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Abstract
A currently relevant topic is the development of on-orbit servicing missions designed to repair, refuel or deorbit non-co-
operative spacecraft. For this purpose, it is possible to use space robotic systems composed of a main platform and one or 
more robotic arms. In this paper, the capacity of a dual-arm robotic system to manipulate and to deorbit a generic target will 
be analyzed. For this purpose, a mixed Kane–Newton multi-body model will be implemented; this model will allow to switch 
automatically from an open-chain configuration (target captured via a single robotic arm) to a closed-chain configuration 
(target captured via both robotic arms) and vice versa. The flexibility of the joints of the system and the flexibility of the 
components of the robotic arms will be considered in the model. The system will be properly sized to operate the deorbit-
ing of the target. Under the hypothesis of planar motion, numerical results will be presented to validate the model and to 
demonstrate the correct sizing of the system.

Keywords On-orbit servicing · Space robotic system · Deorbiting · Multi-body model

1 Introduction

The presence of disused satellites and other artificial debris 
in orbits of scientific and commercial interest, such as LEOs 
and GEOs, is a more than ever relevant threat to future space 
missions [1]. Possible solutions to such an issue consist in 
capturing these orbiting objects with the scope to repair, refuel 
or deorbit them. Recent on-orbit servicing (OOS) and future 
DEBRIS REMOVAL missions currently under development 
confirm the growing interest in this field [2–5]. In [6], many 
possible technologies for active debris removal (ADR) tasks 
are analyzed; the most promising one involves the use of 
robotic space manipulators (RSM) composed of a main plat-
form and one or more robotic arms. Literature about these 
issues is very broad and several multi-disciplinary aspects are 

involved. Robotic arms in space have been extensively used 
for assembly, inspection and maintenance of the ISS in a tele-
operated way [7]. One of the missions where an autonomous 
system was used to capture a non-cooperative target via robotic 
arms is detailed in [8]. A preliminary OOS mission analy-
sis and design is presented in [9], including the preliminary 
phases of far-range and close-range rendezvous with the tar-
get; robotic arms are used to capture the target and to install 
an apogee motor on the target with the aim of deorbiting the 
target. Another approach is presented in [10], in which the 
post-capture manipulation phase is conducted by means of two 
robotic arms with flexible elements in order to lead the target 
towards a docking interface mounted on the main platform. 
The methods most commonly used in literature to study such 
systems are the multi-body approaches of Newton and Kane 
[11, 12]. In [13, 14], the problem of the safety of the capture-
phase is addressed with particular attention to contact dynam-
ics between the end-effectors of the RSM and the target, while 
in [15], a method to establish the unknown inertial parameters 
of the target is discussed. In [16, 17], the flexibility of the 
joints of the RSM is modeled; the elasticity of the joints is 
primarily caused by the use of harmonic drives, i.e. a type of 
gear mechanism that is becoming increasingly popular for use 
in terrestrial and space robotic applications [18]. In [19], it is 
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discussed how to operate the robotic arms, which captured the 
target, during the orbital transfer of the system.

The first goal of this work is to realize an analytical/numeri-
cal model that allows to switch automatically from an open-
chain configuration (target captured via a single robotic arm) to 
a closed-chain configuration (target captured via both robotic 
arms). This model allows to develop a specific manipulation 
strategy of the target and includes disturbing effects like flex-
ibility of the components of the robotic arms (links flexibility), 
joints flexibility and gravitational effects on system compo-
nents. The second goal of this work is to discuss the control 
of the closed-chain configuration during the orbital transfer of 
the coupled system (RSM plus target). The ability of the RSM 
to deorbit the target will be also demonstrated by assuming 
that an apogee motor is equipped to the main platform and 
by properly sizing the system to avoid an excessive elastic 
deformation of the links.

The paper is organized as follows: in Sect. 2, a general 
RSM will be defined from a kinematic and from a dynamic 
point of view, in Sect. 3, control strategies for the main plat-
form and for the robotic arms will be presented, in Sect. 4, the 
RSM of interest and the different phases of the mission will 
be introduced, while in Sect. 5, numerical results, obtained 
through in-house codes developed in Matlab, will be showed 
and described.

2  Kinematic and Dynamic Model

In this paper, an RSM is considered as composed of a main 
platform and two robotic arms, each composed of three links. 
This implies that each robotic arm has three degrees of free-
dom. Figures 1 and  2 represent the system in open-chain con-
figuration and in closed-chain configuration, respectively. Each 
arm component (link) is connected to the others by revolute 
joints. The connection between the terminal link of each arm 
and the target is modeled via a revolute joint with a limited 
rotational freedom to simulate the presence of a robotic wrist 
characterized by a mechanical limit [20]. An inertial refer-
ence frame (XI , YI) with origin in Earth’s center of mass and 
a body reference frame (Xi, Yi) for each body of the system 
are considered to define the equations of motion. Links flex-
ibility is taken into account under the hypothesis of flexural 
beams; the modal decomposition technique is used to define 
the elastic displacement wi of a generic point of the i-th link 
[21]. In particular:

with �i local coordinate with respect to the i-th body frame, 
t time, Nm,i number of modal shapes considered for the i-th 
link, Aj,i and �j,i j-th modal amplitude and j-th modal shape 
of the i-th link, respectively.

(1)wi(�i, t) =

Nm,i∑
j=1

Aj,i(t)�j,i(�i),

A mixed Kane–Newton formulation is implemented to 
define the system dynamic equations in closed-chain con-
figuration; more details about Kane’s method are reported 
in the Appendix of the present work. Two sets of kinematic 
variables are introduced to describe the state of the overall 
system: the first set q

m
 contains the minimum number of 

variables associated with the degrees of freedom of the RSM 
while the second set X

T
 contains the variables of the target. 

The set q
m
 , under the hypothesis of bidimensional motion, 

contains position and attitude angle of the main platform 
with respect to the inertial reference frame, joint angles of 
the RSM and modal amplitudes of the links while the set X

T
 

contains position and attitude angle of the target with respect 

Fig. 1  Generic multi-body open-chain configuration. One arm is 
connected to the target while the other arm is free. The connection 
between first arm and target is modeled like a revolute joint. �

J,k is the 
k-th joint angle. It is important to underline how in this figure each 
arm is composed of two links while we are considering a RSM with 
three links for each arm

Fig. 2  Same generic multi-body closed-chain configuration. Both 
arms captured the target; both connection points are modeled like 
revolute joints
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to the inertial reference frame. It is possible to define the 
global set of variables Y  containing both q

m
 and X

T
 . In 

detail, Y  contains 24 variables in this work: 12 rigid varia-
bles (positions, attitude angles, joint angles) and 12 elastic 
variables (modal amplitudes) assuming to consider two 
modal shapes for each link of the system. The joints flexibil-
ity is modelled by coupling the i-th joint gear-motor with the 
i-th joint angle by means of a system consisting of a tor-
sional spring and a damper like reported in [16–18]. For this 
reason, the i-th joint angle �J,i and the rotation angle of the 
output shaft of the i-th gear-motor �m,i become distinct vari-
ables, as observable in Fig. 3. So it is necessary to write 
separately the dynamic equations of RSM and the dynamic 
equations of joint gear-motors; in detail, the dynamic equa-
tion of the i-th joint gear-motor is:

with Bm,i moment of inertia of the i-th motor seen from the 
output shaft, �m,i control torque provided by the i-th gear-
motor, Km,i and Cm,i stiffness and damping parameters of the 
i-th coupling system, �J,i i-th joint angle.

After writing the translational and rotational equations 
and the elastic equations for each body of the system, not 
reported here for the sake of brevity (see [21] for details), 
and projecting the equations of RSM into Kane’s space, it 
is possible to write the dynamic equations of the coupled 
system as follows:

(2)Bm,i�̈�m,i = 𝜏m,i − Km,i(𝜃m,i − 𝜃J,i) − Cm,i(�̇�m,i − �̇�J,i),

(3)
[
JTMJ 0

0 MT

]
Ÿ = −

[
JTMJ̇ 0

0 0

]
Ẏ +

[
JT (V + F

ext
)

V
T
+ F

ext,T

]
+

[
u
m

0

]
+

[
JTWEE

WT

]
R
cl
,

with J Jacobian matrix of the RSM, M and MT mass matrices 
of the RSM and of the target, respectively, V  vector con-
taining non-linear and elastic terms of the RSM, F

ext
 vector 

containing external forces and torques acting on the RSM 
(including gravity gradient torques and gravitational forces), 
V
T
 and F

ext,T
 the same for the target. The term u

m
 can be 

subdivided as follows:

with u
B
 control forces on the main platform, u

e
 projection of 

the control torques acting on robotic arms on the modal base 
and u

J
 defined as follows:

with Km and Cm diagonal matrices containing stiffness and 
damping parameters related to joint flexibility, �

J
 vector con-

taining all joint angles of the system and �
m
 vector contain-

ing all gear-motor angles of the system. It is important to 
underline that joint angles do not directly “see” the action of 
the control torques provided by joint motors due to joint flex-
ibility. Finally, R

cl
 is a vector containing the reaction forces 

between RSM and target at the connection points, while 
WEE and WT are matrices that project these reaction forces 

(4)u
m
=

⎡
⎢⎢⎣

u
B

u
J

u
e

⎤
⎥⎥⎦
,

(5)u
J
= −Km(𝜃J − 𝜃

m
) − Cm(�̇�J − �̇�

m
)

Fig. 3  Flexible joint representation

Fig. 4  Reaction forces between 
target and terminal links of 
RSM. R1,R2,R3 and R4 are the 
inertial components of R

cl

into dynamic equations of RSM and target, respectively. In 
Fig. 4, the inertial components of these internal reaction 
forces acting on the system are represented; in detail, it is 
possible to observe that the reaction forces acting on the tar-
get is equal and opposite with respect to those acting on the 
last links of the RSM due to the action–reaction principle.

It is possible to rewrite (3) in the following compact way:

(6)MgŸ = CẎ + NL + u +WR
cl
.
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 Writing (2) for each gear-motor in a compact form and 
considering the coupling with (6) we obtain the following 
system of dynamical equations:

with Bm diagonal matrix containing the moments of 
inertia of the joint motors seen by the output shafts, �m 
vector containing the control torques provided by the gear-
motors, Y∗ vector containing both Y  and �

m
 . To define the 

unknown vector R
cl

 , it is necessary to introduce the kine-
matic compatibility equations; these equations ensure the 
connection between RSM and target [10]. It is possible to 
write them in algebraic form as:

or in differential form as:

with the matrix A and the vector B defined as follows:

Combining Eqs. (6) and (9), it is possible to obtain the vec-
tor of reaction forces:

 Note that to avoid numerical instability problems, it is pos-
sible to apply the Baumgarte stabilization method (BSM) 
to the compatibility Eq. (9) replacing the vector B with the 
vector:

with � and � real positive scalars here chosen as in [22, 23]. 
Supposing to have a closed-chain configuration, it is possible 
to simulate the release by one of two robotic arms operating 
on the terms R

cl
 and �

T
 with consequent passage to an open-

chain configuration. In closed-chain configuration, each of 
these terms contain 4 scalar inputs, 2 for each connection 
points. By setting to zero, the two terms corresponding to 
one of the two connection points the constraint condition 
disappears and the motion of the corresponding terminal link 
becomes independent from that of the target. In the same 
way, it is possible to switch from an open-chain configura-
tion to a closed-chain configuration by imposing the pres-
ence of the two terms corresponding to one of the two 

(7)
[
Mg 0

0 Bm

]
Ÿ
∗
=

[
C 0

0 0

]
Ẏ
∗
+

[
NL

𝜏
m

]
+

[
u

−u
J

]
+

[
WR

cl

0,

]

(8)�
T
(Y) = 0,

(9)AŸ = B,

(10)

⎧⎪⎨⎪⎩

A =
𝜕𝜙

T

𝜕Y

B = −
𝜕A

𝜕t
Ẏ

.

(11)R
cl
= [A M−1

g
W]−1[B − AM−1

g
(CẎ + NL + u)].

(12)B∗ = B − 2𝛼�̇�
T
− 𝛽2𝜙

T
,

connection points. This imposition is realized after the ful-
fillment of two “IF conditions” regarding relative position 
and velocity of the end-effector with respect to the desig-
nated capture point.

3  Control Strategies

To ensure correct pointing of the apogee motor of the main 
platform during the orbital transfer phase, it is necessary 
to develop an appropriate attitude control strategy on the 
main platform. The control torque �B required for the attitude 
control of the main platform is provided by a set of momen-
tum exchange devices. The control law here considered is a 
simple proportional-derivative (PD) control law:

 with kp,B and kd,B proportional and derivative control gains, 
�B and �̇�B attitude angle and inertial angular velocity of the 
main platform respectively, �des

B
 and �̇�des

B
 desired attitude 

angle and angular velocity of the main platform, respec-
tively. To control the relative position and velocity of the 
end-effectors with respect to the target during the capture 
phase, to manipulate the target and to vary the position of 
the system center of mass (COM) in closed-chain configu-
ration, it is necessary to control the robotic arms by means 
of joint motors. It is important to remark how the control 
torques provided by joint motors do not act directly on the 
joint variables due to joint flexibility. To this aim, a Jacobian 
transpose control law (JTC) is used [10, 24]. In detail:

with �
m,j

 part of �
m
 relative to the j-th arm, �̇�

J,j
 the same for 

�̇�
J
 , Kp,j and Kd,j diagonal matrices containing proportional 

and derivative control gains, respectively, e
EE,j

 position and 
attitude errors of the j-th end-effector with respect to desired 
conditions and JEE,j Jacobian matrix of the j-th end-effector, 
defined in order to relate the state of the j-th end-effector to 
the joint angles of the j-th robotic arm. In both cases, the 
desired conditions will be chosen fixed when it is necessary 
to keep fixed the system configuration or time-varying with 
polynomial law when it is necessary to reach a desired sys-
tem configuration [10].

4  System Sizing and Mission Details

The inertial parameters of the base, the target and the links 
of the system are taken from [2, 25, 26]. These parameters 
are represented in Table 1. The 6 links (3 for each arm) have 
all the same properties; base and target have a cubic shape 

(13)𝜏B = −kp,B(𝜃B − 𝜃des
B

) − kd,B(�̇�B − �̇�des
B

),

(14)𝜏
m,j

= −Kp,jJ
T
EE,j

e
EE,j

− Kd,j�̇�J,j,
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for which the table refers to the length of the side. While 
we can assume the center of mass of the base coincident 

with the geometric center of the base, it was supposed that 
the center of mass of the target does not coincide with the 
geometric center of the target. We can suppose, during the 
manipulation and orbital transfer phases, constant inertial 
parameters for each body of the system. Moreover, under 
the hypothesis of bidimensional motion, we can consider 
only the moment of inertia with respect to the out of plane 
axis Jz,i.

The links are characterized by a hollow square section. 
They are modelled as flexural beams. It is worth to note that 
to apply the modal decomposition technique, to describe the 
elastic displacement of the links, it is necessary to evaluate 
a proper modal base with the relevant natural frequencies 
in advance (see Eq. 1). For the present study, two differ-
ent modal bases have been considered. One will be used 
to describe the dynamics of the “internal links” both in 
open-chain and in closed-chain configuration and one to 
describe the dynamics of the “external” ones in open-chain 
configuration. In detail, pinned-pinned (PP) end conditions 
are applied to the internal links, while pinned-free (PF) end 
conditions are applied to the external ones for the evaluation 
of the modal shapes. In Table 2 are reported natural frequen-
cies of the links in both cases considering two modal shapes 
for each link.

The sizing of system actuators is realized on the basis 
of [27–29]. In Table 3 the maximum control torque pro-
vided by momentum exchange devices of the base �max

B
 , 

thrust T and specific impulse Isp of the apogee motor of the 
base are reported. In Table 4 the maximum control torque 
provided by each joint gear-motor �max

m,i
 and the parameter 

related to joint flexibility for each joint Bm,i,Km,i and Cm,i 
are represented.

4.1  Initial Conditions and Mission Phases

Starting from an inital condition in which the target is cap-
tured by one robotic arm and out of the operating space 
of the second arm, the following mission phases will be 
analyzed:

– target transport into the operating space of the second 
arm through the motion of the first arm.

– capture by the second arm.
– target manipulation and COM alignment to the thrust 

direction to avoid misalignment problems during the 
orbital transfer phase.

– orbital transfer phase.

Referring to the last phase, the COM of the system is sup-
posed on an equatorial circular orbit of altitude 700 Km at 
time zero; the goal of the orbital transfer phase is to con-
duct the system on an equatorial circular orbit of altitude 
300 Km to release the target causing its deorbiting due to 
atmospheric drag.

5  Numerical Results

5.1  Transport of the Target within the Operating 
Space of the Second Arm

First, it is necessary to conduct the target into the operating 
space of the second robotic arm starting from the initial con-
dition represented in Fig. 5a. To carry out this manoeuvre, it 
is necessary to bring the end-effector of the first robotic arm 
towards a predefined desired position through the JTC law 
previously introduced. This phase is realized using a desired 
trajectory for the end-effector with the aim of bringing the 
end-effector in the desired position with zero final velocity. 
During this phase, the second robotic arm is also controlled 
with the aim of preparing it for the capture of the target. It is 
important to reach a rest condition at the end of this phase 

Table 1  System inertial parameters

Body Mass (Kg) J
z,i(Kg m

2) Length (m)

Base 300 200 2
Target 400 600 3
Link 36.49 7.23 1.5

Table 2  Natural frequencies of 
the links

Boundary 
conditions

f1 (Hz) f2 (Hz)

PP 30.16 120.64
PF 47.12 152.68

Table 3  Base actuators 
parameters

Parameter Value

�max
B

(Nm) 12
T (N) 180
Isp (s) 270

Table 4  Joint actuators 
parameters

Parameter Value

�max
m,i

 (Nm) 80
B
m,i (Kgm

2) 0.12
K
m,i (Nm/rad) 40000

C
m,i (Nms/rad) 0.002
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before carrying out the next phase of capture in a safe mode. 
On account of this, it was chosen to perform this manoeuvre 
in ten minutes operating a subsequent maintenance phase 
of 10 min.

The selection procedure of the control gains is extremely 
important due to the strong coupling between multi-body 

dynamics, control system, links flexibility and joints flex-
ibility. Fig. 6 represents the absolute velocity of the end-
effector of the second robotic arm during this manoeuvre in 
two different cases. In (a) and in (c) is reported what hap-
pens when the control gains are selected, through a trade-
off analysis [30], ignoring the flexibility of the robotic 

Fig. 5  Motion of the sys-
tem during the first phase of 
manipulation: a represents the 
initial condition, c represents 
the final condition with the 
target into the operating space 
of the second robotic arm

Fig. 6  Absolute velocity of the second end-effector during the first 
phase of manipulation. In a and in c what happens selecting the gains 
ignoring the elasticity of the robotic arms, in b and in d what happens 

modifying the gains taking into account this aspect. In a and in b full 
trends in both cases, in c and in d zoom details to better understand 
the previous trends in both cases
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arms: during the maintenance phase this variable starts to 
diverge preventing the achievement of a rest condition. In 
(b) and in (d) is represented what happens when the selec-
tion of the control gains is performed considering flexibile 
links and joints: the velocity of the second end-effector 
decreases during the maintenance phase so a rest condi-
tion is reached.

In Fig. 5, the motion of the system during this phase is 
represented (from the initial condition (a) to the final con-
dition (c)) showing the goodness of the control law once 
correctly sized the control gains. Figures 7 and 8 represent 
the coordinates of first and second end-effector, respectively, 
with respect to the main platform center of mass, confirm-
ing the achievement of a queit condition after the phase of 
maintenance.

It is interesting to observe the behavior of the attitude 
angle of the target in Fig. 9: the target reverses its direc-
tion of rotation when the mechanical limit of the robotic 
wrist is reached and the attitude angle therefore remains 
within a certain range; this behavior is obtained thanks to 
the application of a Bistop function to the joint between 
the robotic arm and the target to limit the relative rotation 
between them.

5.2  Target Capture via the Second Robotic Arm 
and Target Manipulation

The goal of the second phase is to reach a suitable con-
figuration for the orbital transfer. First, it is necessary to 
capture the target via the second robotic arm switching from 
an open-chain to a closed-chain configuration: the model 
presented in Sect. 2 allows to make this step from a numeri-
cal point of view. Starting from the configuration reached at 
the end of the first phase and assuming the end of the first 

phase as time zero, Fig. 10 represents the relative position 
between the second end-effector and the designated capture 
point of the target in terms of coordinates with respect to 
the main platform center of mass. After an initial approach 
phase, there is the capture and the relative distance between 
end-effector and capture point tends to zero confirming the 
functioning of the model and the achievement of a closed-
chain configuration.

Figure  11 represents the entire second manipulation 
phase: after the capture in (a), there is a repositioning of 
the target with respect to the main platform via both robotic 
arms in (b); then the first arm is detached and repositioned 
with respect to the target using the previous model to switch 
again from a closed-chain configuration to an open-chain 
configuration in (c) and finally there is the new capture by 

Fig. 7  Coordinates of the first end-effector with respect to the body 
reference frame of the main platform during the first phase of manip-
ulation

Fig. 8  Coordinates of the second end-effector with respect to the 
body reference frame of the main platform during the first phase of 
manipulation

Fig. 9  Attitude angle of the target during the first phase of manipula-
tion
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the first robotic arm in a new designated capture point of 
the target in (d).

5.3  COM Alignment and Target Deorbiting

Before performing the transfer orbit, it is necessary to align 
the center of mass of the system to the thrust direction to 
avoid misalignment problems: if this is not done, by ignit-
ing the motor, the system starts to rotate and we should 
counteract this behavior via the attitude control system. If 
the attitude control system saturates, there is the loss of the 
desired thrust direction. In fact, the apogee motor mounted 
on the main platform has got a fixed thrust direction, so it 
is necessary to move the robotic arms to align the center of 
mass of the system to the thrust direction with an iterative 
procedure: assuming the end of the second phase as time 
zero, Fig. 12 shows the time history of the center of mass of 
the system in terms of coordinates with respect to the main 
platform center of mass during the alignment phase. The 
coordinate along y-direction tends to zero confirming the 
alignment in less than 200 s.

Let us now consider the last phase of the manoeuvre. It 
is possible to perform an Hohmann transfer orbit divided 
into two phases: an elliptic phase plus a circularization 
phase. This work focuses on the analisys of what happens 
to the entire system configuration during these phases and to 
verify the correctly sizing of the system actuators with the 
aim to avoid manoeuvre problems or an excessive elastic 
deformation of the links. Ideally the configuration should be 
maintained frozen during thrust intervals to avoid the impact 
between the main platform and the target and to mantain 
the alignment between COM and thrust direction previously 
reached; this is the approach that is followed in this paper. 
Fig. 13 represents the second and third joint angles of the 
first arm during the transfer orbit. It was chosen to refer only 
to these variables for the sake of brevity; all other variables 
have a similar behavior. The perturbances that are observable 
in Fig. 13 are due to the thrust (first perturbance corresponds 
to first thrust interval, second perturbance to second thrust 
interval) and imply a little variation of configuration when 
the thrust is turned on: joint motors try to counteract the 
action of the thrust to avoid relative motion between main 
platform and target but saturate as observable in Fig. 14. At 
the same time, to avoid this problem, joint motors should be 

Fig. 10  Relative distance between second end-effector and designated 
capture point of the target in terms of coordinates with respect to the 
main platform center of mass during the second phase of manipula-
tion

Fig. 11  Motion of the system 
during the second phase of 
manipulation. There are several 
shifts from open-chain configu-
ration to closed-chain configura-
tion and vice versa to reach the 
desired final configuration. The 
end of the previous phase was 
assumed as new zero time

Fig. 12  Coordinates of the center of mass of the system with respect 
to the center of mass of the main platform
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oversized but attention must be paid to links elastic defor-
mation. Figure 15 represents the elastic deformation of the 
second and third links of the first robotic arm; it is interest-
ing to observe that when the thrust is turned on, there is an 
instantaneous deformation of these links (almost static since 
the vibrations are dampened very quickly). These deforma-
tions are completely acceptable and do not compromise 
the integrity of the links: this is because, accepting a small 
configuration change, the effect of the thrust is not fully dis-
charged on the elastic deformation of the links. Figure 16 
represents the altitude of the system: the orbit reached after 
the manoeuvre is not perfectly circular; however, its very 
small eccentricity can be considered acceptable for conduct-
ing the mission succesfully. Misalignment problems due to 
variation in the configuration when the thrust is turned on 

are limited and do not prevent to properly perform the mis-
sion. Once the target orbit is reached, the target is released 
by the RSM: Fig. 17 represents the trajectory of the target 
with respect to the RSM expressed in coordinates in the 
LVLH (local vertical local horizon) reference frame of the 
main platform. The target moves away from the RSM after 
the release and the RSM can be safely manoeuvred to be 
returned to the operational orbit.

6  Conclusion

This work focused on the multi-body modelling of a dual-
arm space flexible manipulator with the aim to demon-
strate the capability of this system to capture, manipulate 

Fig. 13  Second and third joint angles of the first robotic arm during 
the orbital transfer phase

Fig. 14  Control torques provided by second and third gear-motors of 
the first robotic arm during the orbital transfer phase

Fig. 15  Elastic deformation of second and third links of the first 
robotic arm during orbital transfer phase

Fig. 16  Orbital altitude of the COM of the system
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and deorbit a generic target through numerical simula-
tions. This system was composed of a main platform and 
two robotic arms, each with three degrees of freedom. A 
multibody model was developed to describe the dynam-
ics of the system both in open-chain configuration (tar-
get captured via a single robotic arm) and in closed-chain 
configuration (target captured via both robotic arms). 
The peculiarity of the proposed model is that it allows to 
switch from open-chain to closed-chain configuration and 
viceversa using simple “IF conditions” from a numerical 
point of view. This model was tested developing a par-
ticular strategy of manipulation; in detail, the system was 
in open-chain configuration and the target was out of the 
operating space of the second robotic arm at time zero. 
This strategy allowed to reach the desired final configura-
tion switching repeatedly from open-chain to closed-chain 
configuration and viceversa during the same simulation 
campaign. This final configuration was chosen with the 
aim to deorbit the target through the apogee motor of the 
main platform avoiding misalignment problems. Moreo-
ver, the capability of the system to deorbit the target was 
demonstrated: the system was sized to provide the required 
ΔV  to lower the altitude of the target while joint motors 
were sized to keep the desired configuration during the 
transfer phase avoiding impact between the main platform 
and the target; also, the magnitude of the thrust has been 
sized to avoid excessive elastic deformation of the com-
ponents of the robotic arms. Finally, it was considered 
flexibility of the joints of the system and it was observed 
that it is very important to correctly size control gains to 
avoid control instability due to the visco-elastic coupling 
between joint gear-motors variables and joint variables.

Future developments could deal with the extension of the 
model to the tridimensional case. It would be necessary also 

to carry out a robustness analysis to avoid problems due to 
measurement errors, communication delay and uncertain-
ties about inertial parameters of base and target. Another 
possible development could be a strategy to refuel or repair 
the target.

Appendix

The aim of this appendix is to provide more details on the 
use of Kane’s method for multi-body modelling of a RSM. 
Starting from the Newtonian state vector of the RSM X

m
 and 

by defining the minimum set of the Lagrangian variables q
m
 

(already introduced in Sect. 2), it is possible to define the 
Jacobian matrix J which relates the time derivative of the 
former to that of the latter:

Deriving Eq. (A.1) we can obtain:

Without considering the coupling with the target and the 
presence of control actions, the system of the Newtonian 
dynamics equations of the RSM can be written in the fol-
lowing form:

with R
m

 vector containing the internal reaction forces 
exchanged between the links of the RSM and Wm matrix that 
projects such reaction forces into the dynamics equations. 
Combining the Eqs. (A.2) and (A.3) and premultiplying the 
left and right ends of Eq. (A.3) by the term JT , we obtain the 
dynamics equations of the RSM as follows:

It is possible to demonstrate that the Jacobian matrix is the 
null space of the matrix Wm , for which:

On account of this, we can rewrite the (A.4) in the definitive 
Kane’s form:

Considering the presence of control actions and using a 
mixed Kane–Newton approach to include the coupling 
between the RSM and the target, we obtain the Eq. (3) 
described in Sect. 3. In short, the most important advantages 
offered by the Kane’s formulation are:

(A.1)Ẋ
m
= Jq̇

m
.

(A.2)Ẍ
m
= J̇q̇

m
+ Jq̈

m
.

(A.3)MẌ
m
= V + F

ext
+WmRm

,

(A.4)JTMJq̈
m
+ JTMJ̇q̇

m
= JT (V + F

ext
) + JTWmRm

.

(A.5)JTWm = 0.

(A.6)JTMJq̈
m
+ JTMJ̇q̇

m
= JT (V + F

ext
).

Fig. 17  Trajectory of the target with respect to the RSM after the 
release
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– the use of a minimum number of variables and dynamics 
equations for the RSM with consequent advantage from 
a computational point of view.

– the absence of the internal reaction forces of the RSM 
in the dynamics equations with consequent absence of 
internal compatibility equations (which would be neces-
sary to determine such unknown reaction forces).
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