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ABSTRACT

In this paper a comparison of selected algorithms for the redundancy resolution of a cable-suspended par-
allel robot is presented. All m degree-of-freedom (DOF) cable robots need at least m + 1 cables to be fully
constrained because the cables can only apply forces in a single direction. In practice, many cable robots
actually possess a degree of redundancy greater than one to achieve satisfactory properties. This intrinsic
abundance of control inputs for a desired task such as lifting a defined payload dictates that an underde-
termined system of equations must be solved to decide the optimal cable tensions. Based on the common
norm-minimization algorithms introduced in the literature, this paper proposes to analyze the impact of the
selected optimization on the size of the achievable workspace for a specific robot. Furthermore, the variation
of the cable tensions throughout this achievable workspace will be quantified. First, a broad introduction on
different aspects of the state-of-the-art for cable robots pertaining to this issue will be discussed. Then, a
general kinematic model will be presented allowing to define the wrench matrix of the robot. The different
types of wrench spaces that one typically define for these robots will then be discussed as well as the typ-
ical techniques to deal with redundancy. Finally, a numerical example including different methods will be
presented and results discussed.

Keywords: cable robot; redundancy; norms.

COMPARAISON DE METHODES DE RESOLUTION DE LA REDONDANCE D’UN ROBOT
PARALLELE SPATIAL SUSPENDU A CABLES

RESUME

Cet article présente une comparaison de divers algorithmes de résolution de la redondance d’un robot pa-
rallele a cable de type suspendu. Tout robot a cables a m degrés de liberté nécessite au minimum m+ 1 cables
pour étre pleinement contraint car les cibles ne peuvent appliquer de forces que dans une seule direction. Le
degré de cette redondance intrinséque est souvent plus grand que un en pratique pour des raisons de perfor-
mance. Cette surabondance de parametres de contrdle pour la tiche a accomplir comme soulever une charge
requiert la résolution d’un systeme d’équations sous-déterminé. En utilisant les techniques classiques de la
littérature, cet article propose d’analyser I’impact des parametres de 1’algorithme choisi sur la taille de 1’es-
pace de travail que le robot peut réellement atteindre, ainsi que les tensions des cables qui sont nécessaires.
Dans un premier temps, une introduction générale est proposée soulignant les résultats récents en lien avec
cette problématique. Un modele cinématique est ensuite proposé. Celui-ci permet de définir les différents
espaces de torseurs en lien avec les robots a cables ainsi que les techniques classiques de résolution de la
redondance. Finalement, un exemple sera présenté et des résultats numériques discutés.

Mots-clés : robot a cables; redondance ; normes.
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1. INTRODUCTION

Cable-driven parallel robots (cable robots for short), introduced in the scientific literature around 30 years
ago [1], are machines in which the end-effector is a mobile platform connected to the ground by a series of
cables of variable lengths. Adjusting these lengths allows for controlling the pose of this platform inside the
workspace of the robot. Relying on cables instead of more traditional machine elements such as rigid links
and joints to transmit power from the actuators to the end-effector is an attractive alternative for a parallel
robot designer because the resulting design is very light and can have a huge workspace. Both aspects are
typically unusual with parallel robots, at least conjointly. However, cable robots also have limitations. First
of which, since cables can only pull and not push on an object, a certain degree of redundancy is required to
control the m degrees of freedom (DOF) of the end-effector. It can be shown that at least m+ 1 unidirectional
inputs are required to fully control a m-DOF system but it should be noted that gravity can act as one of such
input. This specificity of cable robots is closely related to the issue of grasping or manipulation with robotic
hands where fingers can only push on the seized objects and similar issues arise [2]. Thus, if one needs
to fully control or fully constrain the pose of a spatial end-effector with six DOF, at least seven cables are
required. However, looking at actual spatial cable robots, the most common architectures seem to have not
seven but eight cables. A typical reason for this choice is to improve the performance in terms of achievable
workspace. Indeed, real cables have minimal and maximal tension limits which must be taken into account
to avoid losing control of the end-effector. This force requirement becomes easier to satisfy with more than
seven cables. This is also why typical m-DOF cable-suspended robots which could in theory have only m
cables usually have more. Nevertheless, multiplying the number of cables in a cable robot also brings some
issues. Besides the added cost and complexity, the most pressing issue is the potential interference between
the cables. Solutions to increase the number of cables without adding actuators exist, e.g. rely on differential
mechanisms to couple the forces and motions of different cables as proposed in [3—5] or to achieve a specific
complex trajectory [6]. However, these techniques do not solve the issue of interfering cables. One possible
solution proposed in the literature is to reconfigure the robot, namely for the end-effector of the robot to
travel from one part of its workspace to the other, one must detach some its anchor points on the ground and
manually relocate them somewhere else on the supporting structure, see [7] for an example. Another related
technique recently introduced is to attach the actuators of the cable robot onto mobile robots. These mobile
robots, taking form as rovers or drones, can automatically reconfigure the cables to avoid interferences and
improve selected performance indexes [8, 9]. The actuation redundancy of cable robots imply that, to bal-
ance a defined external wrench acting on the end-effector, there is an infinite number of cable tensions that
are possible. Solving this redundancy becomes then a critical issue for a user to be able to exploit the full
workspace of the robot, as will be shown in this paper.

As can be plainly seen, the design of a cable robot is a complex challenge with many conflicting issues. To
alleviate the burden for potential designers, software assisted design solutions have been released, e.g. [10],
but in most cases one has to rely on general numerical tools. Furthermore, the previously mentioned issues
are only but a few of the important aspects and depending on the application at hand other characteris-
tics may be of critical importance such as stiffness [11-15], vibration [16], accuracy [17, 18], or trajectory
planning [19, 20].

2. MODELING

2.1. Kinematics

The kinematic of a general spatial cable robot is illustrated in Fig. 1. A set of n cables of lengths /;
(i=1,...,n) connect points G; on the ground where the actuated winches or routing pulleys are located to
points M; on the mobile platform. Please note that from now on 7 is the number of cables of the robot and
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Fig. 1. Spatial cable robot kinematic model.

not its number of DOF as in the abstract and introduction. Since a spatial cable robot is modeled here, the
number of DOF is six. The pose of the mobile platform is defined by the position vector p and an orientation
described by rotation matrix Q. This position vector p is defined going from a fixed point O to which the
inertial frame is attached to the reference point P on the mobile platform. The positions of each of the other
points of the robot with respect to O are defined by vectors rg, from O to G; (i = 1,...,n), see Fig. 1 for an
example. An external wrench w, is applied to the mobile platform and without any loss of generality, the
application point of this external wrench is assumed to be P. This wrench w, is the sum in P of the effects
of all externally applied wrenches at any points of the platform.

The relationship between the input winding velocities and output end-effector twist is defined by:
1=Ji ey

where I = [I; ... [,]7 is the time derivative vector of the cable lengths, t = [p” ®”]” is the output velocity
vector (twist) combining the linear (p) and angular () velocities of the end-effector at point P. The matrix
J is the Jacobian of the cable robot and its expression is rather simple, namely:

e e
' = 1 § )
Iy, Xe€p ... Iy, Xe,
fori=1,...,n and where:
e — g, — Iy, 3)
=
”rGi_rMiH

is a unit vector along the i’ cable while ry. is the position of point M;, i.e.:
ry, =p+ er?/h . 4

with rg,,i the same vector in the reference pose where Q is the identity matrix and p = 0.
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Considering the principle of virtual work, one can then express the relationship between the cable tensions
and the balanced external wrench, assuming a static equilibrium, as:

WE=-w, = Jf=-w, S
where f=[f; ... f,]7 is the vector of the individual forces f; exerted by each cable onto the platform.

The inverse kinematic problem, namely establishing the cable lengths for a known pose of the mobile plat-
form defined by both p and Q is straightforward, i.e.:

li:HrM,v_rG,-H:Hp‘f‘Qrg/[l_rGiH Vi. (6)
On the other hand, the direct kinematic problem is more complicated to solve but luckily, not often required.

2.2. Wrench Spaces

Once the kinematic model of the cable robot has been established, one can have a closer look to the
wrenches this robot is capable of producing. To this aim and acknowledging that applied forces on the
mobile platform cannot switch sign, a first property was defined in the literature as wrench closure [21]. The
wrench-closure workspace (WCW) of a cable robot is the part of the SE(3) displacement group where this
robot can generate any arbitrary wrench if sufficient cable tensions can be generated, i.e.:

#c={(p,Q)} suchas Vw € R®, 3If>0|w=W(p,Q)f 0

where f > 0 means that all components of f must be non-negative. Wrench-closure for cable robots has
many connections to traditional machine design [22] and force-closure, as introduced by Reuleaux.

The concept of wrench-closure workspace was subsequently extended to encompass more stringent lim-
its on the cable tensions by defining the wrench-feasible workspace (WFW). The latter assumes that a
required wrench set #% has been defined as the specific wrenches that the robot must be able to create. The
wrench-feasible workspace is then:

#r ={(p,Q)} such asVw € #g, I | £, <f <f,, and w=W(p,Q)f ®)

where similarly to the definition of the wrench-closed workspace, f,,;, < f <f,,,. means that all components
of f are within a range defined by a minimal and maximal value. The definition of the wrench-feasible
workspace was introduced in [23] and it was subsequently shown in [24] that the volume of the wrench
space satisfying the feasibility constraints (namely the minimal and maximal allowable tensions) is a mathe-
matical element called a zonotope. As such, it possesses certain properties, e.g. it is a convex n-dimensional
polyhedron with point symmetry, that allows for its efficient determination and also to check whether it
contains #% for the most common forms of the latter (a point or hypersphere for instance) [24].

Another type of workspace of interest for cable robot is the static workspace #5 (SW), namely the part
of SE(3) where the robot can be in static equilibrium considering that a certain mass of its end-effector
(possibly combined to a payload, e.g. [25]) and practical limits on the cable tensions are met, i.e.:

#s={(p,Q)} such as I | £, <f<f,, and mg=W(p,Q)f 9)

where m is the mass the robot must be able to lift (not to be confused with the number of DOF as in Section 1)
and g is the gravitational wrench at P. The latter definition is of particular interest with cable-suspended
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robots. These cable robots rely on the gravitational pull to produce force and motion in the downward direc-
tion and generally, do not have cables attached below the platform. Since the magnitude of this downward
pull cannot be changed, cable-suspended robots have an empty wrench-closure workspace. They are how-
ever quite interesting in practice since the cables are restricted to the upper part of the workspace allowing
for a space free of cables under the mobile platform.

2.3. Redundancy Resolution

Irrespectively of the type of workspace considered, it has to be noticed that the matrix W(p, Q) in Egs. 7-9
has 6 lines for a spatial robot and typically n > 6 columns. Therefore, solving these equations for a specific
wrench w is an underdetermined problem. It is well known that these problems can have zero, one, or
infinitely many solutions. The latter case being the most interesting since it corresponds to the useful part
of the workspace of the cable robot. The easiest solution to deal with such an underdetermined system of
equations is to compute the Moore-Penrose inverse of matrix W which yields the solution with a minimal
2-norm (Euclidean), i.e. the optimal cable tensions are:

f=Ww=W (WW) 'w (10)

for a given w and assuming that W is of rank 6. While this solution is very elegant and fast to compute, it
has some limitations. Indeed, while solving the previous equation produces a solution it is does not take into
account the repartition of the cable tensions and while the overall norm of vector f is minimized, nothing can
be said for the individual cable tensions which means that significant unbalance between them may exist.
It is also possible that the solution computed using the 2-norm has components above the threshold of the
maximal cable tensions or below that of the minimal tensions. A solution to this issue is that rather than
relying on the 2-norm as an optimality criterion, one can use other norms. Of particular interest is the infin-
ity norm which is the maximum of the absolute values of the components of f. Solving an underdetermined
system of equations by minimizing the infinity norm is referred to as finding the minimal effort solution.
An attractive specificity of the minimal effort solution is that algorithms exist in the literature to compute
its value in a finite number of steps, most famously Cadzow’s [26]. The application and characteristics of
the infinity norm control of redundant robotic systems have been extensively investigated in [27-29] where
continuity issues were pointed out as well as means to mitigate them.

A comparison between the infinity, Euclidean, and 4-norm algorithms for a specific trajectory of a pla-
nar cable robot with a redundancy of one was presented in [30] where a non-iterative formulation of the
4-norm solution was also proposed as a simpler and continuous alternative of the minimum effort solution.
Noticeably, in [30], the p-norm that is minimized is not the one of the vector f directly but of f—f,,, where f,,,
is the vector of the middle values between the minimal and maximal allowable tensions. This change aimed
at producing better balanced cable tensions and critically, avoiding these tensions to go below the required
minimal values.

Finally, a general methodology to solve the force redundancy of a n+ 2 cable n-DOF cable robot was
later presented in [31] in which all feasible solutions can be derived. Then, a particular solution referred
to as the weighted barycenter was proposed as corresponding to the cable tensions producing the desired
wrench and with the maximal distance from the allowable cable tension limits. The technique presented
in that previous reference has obvious advantages: it allows to obtain all possible solutions to the problem
and is also guaranteed to produce an answer within a limited number of iterations. The weighted barycenter
solution also keeps the best possible safety margins from a forbidden cable tension. The only disadvantages
of this technique are that the computations required by the algorithm are not trivial and it is limited to the
case of a redundancy degree of 2.
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3. COMPARISON

Taking as an example the suspended cable robot shown in Fig. 2, we propose to compare different strate-
gies of solving the redundancy of the cable tensions for a fixed payload. This robot is of the cable-suspended
type and its geometry corresponds to a smaller scale version of the CoGiRo system [32] with the same num-
ber of cables (eight) and a scaled down geometry. The geometrical parameters of the robot are listed in
Tables 1 and 2 (in meters). A static workspace is considered here and the payload is the mass of the mobile
platform approximated at a value of m = 40 kg, i.e.:

Wr = {mz} = {40z}. (11)

where z is the unit vector opposite to gravity. The cables have minimal and maximal tensions of 0 and
200 kg (all force units in the paper are in kg) respectively:

tywin =[00000000]7 (12)
timax = [200 200 200 200 200 200 200 200]”
and the Cartesian workspace (in meters) of the robot is defined by:
—4.6<x<4.6
C=¢ —1.8<y<1.38 (13)
00<z<25

where p = [x y z]7 is the position of the robot mobile platform. The orientation of the mobile platform is
assumed to be constant and no rotation is desired (the required rotation matrix Q is equal to the identity
matrix for all positions). It is determined using the procedure presented in [24] that the static workspace #5
of this robot is 71.9% of € (discretized with 75 mm steps) for the required wrench space #x.

Cable -
Mobile pla

Fig. 2. The suspended cable robot considered in this work.
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Point Gy Gy G3 Gy Gs Gg Gy Gs
X -4.20 | -4.60 | -4.60 | -4.20 | 420 | 4.60 | 4.60 | 4.20
y -1.80 | -1.35 | 1.35 | 1.80 | 1.80 | 1.35 | -1.35 | -1.80
zZ 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00

Table 1. Coordinates of the anchor (cable exit) points on the ground (meter)

Point M, M, M; My Ms Mg M7 Mg
X 0.25 | -0.25 | -0.25 | 0.25 | -0.25 | 0.25 | 0.25 | -0.25
y -0.25 | 0.17 | -0.13 | 0.17 | 0.25 | -0.17 | 0.13 | -0.17
z 0.00 | 0.50 | 0.00 | 0.50 | 0.00 | 0.50 | 0.00 | 0.50

Table 2. Coordinates of the connection points on the mobile platform (meter)

The percentages of ¢ that are actually feasible by the robot depending of which unconstrained p-norm is
used to compute the cable tensions balancing the required payload are listed in Table 3. These results were
obtained numerically using the same discretization of € as before. The 2-norm solution is computed using
Eq. 10 while Cadzow algorithm has been implemented to compute the one of minimal infinity-norm. All
other p-norm solutions were obtained numerically using an interior-point algorithm and the results of Eq. 10
were used as initial estimates.

W 2-norm | 3-norm | 4-norm | 5-norm | 6-norm | 7-norm | 8-norm | 9-norm | 10-norm | co-norm

71.9% | 60.3% | 55.0% | 51.6% | 50.0% | 48.6% | 47.3% | 46.4% | 453% | 44.8% | 38.5%

Table 3. Feasible percentage of the Cartesian workspace using unconstrained p-norm solutions.

An illustration of the parts of the workspace yielding solutions within the tension limits, and the parts where
no acceptable solutions exist, can be found in Figs. 3-5 where slices of the constant-orientation workspace
(COW) are shown. The central yellow area correspond to a position where the pose of the robot is feasi-
ble with the selected norm, i.e. the resulting tensions are within the allowable range. The light blue area
is the part of the static workspace where these constraints were violated by the solution found using the
unconstrained p-norm. Since these areas are part of the static workspace as found by studying the wrench
zonotopes of the robot, it is known that a feasible solution actually exists but the numerical unconstrained
minimization of the considered p-norm yielded an unfeasible solution. The dark blue outer rim is the part
of the workspace where no feasible solutions are possible. As can be clearly seen from these figures, the
infinity norm is actually the worst choice for finding the cable tensions and only at the highest elevations (z
close to 2.5 m) there are cases where this method finds a solution while the others fail. Despite its simplicity,
the 2-norm solution performed actually quite well, only failing at the very edge of the static workspace.

In Table 4, the results with the same procedure is presented but using a constrained optimization this time.
The added constraint being that cable tensions must not go below t,;;,,, namely the zero vector in this exam-
ple. Please note that since Cadzow’s algorithm does not allow for adding constraint, a numerical procedure
similarly to the other norms of lower order was used now for the infinity norm also. The same remark holds
for the 2-norm. It is obvious from these results that the critical constraint that was violated in the previous
simulations and prevented to use the full workspace was exclusively (within the numerical precision) the
one corresponding to the permissible minimal tensions.
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Fig. 3. Achievable zero rotation static workspaces using different unconstrained p-norm optimization algorithms at
z =250 mm showing the wrench-closure and wrench-feasible workspaces (WCW and WFW respectively.
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Fig. 4. Achievable zero rotation static workspaces using different unconstrained p-norm optimization algorithms at
z = 1250 mm showing the wrench-closure and wrench-feasible workspaces (WCW and WFW respectively).
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Fig. 5. Achievable zero rotation static workspaces using different unconstrained p-norm optimization algorithms at
z =2250 mm showing the wrench-closure and wrench-feasible workspaces (WCW and WFW respectively.

W 2-norm | 3-norm | 4-norm | 5-norm | 6-norm | 7-norm | 8-norm | 9-norm | 10-norm | co-norm

71.9% | 711.9% | 711.9% | 71.9% | 71.9% | 711.9% | 71.9% | 71.9% | 711.9% | 71.9% | 71.9%

Table 4. Feasible percentage of the Cartesian workspace using sign-constrained p-norm solutions.

W 2-norm | 3-norm | 4-norm | 5-norm | 6-norm | 7-norm | 8-norm | 9-norm | 10-norm | co-norm

71.9% | 47.8% | 57.6% | 60.7% | 62.3% | 63.1% | 63.5% | 64.1% | 64.4% | 64.8% | 71.9%

Table 5. Feasible percentage of the Cartesian workspace using unconstrained p-norm minimization of relative cable
tensions.

A similar methodology can be used to evaluate the technique introduced in [30], namely minimizing the
p-norm of the cable tensions relatively to the middle values of the allowable range. The results are listed in
Tables 5 and 6. From these results, it appears that this relative minimization technique is indeed generally
beneficial with the notable exception of the Euclidean norm case. Additionally, the lower tension threshold
is again the critical constrain to satisfy as evidenced by the numbers listed in Table 6. An interesting result
to notice is that the infinity norm of the relative tensions achieves a perfect score even in its unconstrained
version. This result has potential consequences since the infinity norm is the only one with the Euclidean
norm for which an explicit minimization algorithm exists and a finite number of steps is guaranteed for an
arbitrary degree of redundancy. However, the relative tension minimization cannot be transformed with a
simple change of coordinates to a simple infinity norm minimization as solved with Cadzow’s algorithm.
The best approach to deal with the relative infinity norm minimization lacking an adaptation of an explicit
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Fig. 6. Percentages of achievable Cartesian workspace, all methods.

W 2-norm | 3-norm | 4-norm | 5-norm | 6-norm | 7-norm | 8-norm | 9-norm | 10-norm | co-norm

71.9% | 711.9% | 711.9% | 71.9% | 71.9% | 711.9% | 71.9% | 71.9% | 711.9% | 71.9% | 71.9%

Table 6. Feasible percentage of the Cartesian workspace using sign-constrained p-norm minimization of relative cable
tensions.

algorithm is its reduction to a linear program as detailed in [33] and later adapted to cable robots in [30].

A graphic summary of all the percentage presented in Tables 4-6 is given in Fig. 6 where the results with a
higher 1000-norm are also shown. Finally, one can also appreciate in Table 7, the average infinity norm of
the relative tension vector produced by the different minimization, i.e.:

Sy lit=tul|<dp
t Jyidp

(14)

where V/S’ is the achievable percentage of % as listed in the previous Tables and i is the order of the norm
being used. This index is ideally zero which occurs when the cable tensions are always at their mid-values.
As can be seen from the numerical results in Table 7, there are very little differences between the different
techniques. It is conjectured to be due to the cable-suspended nature of the robot. While fully-constrained
cable robot might be able to increase their cable tensions while maintaining a fixed pose, this is more dif-
ficult to achieve using a cable-suspended architecture. Indeed, there is intuitively little room for increasing
the cable tensions without lifting up the payload for example. This is consistent with the results discussed
in [31] for the original CoGiRo system and the numerical results presented in that reference for the selected
trajectory.

Type 2-norm | 3-norm | 4-norm | 5-norm | 6-norm | 7-norm | 8-norm | 9-norm | 10-norm | co-norm
Unconstrained 91.6 90.7 90.4 90.4 90.4 90.4 90.4 90.4 90.4 90.6
Sign-constrained 92.7 92.7 92.9 93.1 93.3 93.5 93.6 93.8 93.8 94.8
Unconstrained (rel.) 91.2 90.8 90.7 90.6 90.6 90.5 90.5 90.5 90.5 90.5
Sign-constrained (rel.) 94.1 92.4 91.9 91.7 91.5 91.4 91.4 91.3 91.3 90.5

Table 7. Force distribution index p of the cable tensions depending on the selected minimization.
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4. CONCLUSIONS

This paper presented a comparison of different techniques to solve the force redundancy of a cable-
suspended robot. These techniques, all based on minimizing p-norms were measured in terms of the per-
centages of the Cartesian space they allow the robot to reach and how close they can approach the theoretical
limit. As it appeared from the simulation results, all sign-constrained p-norm minimization with p > 2 were
very effective. Unconstrained optimizations on the other hand fared not so well but noticeably, the uncon-
strained relative tension vector minimization technique introduced in [30] can achieve very decent results
and was shown to obtain a perfect score if p = . Considering its simplicity, the unconstrained Euclidean
norm also appears as a very attractive alternative for practical implementation. Additionally, it was shown
that the variations of the cable tensions are consistently of similar magnitudes. The limits of this work are
that the presented results are only valid for the example given. On the other hand, a large number of different
minimizations were analyzed over a whole COW. Quantifying the impact of this choice on the size of the
reachable workspace is also a unique contribution of this paper to the best of the authors’ knowledge.

REFERENCES

1. Dagalakis, N.G., Albus, J.S., Wang, B.L., Unger, J. and Lee, J.D. “Stiffness study of a parallel link robot crane
for shipbuilding applications.” Journal of Offshore Mechanics and Arctic Engineering, Vol. 111, No. 3, pp.
183-193. doi:10.1115/1.3257146, 1989.

2. Li, Z. and Sastry, S.S. “Task-oriented optimal grasping by multifingered robot hands.” IEEE Journal on Robotics
and Automation, Vol. 4, No. 1, pp. 32-44. ISSN 0882-4967. doi:10.1109/56.769, Feb 1988.

3. Khakpour, H., Birglen, L. and Tahan, S. “Synthesis of differentially driven planar cable parallel manipulators.”
IEEE Transactions on Robotics, Vol. 30, No. 3, pp. 619-630. ISSN 1552-3098. doi:10.1109/TR0O.2013.2295891,
June 2014.

4. Khakpour, H. and Birglen, L. “Workspace augmentation of spatial 3-dof cable parallel robots using differential
actuation.” In “2014 IEEE/RSIJ International Conference on Intelligent Robots and Systems,” pp. 3880—3885.
ISSN 2153-0858. doi:10.1109/IR0OS.2014.6943107, Sept 2014.

5. Khakpour, H., Birglen, L. and Tahan, S.A. “Analysis and optimization of a new differentially driven cable parallel
robot.” ASME Journal of Mechanisms and Robotics, Vol. 7, No. 3, pp. 034503-034503-6. ISSN 1942-4302.
doi:10.1115/1.4028931, Aug 2015.

6. Fedorov, D. and Birglen, L. “Differential noncircular pulleys for cable robots and static balancing.” ASME
Journal of Mechanisms and Robotics, Vol. 10, No. 6, pp. 061001-061001-8. ISSN 1942-4302. doi:
10.1115/1.4041213, Sep 2018.

7. Gagliardini, L., Caro, S., Gouttefarde, M. and Girin, A. “Discrete reconfiguration planning for cable-driven
parallel robots.” Mechanism and Machine Theory, Vol. 100, pp. 313-337, 2016.

8. Rasheed, T., Long, P., Marquez-Gamez, D. and Caro, S. “Optimal kinematic redundancy planning for planar
mobile cable-driven parallel robots.” In “42nd ASME Mechanisms and Robotics Conference, Quebec City,
Quebec, Canada,” Vol. 5B, p. VOSBT07A025. doi:10.1115/DETC2018-86182, Aug. 2018.

9. Erskine, J., Chriette, A. and Caro, S. “Wrench capability analysis of aerial cable towed systems.” In “42nd
ASME Mechanisms and Robotics Conference, Quebec City, Quebec, Canada,” Vol. 5A, p. VOSAT07A032. doi:
10.1115/DETC2018-85378, Aug. 2018.

10. Ruiz, A.L.C., Caro, S., Cardou, P. and Guay, F. “Arachnis: Analysis of robots actuated by cables with handy
and neat interface software.” In A. Pott and T. Bruckmann, eds., “Cable-Driven Parallel Robots,” pp. 293-305.
Springer International Publishing, Cham. ISBN 978-3-319-09489-2, 2015.

11. Behzadipour, S. and Khajepour, A. “Stiffness of cable-based parallel manipulators with application to stability
analysis.” ASME Journal of Mechanical Design, Vol. 128, pp. 303-310, Jan. 2006.

12.  Arsenault, M. “Workspace and stiffness analysis of a three-degree-of-freedom spatial cable-suspended parallel
mechanism while considering cable mass.” Mechanism and Machine Theory, Vol. 66, pp. 1-13, 2013.

13.  Anson, M., Alamdari, A. and Krovi, V. “Orientation workspace and stiffness optimization of cable-driven
parallel manipulators with base mobility.” ASME Journal of Mechanisms and Robotics, Vol. 9, 2017.

14. Abdolshah, S., Zanotto, D., Rosati, G. and Agrawal, S.K. “Optimizing stiffness and dexterity of planar adaptive

2019 CCToMM Mechanisms, Machines, and Mechatronics (M) Symposium 11




15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

cable-driven parallel robots.” ASME Journal of Mechanisms and Robotics, Vol. 9, 2017.

Jamshidifar, H., Khajepour, A., Fidan, B. and Rushton, M. “Kinematically-constrained redundant cable-driven
parallel robots: Modeling, redundancy analysis, and stiffness optimization.” IEEE/ASME Transactions on
Mechatronics, Vol. 22, No. 2, pp. 921-930. ISSN 1083-4435. doi:10.1109/TMECH.2016.2639053, April 2017.
Diao, X. and Ma, O. “Vibration analysis of cable-driven parallel manipulators.” Multibody system dynamics,
Vol. 21, No. 4, pp. 347-360, 20009.

Pusey, J., Fattah, A., Agrawal, S. and Messina, E. “Design and workspace analysis of a 66 cable-suspended
parallel robot.” Mechanism and Machine Theory, Vol. 39, No. 7, pp. 761 — 778. ISSN 0094-114X. doi:
10.1016/j.mechmachtheory.2004.02.010, 2004.

Merlet, J.P. “Computing cross-sections of the workspace of a cable-driven parallel robot with 6 sagging cables
having limited lengths.” In J. Lenarcic and V. Parenti-Castelli, eds., “Advances in Robot Kinematics 2018,” pp.
392-400. Springer International Publishing, Cham. ISBN 978-3-319-93188-3, 2019.

Id4, E., Berti, A., Bruckmann, T. and Carricato, M. “Rest-to-rest trajectory planning for planar underactuated
cable-driven parallel robots.” In C. Gosselin, P. Cardou, T. Bruckmann and A. Pott, eds., “Cable-Driven Parallel
Robots,” pp. 207-218. Springer International Publishing, Cham. ISBN 978-3-319-61431-1, 2018.

Mottola, G., Gosselin, C. and Carricato, M. “Dynamically feasible motions of a class of purely-translational
cable-suspended parallel robots.” Mechanism and Machine Theory, Vol. 132, pp. 193 — 206. ISSN 0094-114X.
doi:10.1016/j.mechmachtheory.2018.10.017, 2019.

Gouttefarde, M. and Gosselin, C.M. “Analysis of the wrench-closure workspace of planar parallel cable-
driven mechanisms.” IEEE Transactions on Robotics, Vol. 22, No. 3, pp. 434-445. ISSN 1552-3098. doi:
10.1109/TR0O.2006.870638, June 2006.

Guay, F., Cardou, P., Cruz-Ruiz, A.L. and Caro, S. “Measuring how well a structure supports varying external
wrenches.” In V. Petuya, C. Pinto and E.C. Lovasz, eds., “New Advances in Mechanisms, Transmissions and
Applications,” pp. 385-392. Springer Netherlands, Dordrecht. ISBN 978-94-007-7485-8, 2014.

Bosscher, P.,, Riechel, A.T. and Ebert-Uphoff, I.  “Wrench-feasible workspace generation for cable-
driven robots.” [EEE Transactions on Robotics, Vol. 22, No. 5, pp. 890-902. ISSN 1552-3098. doi:
10.1109/TR0O.2006.878967, Oct 2006.

Bouchard, S., Gosselin, C. and Moore, B. “On the ability of a cable-driven robot to generate a prescribed
set of wrenches.” ASME Journal of Mechanisms and Robotics, Vol. 2, No. 1, pp. 011010-011010-10. ISSN
1942-4302. doi:10.1115/1.4000558, Dec 2009.

Gouttefarde, M. “Static analysis of planar 3-dof cable-suspended parallel robots carrying a serial manipulator.”
In P. Wenger and P. Flores, eds., “New Trends in Mechanism and Machine Science,” pp. 363-371. Springer
International Publishing, Cham. ISBN 978-3-319-44156-6, 2017.

Cadzow, J. “Algorithm for the minimum-effort problem.” [EEE Transactions on Automatic Control, Vol. 16,
No. 1, pp. 60—63. ISSN 0018-9286. doi:10.1109/TAC.1971.1099634, February 1971.

Deo, A.S. and Walker, 1.D. “Minimum effort inverse kinematics for redundant manipulators.” IEEE Transactions
on Robotics and Automation, Vol. 13, No. 5, pp. 767-775, 1997.

Gravagne, LA. and Walker, I.D. “Avoiding discontinuities while using the minimum infinity norm to resolve
kinematic redundancy.” In “1999 IEEE/ASME International Conference on Advanced Intelligent Mechatronics
(Cat. No.99TH8399),” pp. 398-403. doi:10.1109/AIM.1999.803200, Sep. 1999.

Gravagne, [.A. and Walker, .D. “On the structure of minimum effort solutions with application to kinematic
redundancy resolution.” IEEE Transactions on Robotics and Automation, Vol. 16, No. 6, pp. 855-863, 2000.
Gosselin, C. and Grenier, M. “On the determination of the force distribution in overconstrained cable-driven
parallel mechanisms.” Meccanica, Vol. 46, No. 1, pp. 3—15. doi:10.1007/s11012-010-9369-x, Feb 2011.
Gouttefarde, M., Lamaury, J., Reichert, C. and Bruckmann, T. “A versatile tension distribution algorithm for
n-dof parallel robots driven by n+ 2 cables.” IEEE Transactions on Robotics, Vol. 31, No. 6, pp. 1444—-1457.
ISSN 1552-3098. doi:10.1109/TR0O.2015.2495005, Dec 2015.

Gouttefarde, M., Collard, J., Riehl, N. and Baradat, C. “Geometry selection of a redundantly actuated cable-
suspended parallel robot.” [EEE Transactions on Robotics, Vol. 31, No. 2, pp. 501-510. ISSN 1552-3098.
doi:10.1109/TR0O.2015.2400253, April 2015.

Tang, W.S. and Wang, J. “A recurrent neural network for minimum infinity-norm kinematic control of redundant
manipulators with an improved problem formulation and reduced architecture complexity.” IEEE Transactions
on Systems, Man, and Cybernetics, Part B (Cybernetics), Vol. 31, No. 1, pp. 98-105, 2001.

2019 CCToMM Mechanisms, Machines, and Mechatronics (M) Symposium 12




