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A New Performance Index for Underactuated
Cable-Driven Parallel Robots

Edoardo Ida!0000-0003-0437-4651] 41 Marco Carricato! [0000-0002-1528-4304]

University of Bologna, Department of Industrial Engineering, Bologna, Italy
{edoardo.ida2,marco.carricato}unibo.it, http://www.irmalab.org/

Abstract. Cable-driven parallel robots (CDPRs) equipped with less cables than
the end-effector (EE) degrees of freedom (DoFs) are underactued and under-
constrained by design. These characteristics imply that only a subset of the
EE DoFs can be assigned for planning purposes, and that the EE can freely
move when actuators are locked. The performance of this class of manipula-
tors has yet to be fully analyzed, since common performance indices for fully
or redundantly actuated robots may not directly apply. In this paper, a novel
index is proposed, which is tailored for suspended underactuated CDPRs. This
index analyses cable-tension sensitivity to cable-length variation, and aims at
determining if a static equilibrium configuration is attainable under bounded
cable-length control errors. When 4- or 5-cable UACDPRs have to perform po-
sitioning tasks, the optimization of such an index may be used to determine
the safest EE orientation with respect to actuation errors.

Keywords: Underactuated cable-driven parallel robots, Underconstrained cable-
driven parallel robot, performance index, trajectory optimization.

1 Introduction

Underactuated Cable-driven parallel robots (underactuated CDPRs, or UACDPRs in
short) control the end-effector (EE) pose by means of n extendable cables, whose
number is smaller than the EE degrees of freedom (DoFs). UACDPRs are intrinsi-
cally underconstrained [1], since their EE is subject to less constaint actions than the
number of its DoFs. As a consequence, only a subset of the EE coordinates can be di-
rectly controlled, and the EE preserves some freedoms once the actuators are locked.
Given the reduced mechanical complexity and increased workspace accessibility of
UACDPRs, a growing number of studies are being conducted on these systems in the
field of trajectory planning [2H5], geometrico-static modeling [6], control [7], cali-
bration [8], and workspace analysis [9]. On the other hand, UACDPRs performance
evaluation is still an open problem.

Robot performance indices have been vastly investigated [10], and a few spe-
cific studies exist on their application to suspended, completely actuated CDPRs: the
global conditioning index was used in [11] to evaluate the kinematic dexterity perfor-
mance of a generic 6-cable CDPR; rotation and displacement sensitivity to actuator
displacement errors were investigated in [12] for translational CDPRs and in [13] for
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rotational CDPRs. As far as redundantly constrained CDPRs are concerned, the ra-
tio between maximum and minimum cable tensions was introduced in [14] (called
tension factor in [15]); the maximum acceptable horizontal distance between the plat-
form reference point and the center of mass of the set composed of the platform and
a payload was introduced in [16] to determine whether a handling task was feasi-
ble; and the maximum wrench that can be applied in a given direction, the wrench
exertion capability, was explored in [17].

In this paper, a novel index for the evaluation of the geometrico-static perfor-
mance of UACDPRsis introduced. This index, called maximum tension variation un-
der a cable displacement error, aims at analysing the influence of actuator errors on
UACDPRs static cable tensions. This analysis allows one to determine whether an
equilibrium configuration may be safely attained under bounded cable-length con-
trol errors, with cables remaining likely taut. In addition, if 4- or 5-cable UACDPRs
have to perform positioning tasks and the additional cables are used only to widen
their static reachable workspace, the optimization of such an index could be used to
determine the safest EE orientation with respect to actuation errors.

This paper is structured as follows. Section[2|recalls the geometrico-static model
of UACDPRs with massless straight cables. Section [3]introduces the maximum ten-
sion variation under a cable displacement error index, based on the differential anal-
ysis of the geometrico-static model. An application is proposed in Sec. [d} where the
orientation of a 4-cable UACDPR for a given reference position is determined as the
one that minimizes the new index. In the end, conclusions and future works are dis-
cussed in Sec.[5

2 Geometrico-Static Model

A UACDRPR consists of a mobile platform coupled to the base by n < 6 cables, which
can be coiled and uncoiled by motorized winches. In the following, Oxyz is an iner-
tial frame, whereas Gx'y'z’ is a mobile frame attached to the moving platform center
of mass. The EE pose is described by the position vector p of G, and the rotation ma-
trix R (Fig.. In this paper, R is parametrized by a minimal set of angles € = [¢,6, y].

The platform generalized coordinates are thus ¢ = [p” €] T

2.1 Geometric model

For the sake of simplicity, we assume that the i-th cable is massless and rigid, and
is guided into the workspace through an eyelet at point B;, described in the inertial
frame by vector b;, and attached to the platform in point A;, described in the moving
frame by (the constant) ” a’l., and in the inertial frame by a; = p+ a;. =p+R’ a’l., where
a’l. =RP a;.. The cable vector connecting points A; and B; is p = a; —b; and, if /; is
the length of the i-th cable and (-) indicates the scalar product between vectors, the
geometric constraint imposed by the cable on the platform is:

p-p-17=0 ¢)
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Fig. 1: Geometrico-static model of the UACDPR

2.2 Kinematic model

If w is the EE angular velocity, v = [pTwT] T the EE twist, t; = p;/1; the cable direction,
and (x) indicates the vector product between vectors, differentiating Eq. (1) with re-
spect to time yields:

&v—i;=0, &=

t; .
a’ixti]’ i=1,...,n 2)

The n relations in Eq. (2) can be grouped as:

S0, A= (i b b B [E &) TeRYS 3

The EE twist v is related to the pose time derivative { through a matrix D, whose for-
mulation depends on the specific orientation parametrization employed and whose
elements depend on the EE pose [4]:

v=D)¢=D¢ 4
If Eq. @ is substituted in Eq. (3), one gets:
ED{-1=J{-1=0,., J=EDeR™® 5)

Matrices E and J are the kinematic and analytical Jacobian matrices of the system
and, since the robot is underactuated, they are rectangular; in case the manipula-
tor is not in a singular configuration (whether a geometric or a representation one),
rank(Z) = rank(J) = n < 6, which is strictly less than the number of EE DoFs. Thus,
only n coordinates of the EE pose can be controlled by varying the UACDPR cable
lengths, while the remaining A = 6—n are to be determined according to the mechan-
ical equilibrium of the platform. In addition, even if the actuators are locked and ca-
ble lengths are kept constant, A freedoms remains. The n controlled coordinates are
denoted as {, € R”, whereas the non-controllable coordinates will be referred to as
[free coordinates and denoted as { y € R, For simplicity sake, we will assume that the

controlled coordinates are the first in the array &, thatis, { = [ CT 14 ]{] T
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This coordinate partition is particularly useful in trajectory planning of UACD-
PRs, but it attains additional kinematic meaning. In fact, the EE twist v can be de-
composed into two contributions, namely a free twisﬂ v and a controlled twist v,
so that:

V=Vf+V, (6)

The free twist is defined as the EE twist when the platform is in free motion, and it
can be derived as the solution of Eq. (8) when 1= 0,41, namely:

E:Vf =0px1 (7)

The solution to Eq. (7) is readily obtained by considering the right nullspace £+ of
matrix Z. By definition, the right nullspace of a (n x 6) matrix is a (6 x 1) matrix such
that 2=+ = 0,1, thus its columns define a basis for the free twist v r

_=l

vp=E"¢ for some c € R 8)

If J* is the right nullspace of matrix J, we also have:

Evy=ED{ = ED =0,y = ¢=J'¢ for some ¢ e R? 9)
Vf J
so that: _
v, =D{=DJ'c (10)

By comparing Egs. (8) and and by choosing ¢ = ¢/, we have:
=t =DpJt any

The coefficients ¢ coincide with the free coordinates derivative C Iz if 2% (and thus
J*, cf. Eq.(1I)) is computed according to the following procedure. First, we partition
the analytical Jacobian matrix J as:

J=ED=E[D, Df| = [ED; ED] = [J. J/] (12)

where D, € R®", D e R4, J. = ED, e R"*", and J ; = ED ;s € R"**. Matrix J* can be
symbolically computed under the assumption that rank(J.) = n aqd, thus, invertible.
By assuming s matrix J* can be derived from Eq. (5) by setting 1 =0,,.1:

K=Vl o4Vl =000 = {o=-1."158; (13)
and finally:
; Zc] 1965 s 1[Iy
=|2¢] = = , = 14
¢ [Cf Ip.a Cr=I¢s J Inxa (14
vp=D{=DJ"{;=E"¢; E =DJ (15)

! The free twist is derived in [18] and reported here in order to make the paper self contained.
2 By suitably choosing controlled and free coordinates, it can be proven that this is always
true for UACDPR [18], but the demonstration is omitted due to space limitation.
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where ¢ = ¢ - It should be noted that the expression of ¢ provided in Eq. is valid
only whenl = 0,x1-

The controlled twist is defined as the EE twist due to cable actuation only, that is,
the twist resulting from a zero free-coordinate derivative, ¢ 7 = 0ax1. The expression

of v, is determined by considering Eq. @) and setting { =031t

. ) D.é
ot -3
In addition, by recalling position (T2):
o 3 .
1=3¢=[1c1¢] [oﬂil = {=J 17
and thus:
Dcéc Dclzli Dclzl 1 _ =3 =l Dcl_l 6xn
= = = 1=="], == ¢ leR 18
¢ olxl Oﬂxl OAxn Oﬂxn ( )

while an expression of  which is valid only when { 7 =021 is deduced from Eq. (T7):

J;!

- |
=1, ¢

=l =pj! 19
O1xn )

i:]”L ﬂ|:

Axn

The newly defined matrix Z! has the property to be a right inverse for the kinematic
Jacobian =, namely ==l = I,xn, when ¢ r= 0,x1. This can be verified by substituting

Eq. in (@):
I =L (20)

[11
(3]

Ev,-1=2El-1=0,, -
Finally, one has:
v=vr+v. =B +El 1)

It can be verified that the expression of v in Eq. verifies the EE first-order kine-
matics expressed in Eq. (3):

E.v—i:E.(E‘.J‘éf+E”i)—i:EE‘.J‘Zf+EE”i—i=0nx1 22)
Onx)l Inxn

At last, the complete expression of the pose derivative can be written as:

¢=1¢, -+ 23)

2.3 Static Modelling

The static model of the EE is determined by considering that cable tensions counter-
act the external actions applied onto the EE. If we consider gravity as the only load
applied to the EE center of mass G, the static equilibrium yields (see Fig.[I):

=T _ _| ¢
2 r=f f= [OSXI] (24)
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where ¢ = mg, m is the EE mass, gis the gravitational acceleration, and T = [11,-+-,7,]7
is the array containing the cable tensions.

The static constraint that the EE coordinates must statify at equilibrium (regard-
less of the sign of cable tensions), is obtained by pre-multiplying Eq. by =L

Lelr—0,,,=5L"f 25)

where 21 2T =0 1xn by definition of nullspace. Cable tensions can be computed by
pre-multiplying Eq. by =", instead:

=TT I

=
= S T=T=2

f (26)

The geometrico-static model is established by considering Eq. (1) fori =1,...,n
and Eq. (25):

pp_l%:O

27)
pp-1;=0
Ele—O/lxl

The non-linear system has 6 equations in 6 + n unknowns, namely the 6 EE co-
ordinates ¢ and the n cable lengths 1. By assigning 1, the forward geometrico-static
problem is established; if instead & . is assigned, the inverse geometrico-static prob-
lem is determined. Both problems are well-posed, since the system has 6 equa-
tions in 6 unknowns, and they may admit multiple real solutions: a solution is ac-
ceptable if cable tensions, obtained from Eq. (26), are strictly positive, and the equi-
librium is stable [1].

3 Maximum Tension Variation under a Cable Displacement Error

In this section, the maximum tension variation under a cable displacement error, de-
noted by 0% o, is formulated by considering how cable length variations, or errors,
influence cable tensions around equilibrium.

The equilibrium of a UACDPR may vary for two reasons, namely a change of cable
lengths or external wrench. In this paper, we only consider the former. By differenti-
ating Eq. (26), we evaluate how tensions vary due to pose variations:

=T
o=, o

dr = d(E”Tf) ==

If we consider 27 T = f, the partial derivative in Eq. is:

T
o(=""] _(aale+_|Taf)_( =’ ”Taf)

11
[

T
aC I T Y4 R R T T2 (29)
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=17 —
G DRy R Y AT |
o T4 o “\tag) o
where we have taken into consideration that, since =T = Lixn:
oC — - aC = UYnxn
It can be shown by computation that Eq. (30) can be rewritten asﬂ
o(=""t) .
——— =-E" KD 32
aC (32)
_ o [T —Tiﬁ,i _ T
K=Y —lar —ama | Ti=lba-tt (33)
i=1 bi 19t T iy

where () denotes the skew-symmetric representation of a vector. Matrix K is referred
to as Geometric Stiffness of the CDPR [18}[19], because it depends on geometry, and
it is fundamentally different from the so-called Passive Stiffness generated by cable
deformations (not considered in this paper).

From Eq. (23), we infer that the pose variation d¢ in Eq. 28) is produced by a
variation of either cable lengths or free-pose coordinates, namely:

d¢=14dg,+Jdl (34)

On the other hand, the variation of free coordinates is not independent, since Eq.
must hold in the newly attained equilibrium. Thus, the free-coordinate variation
upon a cable-length change can be determined by differentiating Eq. (25):

=L
d(ain) - a(;—zf)dczom 35)
If we substitute Eq. in Eq.(35), we obtain:
=17 EJ_T
d(s“f) = a(;—cf)ﬁdcf + a(a—cf)l' dl=0),, (36)

Since Z” T = f at equilibrium, the partial derivative in Eq. is:

a(=L"¢ =17 =17
( ) (0— :lTﬂ) (6_ Try LTﬁ) 37)

1
1

aC TERAT: aC aC

=LT - =
o= f):_(EthT _=ﬂ§)=_=ﬂ( =1 af) (38)

aC a T At o T

3 Detailed computation of K is reported in [18] for a more general case, i.e. when cables are
guided by swivel pulleys and an arbitrary external wrench is applied to the EE.
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. . . . 1T =
where we have taken into consideration that, since E+ E7 =0, ,:

o=t’ T 0T =T
2 +E =0, 39
ac ac Axn (39)
and ultimately (cf. Egs. and (32)):
=17
M — _':iTKD (40)
o -
By substituting Eq. in Eq. (36), and considering Egs. and (I5), one obtains:
ELTKD]ldCf+ElTKD]”dl:Kj%dcf+Klldl=OMI 41)
where: ., ,
K;==" K=" eR™, Ky =" K= eR"" 42)

Note that, if the equilibrium is stable, K]lc is positive definite, thus invertible |18].

Then, the free-coordinate variation upon a variation of cable lengths is:
dg, = —K;LK,ldl (43)
and substituting Eq. in Eq. the overall pose variation is determined as:
dg = (1K K+l (44)

In the end, the variation of cable tension upon a change of the cable lengths is
evaluated by substituting Eq. and into Eq. (28):

dr = -=I"KD (- KK + 1) di= K dI 45)

K, = -2l k(-2 KK + 2 (46)

Finally, the maximum tension variation under a cable displacement error 09 o
is defined as:

O1%,00 = INax ldTolleo 47)
ldllleo=1
where dty, = 100[(d7y) /71,---,(dT,) /7,] is the percentage tension error, and || - [loo

indicates the vector co-norm. As highlighted in [20], the use of the infinity-norm at-
tains the clearest physical meaning, since it is consistent with a realistic actuation
error model, namely —d/; max < dl; < dlj max for i = 1,..., n. The definition of the in-
dex based on the percentage variation of cable tensions, and not on their absolute
variation, is justified by the fact that a small tension variation on an almost slack
cable is comparably relevant to a large tension variation on a well-taut cable.

By considering Eq. and the definitions of matrix norms [21], we have:

O1%,00 = MaX [[dTyloo = IKz9s lloo (48)
ldlloo=1



A new performance index for UACDPRs 9

where K¢, is, by accounting for Eq. (46):
K.% = 100TK,, T =diag(t)"} (49)

Note that the computation of the infinity norm of a matrix is straightforward, as it
consists of computing the 1-norms of its row vectors and choosing the largest.

Notice that 0;% « is not dimensionless. If cable lengths are expressed in millime-
ters, 09,00 is the percentage error on the estimated cable tension if a control error of
at the most 1Imm occurs in cable lengths.

4 Application

As an application of the proposed performance index, we optimize the static orien-
tation of a 4-cable UACDPR EE that has to perform a positioning task. Since only 3
of the 4 controllable coordinates of the robot needs to be assigned to perform the
task, it is reasonable to investigate which orientation among the possibly infinite
ones attainable by EE would locally optimize the performance of the robot. Then,
for an assigned EE position, its orientation may be determined as the one minimiz-
ing 0% 00, SO that, should cable lengths not be perfectly controlled by the robot, the
risk of cables becoming slack is minimized.
Consider a UACDPR with the following parameters:

0.2 0.2 -0.2 -0.2
Pa1: 0.3 | m, Pagz —-0.3| m, Pa3: —-0.3| m, Pa4: 0.3 | m,

0.3 0.3 0.3 0.3
1.5 1.5 -1.5 -1.5
bij=|1|m, by=|-1|m, b3=| -1 [m, by= 1 |m, m=1Kg
0 0 0

and the position p, = [00 —2]" m that the EE has to reach. Orientation € is
parametrized with Roll-Pitch-Yaw Euler angles, namely the EE rotation matrix is
R(e) =R (P)R, ()R« (x), with R;, i = X, y, z being elementary rotation matrices.
The optimal orientation of the EE is determined by solving the non-linear con-
strained optimization:
€opt = MiN0T7%,00(€) (50)

subject to:
=0,  and  T=Tm (51)

where > denotes element-wise inequality, and 7,,;,, = 2N is the inferior tension limit.
The model presented in this paper was implemented in Matlab, and Eq. was
solved by the fimincon function. The results are reported in Table([T}

Equilibrium orientations in the neighbourhood of the optimal one were also in-
vestigated, in order to understand the entity of the variation of 07, in the assigned
Po- Accordingly, angle ¢ was continuously varied around ¢, while 6 and y were de-
termined as the solutions of the inverse geometrico-static problem in Eq. 27). The
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€ [rad] 1 [m] T [N] 0 1%,00 [%0/m]

T T T
[0, 0, 0] [2.252, 2.252,2.252, 2.252] [3.25, 3.25,3.25,3.25 2117

Table 1: Optimization results in pg

UT%,OO[%/HI]

3400 z[m)]

0.3
3200 0.93
3000 -1.56

2.19
2800 -2.82
2600 1.12

0.56 _ E%a'bleg
Rl — in Cpr
2400 — EEin ¢,
- 1.68
2200 -0.56
| Y [m]_l 12
-1.68
(@) 079 00 [%/m] forpg (b) EE configurations in pg

Fig. 2: Simulation results for pg

results of this analysis are reported in Fig.[2al and, in the authors’ opinion, one de-
tail is particularly interesting. The worst (highest) values of 0,9 are obtained for
those equilibrium orientations that results in one cable reaching the lower tension
limit 7,,;,: even though 0,9, does not vary considerably in the assigned position
of the EE, the highest value of this index, where one cable is the least tense, implies
that those configurations are intrinsically not safe to reach if cable lengths are not
perfectly controlled, since one cable may become slack.

In order to emphasize why this result is critical, consider two equilibrium ori-
entations €)s and €, attainable by the UACDPR in p,,, respectively maximizing and
minimizing 0,9« (see Fig. and note that the subscript M and m will be used to
denote all variables associated with such orientations):

0

0 2.237 4.48

- 2.273 2

ZMZ _0.161 [m,rad], lMZ 2937 m, Ty= 4.48 N, aT%,oo,M=3615%/m

0 2.273 2

0

0

0 2.252 3.25

—2 2.252 3.25

Cm = 0 [m,rad], lm = 2952 m, T;= 395 N, O1%00,m = 2117%/m

0 2.252 3.25

=]
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Suppose now that the second and the fourth cable are 1cm longer than their values
in Ips and 1,,,: these new cable lengths are denoted as 1}, and I;,, respectively. The
solutions to the forward geometrico-static problem for I}, and I’;, are:

0
0 2.237 4.85
« _ |-2.004 . |2.283 . |163
Ev=|_go07| Mrad, Dy=1, 0 | m Ty=|,g| N
0 2.283 1.63
0
0
0 2.252 3.59
« _ |-2.006 . 2262 . |29
Cm=1|_go45| mradl Ly=,o0 M Ty=|35|N
0 2.262 2.90
0

It is clear that for the pose associated with I}, cable tensions drop below the tension
limit, while for the pose associated with L;, this issues does not occur.

5 Conclusions

In this paper, a novel index 0,9, for the evaluation of geometrico-static perfor-
mances of UACDPRs, called maximum tension variation under a cable displacement
error, was introduced and analitically derived. Its relevance was demonstrated on a
4-cable UACDPR, by determining the orientations minimizing and maximizing said
indexwhen the position of the EE is assigned. It was shown that, in case cable lengths
corresponding to minimal and maximal values of 0;% « exhibit errors, the risk of
loosing tension in one cable is the highest in the latter configuration.

In the future, this index will be used for the characterizing and optimizing UACD-
PRsreachable workspace.
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