N
N

N

HAL

open science

Stability in the Reconfiguration of Cable-Driven Parallel
Robot Using Multiple Mobile Cranes

Hor Tan, Rizal Muntashir, Latifah Nurahmi, Bambang Pramujati, Ari Kurniawan,

Unggul Wasiwitono, Stéphane Caro

» To cite this version:

Hor Tan, Rizal Muntashir, Latifah Nurahmi, Bambang Pramujati, Ari Kurniawan, et al.. Stability in the Re-
configuration of Cable-Driven Parallel Robot Using Multiple Mobile Cranes. IEEE Access, 2024, 12, pp.14182-

14193. {10.1109/ACCESS.2024.3355134). <hal-04980973)

HAL Id: hal-04980973
https://hal.science/hal-04980973v1

Submitted on 6 Mar 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-04980973v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Stability in the Reconfiguration of Cable-Driven
Parallel Robot Using Multiple Mobile Cranes

Abstract: This paper presents a stability analysis based on the Zero Moment Point (ZMP)
concept during the reconfiguration of a Cable-Driven Parallel Robot (CDPR) using three
mobile bases. Each mobile base can be driven forward and backward, and it has a crane
that can be moved up and down, to which a cable connected to the end effector is attached.
The ZMP should stay within the designated support boundaries to prevent the robot from
tumbling. Therefore, the next positions of the cable exit point are changed by applying
two reconfiguration schemes to the robot: (I) changing the mobile base position and (II)
altering the crane length. Kinetostatic models of both reconfiguration schemes are formu-
lated such that the wrench matrix can be computed to find the cable tension. A fifth-degree
polynomial test trajectory is defined so as to be followed by the end-effector. When execut-
ing a prescribed trajectory, the sequence of the mobile base position and the crane length
are optimized by continuously considering the robot stability based on ZMP. Without re-
configuration, the mobile cranes cannot handle high cable tension; thus, they tip over. By
performing two reconfiguration schemes, the whole system can be constantly maintained
in equilibrium, and the robot’s workspace can be enlarged; therefore, the tipping over can
eventually be avoided. An experimental setup is prepared to demonstrate and confirm the
mathematical models of both reconfiguration scenarios. © 2023 The Author(s)

1. Introduction

Many researchers are interested in Cable-Driven Parallel Robots (CDPR) due to their large workspace, heavy
payload capacity, and high velocity. CDPR has been employed in several applications in the industrial field, and
some prototypes have been fabricated, for example, IPAnema [1], and COGIRO [2, 3]. Inverse kinematics, static
equilibrium, dynamics, stiffness, and the workspace of CDPR were investigated in [4, 5]. Interval analysis and
cable interference were taken into account in [6] to synthesize the workspace of cable-driven leg training in a
gait training machine. The workspace boundaries, leading to the definition of wrench-closure workspace, are
numerically determined in [7] which allows the designers to decide whether a pose is acceptable. Wrench-Feasible-
Workspace (WFW) is defined as the set of mobile platform poses where the cables can compensate any wrench;
therefore, each cable tension remains within a designated tension range [8,9]. The methodology to trace the WFW
based on Available-Wrench-Set (AWS) for mobile CDPR was proposed in [10, 11]. Two approaches, the convex
hull and the hyperplane shifting methods, were introduced to determine the AWS. These approaches were tested
for a suspended CDPR performing three-degree-of-freedom (3-DOF) motion to obtain a large workspace. The
workspace of tendon-based Stewart platforms was analyzed in [12]. In [13], the distribution of cable tensions
was shown for a number of trajectories of the end-effector, for example, horizontal or spherical trajectories. The
cable tension remains positive and continuous at all times. The S-curve trajectory planning method, which was
evaluated for polynomial and trigonometric models, was introduced and formulated in [14]. Two separate types of
trajectories in joint space were evaluated i.e. lower and higher-order polynomials. The functions for a lower-order
polynomial are parabolic and cubic. Septic and nonic were analyzed as higher-order polynomials [15].

In [16], a concept of reconfiguration was applied to CDPR by attaching idler pulleys to the moving platform
to enhance manipulation capabilities and cable tension distribution. A similar approach was employed in [17]
by installing cable-and-pulley differentials on the moving platform. It aims to anticipate the complicated pulley
kinematics due to modeling inaccuracies. In [18], the pulleys can be positioned at a set of possible reconfigura-
tions via optimization. A systematic approach to design an optimal reconfigurable CDPR was presented in [19].
Reconfigurable CDPR has been used for several applications, such as search-and-rescue operations [20], medical
rehabilitation [21], airplane industries [22,23], and building constructions [24-26].

In [27], the mobile bases were combined with CDPR due to its excellent mobility performance and payload
capacity. Four mobile bases are linked to the moving platform by four cables, which enables the robot to perform
4-DOF motion [28]. In [29-31], four mobile bases were employed, each consisting of two cables. The eight cables
are connected to the moving platform, which is equipped with a gripper. The robot can be easily reconfigured and
adapted to the environment thanks to mobile bases. The passive and active mobile bases are able to adjust the
geometry of the CDPR according to the environment. A planar mobile CDPR was developed in [32] using two



mobile bases, each composed of two cables.

The four-wheeled mobile robots are commonly used to support the CDPR since their symmetrical architecture
poses better load-carrying capacity and good motion stability. According to [33], the robot’s motion stability is
the robot’s ability to return to the balance state when influenced by the external forces/moments such that the
robot performs a smooth motion. The methods for stability analysis mainly consist of static analysis [34,35] and
dynamic analysis [36]. The most common static and dynamic stability criterion is the Zero-Moment-Point (ZMP),
which is widely applied by the legged-locomotion and wheeled-locomotion robot communities. ZMP defines the
point on the ground where the sum of the horizontal components of moments caused by the gravity and inertia
forces is zero. The robot is stable if the ZMP is located inside the support boundaries. The horizontal distance
between the ZMP and the support boundaries represents the tendency of the robot to tip over; hence, the ZMP
concept is most suitable for motion on the horizontal plane or planar motion. The tipping-over rate is generally
determined in the form of the moment equilibrium equations in static rate. It is possible to define the tipping-over
stability for the dynamic characteristics [37]. The quadruped robot developed in [38] can adjust the next feet’
position based on the ZMP location to maintain stability when it bumps into unpredictable terrain. It proves that,
in general, the robot’s stability depends on the position of the next support that is able to supply the necessary
moments to counter the tipping over.

Inspired by the above ideas, the CDPR in this paper is developed using three four-wheeled mobile bases
equipped with a vertical crane. The cable exit points’ next position can be altered so that the CDPR can maintain
its stability despite the sudden spike in cable tension. The CDPR will stay stable if the ZMP is located within the
ground-front wheel contact point and the ground-rear wheel contact point of the mobile base. To keep the ZMP
always within the predefined boundaries, the next position of the cable exit points is modified in two ways: (I)
driving the mobile base back and forth and (I) moving the crane up and down. The kinetostatic models of both
techniques are formulated and included in the ZMP computation, which becomes the paper’s major contribution.
A set of positions of the cable exit point are determined via optimization; hence, they can provide the required
moments to prevent the robot from tipping, and a prescribed trajectory can be smoothly executed. An experimental
setup to confirm the reconfiguration models is prepared and the results corroborate the developed hypotheses. To
the best of the authors’ knowledge, although a number of researches have been dedicated to reconfigurable CDPR,
considering the ZMP in reconfigurable CDPR by using the mobile base and crane to maintain stability has not
been discussed.

This paper is organized as follows: Section 2 describes the robot description and its reconfiguration scenarios.
Section 3 derives the kinetostatic model of the system. Section 4 discusses the ZMP to evaluate the mobile base’s
and crane’s stability when the end-effector follows a trajectory. Section 5 deals with the optimization to find the
position of mobile bases and crane lengths during reconfiguration. Section 6 presents the prototype development
and experiment, and the results are presented and discussed in Section 7. Finally, the conclusions are summarized
in Section 8.

2. Robot Description and Reconfiguration Schemes

The schematic and parameterization of a CDPR with three mobile cranes are shown in Fig. 1. The robot consists
of three mobile cranes of local coordinate .Z(0O;,u;,v;,w;), where i = 1,2, 3. Each mobile crane is located at the
local origin O; with distance p; from the global origin O of global coordinate .% (0,X,Y,Z), and the angle ¥ is
measured counterclockwise from X-axis as depicted in Fig. 1(b).

The detailed vector diagram of each cable and the mobile base is illustrated in Fig. 2. The cables are linked from
exit point A; to point mass P. Exit point 4; is located at the pulley’s center and connected to the crane at point A’.
Point B; is the connecting point from the mobile base to the crane.

Position vectors of exit point A; in fixed coordinate (.%) are expressed by aif , and it consists of the mobile base
position plfg and crane length vectors r;g . Overall, vector af} = [ayi, ayi, azi]T can be defined as follows:
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where p; and r; are, respectively, the mobile base position and the crane length. The unit vectors ‘“fl-”dz and W;

express the direction of the mobile base and the crane, such that:
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where the orientation of all three mobile bases are respectively defined by: 71 = 90°, 1» = 210°, and 3 = 330°.



(a) Isometric view (b) Top view

Fig. 1: Robot Description

The end-effector is considered to be a point mass P, of coordinate vector p = [py, py, p.]T. Therefore, the loop-
closure equation corresponding to each cable can be defined as follows:

17 =p7 +x7 —p 3)
The relationship between a point mass and exit point can be defined as the cable length /;, as:
7| = /(o7 +17 —p)" (07 +17 —p) @

Accordingly, the unit vector of each cable ﬁ'? is computed as follows:
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Fig. 2: Geometric description of a mobile base

In this paper, the concept of reconfiguration is introduced to be applicable to the developed CDPR; hence, its
workspace can be enlarged and tipping can be avoided when tracking a given trajectory. Two reconfiguration
scenarios are defined by moving the crane up and down and by driving the mobile base forward and backward, as
follows:



1. Reconfiguration I: mobile base reconfiguration
The three mobile bases are driven forward and backward such that their position reaches a minimum and
maximum distances, i.e. p; , = lm and p;,.. = 1.5m, as shown in Fig. 3(a) by blue arrows).

2. Reconfiguration II: crane reconfiguration
The crane is retracted and extended up to its minimum and maximum lengths, respectively, i.e. r; , = 0.53m
and r;,,. = 0.83m, as shown in Fig. 3(b) by blue arrows.

(a) Reconfiguration I (mobile base) (b) Reconfiguration II (crane)

Fig. 3: Reconfiguration Schemes

3. Kinetostatic Model
3.1. End-effector

The paper context is the robot should move at relatively low velocities and accelerations, and be stable within a
large workspace. The cables are assumed to be non-elastic and mass-less. As a consequence, the dynamics effects
to the system are omitted and the computations in this paper follow a quasi-static fashion. The equation of static
equilibrium at point P is expressed as follows:

Wt+w, =0 (6)

where T = [71, 75, 13" is the cable tensions vector, and w, = [0,0,—mg] is the gravitational force acting at point
mass P. The gravity vector is denoted by g = [0,0, —g}T where g = 9.8m.s~!. Since the wrench matrix W is a

square matrix, then the cable tensions can be computed as follows:
T=-Wlw, @)
and the cable force f; can be expressed as follows:

fi=077 (8)

1

The wrench matrix W of reconfiguration scenarios I and II are computed from the transpose of the Jacobian
matrices, respectively, as:

W= { JI,  for reconfiguration scheme I, ©)

JY,  for reconfiguration scheme II.

In the concept of reconfiguration applied to the developed robot, the mobile bases, and the cranes are allowed
to move when the cables are in operation. Hence, the mobile bases and the cranes will travel with velocities

p = [p1,P2,03]" and ¥ = [y, 72,73]", respectively. If the cable velocity is | = (1,5, 153] T Eq. (3) can be derived
with respect to time to obtain the following relationship:
Al=Bp+Ci—p (10)

where matrices A, B, and C are respectively defined as follows:



A=[a7 & @f] (11a)
B=[% ¢ 7] (11b)
c=[w W W] (11c)

Equation (10) should be treated separately for each reconfiguration scenario to determine the Jacobian matrices
J1 and Jyy, as follows:

1. Kinetostatic of reconfiguration I

3.2.

In this reconfiguration scenario, the three mobile bases can adjust their position while the cranes are main-

tained to be constant, therefore Eq. (10) becomes:
Ai=Bp—p (12)

To discard the velocity term Bp in Eq. (12), a diagonal and invertible matrix E is introduced. Matrix E is
composed of the mobile base velocities as follows:

p3

- 0 O
pr
E= 0 @ 0 (13)
P2
0 0 1

By multiplying Eq. (12) with diagonal matrix E, the velocity vector of the mobile base p is eliminated and
the cable velocity can be computed, such that:

AEI =-Ep
i =—E'A'Ep (14)
I =-Jip

where J; is the Jacobian matrix of reconfiguration scenario I that maps the end-effector velocity into the
cable velocities by considering the mobile base velocities.

. Kinetostatic of reconfiguration II

The crane lengths can be moved up and down and simultaneously keep the mobile base position constant.
As a consequence, Eq. (10) can be written as follows:

Al=Ci—p (15)

A matrix F is introduced to remove the velocity term Cr in Eq. (15). Matrix F is a diagonal and invertible
matrix that consists of the crane velocities as follows:

3 0 0
F=| 0 rn 0 (16)
0 0 —2F 1)
and Eq. (15) can be expressed as:
AFI =—-Fp
i =-F'A'Fp (17)
i =-Jup

Matrix Ji; maps the end-effector velocity into the cable velocities by taking into account the crane velocities.

Mobile base

Three mobile cranes should satisfy the static equilibrium condition during the end-effector movement. The free-
body diagram of the i — th mobile crane is illustrated in Fig. 4. The mobile crane is said to be tipping if it turns
over about the axis v;, then the frontal and rear reaction forces can be written respectively, as follows:

ffri = £+ L4

(18)
frri = 12 +fr3i
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Fig. 4: Free Body Diagram of Mobile Base

Based on Newton’s law of motion, the force and moment equilibrium at point O is defined as follows:

YE=0

19

frri + L +mp.g+mypg+£;=0 (19)
YMp=0

cf,ixff,,'+cm~><f,,,~+af?><f,~+m1.ef7><g (20)

+m11.h;0; Xg= 0
where my and my; are masses of the crane and mobile base, respectively. Their gravitational forces act at points £
and H. h‘? and e‘? are the position vectors of the center of gravity H for the mobile base and E for the crane. ¢y
and c,,; are the position vectors from the origin O to the frontal and rear sides of the mobile crane. ¢s,; and ¢,,; are
defined as follows: ~ _
cos(%)(pi —L/2)

crri = | sin(y)(pi —L/2)
0

- : (2D
cos(%)(pi+L/2)
i = | sin(%)(pi +L/2)
- 0 -
The vertical components of frontal and rear reactions forces become:
ffri:m1g+ml[g_f;‘z_f;ri (22)
Tii= ((e] = ci)mig + (] — )i )mirg+ 23)

(c:yri - a?)fzz + azzfzy) / (C)}ri - Cﬁri)
Equations (22) and (23) illustrate the effect of external forces acting on the cables on the stability of mobile

cranes, which is defined by the value of reaction forces. It turns out that as the end-effector moves about a given
path, the external forces may pull the cables, which eventually cause the mobile cranes to undergo tipping.

4. Stability based on ZMP

When the mobile bases move and execute a given task, the reaction forces are exerted between the wheels and the
ground at the contact point. These reaction forces will be null if the robot tips over. Therefore, the tipping moment
acting on the contact point is considered the moment’s component [39].

In this paper, Zero Moment Point (ZMP) is used to evaluate the robot’s stability, which can be defined as a point
within the mobile bases where the sum of moments due to frontal and rear reaction forces is null. ZMP is expressed
in the local coordinate % (u;, v;, w;). Then, the cable force expressed in the local coordinate is as follows:

Vi fcos(y) —|—fl~y sin(y)
t7 = | f7 | = |—f5sin(y) + £ cos(w) (24)
fiw f}Z



At this instant, ZMP is applied to ensure the mobile crane is in static equilibrium while the end-effector moves
along a prescribed path. As a result, the sum of moments at point o; can be formulated for tipping analysis as

follows:
M()i - (ffri +frri) xd; =0 (25)

Where d; is the vector position from the origin o; to the edge of the mobile crane. The mobile crane will tip over
about axis v;, which means that ZMP will be within the points Cy; and Cy; or within the length dj' as shown in
Fig. 4(b). From Equation (25), d}' is defined as follows:

g — al ' — Wf”—m,e;‘g
i
ffrt+ rri

(26)

Static-Feasible-Workspace [40] is characterized as the set of end-effector poses at a constant orientation for
which the cables can maintain the static equilibrium under external force. The wrench is maintained to be positive
in Static-Feasible-Workspace since the cable can be counteracted by the force applied onto the end-effector. In
this section, the Static-Feasible-Workspace of the robot is computed when the robot is in non-reconfiguration state
by solving Eq. (7), as shown in Fig. 5(a). To ensure that the end-effector is able to perform a task while the mobile
cranes are in static equilibrium, point P must work inside the Static-Feasible-Workspace. The Static-Tipping-Free-
Workspace can be generated by including the ZMP condition in the robot operation, i.e. by taking into account
Eq. (23) into Eq. (7), as shown in Fig. 5(b). The size of the Static-Tipping-Free-Workspace is smaller, limiting
the robot’s movement. To deal with this issue, the reconfiguration schemes are introduced in Section 2, which can
simultaneously enlarge the working coverage and manage the robot stability.
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Fig. 5: Workspace

5. Reconfiguration Optimization

A trajectory, as shown in Fig. 6, is generated to assess the performance of the developed prototype, which will
be demonstrated in Section 6. The prescribed trajectory is a succession of three segments from the first segment
at Py — P for t = 0 — 5s, the second segment at P — P, for t = 5 — 15s, and the third segment at P, — P3 for
t = 15—25s. A fifth-order polynomial is used to obtain smooth velocity and acceleration profiles for each segment
of the trajectory. Both reconfiguration schemes I and II will execute this trajectory. The trajectory is discretized
into 300 equidistant points P. At each point, a set of positions of three mobile bases and a set of the length of three
cranes (denoted by p; and r;, respectively) should be determined via optimization. The vectors consisting of the
decision variables of reconfiguration schemes I and II are written as follows:

~ J [p1,p2,p3], for reconfiguration scheme I, 27
B [ri,r2,73],  for reconfiguration scheme II.
The boundaries of decision variables are based on the developed prototype, given as follows:
< <1.
1m_p]aP27PS_15m (28)

0.53m < ry,r,r3 <0.83m

Cable tensions have a big influence on the robot’s static equilibrium. Likewise, cable velocities have a significant
impact on the robot’s motion. The optimization problem aims to simultaneously minimize the cable tensions and
cable velocities to improve the robot’s stability and motion smoothness. The motor mounted to the winch coils
the cable with maximum cable velocity up to 0.015m/s. Based on this technical requirement, the cable velocity
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Fig. 6: Testing trajectory

becomes more important to reduce the motor burden. Therefore, the weighting factor A = 0.75 is introduced in
the formulation of the objective function as follows:

% (x) = (1= ex)[ +Alli(x)] (29)

The use of a mobile base as a frame of CDPR, exposes a great risk of instability, which leads the robot to tumble.
The robot stability becomes an important element during the optimization process at each point P of the trajectory.
To satisfy this condition, the ZMP should always stay within the allowable distance d}', representing the distance
between the ground-front wheel contact point cJ’ﬁn. and the ground-rear wheel contact point c},;. Eventually, the
design problem can be formulated as follows:

Find : x
Minimize : % (x) (30)
Subject to: ¢f,; <djf <cjy
The optimum results along the prescribed trajectory are presented in Fig. 7. During reconfiguration scheme I,
the mobile bases will change their positions following the optimal results shown in Fig. 7(a). Only the first and
third mobile bases move. During reconfiguration scheme II, the cranes move up and down based on the optimal

data given in Fig. 7(b). These designs will accordingly change the cable exit points that can prevent the robot from
tipping and generate lower cable tensions. The experimentation of these designs is presented in Section 6

T LS ——— ] o8
g S
~— ~—
gl L — 0.6
Q! ‘ ‘ ‘ ‘ . ~ . ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t(s) t(s)
1s o8
S g
SN—r N—"
| ~ 0.6
SUE ‘ ‘ <
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t(s) t(s)
15 \w o8
S g
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t(s) t(s)
(a) Reconfiguration I (b) Reconfiguration II

Fig. 7: Optimization Results



6. Prototype and Experiment

V-slot gantry

(a) Isometric view (b) Transmission

Fig. 8: Developed Prototype
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Fig. 9: Control architecture

The prototype of a cable-driven parallel robot with multiple mobile bases has been manufactured as shown in
Fig. 8(a), and the transmission system of a mobile base is presented in Fig. 8(b). Each mobile base carries four
actuators; namely: two actuators are used to drive the frontal wheels to move the mobile base, one actuator is
used to actuate the lead screw to provide the crane motion at which the pulley is attached, and another one is to
rotate the custom-made winch to coil the cables. The control system of the prototype is presented in Fig. 9, which
is composed of a PC (equipped with  MATLAB), a microcontroller, a motor driver, a transmission assembly
divided into a winch motor with gearbox, a crane motor with lead screw, and the wheel motors.

7. Results and Discussion

Initially, the robot was tested to trace along the generated trajectory without adjusting the crane and mobile base.
The computation of the tension distribution is shown in Fig. 10. The third cable tension jumps to 73 = 16.5N,
making the mobile base unstable and terminating the task around ¢ = 9s. The third mobile base cannot handle high
cable tension and finally collapses since the ZMP is not within the support boundaries. This robot’s instability
is corroborated by the experiment demonstrated in this video'. Figures 11(a)-(c) depicts the experimental results
between the desired and measured cable lengths when the robot works without changing its cable exit points.

'Experiment of Non-reconfiguration
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Then, two reconfiguration schemes were tested empirically as the end-effector executed the same trajectory.
The tensions of the three cables are computed for reconfiguration I and II, and their distribution are respectively
presented in Figs. 12(a) and 12(b). Optimizing the mobile base position and the crane length lowers cable ten-
sions than the non-reconfiguration system. None of the mobile base turnover since the ZMP always stays within
the support boundaries denoted by d¥, which justifies that the robot is able to maintain its stability during the
task. The demonstration videos are provided to show the reconfiguration I and II’. Figures 13 and 14 depict the
differences between the desired and measured cable lengths of reconfiguration I and II, respectively. The root
mean square errors between the desired and obtained cable lengths during the reconfiguration I and II experiments
are presented in Fig. 15. Despite the fact that errors exist, it shows that the completed experiments confirm the
kinetostatic models derived for both reconfiguration schemes in Eqgs. (14) and (17). The errors of cable lengths
in reconfiguration I are higher than the ones in reconfiguration II, since driving the mobile bases that act as a
frame for the whole robot will induce external moments to the end-effector that will eventually reduce the robot’s
rigidity. The slippage between the wheel and the ground might also contribute to it.

Cable tensions of reconfiguration II are lower than those of reconfiguration I. Likewise, the root mean square
errors of cable length of reconfiguration II (Iess than 0.02) are significantly lower than those of reconfiguration
I. According to these results, altering the crane will be more beneficial than changing the mobile base position,
which means that reconfiguration II is more efficient for technical use.
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Fig. 12: Computational results of tension distribution with reconfiguration
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Fig. 13: Results from the experiments of reconfiguration case [

8. Conclusions

In this paper, the stability of a CDPR using three mobile cranes was investigated based on the concept of ZMP. The
robot will remain stable if ZMP always stays within the specified support boundaries. Thus, the next positions of
the cable exit point were shifted by implementing two reconfiguration schemes for the robot: (I) driving the mobile

2Experiment of Reconfiguration
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base forward and backward and (II) moving the crane up and down. Kinetostatic models of both schemes were
derived, and the robot’s workspace was plotted by considering the ZMP. A trajectory traced by the end-effector was
generated by using the fifth-degree polynomial. Following this trajectory, the next positions of cable exit points
were always changed, represented by the continuous change of the mobile base position and the crane length
of the reconfiguration schemes I and II, respectively. An optimization was employed to define the set of mobile
base positions and the crane length such that the whole system was always in equilibrium. A prototype of the
CDPR using three mobile cranes was fabricated. An experiment was performed on the developed prototype, and
it confirmed that both reconfiguration schemes were able to prevent the robot from tipping over when executing a
given task. The results also revealed that the cable tensions and the error of cable lengths of reconfiguration II are
lower than those of reconfiguration I, which shows that reconfiguration II is potentially more applicable.
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