A modular cable robot for inspection and light manipulation
on celestial bodies
S. Seriani a,1, P. Gallina a, A. Wedler b
a
b

University of Trieste, Department of Engineering and Architecture, Italy
Robotik und Mechatronik Zentrum, Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR), Germany

art ic l e i nf o

a b s t r a c t

Accepted 20 March 2016

Planetary exploration has been carried out with solitary probes since the nineteen-sixties; on the other
hand, the newly emerging paradigm for robotic exploration shows multi-expertize, complex modular
systems as necessary for efﬁcient and thorough activities. In this paper we propose a modular Cable
Driven Parallel Robot (CDPR) that is deployed by a rover, which can take advantage of its large workspace
for tasks as inspection or light manipulation. While the general deployment procedure is described, focus
is given on the CDPR; a model for the pseudostatics of the robot is formulated, as well as an analysis on
its modules stability. The workspace is then characterized using appropriate metrics. Results show that a
1 Kg payload for the end-effector is effectively feasible with substantial margin for an equilateral triangular workspace of 10 m side. Finally, several possible practical applications are illustrated.
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1. Introduction

locations. This rationale results in a system that needs to be as selfcontained as possible, to be efﬁcient and to save weight. A partial
deviation in principle is represented by landers made by an autonomous base and a rover. An example is NASA's Sojourner, part
of the Mars Pathﬁnder mission [10], in 1996–7, or the recent
Chang’e 3, with its partially successful rover Yutu [11], in 2013.
The design of rovers has thus been geared towards mere carriers of scientiﬁc instruments. Indeed, modularity in its broad
sense has seen, up to now, extremely limited practical development in the ﬁeld of space exploration, mainly for the mentioned
lack of necessity. In the last decade, though, with the prospect of
entering into a new phase of exploration – especially of Mars and
the Moon – a new paradigm is starting to take form [12–14]; one
where rovers and robots are not simple carriers, but actually
constitute and support a modular, multi-expertize environment
for complex planetary activities that can go from sample extraction, collection and processing, to the preparation of a base for
manned exploration or resource gathering [13–21].
Despite the lack of an implementation in the real space environment, there is ongoing development on the subject of integrated robotic exploration; for example, Fink et al. [22] describe
a framework for the robotic exploration of lava tubes of which
there is strong evidence both on the Moon and on Mars.
Cordes et al., with the LUNARES project [24], describe the development of a framework for collaborative robotics with the intent of lunar craters exploration; static, wheeled, and legged robots are implemented.
Modular robotics applied to celestial bodies exploration has

The exploration of planets and other celestial bodies has been,
up to this point in history, carried out by the use of small, solitary,
one-package probes [1,2]. Since the ﬁrst soft landing performed by
the Soviet's Luna 9 in 1966 on the Moon, many landers have been
deployed all around the solar system, e.g. Mars [3], Venus, even
Jupiter's moon Titan with ESA's Huygens probe [4] in 2005, or,
more recently, the partially successful landing of ESA's probe
Philae [5] on comet 67P/Churyumov–Gerasimenko. A subset of
these probes are the so-called rovers, robotic vehicles designed to
travel across the surface of planets or, more generally, unexplored,
and possibly hostile, environments. Notable examples are Lunokhod 1, deployed on the moon in 1970, which kept operating for 11
months, the mars rovers MER-A and MER-B, the latter still in operation after more than 11 years from its landing, and ﬁnally the
most recent Mars Science Laboratory (MSL) rover [6]. Future
planned rovers include ISRO's Chandrayaan-2 [7], ESA's ExoMars
[8] and Mars 2020 Rover Mission from NASA [9]. As it is clear from
reviewing all these missions, the focus is on the scientiﬁc payload
that is on-board the rover. This calls the robot to be conceived
primarily as a mobility and support structure for the several instruments that need to probe the environment in different
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been also investigated by the RIMRES [24] and ROBEX [25] projects, which describes the collaborative operations of several heterogeneous autonomous robots. In particular, a wheeled rover
with a serial manipulator is used to load, carry to target and deploy immovable modules on the ground that can contain scientiﬁc
instrumentation, experiments or other devices like radio beacons.
A supervised autonomy tele-robotics experiment [26] under
the METERON project demonstrated the use of the DLR's (Deutsches Zentrum für Luft und Raumfahrt) wheeled anthropomorphous robot Justin, for the maintenance of a solar array
deployed in a space environment.
Cable Driven Parallel Robots (CDPRs) form a class of robots that
exploit tethered mechanisms to manipulate the end-effector; in
particular, the end-effector is suspended with cables and a coordinated system of winches handles the actuation, by varying the
lengths of unwound cable. In general it is a well-known research
subject, and extensive work has been performed over the years, as
seen from [27–34]. An aspect which has seen comparatively low
attention is that of sagging cables; the general trend is to approximate the tethers as negligible-mass components. Indeed,
very few works have addressed sag by modeling cables as catenary
curves [28,33,34].
With a few notable exceptions, CDPRs have seen poor implementation in the space environment; perhaps the best example
is the NIST Robocrane, described by Roger et al. in 1993 [30].
Conversely, a topic which is very well developed in the space
industry context is that of tethered systems, particularly orbital, as
described in [35,36] or [32].
In this paper, we present a novel application of cooperative and
modular robotics to the ﬁeld of space exploration. This consists in
a series of 3 modules that, when deployed, constitute a 3-links
Cable Driven Parallel Robot (CDPR) that can perform efﬁciently
tasks which require a large workspace and a lightweight structure.
The modules themselves are arranged and deployed by a rover
equipped with a serial manipulator with a docking interface instead of a conventional gripper.
In Section 2, the system is described in detail: the module, the
end-effector and the deployment procedure are illustrated in
depth. In Section 3 a complete pseudostatic model of the robot is
presented; the stability of the modules is studied with the aid of
the stability polytopes, and the groundwork for the characterization of the workspace is illustrated. In Section 4 the results of the
analysis are reported and discussed, while in Section 5 a thorough
analysis on possible applications is described.

Fig. 1. A module of the 3-cable CDPR robot. The prism at the bottom contains the
actuator for the extendible mast and the control system. The main and secondary
stabilizers are illustrated at the very bottom, and the footprint is highlighted.

top of it, relying on friction with the ground to keep its position.
In order to coordinate the feed of the cables, a master-slaves
conﬁguration is advisable, where one module acts as the master,
and the rest as its slaves; the master module provides all of the
high-level functions, e.g. path-planning, vision, communication
with the slaves, etc., whereas the slaves themselves will perform
the lower-level functions, i.e. control of the winches, relative position control, etc.
Since the module is not ﬁxed to the ground, a fundamental
characteristic of it is its footprint, since it contributes to its stability
when loads are applied by the cables. In this paper we discuss
three different types; by looking at Fig. 1, one can see that two
pairs of stabilizers exist, the “Main” and the “Secondary stabilizer”.
These are lightweight deployable structures that widen the footprint of the module, thus making it less prone to tilting and ultimately toppling. We call “A” the situation where no stabilizer is
present, “B” where only the main ones are deployed, and “C” where
both the main and the secondary are open. It is worth noting that
the stabilizers are placed only on the side of the module and not,
for example, on the front; the rationale is that the module is
comparably thin, so the stabilizers are placed to compensate the
poor stability in the transversal direction.
The power-requirements of each modules are, for the purpose
of this paper, based on the winches used for the cables. Considering a maximum speed of 0.5ms−1, and a mass of 1Kg on the
end-effector, this translates into approximately 5 W, relative to the
worst possible load condition, in Earth gravity. Considering all
possible losses, this ﬁgure could easily grow to 10/50 W.

2. Description of the system
The system consists of 3 types of components: the modules, the
rover and the end-effector. Initially, these are separate and possibly stowed. The deployment process consists of positioning the
3 modules, and connecting the end-effector to the cables attached
to each module; this procedure is carried out by the rover.
The CDPR, as mentioned in the introduction, consists in the
3 deployed modules, which provide the active winches that operate the cables. In the following subsections the module and the
end-effector subsystems are presented. Finally, the deployment
procedure is outlined, along with a general description of the
rover.

2.2. The end-effector
The end-effector that we propose as an example in Fig. 2,
consists of a body frame on which a pan-tilt camera is mounted.
Since the component must be allowed to be disconnected from the
cables, a docking system is employed for the connection. Since the
cables should incorporate data and power transmission functions,
the docking adapters must employ a coaxial connector.
In general, the only major limitation on the characteristics of
end-effector is weight, as will become evident in the following

2.1. The module
Each base module, as seen in Fig. 1, is a device which must be
stable on rough terrain, provide structural integrity to the system,
and perform its hardware control functions. In this work we focus
on a module which is not ﬁxed to the ground, but simply lies on
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be carried around by the rover; a docking adapter is used in place
of a conventional gripper, increasing robustness in the whole
process. The same concept is used to manipulate the end-effector
depicted in Fig. 2, which carries a docking adapter as well.
In order to fully describe the various phases of deployment,
along with some possible paths of the rover, a schema is shown in
Fig. 3b. In the ﬁgure, the area to cover is shown, along with the
desired positions of the modules P1′, P2′ and P3′ , around it.
To position the modules, the rover has to drive through path
ta→tb→tc , incrementally. At this point the modules’ stabilizers
deploy.
The placement of the end-effector is substantially more complex since it involves connecting and driving a tethered component; the procedure is as follows:
1. The rover picks up the end-effector from storage, by docking it
to the arm.
2. It follows path segment td .
3. In P1′, the rover maneuvers the end-effector to connect to the
cable of module 1 through the plug visible in Fig. 2.
At this point, the rover is effectively tethered to module 1, and
the path planner must account for any constraints posed by
such connection.
4. The rover drives through segment te .
5. In proximity of P2′ it connects the cable of module 2 to the endeffector.
The rover is now tethered to both module 1 and 2. This effectively means that the path planner must coordinate the feed of
the cable of the two modules to follow the end-effector, which
is moving along with the rover.
6. The rover drives through segment t f .
7. At P3′ , it connects the end-effector to the last cable.
8. The rover undocks the end-effector.
9. The masts of the modules extend.

Fig. 2. The end-effector. The cables are connected through small lockable docking
adapters which can host an electrical connector or plug.

sections. In Section 5, we discuss some possible alternatives. In
order to determine the cables’ characteristics, the power-consumption of the end-effector is estimated in approximately 100 W
at full draw.
2.3. The cables
The cables are a central asset for the modular CDPR. Although
the aim of this paper is not to provide a detailed design for the
system, some technical insight might be useful to correctly frame
this work. Given the power requirements of the end-effector, and
considering a 48V line for the supply, the cable's linear mass can
be assumed at 0.016Kg/m , for an AWG 17 cable, with a voltage
drop of only 3.5% over 10 m. Regarding the structural strength, we
chose an aramidic ﬁber braid (e.g. Kevlar). Since the projected
maximum tension of the cables is in the order of 50N, this brings
to a minimum diameter of a mere 0.1mm , and a linear mass of
4.72E − 5Kg/m . This can be considered negligible compared to the
power-supply cables.

The CDPR is now in place and the rover can be released.

3. Model of the CDPR
The CDPR is the heart of the integrated system. In order to
analyze feasibility and performance, in the following sections, a
full analytical model is given, along with the tools to evaluate it.
For the computations regarding the pseudostatics and the
workspace analysis, the model for the cables is approximated as a
straight line with negligible mass and zero deformation. This enhances computability at the cost of some accuracy. In order to
determine the loss related to the sagging, we present as well a
catenary-based model for the cables and we compare its results

2.4. Deployment procedure
The deployment procedure consists mainly in two steps:
1. Positioning and setup of the 3 modules.
2. Connection of the end-effector to the cables' endpoints.
By referring to Fig. 3a one can appreciate how the modules can

Fig. 3. Deployment procedure. In (a) the interaction of the rover with the module is shown. The docking interface on the arm side locks itself in the counterpart on the
module and allows the module to be lifted and driven in place. In (b) the possible paths of the rover are shown as ta through t f .
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Fig. 4. Illustration of the pseudostatics scheme of the modular CDPR. The end-effector Q is suspended by the three cables of unit vectors v1,2,3, with tensions T1,2,3 to
the cable feed mechanisms located in P1,2,3 . The force F caused by gravity is applied
to Q . The module footprints are referred to the modules local coordinate systems
(x1, y1, z1) , (x2, y2 , z2 ) and (x3, y3 , z3 ) , the last two of which are not shown.

Fig. 5. View from the top of the footprints of the modules. The polygon representing the footprint is identical in the three cases, and is positioned in points
′ , with a rotation along the y1,2,3 axes of angles ϑ1,2,3 respectively. These roP1,2,3
tations generate the local frame of references (x1, y1, z1) , (x2, y2 , z2 ) and (x3, y3 , z3 ) .
Note that the shapes used for this representation are purely indicative.

with the ones given by the straight-line approximation. Along the
same line, we illustrate a model for the deformation of the cable
under tension.
3.1. Pseudostatics
The Pseudostatics of the CDPR is illustrated in Fig. 4 and consists of cables with negligible mass. The system is deﬁned by the
following governing vector equation,

F +T1v^1+T2 v^2+T3 v^3=0,

(1)

where v^i is the unit vector of the i -th cable, deﬁned as
v^i=(Pi−Q ) / Pi−Q .
Assumed the force F on the end-effector Q is known, in order
to calculate the cable tensions T1,2,3, these terms must be rendered
explicit. Eq. (1) can be manipulated into this form,

⎡ v1, x v2, x v3, x ⎤ ⎧ T1⎫ ⎧ Fx ⎫
⎪ ⎪ ⎪ ⎪
⎢v
v
v ⎥ T2 ⎬=⎨ Fy ⎬ ,
⎢ 1, y 2, y 3, y ⎥ ⎨
⎪ ⎪ ⎪
⎢⎣ v1, z v2, z v3, z ⎥⎦ ⎪
⎩ T3⎭ ⎩ Fz ⎭

Fig. 6. Stability analysis quantities. For each module i the cable tension Ti is applied
to Pi and generates momentums MT , j around the footprint polygon p1, … , n sides
unit vectors e^j . The same applies to the force of gravity m i g , which, applied to the
center of mass G i generates MG, j .

(2)

Which is of the Ax = b type, meaning it can be easily inverted
as x = A−1b; hence,

⎧ T1⎫ ⎡ v1, x v2, x v3, x ⎤−1⎧ Fx ⎫
⎪ ⎪ ⎢
⎥ ⎪ ⎪
⎨ T2 ⎬=⎢ v1, y v2, y v3, y ⎥ ⎨ Fy ⎬ .
⎪ ⎪ ⎢v
⎪ ⎪
⎩ T3⎭ ⎣ 1, z v2, z v3, z ⎥⎦ ⎩ Fz ⎭

footprint is deﬁned by the polygon of vertices p1,… ,pj ,… ,pn , where
n is the number of sides of the polygon. Note that the footprint
seen in Fig. 6 is the planar convex hull of the original footprint of
the module found in Fig. 1; this is a general requirement of the
method.
It is possible to calculate the momentum that Ti generates along
the unit vectors e^j which need to be deﬁned in a counter-clockwise
pattern, as seen in the ﬁgure. Let us call rT , j the projection of Pi−pj
on a plane for which e^ is the normal (see Fig. 6); similarly, let r

(3)

The layout of the modules is illustrated in Fig. 5. We can, at this
point, deﬁne the cable's tensions vectors, as Ti= − Ti v^i , for the i -th
module. These are applied to the cable's feed mechanism on top of
the mast of the module, that is to say, to point Pi , and can cause
the module to topple over if certain conditions are met. This will
be discussed in depth in the next section.

j

G, j

be the projection of G i−pj on the same plane. Then we have,

⎧ MT , j = r T , j× Ti
⎨
.
⎩ MG, j = rG, j× mi g
⎪

⎪

3.2. Stability polytope analysis

(4)

The condition for stability can be expressed as,

The stability of a rigid body which is placed on the ground in a
still condition, is subject to gravity and to a general external force
- , can be deﬁned as the subset of - for which the body is in a
stable condition, i.e. remains still indeﬁnitely. The main factors
that come into play are the footprint of the body, the center of
mass G position, the mass m itself of the body, the point of application of - and its magnitude. We do not consider possible
sliding of the module on the ground. These are illustrated in Fig. 6,
where, notably, - coincides to Ti (i.e. the cable tension) and the

( MT , j+MG, j ) ∙ej≤0, ∀j∈1, …,n.

(5)

As previously stated, the general requirement for which Eq. (5)
– and the relative methodology – is applicable, is that the footprint
must be a convex polygon.
In Fig. 7a possible polytope computation is visible for the three
different footprint polygons A, B and C. In this case, the external
force - is placed on a plane parallel to the ground. Where φ is the
angle between the force vector and the y axis of the module, the
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the following condition on the cables’ tensions,

Ti≥0,

(8)

which applies to Eq. (3).
Within the reachable workspace, depending on the position of
Q , P1, P2 and P3, and the force F , the values of Ti can change
considerably. One can deﬁne a manipulability workspace Wm ,
where the stability of the modules is guaranteed for each point
Q ∈Wm . As stated in Section 3.2, this is given when Eq. (5) holds.
It might be useful to deﬁne an index It to better evaluate the
closeness to tilting; if we take into consideration the moments
deﬁned in Eq. (4), we can write the following,

(

)

It Q , Pi, F , m, pj =max ( MT , j/MG, j ),

(9)

where j represents, as usual, the j -th side of the footprint polygon
pj , i the i -th module and m the mass of the module. The maximum
function is used in order to locate the highest ratio amongst those
generated around the n sides of the polygon.
The tilt index It is deﬁned in the [0, + ∞] interval, hence the
following holds,

⎧ It∈[0, 1]
Stability
⎨
.
I
1,
Instability
∈[
+
∞]
⎩ t

(10)

3.4. Catenary-based model
The general planar parametric equation for a catenary curve of
linear mass ρ , subject to a gravity acceleration of module g , can be
written [37] as,

ξ ′=
Fig. 7. Shape of the stability polytopes for different footprints pj, A , pj, B and pj, C ,
which are visible respectively on the left, in (a), (b) and (c). For each footprint three
different deﬂection angles from the horizontal plane are shown: −45°, −30° and
−10°.

(

)

(

)

(11)

where, as shown in Fig. 8, H is the horizontal constraint reaction
on the supports and is constant along the entire assembly. It is
useful to determine a “virtual” coordinate system (ξ′, ζ′), which also
mirrors (ξ, ζ ). In order to couple the mass mE , an artiﬁce can be
⌢
used where the mass of the dash-dotted segment B Ω of the catenary is deﬁned as equal to mE . Hence, this follows,

general point of the polytope is as follows,

⎛
⎞
rG, j × mgj ∙ej ⎟
⎜
ρ (φ)=min ⎜ −
⎟,
^
⎜
r T , j × Ti (φ) ∙ej ⎟
⎝
⎠

⎛ ρζ ′ ⎞ ⎞
H⎛
⎟ − 1⎟ ,
⎜ cosh ⎜
⎝ H ⎠ ⎠
ρg ⎝

Bζ ′=

(6)

⎛m g⎞
H
asinh ⎜ E ⎟.
⎝ H ⎠
ρg

(12)

^
where Ti (φ)=Ti/ Ti , and j = 1, … , n. In essence, ρ is the ratio between the stabilizing moment generated by the gravity vector, and
the toppling moment caused by - . The minimum function is used
in order to locate the smallest ratio (i.e. the less stable one)
amongst those generated by each of the n sides of the polygon. The
values can then be normalized in the 0 − 1 interval, as follows,

ρ′(φ)=ρ /max (ρ).

(7)

The ρ′(φ) value represents the minimum normalized force,
oriented along the direction given by φ , required to hinder the
stability of the rigid body. Some collections of values of ρ (φ), represented in polar form, are plotted in Fig. 7a through c, on the
right. It is important to note that this ρ is dependent on other
parameters, e.g. the center of mass G i location, and the location of
point Pi . They are not quantitatively taken in consideration in this
example.
3.3. Workspace analysis of the CDPR
Fig. 8. Catenary-based model for the cables of the CDPR. In (a), the general deﬁnitions are given, considering the end-effector as a mass mE suspended by cable
̅ ). The cylindrical symAB . The straight-line model is shown as comparison ( AB’
metry of the three-cable system is represented by the vertical linear constraint on
point B and B’ . In (b) the forces acting on B′are shown.

When viewed from above, the reachable workspace Wr of a
3-link CDPR subject to gravity has a triangular shape with the
vertices coincident with the cable anchor points. This is a result of
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Furthermore, Aζ′ can be computed, since, in this instance, the
distance AB projected on ζ is a starting parameter. The remaining
coordinates of points A and B are determined as follows,

Bξ′
A ξ′

⎛
H
m g⎞
cosh ⎜ asinh E ⎟−1
=
⎝
ρg
H ⎠
,
A ζ′ ρg
cosh
=
−1
H

Table 1
Fixed parameters for the CDPR robot. Note that the value Q z denotes the height in
the z -direction at which the workspace is computed. Gravity is assumed equal to

g =9.81ms−2.

(13)

Finally, the coordinates can be transformed as (ξ′, ζ′)⟶(ξ, ζ ). It
is important to note that the model is not explicit (see Eqs. (11)–
(13)), and requires a certain amount of numerical computation.
Ultimately, this formulation allows to compute the error between the models, which consists in the distance εy , as follows,

εy, s=εξ =ε ξ ′= B−B′ .

Parameter

Value

Unit

mmodule
mend − eff

20
1

Kg

F

[ 0 0 − 9.81 ]
0

N
m

Qz
Pi

P1= [
P 2= [

0
5

0
3 ]
10 cos (π /6) 3 ]

P 3= [ − 5 10 cos (π /6) 3 ]
pj |A

(14)

p1= [ − 0.09 0.5 0 ]
p 2= [

0.09

p3= [

0.09

p4 = [ − 0.09

pj |B

3.5. Deformable cable model
Given that the length of the cables can reach large values, we
show how this effect can impact accuracy. Leaning on elasticity
theory, we see that the elongation of a cable is ΔL i=Ti L i,0/τ , where
L i,0= Q − Pi , and τ = Ek Sk+Ecu Scu , with Ek and Ecu being Young's
modulus of Kevlar and copper respectively. Sk and Scu are the
cross-sectional areas for the two components. Finally, using the
straight-line model, one can compute the error,

εy, d=

( Li,0 + ΔLi )2 −

Q − Pi

2
x

− L i,02 − Q − Pi

2
x

.

0.5 0 ]
0

0 ]

0

0 ]

p1= [ − 0.49 0.5 0 ]
p 2= [

0.49

0.5 0 ]

p3= [

0.49

0.4 0 ]

p4 = [

0.09

p5= [ − 0.09

0

0 ]

0

0 ]

p6= [ − 0.49 0.4 0 ]
p7= [ − 0.49 0.5 0 ]
pj |C

(15)

p1= [ − 0.49 0.5 0 ]
p 2= [

0.49

0.5 0 ]

p3= [

0.49

0.4 0 ]

p4 = [

0.29

p5= [ − 0.29

0

0 ]

0

0 ]

p6= [ − 0.49 0.4 0 ]
p7= [ − 0.49 0.5 0 ]

4. Results and discussion
visible in Fig. 10; it is relative to the height of Q z =0 and shows the
stability conﬁguration along the entire working area. The deepblue area outside the central triangle is considered forbidden because the system would not be stable. In fact, should the end-effector lay there, a situation in which at least one of the cable
tensions Ti would be negative. Since this cannot happen because of
the structural nature of the cables, that location cannot be – at
least statically – reached.
Quantitatively, at this height the robot is very stable, with a
maximum value of It , max=0.31; in fact, approximately 77% of the
area in the central triangle pertain to the interval between It =0.2
and It =0.3. In Fig. 11 it can be seen how the stability and workspace
morphology changes in response to different heights of the endeffector Q . In particular, in the last row of the grid, it is clear that
the workspace erodes very fast, approaching the 2.5m level. This is
due to the structural and geometrical characteristics of the CDPR;
sure enough, the cables' tensions rapidly grow to a level where the
momentums generated on the modules are so high that stability is
compromised in at least one module.
Up until now we have considered cables with negligible mass.
Conversely, Fig. 12 shows the results of the comparison between
the catenary- and straight-line based models. This particular
conﬁguration corresponds to the one where the end-effector is in
the center of the triangular workspace shown in Fig. 11 Fig. 10. A
certain amount of sag in the cable exists, which causes a raise in
the height of the end-effector. Given the value ρ given in Section
2.3, the geometry shown in Fig. 10 and a height of 3m from the
end-effector to the top of the mast, a discrepancy ϵ y, c =0.081m or,
relatively to the width of the workspace, εy, c,%=0.8% .
It can be shown that, for the same conditions, the error between the straight-line and the deformable-cable models is
ϵ y, d=0.009m , or εy, d,%=0.08% relative to the width of the workspace.
We ﬁnd that the small size of the relative errors fully justiﬁes
the approximate straight-line model highlighted in Section 3.1.

Since It is, in general, a very high dimension hypersurface, a
completely coupled analysis would be impractical, impossible to
visualize and computationally too expensive. It is though convenient to slice It along some of the most interesting dimensions,
namely the conﬁguration of angles ϑ1, ϑ2 and ϑ3. Let us deﬁne a
general angle ϑ*. In order to simplify the partitioning, we assign
the following constraints,

ϑ1=ϑ*
ϑ2=ϑ*−π /3 .
ϑ3=ϑ*−2π /3+ϑ3

(16)

The other parameters are ﬁxed and their values are summarized in Table 1.
By means of Eqs. (3), (4) and (9), it is possible to deﬁne the
values of It (Q ,ϑ*) for every Q ∈Wm ; if Q is selected always at the
same height from the ground, this produces a set of surfaces
S (ϑ*)=⋃It (Q ,ϑ*),∀Q ∈Wm , one for each value of ϑ*. It is then possible
to discretize ϑ*=0, …, 2π , in order to analyze the impact the angle
ϑ* has on the workspace morphology and index. For example, we
can deﬁne the following quantity,

(

)

It, max ( ϑ*)=max S ( ϑ*) ,

(17)

which can be determined for each and every ϑ*. The values are
plotted in Fig. 9 for the three footprint conﬁgurations A, B and C,
visible in Fig. 7 and deﬁned in Table 1.
By looking at the curves, it is immediately apparent how conﬁguration A is the least stable, with the majority of angular positions ϑ* resulting in tilting or toppling ( It >1) for the parameters
used in this setup. Conﬁgurations B and C show, instead, good
stability for every angular position, while the global minima of It is
reached by conﬁguration C at ϑ*best≅0.6π , with It (ϑ*best )≅0.3.
A map of the workspace deﬁned by the stability index It is
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5. Applications
As mentioned in the introduction, if complex structures or arrays of constructs are deployed on the surface of celestial bodies
like Mars or the Moon, steps must be taken towards making
maintenance and inspection of these systems possible and efﬁcient. Automating these tasks is of paramount importance even in
case of a manned presence, since extravehicular activities are
generally to be avoided wherever possible.
Let us consider a possible solar panel array. Since size is, in this
case, directly proportional to energy production, the ground area
should conceivably be very large. The modular CDPR presented in
this work could provide an affordable and efﬁcient mean to inspect this structure, as illustrated in Fig. 13. Furthermore, as the
last two decades of exploration on Mars with Pathﬁnder, MER-A,
MER-B and MSL rovers from NASA demonstrate [38–40], dust
deposition over time is a major problem. To mitigate this, the
modular CDPR, equipped with a simple wiping device, could be
used for the removal of the dust.
Regarding this particular application, the DLR tackled the problem with an approach [26] based on a wheeled anthropomorphous robot called Justin which could perform both the
inspection and maintenance of the system. However, this procedure is very complex in relation to the task to be carried out,
especially regarding inspection activities. Perhaps a joint approach
would be more efﬁcient, where the modular CDPR acts as the inspection device, and the wheeled robot as the manipulation and
maintenance system. This would limit very much the overall
complex activity of the latter, increasing the global efﬁciency.
A very promising concept for a possible base on Mars or the
Moon is inﬂatable structures [17–19]; one major issue for these is
the structural integrity of the shell. Frequent inspections by rover
or other conventional device (or even manned) would be hard,
especially on the top portions of the dome. The modular CDPR
could be deployed around the dome and provide fast inspection
capabilities to the most inaccessible parts of the structure.
Celestial body ground geological surveys seek a collection of
samples from large extensions of the surface to provide a representative set. This, in turn, requires a close-up investigation of
potential sampling locations [21], which can be very inefﬁcient
and time-consuming with a conventional rover. A modular CDPR
could allow a ﬁrst inspection of a large surface (e.g. around 100m2
referring to Table 1) with relative ease. Furthermore, since the
modules can be moved by the rover even when the robot is assembled, a simultaneous collaborative approach can be envisioned: the rover collects samples on the area previously surveyed
by the CDPR, while, in the meantime, the CDPR surveys a neighboring area. The iteration of this process can, in principle, allow
covering very large planetary surfaces.
Along the same lines, the CDPR could be exploited for the exploration of lava tubes [22], as visible in Fig. 14, either through
simple visual inspection or as a deployment system for small rovers. Furthermore, some craters show very steep walls, which pose
the same challenges [23] to exploration. In fact, in Fig. 9 one can
see that a conﬁguration where the load is lower than the ground
level (such as is the case of any depression) has a very low tilting
index It , max , which would increase stability of the modules and the
overall payload capacity.
As a last application example, the modular CDPR could be used
as an efﬁcient means of transport between the modules of a robotic or manned base, without the need to erect complex and unreconﬁgurable structures.

Fig. 9. Characterization of the tilting index. The top plot shows the relation between the angle ϑ of the modules and the tilting index It , max for the different
footprints. The discretization steps are δϑ =2π /1000 and δx=δy ≅0.47m . The bottom
plot shows It , max (Q z ) . Discretization is δx≅0.17m , δy ≅0.15m and δQ z ≅0.06m .

Fig. 10. Map of the workspace of the modular CDPR at ground level. The angular
position of the modules is ϑ*=1.384π . Spatial discretization of the domain is, in this
case, δx=δy =0.01m . (For interpretation of the references to color in this ﬁgure, the
reader is referred to the web version of this article.)

Moreover, the two errors act in the opposite directions, with the
cables' sagging contributing to a general increase in the height of
the end-effector, and the deformation of the cables to a comparable decrease.
Finally, one should consider that, while the cables indeed add
mass to the suspended portion of the robot, the tension acting on
the top of the masts tends to be directed downwards by both the
sag of the cable and its deformation. This has a positive effect on
the stability of the modules.

6. Conclusion
In this paper, a complex deployable and reconﬁgurable
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Fig. 11. Mosaic of the conﬁgurations of the workspace at varying heights from the ground. Note that the color red represents It ≥1 (instability) – and is in fact used as a
threshold – while blue stands for It =0 (stability). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 12. Comparisons between the catenary-based and the straight cable model.
The coordinates are relative to the workspace map in Fig. 10.
Fig. 14. Application of the modular CDPR to the exploration of lava tubes on celestial bodies. The end-effector shown is in the form of a pan-tilt camera system.

modular CDPR was designed for space exploration on celestial
bodies. The architecture is composed of three standalone modules,
an end-effector, and a rover with a robotic manipulator. In Section
1, literature on the broad subject of rovers for space applications is
reported, as well as on the subject of modular robotics and cable
robots in the same ﬁeld. In Section 2, the deployment procedure is
illustrated in detail, and the main sub-systems were described in
depth. A complete model of the CDPR was presented in Section 3,
taking advantage, among others, of the stability polytopes of the
modules; this was used to perform a preliminary workspace
analysis and to show the main design parameters, as illustrated in
Section 4. Possible applications are discussed in Section 5, speciﬁcally in the ﬁeld of visual inspection and light manipulation. For
example, a setup for inspecting a large solar panel array (in the

Fig. 13. Application of the modular CDPR for the maintenance of a large grounddeployed solar array.
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order of 100m2) is described; furthermore, the system is exploitable to investigate lava tubes and possibly as a deployment
device for smaller rovers in these natural structures.
In accordance with the review of literature, our work indicates
that modular or hybrid robotics shows increasing potential in
tackling the challenges posed by space exploration in a context of
long-term presence.
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