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Abstract

Cable-Driven Parallel Robots (CDPRs) also noted as wire-driven robots are parallel manipulators with flexible cables instead of rigid links.
A CDPR consists in a base frame, a Moving-Platform (MP) and a set of cables connecting in parallel the MP to the base frame. CDPRs are
well-known for their advantages over the classical parallel robots in terms of large workspace, reconfigurability, large payload capacity and
high dynamic performance. In spite of all the mentioned advantages, one of the main shortcomings of the CDPRs is their limited orientation
workspace. The latter drawback is mainly due to cable interferences and collisions between cables and surrounding environment. Hence, a planar
four-Degree-of-Freedom (DoF) under-constrained CDPR with an articulated MP is introduced and studied in this paper. The end-effector is
articulated through a cable loop, which enables the robot to obtain a modular pose determination, namely orientation and positioning. As a result,
the mechanism under study has an unlimited and singularity-free orientation workspace in addition to a large translational workspace. It should
be noted that some unwanted rotational motions of the moving platform, namely, parasitic inclinations, arise due to the cable loop. Finally, those
parasitic inclinations are modeled and assessed for the mechanism at hand.

© 2018 The Authors. Published by Elsevier B.V.
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1. Introduction

One advantage of cable-driven parallel robots that has not
yet been fully exploited is the possibility of using the cables
to transmit power directly from motor fixed to the frame to the
moving platform. This power can then be used to actuate a tool
or to control additional degrees of freedom such as rotations
over wide ranges [14], for example. In this article, we study the
simplest expression of a bi-actuated cable circuit, namely, a ca-
ble loop, for controlling rotations of the CDPR end effector over
wide ranges. The cable making the cable loop connects two ac-
tuators through two fixed pulleys located at CDPR exit points,
A; and A4;,; while it is coiled around a drum attached to the MP.
Figure 1 illustrates a CDPR prototype introduced in this paper
and employing a cable loop. This architecture provides an un-
limited orientation workspace of the MP and consequently, the
following two motions are generated. Translation for identical
motions of the actuators, and pure rotation that corresponds to
the case while two actuators rotate in reverse directions. The
concept of cable loop is detailed in [14]. In general, by using a
cable loop in a CDPR, the translational motions of the MP lead
to equal cable tensions on both sides of the drum. Furthermore,
the pure rotation of the end-effector is a result of the different

2212-8271 © 2018 The Authors. Published by Elsevier B.V.

tensions generated by two actuators. The cable loop allows us
to enlarge the orientation workspace of the manipulator at hand,
but there exists an undesired rotation associated to the rotation
of the MP while different tensions applied on the cable loops
by the two actuators. Employing cable loops in the design of
the CDPRs has been the subject of some previous works, e.g.
[8,9,12]. Nevertheless, to the best of the authors’ knowledge,
the parasitic inclination induced by cable loops has not been
addressed up to now. Therefore, the main contribution of this
paper lies in the modeling and evaluation of parasitic inclina-
tions in CDPRs containing one cable loop.

Two approaches are described in the paper to determine the ori-
entation of the articulated MP and as a consequence its parasitic
inclinations. The first approach aims at solving the geometrico-
static model of the CDPR at hand, to find the orientation of
the MP for a given position of its geometric center. Carricato
[2] studied an analogous problem namely, inverse geometrico-
static problem of under-constrained CDPRs which poses major
challenges due to the coupling between geometry and static-
equilibrium of under-constrained CDPRs. The second approach
aims at approximating the orientation of the MP without con-
sidering the geometrico-static model of the manipulator, but by
using some geometric properties of the cable loop and the artic-
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Fig. 1: Articulated MP of a planar CDPR containing a cable loop

ulated MP. Finally, the results obtained by the two approaches
for a planar CDPR with one cable loop are compared.

The paper is organized into eight sections. Section 2 describes
the articulated MP of the planar CDPR under study. Section 3
details the geometrico-static model of the CDPR with a cable
loop. Section 4 presents two approaches to find the orientation
of the MP. Section 5 introduces a method to assess the parasitic
inclination of the planar CDPR with one cable loop. The para-
sitic inclination for a case study is presented in section 6 and
the discussion is detailed in section 7. Finally, the last section
concludes the paper.

2. Description of the Manipulator under Study

This section describes the manipulator under study. This
manipulator has a planar workspace with an articulated MP
which can host different types of end-effectors with one DoF.
The overall manipulator consists in a base frame and two actu-
ated cables connecting in parallel the articulated MP to the base
frame as shown in figure 2. The planar manipulator possesses
four-DoF while, it is actuated by three motors through two ca-
bles. Therefore, the manipulator is considered under-actuated.
The MP has two translation DoF in the xOy plane, one rota-
tional DoF perpendicular to its translation plane. The actuation
of the additional degree of freedom on the moving platform is
done through a cable loop and a drum, so that no motor needs
to be mounted on the moving platform. The objective of this
manipulator is to provide the underlying foundation for investi-
gating the parasitic inclinations induced by cable loops in CD-
PRs.

Figure 1 illustrates the articulated MP of the CDPR under study.
This MP is composed of a support, a drum and an end-effector.
The support forms the overall body of the moving-platform and
accommodates cable anchor points (B, B;, B3) and other com-
ponents. The drum operates the end-effector through the cable
loop. Both the drum and the end-effector are gears such that
the rotational motion of the end-effector is provided by the ro-
tational motion of the drum. A cable (cable loop) connected
to two actuators, which are not shown in Fig. 1, is wounded
about the drum to make the latter rotate about its own axis. The
left side of this cable is denoted %) whereas its right side is de-
noted %>. Another cable, named %3, is connected to both the

Fig. 2: A four-DoF planar cable-driven parallel robot with a cable loop

support of the articulated MP and a third actuator. The cable
loop consists in two segments each with independent cable ten-
sion (¢; and ;). First segment, 4], is composed of the part of the
cable loop which connects the first motor to the drum through
points A; and By. The second segment is denoted as %, and
connects the second motor to the drum through points 4, and
B.

3. Geometrico-Static Model of a Planar CDPR with a Cable
Loop

This section presents the mathematical model of the planar
four-DoF under-constrained CDPR shown in Fig. 2. The con-
sidered robot is actuated by three motors. This model defines
robot geometric model along with its static equilibrium equa-
tion. Since the geometry and the statics of under-constrained
CDPRs are coupled, they should be solved simultaneously. Ac-
cordingly, the loop-closure and static equilibrium equations of
the CDPR are written in order to obtain its geometrico-static
model of the planar CDPR under study. The three following
equations express the loop-closure equations of the manipula-
tor at hand.

bl =ta,~Pp-"R,b;, i=1,2,3 )

where °1; is the i-th cable vector, i.e., the coordinate vectors
pointing from point B; to point 4;.°a; = [ai, ay]’, Pb; =
[bir, by]" and ’p = [p,. p,]” are the Cartesian vector of points
A;, B; and P, respectively, expressed in frame .%,. °R,, is the
rotation matrix associated to the rotation of .%, with respect to
Z» and is expressed as follows:

b |COSO
6 = L(Xp, X,) defines the orientation of the MP. t;, i =1, 2, 3
is the i-th cable tension vector and it is directed from B; toward
the exit point 4;. t; = tPu; and its magnitude is expressed as
ti = |Itillp, i = 1, 2, 3 and by, is denoted as the i-th cable
unit vetor. In order to compute the unit cable vector, u;, we
normalize, °1; as follows:

—sind
cosf

w=-, i=1,213 3)

/; being the i th cable length. The following set X is introduced,
Y = X1 +X,+X3+%6 + %5+ %63, which gathers the isolated parts of
the robots in order to analyze its static equilibrium. Z;, X, and



298 Saman Lessanibahri et al. / Procedia CIRP 70 (2018) 296-301

%3 stand for end-effector, drum and support, respectively. From
Fig. 3, the external wrenches exerted on X are cable tensions,
t, i =1, 2, 3, the weight of the MP, mg, and the frictional

moment or the resistance to relative motions between £; and X,
that is denoted as m ;..

The equilibrium of the external forces applied onto X, is ex-
pressed as follows:

Fig. 3: Moving-platform of the four-DoF planar under-constrained cable-driven
parallel robot

3
Z l‘,‘bll,* +mg=0 (4)
i=1

In Eq. (4), m is the mass of the MP and g = [0, —g]” is the
gravity acceleration with g = 9.81 m.s~2. The equilibrium of
moments about point P in frame .7, is expressed as follows:

3
> ( (*bi - *p)" E"t ) (*h-"p) ETmg=0 (5
i=1
with
0 -1
et 3
and ®h is the Cartesian coordinate vector of the MP Center of
Mass (CoM) in %, which is expressed as follows:
’h="'p+"R,’h (7)

T . . .
Ph = [hx, hy] is the Cartesian coordinate vector of the CoM
expressed in .#,,.

By considering (°b; — p) = °R,?b;,i = 1, 2, 3,and ("h—tp) =
bRpp h we can rewrite Eq. (5) as follows:

3
> (bebRgETti) + 70" RIE mg = 0 ®)
i=1
Finally, we write the equilibrium of the moments generated by
cable loop about point P, the latter is the moment which drives
%, and consequently actuates X; and is formulated as follows:

Fo0t 4 myy = 0 ©)
7 is the radius of the drum and cable loop tension difference is
expressed in the following:

St=t -t (10)

From Egs. (4), (8) and (9), the static equilibrium equation of
the MP is expressed as:

Wt +w, = 04 (11)

where W is the wrench matrix of the CDPR under study

b b b

u up us
W =| rb/’RTE™"u;  7bI"RIE"*u, 7b]’RIE"’u;
~rp p 0
(12)
W, is the external wrench applied onto the MP
we=[0 -mg ’h'RIETmg  mg)"  (13)

04 is a four dimensional zero vector and the three-dimensional
cable tension vector, t is expressed as follows:

t= [tl %) t3] r (14)

4. Orientation of the Moving-Platform

Here, two methodologies for finding the orientation of MP
are detailed. Two approaches calculate 6 for a given posi-
tion of point P. In the first approach, the orientation angle 6
is computed based on loop closure equations (1) and static-
equilibrium equation (11). The second approach aims at finding
the orientation angle 6 knowing the cable tension difference 6¢,
and the Cartesian position coordinates of point P expressed in
Fb.

4.1. Orientation of the moving-platform obtained by Ap-
proach 1

In this section, the rotation angle 6 of the MP is obtained
while considering the three loop-closure equations defined by
Eq. (1) and the static-equilibrium equations of the MP defined
by Eq. (11). Accordingly, the following system of seven non-
linear equations with nine unknowns, i.e., 6, |, t,, 13, [, >,/

p, and p, is expressed:

f1(9, h, b, 3, L, b, b5, py, py) =0
f‘2<97 tl, t29 t39 lls 129 13’ px’ py) = O
00, 0, o, 6,y by By p py) =0

fil0, 11, 0o, 3, 1y, b, I, p py) =0 (15)
fg (0’ px’ py) = O
%(0, po b)) =

£ pe 1)) =0
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f1-/2, /5 and f, are obtained from Eq. (11) and they are functions
of variables 6, #1, t, t3, I1, L»,l3, p, and Dy- The latter equations
are expressed analytically as follows:

fi = tihl (alx — Px — Cobpy + sé)bly)

+ 013 (agx — Py — Coboy + S@bzy) (16a)
+ 1301 (a3x — Px — Cobsx + Seb3y)
S =thh (a1y — Dy — Sobix — Ceb1y)
+ ta1113 (azy = py = Sobax — cabay) (16b)
+ ts1ily (asy, = py — Sebsc — cobsy) = Lilals mg
f3=thh (—Sab1x - Cebzy) (azx —Ppx— cobp + Sebzy)
+ t1h1; (Cebzx - S9b1y) (a1y — Dy — Sobix — Ceb1y)
+t i (—Sebe - Cebz}r) (a2x — Dx — Coboy + Sebz}r)
+hhih (Ceb2x - Sebz}r) (a2y — Py — Sebox — Cebe)
+ 311l (—S9b3x - Ceb3y) (a3x — Dx — Cobsy + S9b3y)
+ 130D (Ceb3x - S9b3y) (a3y — Py — Sebsx — C0b3y)
— hills mg (hyco = hy o)
(16¢)
o= (—t)r, +my, (16d)

where sy = sin(6) and ¢y = cos(6).

fs, f¢ and f; are obtained from Eq. (1) and they are functions
of variables 6, p, and p,. The latter equations are expressed
analytically as follows:

2 B B 2 B B B B 2
f5 = l] (abr Dx Cé)blx + Sé)b]y) (aly Py 59b1x CGny)
(17a)

2 2 2
Jo=15- (agx — Px — Coboe + sé)be) - (azy —py— Soboy — C@bgy)
(17b)

2 2
f7 = l% - (aj'x —Px— cobsy + Sé)bj'y) - (a3y —Py— Sobsx — Cebj'y)
(17¢)

The under-determined system of non-linear equations (15) is
studied for a given “p. As a result, a system consisting in seven
equations and seven unknown is obtained. Hereafter, Isgnon-
lin ™Matlab function is used to solve this system of seven
non-linear equations. It should be noted that the following con-
straints are taken into account for solving the system of equa-
tions in order to make sure that cable tensions are positive:

>0 i=1,2,3 (18)
4.2. Orientation of the moving-platform obtained by Ap-
proach 2

This section presents a straightforward approach that enables
us to obtain a sound approximation of the orientation of the
MP without considering the geometrico-static model expressed
in Eq. (11). This approach takes into account only the equi-
librium of the moments applied/sustained about Instantaneous
Center of Rotation (ICR) point regardless of the cables tension
(t1, t, t3), but the difference of cable loop tensions, namely, ¢.

The following equation expresses the equilibrium of the mo-
ments applied/sustained about ICR, point /, expressed in .%5.

miy +m,, = 0 (19)

my, is the moment applied onto the MP at point / due to cable
tension difference §¢. Then, moment m, can be expressed as
follows:

miy = I"pét (20)

m,, is the moment applied onto the MP expressed at point / due
to the MP weight, which is passing through point H.

my, = (°h =) El mg (1)

under the assumption that segments 4B, and 4, B, are parallel,
which is valid as long as the MP is far from the points 4; and
A». In this approach the Cartesian coordinate vector point 7, %,
is computed to formulate the pure rotation of the MP about this
point.

ICR is the intersection point between the line L, passing
through points 4;, and B, and the line L3 passing through
points 43 and B3. The equations of lines L, and L3 are ex-
pressed as:

Lo o x(biay — aizy) + y(@izx — biax) — a1axb1zy + arzybi2x = 0
(22)

L3 x(b3y — a3y) + y(a3x — b3x) — azb3y + a3 b3 = 0 (23)

The Cartesian coordinate vector of points A, and By, namely,

bajy = [a12e, a12]" and®byy = [b1ay, biay]” are the followings:
1
ba,, = E(ba] +%ay) (24)
b

1 1
by, = E(bb1 +5by) ="p + 3 R,(Pb;+7b;) (25)

by being the Cartesian coordinate vector of lines L, and L3,
ie.’i= LN L3, the components of its Cartesian coordinate
vector take the form:

i =iy, i,]" (26)

with i, and i, being expressed as:

v — Ayix

= , Iy = ——
A — opy” M1 @7

. V2 — vy
= K2 T en

with
1 1 1
/l] = Ecg(bly + be) + Ese(blx + b2X) - E(aly - azy) +py
Ay = b3ysg + b3y —azCy —as +p,
1 1 1
pr = =5 colbr + bo) + 559(bry + by) + 5 (@15 + a20) — Py
o = b3yS0 - b3xc«9 +a3x — Py

1
V) = ch[(—alx - azx)(bly + bzy) + (b]x + b2x)(a]y + aZy)]

1
+ ZSG[(_alx = azy)(b1x + bax) — (b1y + byy)(ayy, + azy)]

1 1
— 5Py(a1x — ax) + Splary - ax)
V2 = (azybsx — ascbsy)cg — (asxbax + azybsy)sg — aswp, + axp,

(28)
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In Fig. 3, all the relevant notations are illustrated. ICR point, 7,
is a function of 6, ”p, ba;and Pb;,i =1, 2, 3.

By using the following half tangent substitution in Eq. (29),
Eq. (19) becomes the 674 order univariate polynomial equa-
tion (31).

2t 1-z4
sinf = —"— cosf = g (29)
1+2 1+
and,
6
ty = tan 3 (30)

From Egs. (26)-(30) we can rewrite Eq. (19) as follows:
C6l96 + C5Z‘95 + C4l94 + C3tg3 + Czlgz +Citg+Co=0 (31)

Eq. (31) is a function of #y. The obtained polynomial is solved
numerically to find #y. Then, 6 can be substituted with #,
based on Eq. (30). The coefficients of the latter polynomial,
Co, Cy, ..., Cs, are detailed in '. Equation (31) is solved in or-
der to find the possible inclination(s) 6 of the MP for a given
position of its geometric center P.

5. Parasitic Inclinations

In this paper, parasitic inclination is defined as undesired ori-

entation of the MP that leads to inaccuracy in manipulation and
positioning. This kinematic situation is an outcome of utilizing
cable loop in the CDPR. Since parasitic inclination decreases
the accuracy of the robot, its investigation is crucial and can be
employed to minimize the parasitic inclination by optimizing
the design parameters in the design stage.
This section deals with the determination of the parasitic incli-
nation, 6, of the MP due to cable tension differences, d¢, into
the cable-loop. Accordingly, the following methodology is de-
fined:

1. To determine the natural inclination 6, of the MP. 6,
amounts to the rotation angle 6 of the MP obtained with
both Approaches 1 and 2 described in Secs. 4.1 and 4.2,
resp., for the same tensions in both strands %, and %> of
the cable-loop, i.e., 6t = 0.

2. To determine the inclination 6,, of the moving-platform
when tensions in both strands of the cable-loop are not
the same, i.e., 6t # 0. 6,, can be also computed with Ap-
proaches 1 and 2 described in Secs. 4.1 and 4.2, respec-
tively.

3. To determine the parasitic inclination, 8, of the moving-
platform. 6, is the difference between 6,, and 6,,, i.e.,

6y = O — b, (32)

6. Case study

The rotation angle 6 and the parasitic inclination 6, are com-
puted in this section along a given path for the design parame-
ters given in Tab. 1 of the four-DoF planar cable-driven parallel

Table 1: CDPR Parameters associated to the case.

Anchor point coordinates [m]  Other parameters
ba, = [-2.03, 317 m =12 [kg]
bay, =[-1.97, 317 rp = 0.03 [m]

ba; = [2, 3]T

Pp; = [-0.28, 0.25]7
Pp, = [-0.22, 0.25]7
by = [0.25, 0.25]7

Ph = [0, —0.3] [m]

robot with a cable loop shown in Fig. 2. Eq. (33) expresses
the Cartesian coordinates vector of seven via-points, namely,
V1,...,V7, on the prescribed path (blue path in Fig. 2).

-1 -1 -0.65 0

b _ b _ b _ b _

Vl‘[o}’ Vz‘[%s]’“‘ w1 YT
0.65 +1 +1

b _ b _ b _

Vs = 1l Vo = 0.65|° V7 = 0 (33)

7. Discussion

Figure 4 shows the natural inclinations 6,; and 6,; of the
previous case study obtained with approaches 1 and 2 along
the prescribed path, respectively. The difference between 6,
and 6,; along the prescribed path is also depicted in Fig. 4. It
appears that both approaches 1 and 2 give similar results, which
confirms the soundness of the assumption made in approach 2.
Figure 5 shows the rotation angle 6,,; and 6,,, of the moving-
platform obtained with approaches 1 and 2, respectively, along
the prescribed path, for 6 = 20 N. Finally, Fig. 6 illustrates the
parasitic inclination 6, of the MP for different values of the ca-
ble tension difference 6t into the cable-loop. It should be noted
that 6, increases with 6. This confirms the link between 67 in
the cable loop and the parasitic inclination of the MP.

Overall, the approach proposed in section 4.2 yields consis-
tent results and can be applied to determine the parasitic incli-
nation. Furthermore, this approach can be used to design the
robot with respect to its parasitic inclination. This contributes
to better control and more accurate positioning.

8. Conclusion

This paper introduced a four-DoF planar under-constrained
cable-driven parallel robot. The robot utilizes a double-
actuated cable loop system which grants an unlimited orienta-
tion workspace for the end-effector. Nevertheless, the moving-
platform undergoes some parasitic inclinations that are due to
the presence of a cable loop. Moreover, an analytical method to
find the orientation of the moving-platform is presented. This
method is validated by comparing its results with the solution
of geometrico-static equations of the robot. Then, an approach
was established to isolate the parasitic inclination induced by
cable loop only from the natural inclination of the moving-
platform.

Some experimental validations will be conducted in the future
to validate the theoretical results presented in this paper. The

Uhttps://drive.google.comyfile/d/0B80GqJ5822j0bDIXNkdOUWd6UUE /view?usp=sharing Optimim design paramerers of the robot will be also searched
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Via-points

Fig. 4: Natural inclinations 6,; and 6, of the moving-platform obtained with

Approaches 1 and 2 along a prescribed path

6m []
o

o -
Ka 4

Via-points

Fig. 5: Rotation angle 6,,; and 6,,; of the moving-platform obtained with Ap-

proaches 1 and 2 for 6¢ = 20 N.

0.4 .
==t =5 N
—C=5t =10 N

035 —t=5t=15N| |
—5t=20N

0.15

o3 \ﬁ—/
025 b

N ——

0.05 1 1 1

Via-points

Fig. 6: Parasitic inclination 6, of the moving-platform for different values of

the cable tension difference 67 into the cable-loop

0.1

0.1

66 = 6n2— 61 []

66y = Omz2 — Om1 [°]

for the parasitic inclinations of its articulated moving-platform
to be a minimum.
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