zero. Some specific space
robots have been developed in the past for these tasks: (1)
Rigid body space robots Canadarm and Canadarm?2 have
been used in space activities for many years [4]. Dextre
developed by Canada had been launched in 2007 and now is
used to perform maintenance tasks. European Robotic Arm
(ERA) [5] developed by European Space Agency (ESA) and
JEMRMS [6] developed by Japanese Space Agency are also
applied to constructing the International Space Station. ETS-
VII involved the capture of a target satellite using a chaser
satellite equipped with a robotic arm. The robotic capture was
performed while the two satellites were still tied using the
latching mechanism [7,8]. In the framework of this mission,
future work is also discussed for a non-cooperative satellite
[9]. NASA developed the first humanoid robot (Robonaut 2)
for space tasks [10]. Other new rigid body space robots can
be found in [11,12].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11370-016-0197-2&domain=pdf

278

Intel Serv Robotics (2016) 9:277-287

(2) Tethered space robot

Basically, the space robotics mentioned above are rigid
robotic arms equipped with a chaser satellite (or spacecraft).
It must be noted that a risk assessment or collision probability
exists in these developments. Recently, many researches paid
more attention to Low-Impact Docking Systems. Because
of the benefits of the cable/tether, the field of space tethers
received much considerable attention in recent decades. The
benefits of cable/tether compared to rigid robotics include the
following features: (1) flexible and low impact. (2) Saving
the mass and dimension of the manipulator. (3) Increasing
effectiveness in terms of the area-time-product and (4) being
reusable and returnable. Various conducting tether configu-
rations have been studied and their de-orbiting performances
have been assessed by several authors [13-15]. However,
these researches about the remote manipulators are based
on cables/tethers focused on in-plane manipulation (in-plane
payload capture).

Long-distance operations based on cables/tethers for
ground applications are very common, like object transporta-
tion to environments inaccessible by aerial robots [16,17] and
boom [18]. But very few papers pay attention to the applica-
tions of on-orbit space operation. The boom docking system
based on cables (tethers) is the leading approach for remote
space operation (as shown in Fig. 1) [19]. Three or even more
cable booms are engaged to have better control over the tar-
get. An on-orbit capture concept was proposed in [20] based
on tether-net system. One other tether-net system was also
proposed in [21].

For the special requirements of those space activities,
the remote manipulators or space robots have three main
characteristics: (1) a larger controllable workspace, (2) a
smaller mounting space which is limited by the size of space-
ship/space station and (3) a minimized number of thrusters.

In this work, we present a novel concept of long-distance
space manipulator based on cable-driven parallel mecha-
nism (CDPM). By controlling the cables/tethers and thrusters
which are equipped on the manipulator, we can adjust the
position and orientation of the manipulator.

Section 2 introduces the concept of the remote manipula-
tor and presents the mechanics of this remote manipulator.
Section 3 presents the critical phases and mechanism of a
typical space mission which completed by the new manipu-
lator. Section 4 studies the influence of the distance between
the manipulator and spaceship on the workspace. Section 5
concludes our work.

2 The configuration and mechanics
2.1 The configuration of the remote manipulator

Normally, the space manipulators are activated by chaser
satellites. The common chaser satellites have such charac-
teristics as heavy weight and large size since the satellites
are always equipped with many thrusters and a large amount
of fuel. In the design of the new space manipulator, we
replace some thrusters with cables or tethers, and adjust the

Fig. 1 The boom docking system (adapted from Ref. [19])
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Fig. 2 The design and configuration of the new manipulator

position and orientation of the manipulator by controlling
cables/tethers and thrusters simultaneously. Instead of fuel,
the solar cells provide energy for the motors of the manip-
ulator. Thus, the mass and size of the manipulator can be
significantly reduced to a minimum level.

Usually, a fully constrained CDPM robot requires (n + 1)
(n is the DOFs of the end-effector) cables to fully constrain
the end-effector (moving manipulator) [22]. The robot needs
alarge overhead space to constrain all DOFs [23]. The under-
constrained CDPM does not require large overhead space.
But the manipulator of under-constrained CDPM preserves
(6 —n) DOFs since only n (n < 6) geometrical restrains are
enforced, which is pointed in [22]. So we introduce exter-
nal thrusters to constrain the DOFs that the manipulator
preserved. The proposed novel manipulator is illustrated in
Fig. 2. The motors and power of the manipulator are mounted
on spaceship (or space station). The major characteristic of
the under-constrained CDPMs consists in the intrinsic cou-
pling between kinematics and statics (or dynamics). Hence,
geometrico-closure and static-equilibrium must be simulta-
neously solved. Furthermore, because the actual pose of the
platform depends on the applied work load and external force,
investigating equilibrium stability is necessary.

2.2 Problem formulation

Similar to the analysis of usual under-constrained CDPM,
the spaceship (space station) can be regarded as the base
of CDPM, and the manipulator can be treated as the moving
end-effector. A base coordinate system C p is to be placed on
the spaceship (or space station). The base points of the manip-
ulator b}g, b%, b3B, el b’é are all fixed on the spaceship
(space station) and contained within the same plane (Zg = 0)
relative to base coordinate system C g. A moving coordinate
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Fig. 4 The placement position of the thrusters

system C 7 attached at O which is the center of the manipula-
tor. The moving points of the manipulator a}w, ajzw, el a]’},l
are all fixed on the manipulator and contained within the same
plane. We placed two pairs of jet-thrusters on the manipula-
tor (as shown in Fig. 3). One pair of jet-thrusters is parallel
to the x-axis of coordinate system Cjps and the other pair
of jet-thrusters is parallel to the y-axis of coordinate system
C pr. One thruster is to be placed at the bottom of the mov-
ing platform (as shown in Fig. 4). Obviously the external
thrusters can be placed in other position, and the placement
of the external thrusters influences the workspace and con-
trollability of the manipulator directly. We will discuss this
problem in our later works.

The origin of moving coordinate system C ys with respect
to base coordinate system C p is represented by the position
vector r = [x0 Yo 2,17, while the orientation of moving
coordinate system C py with respect to base coordinate system
C p isrepresented by the rotation matrix R € SO(3). Vectors

a’M (i =1,2,...,n) represent the position vectors of the
cable attachment points ajw (i =1,2,..., n) with respect
to coordinate C j7. Vectors b’B (i=1, 2, ..., n)denote the

location of the cable exit points at the base coordinate C p.
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Vectors tﬁw (i =1, ... 5) represent the position vectors of
the thruster attachment points tziw (i =1,...5) with respect
to coordinate C . f, and m, are desired force and moment,
respectively.

The homogeneous transformation matrix describing the
pose of the manipulator is given by

Xo
2o
0 1

Note that the rotation matrix R follows the Xog — Yo — Zo
fixed-angle parameterization for {Y, 9, ¢}.

The wrenches that the cables imposed on the manipulator
can be expressed as the following form after normalization:

w.c—l by —Ray, —r
ay, x (bl —Ray, —r

i =7 )i|(i=1,2,3,4) 2)

The wrenches that the external thrusters imposed on the
manipulator take the following form:

_Rel .
r_ ] _
Wi | Rt!), x Rel:| (=13 ©
[ Re> .
r_ 2 _
Wi _Rt’” X Rez] (=24 “)
[ Rej .
t 3
w, = _OX R83:| (l —5)7 (5)

where e; = [1,0,0]”, e = [0, 1,0]” and e3 = [0,0, 1]7.
2.3 Cooperative manipulation

The analysis for n-cables-5-thruster manipulator in this paper
is an illustration for the design concept of the remote manip-
ulator. We will make the following simplifying assumptions
for this case:

(1) The manipulator is ahomogeneous, planar object and the
center of mass lies in the plane of the three pivot point.

(2) The mass of the target is sufficiently small that the manip-
ulator is able to move the object.

(3) The target does not need to flip during manipulation,
restricting the orientation to |Y| < 7, [0] < 7, and
o] < % (v, 0, ¢ are rotation angles about X, Y, and Z
axes, respectively).

The thruster can only provide force along the direction of
the thrust vector, so we can deal with the thruster as a kind of
special cable which can provide positive and negative cable
force. And the general static equilibrium can be expressed as

@ Springer

Wdes = Adex A, (6)

where Wy, = — [ fe me]T is the resultant force and
wrench that the cables and thrusters acting on the manip-
ulator. Ages = [w§ ... w§ w} ... wi] is the wrench
matrix associated with the driving cables and thrusters,
A= [M R R An+5]Tisthecabletensionandthruster
thrust vector,and X; i =1, 2, ..., n) > 0.

3 Phases and mechanism of a typical space mission
using the cable-driven thruster-embedded
platform

A typical space mission is conducted in a series of operations
of manipulator. Some of operations such as rendezvous and
docking are performed by the chaser satellite or spacecraft,
while others such as operation and service are performed by
a robotic arm or tool of the chaser satellite or spacecraft.
The normal phases of a typical space mission which is com-
pleted by common space robots have been discussed a lot in
many works [24-26]. In this paragraph, we will describe the
normal phases of a typical space mission by using the new
remote manipulator and deduce the algorithms to generate
the motion for the manipulator.
(1) Drift orbit of the spaceship

First, the spaceship needs to enter the same orbit as the tar-
get. This phase is called drift orbit. In this phase, the spaceship
is usually within a distance of 5-10 km of the target. Action
in this phase includes acquiring the information of the tar-
get and achieving the necessary position and velocity with
respect to the target. Actions and operations in this phase are
mainly completed by the spaceship, as seen in Fig. 5.
(2) Discharge of the remote manipulator

After the spaceship completed its drift orbit phase, the
spaceship discharges the remote manipulator, as seen in
Fig. 6. The remote manipulator is mainly guided and nav-
igated by the absolute navigation aids. In this phase, the

(‘ mothership

target '@

Fig. 5 Drift orbit of the spaceship
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Fig. 6 Discharge of the remote manipulator and long-range ren-
dezvous

attitude and velocity match between the manipulator and tar-
get is not a very important factor. Operations in this phase
are performed by the thrusters.

(3) Long-range rendezvous

In this phase, the manipulator had discharged from the
spaceship, and usually is within a distance of 300 m to 5 km
of the target (as in Fig. 6 shown). Actions in this phase
include acquiring and updating the information of the tar-
get, achieving the necessary position, velocity, and angular
velocity with respect to the target for the subsequent short-
range rendezvous. But similar to the phase of discharge, the
attitude and velocity match between the manipulator and tar-
get is not a critical factor.

Based on the pose of the target frame Cr (see Fig. 6), a
Cartesian acceleration vector is generated in the base frame
C p to progressively reduce the distance between the manip-
ulator and target. The translation part of the long-Range can
be modeled as

‘jdes = faes/m. )

where iﬂm is the desired acceleration, d ;. is the desired
translation distance, f;,, is the resultant force (desired
wrench), and m is the mass of the manipulator.
(4) Short-range rendezvous

The short-range rendezvous starts when the manipulator
gets within 300 m of the target. This phase is active for dis-
tance from 300 m to several meters (as Fig. 7 shown). In this
phase, the manipulator has to control not only the distance
but also the relative attitude with respect to the target. The
operation has to be controlled via sensing the relative posi-
tion, attitude, and velocities of the target directly. Owing to
the limitation of cables/ tethers, the trajectory of the manip-
ulator must be restricted. In this phase, the adjustment of
manipulator is completed by the thrusters and cables. The
desired distance between the manipulator and target is con-
trolled by the translational degrees of freedom that move the

cables

manipulator

Fig. 7 Short-range rendezvous

manipulator forward and backward. The translational motion
can be computed from

djes = Ryry — Rrrr, (8)

where Ry and Rp are the rotation matrices representing
the orientation of the manipulator frame C y7, and the target
frame Cr with respect to the base frame C g, respectively,
r p is the position of the manipulator frame expressed in the
base frame, and rr is the position of the target relative to
the base frame. The attitude adjustment of the manipulator
in this phase uses two rotational degree of freedom and is
generated using

R(Y)R(9) = R/ Ry, )

where Y, 9 are rotation angles of the manipulator.
(5) Attitude adjustment and station keeping

After completing the phase of short-range rendezvous, the
manipulator orients itself toward the target. The goal of this
phase is to position the target in the center of the workspace
of capture tool. During this phase, the manipulator is in very
close proximity of the target such that the target is within the
reach of the capture tool or arm (as in Fig. 8 shown). In order
to avoid any collisions, the manipulator has to ensure that
it is in a safe trajectory and attitude before attempting any
capture operations. Actions of the manipulator in this phase
must be strictly controlled by the thrusters and cables. If the
manipulator may damage the target, the cables can drawback
the manipulator and adjust its attitude or position in a safety
distance.
(6) Capture

This phase is the core step of the mission. The operation in
this phase involves touching between the manipulator and tar-
get, so it requires a timely cooperation of the control systems
in both the manipulator and the target. In this phase, as shown
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Fig. 8 Attitude adjustment and station keeping

cables
., manipulator

Fig. 9 Capture

in Fig. 9, the manipulator’s robotic arm or tool approaches the
target and grasps it. During capture, the manipulator makes
a final closing and physical contact with the target through a
docking interface. As a result, the manipulator and target are
rigidly connected together. After capture, the motion of the
target is completely controlled by the manipulator, and the
subsequent operation starts.
(7) Returning

In the returning phase, the spaceship pulls back the cables
and drives the target flying toward the spaceship. When the
target is in a very close proximity to the spaceship, the manip-
ulator starts to control its velocity and attitude (as shown in
Fig. 10). After the cables are totally driven back, the manip-
ulator will be fixed at the spaceship again.

3.1 Equilibrium configuration and cable length

Controlling the length of the cables/tethers is an important
task for the cable-thruster manipulator. First, the cable length

@ Springer

mothership

Fig. 10 Returning

is elongated or shortened to meet the requirements of the
manipulation. Second, the cables must be in tension during
the manipulation to prevent twine.

If all cables are in tension, there are four geometrical con-
straints imposed on the manipulator:

. 12
P=ld —b| i=1...4 (10)

12:’

For the given position r = [xp Y, 2o]¥ and orientation
R (v, 8, ¢) of the manipulator, the cable length should be:

=

V-Rv.0.0d +r| (=124 D

Finding the equilibrium configuration is also an important
task to ensure that the manipulator is under control at current
position and orientation. The method to solve the equilib-
rium configuration problem is similar to the method in [27].
Because the orientation and position of the manipulator are
assigned, each column vectors wf (i=1,2,...,n) and
wl’. (i=1,2,3,4,5)of Ages can be got from Egs. (2)—(5).
The equilibrium configuration can be achieved if and only
if there exists at least one set of cable tension vectors that
satisfies (A; i = 1, 2, ..., n) > 0). We can get the cable
tension vectors as follows:

Step. 1 Choose a set of k vectors (k < n + 5, and k depends
on the degree of the manipulation) from the column
vectors of A .s. Use the k vectors to form an k x k
matrix G.

Step. 2 Ensure that rank(G) = k.

Step. 3 Determine vector A; as follows:

A= G_lwdes (12)

Step.4 if A; (. = 1,2,...,n) > 0and D A # 0( =
1,2, ..., n +5), the configuration satisfies the
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Fig. 11 Flow chart of the equilibrium configuration analysis algorithm

force-closure condition, and the manipulator can be
controlled by the cables and thrusters.

The procedures are shown in Fig. 11.
3.2 Workspace and performance index

The static equilibrium can be used to find the cable forces
and thruster forces which drive the manipulator to achieve
the desired position and orientation. Suppose the resultant
force and wrench is:

Wyes = [F1 Fa F3 My My M3)" (13)

The workspace of the remote manipulator will be charac-
terized by the set of points where the center of mass of the
manipulator can be positioned while all cables are in tension.
A pose is in the workspace where there exists at least one
set of positive cable tension that achieves static equilibrium
while resisting the desired wrench W .

The performance indexes of the manipulator indicate the
subspaces of the workspace in which the manipulator per-
forms better. This problem can be solved by checking the
condition number of A ;s or A;es. The condition number k
is defined as

gl
K (Ades) = —, (14)

Os

and itis the ratio of the largest singular value o to the smallest
singular value o5. The singular value is the square root of

the eigenvalues of AdexAges and AZESAM. The condition
number ranges from:

l1<k<o0 (15)

The matrix Ag.s is well-conditioned when the condition
number approaches 1, and this means the manipulator is far
from singularities and easy to operate.

4 Case studies and simulation results

Based on the design configuration and algorithm presented
above, an analysis of the new remote manipulator is per-
formed. The configuration of the remote manipulator is
as shown in Figs. 2 and 3. A program is created for the
workspace analysis. The simulation results are presented in
this section. The parameters include the connection points of
the base, the moving platform, and the thruster (as shown in
Table 1). Due to the lengthy computational time, the step size
was fixed as 1, the search for possible workspace volume was
confined to the region of (—50 < xp < 50, =50 < yo <
50, < zp < 1000). Once the parameters of the manipulator
are selected, the program checks every point in the volume
to see if the cables and the thrusters yield tensions and forces
when the manipulator is positioned at each point of the pos-
sible workspace (according to actual condition, we limit the
cable force and thrust force in [0, 1000N]).

4.1 Influence of the distance on the reachable workspace
volume

Because the special configuration of the manipulator, the
distance between the manipulator and spaceship plays a cru-
cial role on the equilibrium capability of the manipulator.
With the intention to assess the influence of the distance
on the equilibrium capability, we performed several com-
putational simulations. In the first scenario, we assume the
manipulator needs to equilibrate a desired translational force
thies =[F, F, F3000]". Suppose the orientation of the
manipulator is ¥ = 0,0 = Oand ¢ = 0. The relation-
ship between reachable workspace and distance is shown
in Fig. 12. From the plots it can be observed that the manip-
ulator presents a good performance and can equilibrate the
desired force W Clles easily in current orientation. The distance
between manipulator and spaceship has limited effect on the
translational performance of the manipulator.

In the second scenario, we assume that a moment W(21 s =
[000 M; 00]” acting on the manipulator. The initial pos-
ture of the manipulatoris Y = 0,9 = 0 and ¢ = 0. Theresult
is as shown in Fig. 13. In Fig. 13, it can be observed that the
distance between the manipulator and spaceship has signif-
icant influence on the volume of the reachable workspace.
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Table 1 The parameters of the

remote manipulator Connect points Unit (mm) Connect points Unit (mm)
al [40, 60, —57.5] b* [—130, —138.5, —57.5]
a* [—40, 60, —57.5] r! [0, 60, 0]
a’ [40, —60, —57.5] 12 [0, =60, 0]
a* [—40, —60, —57.5] = [40, 0, 0]
b! [—130, 138.5, —57.5] I [—40, 0, 0]
b? [50, 138.5, —57.5] 1 [0,0, —57.5]
b [50, —138.5, —57.5]
Fig. 12 The volume of the 7=100
reachable workspace versus the 7-axis 40
distance (Wyes = W) ) , 40
1000 Y-axis
0 0
3 -40 -40
600
-40 0 40
X-axis
Z=1000
200
40 40
0 5k Y-axis
0 0
-40 -40
-40 0 40
X-axis
Fig. 13 The volume of the 7=100
reachable workspace versus the Z-axis
distance (Wyes = W3,) 40
1000
0
J -40 ‘
600 I T ——
-40 0 40
X-axis
Z=1000
200
0
-50

The manipulator can equilibrate the desired moment W(zi os
in some areas, but not all. Apparently, the distribution of the
workspace is not continuous.

4.2 Influence of the distance on the dexterous workspace

Dexterous workspace is an important issue in the process of
design of robot. This property indicates the global charac-
teristics with respect to manipulability of the robot and is
based on its kinematics and geometry. In order to study the
influence of the distance between manipulator and spaceship

@ Springer
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X-axis

on the dexterous workspace, a computational simulation is
carried out by using the 4-cable-driven remote manipulator.

In order to generate the dexterous workspace, we sup-
pose the manipulator is fixed at a certain position and divide
the three-dimensional ¥ — § — ¢ dexterous workspace into a
series of subworkspaces. Then a numerical searching method
based on the inverse kinematics is adopted to determine the
value of the subworkspaces. Because there are three angular
variables, some simplifications are made with the purpose to
keep the analysis simple. Thus, we restrict the angular vari-
able ¢ to zero. Furthermore, in the simulation performed,
the position component of z-axis is the only position vari-
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Fig. 14 The volume of the
dexterous workspace versus the
distance (Wges = W1,

Z-axis .
1000 7
800 {
600
400

200

Fig. 15 The volume of the
dexterous workspace versus the
distance (Wyes = W¢21 o) 1000

Z-axis

800

600

400

200

-60

able which is considered. Hence, the position components
of x-axis and y-axis are restricted to (x = 0, y = 0). Same
as the reachable workspace analysis, two sets of wrenches
are considered. In the first scenario, we assume that the
manipulator needs to equilibrate a desired force W(lj s =
[F; F, F3000]7. Figure 14 is the result of the dexterous
workspaces with respect to different z-axis position. By ana-
lyzing Fig. 14, it can be observed that the distance has limited
effect on the rotational performance of the manipulator. As
the manipulator moves from z = 10 to z = 1000, the vol-
ume of the dexterous workspace has changed very little. In
most areas of the workspace, the manipulator can equilibrate
the desired force. In the results of Fig. 14, a significant char-
acteristic can be observed that there are many singularities
exist inside of the dexterous workspace. The distribution of
the workspace is not continuous in some peculiar areas.

In the second scenario, we assume that the cables and
thrusters need to supply a moment W [lles =—[000M;00]"
on the manipulator which drives the manipulator to achieve
the desired posture. The influence of the distance on the dex-
terous workspace can be seen in Fig. 15. From Fig. 15, it
can be observed that the volume of the dexterous workspace

60
0-axis

-60

60
0 -axis

-60

Y-axis

7Z=500

60 60
9-axis
0 0
-60 -60
60 0 60 '

Y-axis

60 0 60

increases as the manipulator moves from z = 0 to z = 1000.
The manipulator can equilibrate the moment W}i s 1N SOME
peculiar subspaces, especially when z > 100. By analyzing
Figs. 14 and 15, we can know that the dexterous workspace
of the manipulator is not continuous.

In this section, we present an analysis of the influence
of the distance between manipulator and spaceship on the
volume of reachable workspace and dexterous workspace.
These studies can evaluate the equilibrium stability of the
new remote manipulator. The results show that the manip-
ulator has excellent translational capability and rotational
capability about z-axis. But the plots of the result also indi-
cate that the manipulator still preserves some DOFs in some
subregions of the workspace.

4.3 Performance indexes

The performance indexes with respect to the position of the
remote manipulator are given in this section. After the remote
manipulator moved through each point in the workspace
the translational performance index can be calculated for
the entire workspace. The translational performance index
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Fig. 16 Condition number k versus x and y

Condition number

Fig. 17 Condition number k versus Y and

is displayed in Fig. 16. From Fig. 16, it can be observed that
the condition number increases as the manipulator moves
from the center of x-y plane to the border of x-y plane. The
manipulator has a better performance around the center of
x-y plane. With the similar method, after the manipulator
rotated through each angle at a certain position, the rota-
tional performance index at this point can be calculated for
the entire dexterous workspace. The result of the performance
index is displayed in Fig. 17. By analyzing Fig. 17, it can be
observed that the rotational performance index increases as
the manipulator rotates itself from orientation Y = 0°, 9 = 0°
to orientation Y = 60°,0 = 60°. Hence, the manipula-
tor presents a superior performance around the orientation
Yy=0°6=0°.

5 Conclusions

In this paper, we present a new design of remote manipu-
lator based on the CDPM for space activities. In the design
of the new space manipulator, we replace some thrusters of
usual space manipulators with cables or tethers and adjust the
manipulator by controlling the cables/tethers and thrusters

@ Springer

simultaneously. Because the new remote manipulator is
equipped with less thrusters and carries less amount of fuel,
the mass and size of the remote manipulator can be sig-
nificantly reduced to a minimum level. The critical phases
of a typical space mission completed by the new remote
manipulator is also presented in this paper. Mechanics of the
manipulation, including the cooperative manipulation prob-
lem, equilibrium configuration problem and workspace, are
also be considered in this paper.

As far as the feasibility of the new remote manipulator is
concerned, a 4-CDPM with five external thrusters is taken
as an example for the analysis of the new remote manip-
ulator. The influence of the distance between manipulator
and spaceship on the equilibrium capability of the manipu-
lator is studied. The volume of the reachable workspace and
dexterous workspace are studied too. The simulation results
show that the manipulator has excellent translational capabil-
ity and rotational capability about z-axis. With appropriate
placement of external thrusters, the new remote manipula-
tor can keep static equilibrium in workspace. The distance
between the manipulator and spaceship has limited effect
on the performance of the manipulator. But the results also
indicate that the manipulator preserves some extra DOFs in
some subregions of the workspace. In these subregions, the
posture of the manipulator depends on the work load and
external force. The plots of the simulations show that there
are many singularities in the workspace. Hence, trajectory
planning is necessary.
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