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ABSTRACT

This paper introduces the concept of a new planar Cable-
Driven Parallel Crane (CDPC) for lifting and carrying paydals
with a moving hoist mechanism connected in parallel to tlile ce
ing. In contrast to bridge-crane, CDPC is inexpensive anacpr
ticable for diverse tasks with simple assembly setup. Tlet ho
mechanism is an under-constrained moving-platform alditad
through a bi-actuated cable circuit, namely, a cable looheT
hoist is connected to a suspended moving-platform withdeur
grees of freedom. The power is transmitted directly frormtioe
tors fixed on frames to the hoist through the cable loop. Fhere
fore, the dynamic performance of the robot is increased due t
lower inertia of the moving-platform. However, the moving-
platform undergoes some parasitic inclinations becausthef
cable loop. This paper investigates the parasitic inclioatand
its effect on the positioning of the payload. The workspdce o
the CDPC is studied in terms of static equilibrium. Moregver
the geometrico-static and elasto-static models of the CRRC
presented.

1 INTRODUCTION

Nowadays, overhead cranes or bridge-cranes are widely
used in the industry. They usually consist in runways fixed to
a ceiling which accommodates a hoist mechanism for lifting o

lowering payloads. They are applicable for heavy-paylea#d.

*Address all correspondence to this author.

However, the bridge-cranes have some drawbacks that redus
their utilization, i.e., they are bulky, expensive and ddadapt
to the structure of the buildings.

On the other hand, Cable-Driven Parallel Robots (CDPRs
may seem a sound alternative for the bridge cranes as it @ ov
come the above-mentioned issues. A CDPR consists of a ba
frame, a Moving-Platform (MP) and a set of cables connedting
parallel the MP to the base frame. CDPRs have some advantag
over bridge cranes. Indeed, they are easy to reconfiguredsy,
to assemble and comparatively inexpensive. Neverthdiesg,
suffer from cable interferences with surrounding envirenin

In this paper, we introduce the concept of a planar under
constrained Cable-Driven Parallel Crane (CDPC) that is &bl
lift and lower payloads throughout its workspace. The idet@®i
combine the advantageous features of CDPRs with bridgesran
as shown in Fig. 1. The CDPC is a CDPR with a hoist connecte
to its MP. This design enables us to improve CDPR capalsilitie
for carrying payloads while eliminating their issue regagdn-
terference between cables and objects on the ground. The co
cept of attaching the hoist to the MP is applicable as londnas t
hoist mechanism does not require motorization on the MP. Mo
torization on the MP leads to lower-level dynamic perforg®n
due to the higher inertia and interference between motaeswir
and cables of the CDPR. We could overcome this issue by en
ploying a cable loop. A cable loop is a cable forming a closed
circuit actuated by two motors. The cable loop enables ugto d
sign an articulated platform without having a motor on the. MP
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.3 that increases the input torque generated by the cable lodp a
Aﬂ\ A2 transmits it to a cableg}, that is wound onto a drum. Therefore,
N2 B, The relative height between the given payload and the MP ca
NS N 2 Bs be adjusted within the workspace of the CDPC. As the propose
AN application of the CDPC does not require its MP to approaeh th
R 3 N8 ho  payload, the risk of collision between objects on the growitt

. D™ cables of the robot is eliminated.

: S\ /HmSt Figure 2 illustrates the overall schematic of the MP of the
! Cable Loop CDPC. The MP is suspended by two cables, i.e., a cable loo
: % Yo (%1 and%?) that are actuated by two motors and another cable

o
7
0
N
W /
w//
#
’
’

Ob@ X @ %3, that connects the support of the MP to the third motor. The
cables are directly connected to the support of the MP and th

hoist mechanism is accommodated within the support. Ths&t hoi
Figure 1: A FOUR-DoF PLANAR CABLE-DRIVEN PARAL- is outlined in the figure and its main task is to transmit the/guo
LEL ROBOT WITH A CABLE LOOP from input shaft,.7, to the second shaft,. The input shaft

is actuated by two motors fixed to the ground and through the

cable loop. The gear train inspired from the oné iimcreases
The hoist is driven by a drum that is connected to the cable loo the input torque and transfer it te,. The second shaft, trans-
and actuates a cable, which lifts or descends a payload ky-wra mits the power to the hoist drun%y, through the gear train.
ping around a drum. The proposed hoist mechanism consists in Consequentlyz;, is wound ontoZ,. However,.#,2 and %, are
a triple-stage gear reducer that increases the outputetdngi0 concentric, they are not in contact.
times. The cable loop connected to two actuators, which are show

The paper is organized into six sections. Section 2 de- inFig. 1, is coiled abou, to make the latter rotate about its own

scribes the conceptual design model of a CDPC with an under- axis. The left side of this cable loop is denoteddywhereas its
constrained hoist as the MP. The geometrico-static andoelas  right side is denoted by>. Another cable, identified by3, is
static models of the CDPC are presented in Sec. 3. Section 4connected to both the support of the articulated MP and d thir
studies the minimum required height of the CDPC for manipu- actuator. The cable loop consists in two segments each mith i
lating a given payload. In addition, this section deals wtith dependent cable tensiofisandt,. Segmentsy, is composed of
workspace analysis of the robot depending on the minimum re- the part of the cable loop, which connects the first motor € th
quired height, payload weight and motors torque. Sectioa-5d drum through point$y andB;. The second segment is denoted

Iy

tails the effect of the hoisting torque on the positioningttueé as%, and connects the second motor to the drum through point
payload. The positioning accuracy depends on the parasitic A2 andB,. Two motions can be induced by the cable loop de-
clinations originated from the cable loop. Finally, corsibins pending on the relative rotation of two actuators connetaéde
are drawn and future works are presented in Section 6. cable loops. First one is the displacement of p@rithe center

of 2, shown in Fig. 3) for identical inputs to the two motors.
And the second motion is a rotation about pdhivhen the two
2 MANIPULATOR ARCHITECTURE actuators rotate in opposite directions.

Here, we discuss the architecture of the CDPC. The over- Figure 3 shows the geometry of the MP of the CDPC. The
all manipulator consists in a base frame and a MP connected in MP frame, %, is located on the top of MP and belongs to the
parallel by two actuated cables as shown in Fig. 1. The under- vertical center-line of the MRZ,. The overall dimension of the
actuated MP possesses four Degree of Freedom (DoF) within aMP is specified by, andl, that denote the height and length of
planar workspace. The MP has two translational DoF irxthg the MP, respectively. The radius &4, is denoted as,. Anchor
plane, one rotational DoF of axis normal to its translatitanp. pointsB; andBg are located on the top corners of the MP, so that
The actuation of the additional degree of freedom on the MP is the length of the MP is computed Bs= bay — bix.
done through a cable loop and a drum, so that no motor needs to
be mounted on the MP for actuation of the end-effector.

The proposed manipulator consists in an articulated MP ac- 3 STATIC MODEL OF CABLE-DRIVEN PARALLEL
tuated by three motors through two cables. The MP accommo-  CRANE
dates a hoist mechanism, which is coupled with a cable lobp. T This section studies the mathematical modeling of the
cable loop has two distinct purposes. The former is devated t Under-constrained CDPC shown in Fig. 1. The geometric mode
the positioning of the MP and the latter is reserved for the ac
tuation of the hoist. The hoist consists in a triple-staghicer

1https://youtu.be/ZAOiszszg
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(a) Front view

(b) Side view

Figure 2: MOVING-PLATFORM OF CABLE-DRIVEN PAR-
ALLEL CRANE

alongside static equilibrium equations are presentedoWwilg
the latter models, elasto-static model and accordingby,stiff-
ness matrix of the MP are presented.

Geometrico-static model of the CDPC
Loop-closure equations of the CDPC are given by

bl; =Pa; —Pp—PR,Ph;, i=1,2 3 €y

where®l; is theith cable vector, i.e., the Cartesian coordinate
vectors pointing from poinB; to point A;. PointsA; and B;
stand for theth cable exit point and anchor point, respectively.
The former point is the location dth pulley fixed to the ceiling
and the latter is the connection point between the cableland t
MP. g = [aix, ay]", Pbi = [bix, biy]™ and®p = [p,, p,|" are the
Cartesian coordinate vector of poirks B; andP, respectively.
PRy is the rotation matrix from frame%, to frame.#, and is
expressed as follows:

)

br _ cosf —siné
P~ |sin6 cosH

8 = /(Xp, Xp) is the rotation angle of the MR, i =1, 2, 3is the
ith cable tension vector and it is directed fr@mntoward the exit
pointA. t; = tPu; and its magnitude is expressedtas: IIti]ls

i =1, 2, 3 and®u; is denoted as thi&h cable unit vector. In

Figure 3: MOVING-PLATFORM OF THE FOUR-DoF PLA-
NAR UNDER-CONSTRAINED CABLE-DRIVEN PARAL-
LEL ROBOT

order to compute the unit cable vectbu;, we normalizePl; as
follows:

®3)

li being theith cable length. The external wrenches exerted or
the MP are cable tensionts, i = 1, 2, 3, the weight of the MP,
mg, and the frictional moment or the resistance to relative mo-
tions betweery, and the hoist that is denoted g, . The equi-
librium of the external forces applied onto the MP, is expegs
as follows:

‘itibui +mg=0 4)

In Eq. (4),mis the mass of the MP argl= [0, —g]" is the gravity
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acceleration witlg = 9.81 m.s2. The equilibrium of moments
about pointP in frame.%;, is expressed as follows:

ii

bc being the Cartesian coordinate vector of the MP Center of
Mass (CoM) in%, which is expressed as follows:

((bbi —bp)TETti> + (bc—bP>TETm: )

bc="p+°Ry"c (6)
Pc = [cx, cy}T is the Cartesian coordinate vector of the CoM ex-
pressed in%p.

By considering®b; —p) = PR,Pbj, i =1, 2, 3, and(°c—Pp) =
bRppc we can rewrite Eq. (5) as follows:

3
b b
Z(pbﬁ RgETti) +PcTPRIETmg =0 @)

i=
Finally, we write the equilibrium of the moments generatgd b

cable loop about poir®, the latter is the moment that drives,
and consequently actuaté and it is formulated as follows:

rpdt+mg =0 (8)
The cable loop tension difference is expressed in the fatigw
St=th—1; (9)

From Egs. (4), (7) and (8), the static equilibrium equatibthe
MP is expressed as:
Wt+wWe=04 (10)

whereW is the wrench matrix of the CDPC under study

by, by, by
W = | PbI°RIETbu; Pb]°RTETPu, PbI°RIETPUs| (11)
—I'p o 0

We is the external wrench applied onto the MP
b
We=[0 —mg PcT"RIE"mg mie] " (12)
04 is a four dimensional zero vector and the three-dimensional
cable tension vectdris expressed as follows:

t=[t; tp t3] T (13)

Elasto-static model of CDPC
In order to study the stiffness, the elasto-static modehef t
MP is given by

ofp op
OWe= [Omp| =Kor =K | d0p (14)
omy A0y

In Equation (14),0w, is denoted as the infinitesimal change
in the external wrench.K and ér stand for the stiffness ma-
trix and infinitesimal screw of the MP. The vectors of infisite
mal change in the force and displacement are denotédas
[5f,, 6f,]T anddp = [3py, 3p]", respectivelydm, anddmy are
denoted for infinitesimal variations in applied momentsoahie
MP and 2, aboutz,. 0, andog correspond to the infinitesimal
changes in rotation of the MP and drum abaut

Hereafter, we investigate the stiffness of a CDPR with lin-
ear cable model. The elastic behavior of the MP is described &
follows:

_ dwe
Codr

(15)

The following equation is achieved by substituting Eq. (id)
Eqg. (15) [2].

dwt

dr

dw dt
— t—-W=
dr t dr

Kat+Kp= (16)

Passive stiffness matriK p, depends on the cable properties and
active stiffness matriX< 5, depends on the cable tension,

Passive stiffness matrix Under the assumption of the
linear spring model for cables, the following equation esgmts
the cable elasticity, whereth cable elasticity coefficient and
length variations are denotedlasanddl;, respectively.

ti = ki Ol a7

Equation (17) is rewritten for all the cables in the follogin
closed form.

t=K,dl (18)

where, 8l = [811, 61, 813] is the vector of infinitesimal variation
in cable length and the general stiffness cables-stiffnessix,
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K| is defined as follows: and the differential term in the second row of Eq. (24) is dete
mined as follows:

ki 00
Ki = [g kéé] (19) d(rbiTETbui) — —PbTPRPu + b TET P (26)
h h W is defined Therefore, The active stiffness matrix of the CDPC is reform
The wrench matriXyV is defined as lated in Eq. (27).
d
wh=—— (20)
dr dbui dbUi dbui
m r r r
Where,| = [I1,l,13]" is cable length vector. From Eq. (18) and Ko=— Z\ti d bidE "u) d( bidE bui) d( bidE bu;)
. . . o 2z p o o,
Eqg. (20) we rewrite the passive stiffness matrix as: i= AW, dwii dwii
d dp dop, “dog 27)
_ w3 T
Kp=-WK - =WK/W (21) where.
By substituting Eq. (11) and Eq. (19) into Eq. (21) we can for-  gby, 1 bop T
mulate passive stiffness matrix as follows: o —H(lz.z =uiui ) (28)
dbui 1 b b T\b p
3 bUibUiT buibuiTErbi Wi by dop B E(IZZ_ Uit ) RpED: (29)
KpZ_Zki rbiTETbuibuiT rbiTETbuibuiTErbi W37irbiTETbui dbui
= wa ;" wa; PuiT E'y Ws dog 021 (30)
(22) d(l’b_TETbu_> 1 T
where, b; = PR,Pb; andws; refers to the third row and thieh S A W U (PYESLTLTS (31)
column ofW. poTb li
d("bi' E' Py;
% = %rbiTET(Iz,z — buibuiT)bRppri — pbinprUi
Active stiffness matrix From Eq. (16) the active stiff- Op :
ness matrix can be rewritten as follows: (32)
d(rbiTETbui) 0 a3
dw 3 dWi dOd B ( )
i= 7dp =012 (34)
where the differential of wrench matrix associatedttocable aws; =0 (35)
with respect to the infinitesimal screds is given by: dop
Msi _ g (36)
deu; dbu; dby; dod
dwi _ | d("b"E™u) d("b’E™u;) d("b’E™u) (24) The static model presented in this section is required fahéu
dr d(\j\? éjveg fﬁ". investigation regarding static workspace, required heigtihe
Ti% dor ‘do%l CDPC and positioning of the payload.
p

The differential form ofu; is derived from Eq. (1) in the follow- 4 REQUIRED HEIGHT FOR A GIVEN PAYLOAD

ing In this section, we study the minimum required height of
the CDPC for manipulating a given payload. In general, sus
pended CDPRs are incapable of performing tasks close to the

1 T
by, _ by, by, b _
d’ui = —(I22="uui )(dp —"RpEPbidop)  (25) exit points i.e., the larger part of their workspace is ustebser
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to the ground for a given external wrench. Here, we elabaate

similarly, the following equation is obtained by replaciagvith

method that approximates the required height of the CDPC for tnhaxand eliminating;.

lifting a given payload within its workspace.

If the input torques to the two ends of the cable lo@h, (
6») are equal, then it will behave as a single calslg, connect-
ing pointsAg2 to By as depicted in Fig. 3. For this model, the
MP is assumed to have a constant orientati®r-(0) within its
workspace.

The static workspace of the CDPC is defined as the set of all

the points of MP namely, poift whose cable tensions belong to
the specified cable limits for respecting the static equiliin of
the CDPC. Equation (37) formulates the static equilibrium.

37)

where, minimum and maximum cable tensions are denoted as
tmin @ndtmax respectively. and the tension vector associated to

the described model of CDPC with two cables is given by

tm= [t12 ts]T (38)

W, is the wrench matrix of the considered model and is ex-
pressed as follows:

W = [Pus Pus] (39)

From Egs. (37-39) the equilibrium of the external forces ap-
plied onto the MP is reformulated as follows:

t12°U12+ tsPuz + mg = 021 (40)

Let us compute, andvs, the unit vector orthogonal fu;, and
bu1,, respectively.

vi =EPui, i=(12),3 (41)
with

0-1

- [0d “)

The following equation is derived from Eq. (40) by replactig
with 2tnax and eliminatings by a dot product.

vl (Ztmaxbulz+t3bU3 + mg) =0 (43)

VIZ (tleUlZ + tmaxbU3 + mg) =0 (44)

Hereafter, by solving Egs. (43) and (44) fpy we obtain the

following equation

1 1 .

where,y;, andy; stand for they, loci whose associated cable
tension is considered as the maximum allowed tension fdesab

612 and@s, respectively{1, and{s are defined as:
B 1
\/16tr%1ax(|b - |p)2 - ngz(lb - |P o 2X)2

1
¢ VA a(lo —1p)? — mPg2(Ip — [ +2x)2

{12 (46)

(47)

Equations (46) and (47) imply the validity domain of Eq.
(45) as formulated in the following equations.

(Ib —1 P)(mg* 4tmax)

Xb,12 = 2mg (48)
Xub,12 = 2mg (49)

The valid domain fol/; is expressed in the following equations:

(I p— Ib)(mg+ 2tmax)

Xp.3 = 2mg (50)
(Ip —1b)(Mg— 2tmax)
= l
Xub,3 2mg (5 )
Therefore, the domair = [Xpi, Xuni], | = (12), 3, is defined

for the boundary equationy;. From Eq. (45) we state that,
there is always a minimum point on the upper-boundary equa
tions namely,m; = [x,y]", i = (12), 3. The latter point is
associated to the minimum of the upper-boundary equatiods a
satisfies the following equation.

dy;(x)
d

=0 i=(12),3 (52)

x

Hereafter, we define the maximum required height of the
payload ady, and the minimum required height of the building
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as follows:

ho = he+ hy (53)

In order to calculate the minimum required height for the
ceiling, we definé in Eq. (54). The latter parameter is associ-
ated to the minimum required distance from ceiling that tife M
can support the given payload within the boundary of theecabl
tensions. It should be noted th&t, depends on the maximum
cable tension, weight and the length of the frame and MP.

he =hp -y, (54)
We definey, as the maximum value of, that the MP could
obtain for anyp, € [IJE—I", %ﬂ} . The following equation yields
Yp!

2 a5 A 05

0 05 1 15
x[m]

(c) hy = 3m,m= 10kg

x[m]

(d) hy =4 m,m= 10kg

Yp =min(y;,: Y3)

(55)

In the previous equatiory12 and;_/3 state the minimum values of
Y12 andys, respectively.

Figure 4 shows the workspace of CDPC, the upper-
boundaries andh; for different masses and heights of the
ceiling. Maximum cable tensiort{ax =220 N), height of the
MP (hp=0.5 m) and the length of the CDPC framg=0.5 m)
are constant.

5 THE EFFECTS OF THE HOISTING TORQUE ON THE
POSITIONING

The design of the CDPC and its applications are discussed

in the previous sections. Nevertheless, the effects of distihg
torque or more precisely, the torque generated by a cabfe loo

Figure 4: Workspace of CDPC for different heights and the-ove
all mass (MP and payload)

but the difference of cable loop tensions, namély, The fol-
lowing equation expresses the equilibrium of the moments ap
plied/sustained about ICR, poihtexpressed in7,.

M2+ my =0 (56)

my2 is the moment applied onto the MP at poindlue to cable
tension differencedt. Then, momentn, can be expressed as
follows:

Mo = I’p5t (57)

on the kinematic has not been addressed. In [3], The impact of my is the moment applied onto the MP expressed at dotiute

using a cable loop for articulating a MP of a CDPR is studied.
Here, the parasitic inclinations of the MP are defined as a-fun
tion of the moment induced by the cable loop and the MP pose.
Parasitic inclinations deal with the inclination of the MPRdaas

a consequence the positioning error of the payload.

Determining inclination of the moving-platform

This approach takes into account only the equilibrium of the
moments applied/sustained about Instantaneous Centeo-of R
tation (ICR) point regardless of the cables tensiton t, t3),

to the MP weight, which is passing through potit

my = (°c—")TE Tmg (58)
under the assumption that segmetB, andA,B; are parallel,
which is valid as long as the MP is far from the poits and

A. In this approach the Cartesian coordinate vector of pgint
bj, is computed to formulate the pure rotation of the MP abou
this point.

ICR is the intersection point between the ling, passing
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through pointsAs> and By> and the line.Z3 passing through
points A3 andBs. The equations of lines#;» and %3 are ex-
pressed as:

L1120 X(bryy —a1y) + Y(arx — bia) —arxbiy +aipbin =0
(59)

L X(b3y — a3y) +y(asx —bsx) — agxb3y + agyng =0 (60)

The Cartesian coordinate vector of poidts andBi,, namely,
bayp = [a12x, a12y]T andPbip = [b12x, biy|T are the followings:

1
bay, = é(bal+baZ) (61)

1 1
b, — E(bb1+bbz) =p+ ébRp(pbl—i—pbz) (62)

| being the intersection point of line®?, and.#3, and of Carte-
sian coordinate vecto?lj = %,N .%s:

O — iy, iy]" (63)
with iy andiy being expressed as:

—V1— A1ix

. HaVo— Vs iy = (64)

T M2 —Aop

with

A= %Ce(bly‘f' bay) + %Se(blﬁ' bax) — %(aly_ Ay) +Py
A2 = 3,Sg + b3y — a3yCo — a3y + Py

U1 = —%Ce(blx-i- box) + %se(bler boy) + %(alx + agx) — Py
M2 = bgySg — b3xCq + Agx — Py

1
V1= ZCQ [(—aux — 2x) (bay + bay) + (bax+ bax) (azy + azy)]

+ 750l(~an— 8 (bt + box) — (bay + bay) (@1, + 2]

1 1
- Epy(alx —ax) + pr(aly —ay)

V2 = (8aybax — asxbay)Co — (Asxbsx + agybay)Se — asxpy + agyPy
(65)

In Fig. 3, all the relevant notations are illustrated. ICRnpal,
is a function of@, Pp, Pa; andPb;, i =1, 2, 3.

By using the following tangent half-angle substitution in
Eqg. (66), Eq. (56) becomes théhGorder univariate polynomial
equation (68).

. 2 113
sing = iz, cosp = ——2 (66)
1+1t3 1+1t2
and,
tg = tang (67)

From Egs. (63)-(67) we can rewrite Eq. (56) as follows:
Cotg® + Cstg® + Catg* + Catg® + Cotg® + Citg + Co =0 (68)

Equation (68) is a function dfy. The obtained polynomial is
solved numerically to findg. Then,8 can be substituted with
tg based on Eq. (67). The coefficients of the latter polynomial,
Co,Cy,...,Cs, are detailed irf. Equation (68) is solved in order
to find the possible inclination($) of the MP for a given position
of its geometric centep.

Parasitic inclinationfp, is defined as undesired orientation
of the MP that leads to inaccuracy in manipulation and pmsiti
ing. This kinematic situation is an outcome of utilizing tab
loop in the CDPR. Since parasitic inclination decreasestice-
racy of the robot, its investigation is crucial and can be leygd
to minimize the parasitic inclination by optimizing the dgspa-
rameters in the design stage. The following steps are daotié
to determinef, of the MP due to cable tension differencés,
into the cable-loop.

1. To determine the natural inclinatiof, of the MP. 6,
amounts to the rotation angke of the MP for the same
tensions in both strands; and %, of the cable-loop, i.e.,
ot =0.

2. To determine the inclinatio,, of the moving-platform
when tensions in both strands of the cable-loop are not th
same, i.e.dt #£ 0.

Position of the end-effector and hoistig torque

In order to perform the pick and place task, position of the
end-effector should be computed. As the hoisting toreue,
effects on the overall inclination of the MP and consequyethit
position of the end-effector, we calculate the end-effieptusi-
tion namelyPe, for the following two cases:

2https://drive.googIe.com/fiIe/d/OBSOGqJ5822jObDIXNkdOU\MdiﬂE/view?usp:sharing

8 2018



1. When no hoisting torque is applied to the hoist, gz = 0.

ey = bh, 1 [_‘H (69)

where Pe, stands for the Cartesian coordinate vector of end-
effector (pointE as shown in Fig. 3) without hoisting torque.

The corresponding Cartesian coordinate vector of paiigt
formulated as follows.

®hp = Pp 4+-PRp(6,)Ph (70)

and the position of the hoist anchor point expressedin

namely,Ph is determined as detailed in the following.

Ph="Pc+[rh, —(ra+ rgz)]T (71)

where,rgq stands for the radius of the gear attached to the
shaft.”1, rg is the radius of the green gear attached to the

shaft.#, andry, is the radius o.
2. The position of the hoist anchor point whem, £ 0 is ex-
pressed in the following equation.

e ="t | 5] 72)

where,
Phm = "p +PRp(6m)Ph

(73)

Therefore, the position of the end-effector is obtaineduioac-

tuated hoist a8e,,, while the parasitic inclination due to actuated

hoist varies the position of the end-effectoPeg,.

6 CONCLUSIONS

maximum required height for the robot were investigatede Th
effect of hoisting torque on the moving-platform incliratiwas
also investigated. It was shown that the angle of inclimatian
be computed efficiently and reliably. The detailed desightae
prototyping of the cable-driven parallel crane are leftfidure
work.
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