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Geometric Determination of the Cable-Cylinder
| nter ference Regionsin the Workspace of a
Cable-Driven Parallel Robot

Antoine Martin, Séphane Caro, Philippe Cardou

Abstract Cable-Driven Parallel Robots (CDPRSs) are a type of paredliebts that
have the particularity of using cables as legs. CDPRs haxeraleadvantages such
as large workspaces, high acceleration and high payloatitgpHowever, CDPRs
present also some drawbacks such as the possible colliseingen their cables
and environment. Therefore, this paper is about the geastermination of the
cable-cylinder interference regions in the workspace dD®R. The cables are con-
sidered massless and straight. Then, the boundaries aftéréerence regions onto
the cylinder form a closed loop composed of arcs and strdiightsegments that
can be expressed symbolically. Those geometric entitinergée truncated cones
and planes corresponding to the boundaries of the volum&eaferences. Finally,
a methodology is described to trace the cable-cylinderfertence free constant
orientation workspace of CDPRs.

1 Introduction

Cable-driven parallel robots (CDPRs) have received irginggattention from re-
searchers during the last 20 years, in part because of #iga Workspace and low
mass in motion. CDPR workspaces such as the Wrench Closutespéme [1, 2]

or the Wrench Feasible Workspace [3] have been widely stutlieese workspaces
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allow the visualisation of the volume over which the movplgtform can sustain
certain external wrenches. The Twist Feasible Workspdcand the Dynamic Fea-
sible Workspace [5] have also been defined in the literatuoeder to evaluate the
capability of a CDPR to perform required twists and accéiens.

One of the main drawbacks of CDPRs is the potential risk olisiohs (also
called interferences) between their cables and their @mmient. Although such
collisions may occur in many industrial operations, thesigehbeen few papers in
the literature dealing with this issue. Moreover interferes usually reduce the
size of the CDPR workspace [6]. For instance, for industjaérations over a
large workspace and in a cluttered environment such as lleatrsin Fig. 1, the
workspace of the CDPR is dramatically reduced because qidbksible collisions
between the cables and the tubes of the large truss [7]. Anoghevant applica-
tion is detailed in reference [8], where two CDPRs are wagldide by side, and
collisions between cables can occur. In [9], four types tdrii@erences are defined:

1. Collisions between two cables.

2. Collisions between a cable and the platform.

3. Collisions between a cable and the environment.

4. Collisions between the platform and the environment.

The first two types of collisions were studied in [9, 10] for aving-platform de-
scribed by a set of triangles. A geometric method to comghadrterference-free
constant-orientation workspace of CDPRs was introducdd lipwhile consider-
ing the cable-cable and cable-platform interferencess éthod has been used to
develop the ARACHNIS interface [12], which aims to help roblesigners trace
CDPR workspaces and find optimal dimensions for their goateudesign. In the
foregoing works, cables have been considered masslesgraighs A recent pa-
per from Wang et al. [13] describes an algorithm to trace tbkistons Free Force

Fig. 1 CAROCA prototype: a reconfigurable cable-driven paraltddat working in a cluttered
environment (Courtesy of IRT Jules Verne and STX France)
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Closure Workspace of a CDPR working in a cluttered enviramixighis algorithm,
which uses the convex hull approach, turns out to be timewuirgy, mainly when
the cluttered environment is known beforehand.

This paper deals with the geometric determination of calmder interference
regions in the CDPR workspace. A mathematical descriptfidh@boundaries of
those regions is obtained for a constant orientation of tlogimg-platform. The
paper is organized as follows. Section 2 deals with the detetion of interference
region between one cable and a cylinder. Section 3 deschibesethod proposed to
find the interference-free constant-orientation workspafca cable-driven parallel
robot while considering the collisions between its cabled a cylinder. Finally,
the determination of the interference regions between #éides of the CAROCA
prototype [7] and a cylinder highlights the contributiorighis paper.

2 Interferenceregion between a cable and a cylinder

Due to their large workspaces, CDPRs can be used to perfoiintenance opera-
tions on large structures such as bridges. For instancel Blgpws a CPDR working
inside a tubular truss. In those cases, interferences batthe CDPR cables and the
cylinders forming the structure are the main limitation ba workspace.

2.1 Parametrisation

As shown in Fig. 2, theth cable of a CDPR is attached to the moving-platform
at anchor poin8;. Its length is controlled by an actuated reel whose exit {pain

is fixed to the base. The base frame is denatgd= (O, Xy,Yb,2p). Frame.%, =
(P.Xp,Yp,Zp) is attached to the moving-platform. The cylind€with base poinC,
radiusrg, lengthl; and axisaz is located inside the working area of a CDPR, fixed
to its base.

This section aims at determining for a given orientatiorhef noving-platform,
the positions ofP that lead to collisions between cal#g and cylinderé. Here,
the cable is assumed to be straight, with a negligible csestion. The interfer-
ence point between cablg and cylinderé is named. p¢; denotes the Cartesian
coordinate vector of poiritexpressed in the base frani.

The proposed strategy for determining and tracing the regianterference be-
tween%; and % consists in moving poinP while maintaining contact between
the line segment and the cylinder. In doing so, pé&irsweeps a conical surface in
space, while point makes a closed loop on the surfacebfinterferences between
¢ and% can occur in two ways: either the interference pobilies on the cylindrical
surface of¢’, either it lies on one of its two circular edges.
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2.2 Boundaries of the cable-cylinder interference region

The type of closed-loop trajectory followed byhrough this sweeping motion de-
pends on the location & with respect t&r”. One finds five zones for the location of
A, which correspond to three types of closed loop trajecsasfé over the surface
of €. Figure 3 represents a section of the top half of the cylimdgr the five zones
in question. Its bottom half is the mirror image of the top evith respect to axis
.

It is noteworthy that the types of poihtrajectories when exit poirf; belongs to
zones%, and %, are the same as when exit poitbelongs to zone€; and 3,
respectively. For zone%7 and 2>, the interference regions between ttrecables;
and the cylindrical part o& are considered. Then, the interference regions between
¢ and the endcaps &f are obtained. For zong3, only this second part is needed.

Fig. 2 ith cable%;, CDPR moving-platform and cylindéf

P | A |3”2’

o o e
C ac

Fig. 3 Position of exit point relatively to cylinderg
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2.2.1 Interferences between cable ; and thecylindrical part of ¢

The boundaries of the interference region between cébdend the cylindrical part
of cylinder% describe the points where a straight line coming from exiip#y; is
tangent to the cylinde¥’. As the interference poiritbelongs to the cylinde¥’, we
can write:

Pci = Pc+ acac + Q(ac, Bc)re (1)
wherep. is the Cartesian coordinate vector of poitdepicted in Fig. 20¢ is
a scalar bounded between 0 and 1 and represents the locapoimbl along the

cylinder axisarc. r¢ is a vector normal to axist. Therefore, the following equation
holds:

alre=0 )

Q(ac, 6:) is the rotation matrix of vectar; aboutert: by an anglef;.
Accordingly, the tangency condition between filie cable%; and the cylindrical
part of cylinder?” is expressed as:

(pei —ai)" (Q(ac, Bc)re) =0 ®)

From Egs. (2) and (3), ang can take two values, namely,

Q(ac, 65 )re = Neac x (Pei — &), (@)
Q(ac, 8 )re = —ncac x (Pei — &)
e . _
wheren; = . For the sake of concisene§¥ac, 65 )rc and ,0.)r
e Hac>< (pc,i_ai)”Z qac (o ) c Q(aC C) c
are denoted ag/ andr, respectively. Therefor;” and6; take the form:
re'rd
6 = arcco CC) ,
¢ [Irell-Iré ]

(5)

To-
0 arccos( fo fe )
[Irell-[[rell

Upon introducing the position vector of poihbf Eq. (1) into Eq. (4), we obtain:

{rg:rchc(pc,i‘Facac"'rg_ai)v ©)

re = _ncAc(pc,i +dcac+re; —&).

A being the cross-product mattief vectorac. By solving Eq. (6)r¢ andrg take
the form:

re= 1j_|2(rcA2+AC)(pC. ai), -
o = 1 (reAZ — Ac) (pei — ).

14—I2

1 The cross-product matri¥ of y is defined a$(y x x) \ dx for anyx,y € R3.
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As a result, the boundaries of the interference region batveables; and the
cylindrical part of¢” can be expressed as:

{péi =Pc+0cac+r¢ -

p;i =Pc+Acac+rg
with ac being a scalar lying between 0 and 1. The edges of the comdsmpline

segments are namégl andl,; for ac =0, andl{ andl; for ac = 1 as illustrated in
Fig. 4.

2.2.2 Interferences with the endcaps

For the second point, the interferences with the endcagseafftlinder are studied.
The question is to find how to connelgt to I,; andl{ to I;. Those connections
change depending on the zone to whigtbelongs to.

In 23, the curve linkingl;f to I is an arc starting fronh; and going tol;". The
result is the same fdg™ andl; . We obtain the equations:

Pei = Pc+Q(ac, Be)r ¢ ,
{ ’ 9

Pl = pe+ac+Q(ac, Bo)r e -

with 6 lying in the interval[0, 6 — 6, ]. The result is shown in Fig. &Y.

For 25, the behavior is different for the nearest endcap. This,ttheearc to take
into account starts frory™ and goes td; . The equations become:

pei = Pe+Q(ac, Be)r & 6: €[0,2m— (6, — 6 )]
Pl =Pc+ac+Q(ac,8)r: 6 €06 —6;]

(10)

Fig. 4 Boundaries of the interference region between ca@bkend the cylindrical part o
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(@ (b)
Fig. 5 Boundaries ing) 27 and @) 2%

The result is shown in Fig. 5.

WhenA is in %3, the tangency condition of Eq. (3) is no longer satisfiedhht t
case, the boundaries of the interference volume for thesenitlinder is the same as
the one with the nearest endcap alone. The result is the defined by:

DQ,i =pc+Q(ac, B)re, 6 < (0,2 (11)

In each case, the boundaries are either straight lines ®remne interference volume
obtained from those geometric forms are detailed in thefolg section.

2.3 Interferences with straight line segments and arcs

A A

@ (b)
Fig. 6 Interference regions whej is in (a) #1 and g) 2%

As seen above, from poim;,the closed-loop trajectory followed Hyis com-
posed of straight line and arc segments. Since a cable igdeved straight without
deformation, a line coming from; and following this shape will draw the external
boundary of the interference volume.
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In the case of the straight line betwekhand!{ (I, andl; respectively), the
boundary is the infinite triangle originating frofp and passing by those two points.
Since the extremiti3; of the cable needs to be after the cylinder for having a ptessib
collision, this triangle is truncated by the segmggt {"].

For the arc betweely andl,, (I{ andl; respectively), the result will be an oblique
cone, truncated twice:

e Once by the plane defined by poirts I andl .
e Once by the plane defined by poi@s! andl,, .

Finally, the part of the cylinder closest£p and inside the lines detailed above need
to be taken into account, to close the surface delimitinginkterference volume.
This part of the cylinder is easily obtained from the resoftSec. 2.2. Two examples
are shown in Fig. 6 when the exit point of the winch is in zalige and in zone%>.

3 Interferences between the cables of a CDPR and a cylinder

In this section, the geometric model of a CDPR is detailedan. 8.1. The inter-
ference volume between one cable and a cylinder obtaine@én ZScan then be
coupled with this model to obtain in Sec. 3.2 the positionthefplatform for which

at least one cable is in collision with the cylinder.

3.1 Geometric modeling

In Fig. 2, one can see the platform of a CDPR with cafjl@ttached to it at point
B;. The exit point of the winch controlling its lengthAg. From this, by considering
the cable as a straight line, a loop-closure equation givesdllowing geometric
model:

G =3a —p—Rb (12)

whereR refers to the rotation matrix that transforms the globahfeaZ, to the
frame attached to the mobile platforp.

3.2 Interferences

Since the interference point between calfjeand the cylinder belongs to both ob-
jects, its position can be expressed either by Eq. (1) or by:

Pci =P+ Rbj + yc; (13)
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wherey; is an scalar bounded between 0 and 1 defining the positioreahtarfer-
ence point. 0 means that the collision occurs at pBinf. in means that it happens
at pointA;. The combination of Egs. (1) and (13) leads the followingagipun:

P+ Rbj + ¢ = pc+ acac + Q(ac, Bc)re (14)

Upon substituting the expression@fdefined in Eq. (12) into Eq. (14), we obtain:

p=a —Rbj+

(Pc—a) + (acac+Q(ac, Bc)re). (15)

1 1
1-y 1-y
This equation is valid foy # 1. It is the case when the collision happens at the exit
point of the winch, which can easily be avoided at the deslgsp since this point
is not moving. By changing the values @f and 6. according to Sec. 2, we obtain
the volume in which the positiop of the platform generates an interference with
cable%;. This method needs to be applied for each cable-cylindebaation to

obtain the interference region of the entire CDPR.

3.3 CAROCA prototype-cylinder interferenceregion

_—

Fig. 7 One configuration of the reconfigurable CAROCA prototype amglinder in its working
area

Gagliardiniet al. [7] introduced a method to manage the discrete reconfigura-
tions of a CDPR, in order to use the latter for sandblastird) @ainting the outer
part and the inner part of a large tubular structure with aimméh number of recon-
figurations. This is a typical cluttered environment for eththe method presented
in this paper should help simplify the reconfiguration plagrof the CDPR.

Figure 7 represents a CDPR with one of the configurationsiraain [7]. The
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jol

Fig. 8 Locations of the geometric center of the CAROCA mobile platféeading to some cable-
cylinder interferences

tubular structure is replaced with a single cylinder, toify the analysis of the in-
terference regions. The results are shown in Fig. 8. Fontlireder included into the
working area of the CDPR, eight interferences regions, haoree for each cable,
are obtained. It is noteworthy that those regions are valichfconstant orientation
of the mobile-platform.

4 Conclusion

The paper dealt with the geometric determination of theesaplinder interference
regions in the workspace of a CDPR. First, a methodology weasribed to deter-
mine in a closed-form the boundaries of the interferencmregetween a cable and
a cylinder. The latter is first split into three parts, its tarmdcaps and the rest of the
cylinder. By considering the cable tangent to the cylindethe boundaries of the in-
terference region, four points are obtained. Those ponets@nnected by a straight
segment along the cylinder, and two arcs along its endcagndiéng on the position
of the cable exit point with respect to the cylinder. Five esifior this position are
defined, each one corresponds to a different arc segmentéiée into account to
draw the boundaries of the interference region. Those lideac segments generate
truncated planes and oblique cones shapes, forming thedbdes of the interfer-
ence volume with a part of the cylinder. Then, the cablendgdr interference free
constant orientation workspace of a cable-driven paredlebt can be traced while
considering one or several cylinder(s) within the workimgaa As an illustrative
example, the cable-cylinder interference free constaantation workspace of the
reconfigurable CAROCA prototype has been traced while densig a cylinder in
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its environment. An add-on feature to trace the cable-dglinnterference free con-
stant orientation workspace of any cable-driven paratibbt will be implemented

in ARACHNIS software [12] in future work. Finally, the coitiutions of this paper
should ease the design of new cable-driven parallel robotking in a cluttered

environment.
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