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ABSTRACT

Cable-Driven Parallel Robots (CDPRs) use cables to move
a moving-platform in space offering different advantages,
such as high payload, reconfigurability, large translational
workspace and high dynamic performances. However, their
orientational workspace is usually limited due to cable/cable
and cable/moving-platform collisions. In this paper, a novel
Schonfiles-Motion Generator (SMG) with a large translational
workspace and a full rotation of its end-effector about a vertical
axis is introduced. The full rotation of the end-effector is ob-
tained using a parallelogram cable loop. It should be noted that
the four degrees of freedom motion of the end-effector is con-
trolled by four actuators fixed to the ground thanks to three par-
allelogram cable loops and a transmission system containing
a differential mechanism. The kinetostatic model of the CDPR
under design is expressed. The static workspace of the proposed
Cable-Driven SMG (CDSMG) with three different cable arrange-
ments is analyzed. Finally, a prototype of the CDSMG is pre-
sented and preliminary experimental results are discussed.

1 INTRODUCTION

Cable-Driven Parallel Robots (CDPRs) are a type of par-
allel manipulators, where rigid links are replaced by flexible
cables that actuate the moving-platform (MP). Each cable has
one side connected to the MP and the other end wound on a

winch actuated by a motor rigidly fixed to the base. Passive
pulleys are usually used to guide the cable from the winch to
the MP. The pose of the MP is controlled by changing the cable
lengths. CDPRs have advantages in terms of large translation
workspace compared to classical parallel robots [1], heavy pay-
load capacity [2], reconfigurability [3], and performing high-
speed tasks [4].

A case when the reconfiguration is useful is when dealing
with a cluttered environment, it is easy for the robot to collide
with external objects, thus, moving the exit point will avoid the
collision [5]. At the same time, by changing the robot setup,
its workspace may be enlarged, as well, the stiffness and the
payload capability. Cases where the reconfiguraility of a robot
is well performed are: [6] and [7]. The reconfigurability of the
robot makes things easier when a new prototype needs to be
adapted to a pre-existent CDPR, it can be done, for example, by
changing the platform, the exit point position and readapting
the control scheme.

Despite their large translation workspaces, CDPRs are
generally unable to provide large amplitudes of rotation of the
MP due to collisions between their moving parts, such as ca-
ble/cable and cable/MP. The workspace of CDPRs can be in-
creased by combining them with other parallel or serial mech-
anisms, constructing a hybrid system [8], [9]. For example, a
parallel spherical wrist was used for the design of a CDPR to
obtain both a large orientation workspace and a large trans-



lational workspace. Another example of hybrid mechanism
dates back to 1999, Siciliano in [10] presented a robot in which
a three-DOF spherical wrist is mounted on the moving plat-
form of a three-DOF parallel manipulator.

The robot proposed in this paper features four motors and
four degrees of freedom, namely, three translational motions
and one rotational motion around a vertical axis. The full cir-
cle rotational motion of the end-effector is obtained by cou-
pling a cable-loop and a pulley on the MP. The peculiarity of
this robot is the arrangements of the cables around the MP. In-
deed, the six cables of the proposed Cable-Driven Schonflies
Motion Generator (CDSMG) are arranged in such a way that
three parallelograms cable structures are formed to constrain
the rotational motions of the MP [11-15]. One of the six cables
is wound on two drums at its two ends, making one cable loop
used to actuate the rotational motion of the pulley embedded
in the MP. A novel transmission system containing a differen-
tial mechanism is synthesized to control with two actuators,
mounted on the ground, the lengths of the two cables and the
circulation of the cable-loop so that the parallelogram cable-
loop is kept and the full circle rotational motion of the embed-
ded pulley, namely, the end-effector, is ensured. Therefore, the
CDSMG introduced in this paper is of a special class of motions
named, for the serial robot, SCARA (selective-compliance as-
sembly robot arm). It thus generates the same types of move-
ments as those generated by the McGill SMG [16], but with
greater amplitudes in translation and rotation. This paper
aims to prove the effectiveness of the parallelogram cable-loop
with a circulating cable in a three-dimensional space. A draw-
back related to the cable loop is the following: when the ca-
ble loop actuates the embedded pulley, the torque transmitted
provides the tilts of the moving platform. This issue is solved by
arranging the cables around the platform with parallelograms
shapes. This drawback is due to the fully-constrained nature of
this CDPR, which must exploit gravity to maintain its posture.
This issue is less important in the case of overconstrained de-
signs [17], [18]. A planar case of a CDPR without parasitic tilts is
described in [19], where the authors demonstrated the efficacy
of a robot architecture composed of a transmission system, a
cable loop and a parallelogram.

The paper is organized as follows: the robot architecture is
presented in Sec. 2. The overall kinetostatic model is expressed
in Sec. 3. The static workspace of three arrangements of the
CDSMG under study is analyzed in Sec. 4. Section 5 shows
the prototype and preliminary experimental results in terms
of parasitic MP tilt. Conclusions and future work are drawn in
Sec. 7.

2 ROBOT ARCHITECTURE
Figure 1 presents the proposed robot architecture. Its ar-
chitecture consists of a rectangular MP with an embedded
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FIGURE 1: Top view of the CDSMG scheme

mechanism actuated by a cable-loop. The total number of ca-
bles is six, as the cable-loop is formed by a single cable, which
can be represented with a virtual cable 12 (Fig. 1). The paral-
lelogram architectures Aj»B12B3 A3, AsByBsAs and AgBgB7 A7
constrain the rotational motions of the MP. For simplicity of
modelling, the cable-loop is split into two branches, respec-
tively, cables 1 and 2. Attached to the ceiling of the frame, the
exit points A; guide the cables to the anchor points B;. The
distances between the exit point A; and the anchor point B; is
the cable length [; ,i=1,...,7. The unit vectors u;, i=1,...,7, are
the directions of the corresponding cables. (O, xo, yo, 20) is
the fixed frame and %, (P, x1, y1, z1) is the frame attached to the
MP.

The total number of drums is equal to seven. Three of
them, namely, drum 1, 2 and 3, are actuated by two mo-
tors, namely, motor A and B, via a transmission module (see
Sec. 2.2). The remaining four are driven by two motors:
drums 4 and 5 (drums 6 and 7, resp.) are connected to motor C
(motor D, resp.) through a common shaft in order to make sure
the single cables of the corresponding parallelogram architec-
tures keep the same length, as shown in Fig. 1.

The transmission module is located in the centre of the
lower frame side. The exit points A, A2, A3 are located in the
frame so that the cable remains vertical. While the exit points
Ay, As, Ag, A7 are located in such a way that the cables are far-
ther as possible from each other, in that way the constraint mo-
ment generated by the parallelogram structure is bigger and
the tilts are well prevented. On the contrary, if By = B; and
A4 = As, the parallelogram won't provide any constraint mo-
ment.



2.1 Cable-Loop Principle
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FIGURE 2: Cable-loop principle

The cable-loop (Fig. 2) has both of its ends coiled on sep-
arate winches, which in turn, are actuated by two motors as
described in [9] and [20]. Eyelets are used to maintain con-
stant exit-points, namely, A;, A2, and anchor-points, namely,
Bj, B;. The cable-loop is coiled around a pulley on the MP. This
pulley then acquires one rotational degree-of-freedom (DOF)
with respect to the MP, which is used either to actuate a tool or
to control additional degrees of freedom such as rotations over
wide ranges. The cable-loop has two purposes. First, translate
the MP when the coiling speeds of both motors have the same
magnitude and direction. Second, let the embedded pulley ro-
tate by circulating the cable. It happens when both the motors
have the same coiling speeds but in opposite directions.

2.2 Transmission System

The transmission system shown in Fig. 3, which is the core
part of the robot, differs from the one used in [19]. It allows
actuating three drums with only two motors. During the trans-
lational motion, the parallelogram shape made by cable 3 and
the virtual cable 12 must be maintained. A differential mech-
anism ensures that the coiling speed of cable 3 is the mean of
those of cables 1 and 2. This concept is explained in the flow
chart depicted in Fig. 4. Belts and pulleys, with proper tension-
ers, are used to connect the motors with the differential. Mo-
tor A and motor B are directly connected to drum 3 and drum
1, respectively, through two shafts. A pulley-belt system per-
mits the carrier to have the same velocity of motor A, the same
system is adopted between motor B and one sun. Thus, the
remaining sun is connected to drum 3.

The transmission module actuates the cable-loop as well.
Being drum 1 and drum 2 connected to the differential suns
gears, just actuating the motor B let the two drums rotate in the
opposite direction with the same velocity, thus, the platform
remains stationary while the embedded pulley is rotating. It is
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possible to actuate the cable-loop and at the same time move
the platform; it happens when the velocity of cable 1 and ca-
ble 2, branches of the same cable-loop, are different. The dif-
ference in velocity of the two cables permits the pulley to rotate
and the platform to move simultaneously. The following rela-
tionships give the angular velocity of the embedded pulley w,
and the velocity of the virtual cable v;» as a function of vy,v;
and the radius of the embedded pulley, r:

vy — U2
wp=——2 (1)
2rp
V1 + U2
Vi2 = 2)
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2.3 Parametrization

The robot modelling includes four spaces: Cartesian
space, cable-length space, winch space and joint space, as
shown in Fig. 5. 04,0p,0¢ and Op are the motor position an-
gles, I;, i =1,...,7 are the cables lengths. x, y and z are Carte-
sian coordinates of the geometric center P of the MP. « is the
cable loop pulley position angle, and roll, pitch, yaw are the
azimuth, tilt and torsion angles of the MP. It should be noted
that the parallelogram cable-loop shown in Fig. 3 guarantees
the last three angles to be null under the assumption that the
cables are inextensible and always in tension.

3 KINETOSTATIC MODELLING

This section aims to express the kinetostatic model,
namely, the kinematic Jacobian matrices and the wrench ma-
trix, of the CDSMG under study. First, the kinematic model of
the transmission system is described. Then, the forward and
inverse Jacobian matrices of the CDSMG are obtained while
considering the kinematic Jacobian matrix of the transmission
system.

3.1 Transmission modelling

The transmission guarantees to have the angular velocity
of drum 3 equal to the average value of the angular velocity of
drums 1 and 2:

w3 =—/F— 3)

The idea is to consider cable 1 and cable 2 as one virtual
cable whose velocity equals their average velocities. Equalling
this average value with the velocity of drum 3, we ensure a par-
allelogram shape of the cables. Thus, ensuring the same length
of the cables, constraint moments are exerted onto the MP to
prevent the latter from rotating.

From the kinematic point of view, drum 1 has the same
rotational velocity as motor B, i.e. wp = wj, drum 3 has the
same velocity as motor A, i.e. w4 = w3. Meanwhile, the velocity
w», results from the well-known differential formula:

_ Wsyn1 + Wsyn2
WCarrier = f (4)

Here, the carrier velocity is w 4 while wp and w> are the veloci-
ties of the two suns gears, respectively. Substituting in Eq. (4),
leads to:

wWB+ Wy

2 ®)

wA
Therefore, the angular velocity w, of drum 2 takes the form:

Wy =2WA—WR (6)

As a consequence, the drum velocities can be expressed as a
function of the motor velocities as follows:

; (7)

with Jpp being the kinematic Jacobian matrix of the transmis-
sion system expressed as:

01
Jop=12 -1 8)
10

The cable speed I; of the i-th cable is related to the cor-
responding winch angular velocity w; through the equation
I; = ryw;, r, being the radius of the drum. Upon combin-
ing this relation with Eq. (7), one obtains a mapping between
motor speeds and cable uncoiling speeds. To obtain a com-
plete model, the other two motors must be taken into account.
Defining w¢ and wp as the angular velocities of the others two
motors and wy, ws, wg and w7 as the angular velocities of the
drums connected to those two motors, the related cables cre-
ate two parallelogram architectures and the following relation-
ships are satisfied:

WC =W4=Ws5 9

Wp = wg = w7 (10)



As a result, the drum velocities are expressed as a function of
the motor velocities as follows:

5

Pwl
w2
w3 ZA
B
01| =Tpp | 4 (11)
w5 w
We b
|07 ]
with
(1 0 00]
2-100
0100
Jop=[00 10 (12)
0010
0001
[0 0 01]

3.2 Cable-driven parallel robot

A; and B; are cable exit points and cable anchor points, re-
spectively. The following vectors are used throughout the rest
of the paper:

- 0a; : Cartesian coordinate vector of point A; expressed

in 9:0;

- Ob; : vector pointing from Oy to B; expressed in Fy;

- 91, : ith cable vector, pointing from A; to B; expressed
in %y;

- Op : Cartesian coordinate vector of point P expressed
in 90;

3.2.1 Instantaneous Kinematics In this analysis
the cable-loop system is considered as a single cable, namely,
cables &) and % are considered as #,. Six is the total num-
ber of cables considered, thus, three are the parallelogram ar-
chitectures.

In frame %, the loop-closure equation of the CDPR is:

%1; =b; - %a; (13)

with i = 1,...,6. The vector °b; can be be easily expressed in
the function of the rotation matrix °R; between %, and %,
!b; (position vector of B; in the mobile frame) and °p (origin
vector of the mobile frame). Leading to:

A;B; = 1;%; = A;00 + 0gP + PB; = —"a; +°p+ R, 'b; (14)

The rotation matrix °R; from %, to % is the identity ma-
trix as the MP does not rotate theoretically:

100
‘R;=(010 (15)
001

The cable lengths are computed knowing the MP pose.
Remain to be defined:
0y,
T % : the cable unit vector;

- 7; = —1;%;: the ith cable tension vector;

- 7;: magnitude of the i-th cable tension;

Upon differentiation of Eq. (14) with respect to time, we obtain:

0y, Oh. A%,
lioui+lidul=°'+db’ d’a;

ar P Tar T ar

(16)

Oa;
a; being constant in %, % = 0. Replacing the time deriva-
tive of “u; and °b; by the cross product of the vector angular
velocity, respectively §; and 9 and the vector itself, leads to:

Ii%; + L;(B; x uy) ="p+ (@) x b)) (17)

Where ﬁ,- is the angular velocity of the ith cable expressed
in %y and w), is the angular velocity of the MP. To eliminate

the passive variables, Eq. (17) is multiplied by u; T,
[0 %u; + ;%! (B, xup) ="ul0p + "ul (@, x°b;) (18

considering that:

1. The first term contains the dot product of the unit vector
by it-self that leads to the norm of the unit vector, which is
one.

2. The second term contains the dot product between %u’

i
and (B; x°u;). Being the two latter vectors ortoghonal for
the properties of the cross product, this term is null.

As a consequence, Eqg. (18) takes the form:

li ="a/"p+w,b; x "u;) (19)

From Eq. (19), the relationship betwe;en the MP twist t =

p, wp] T and the cable velocity vector 1 can be expressed in a
matrix form as:

At=Bi (20)



A and B being the forward Jacobian matrix and the inverse Ja-
cobian matrix of the CDPR expressed as:

,B=1Ig (21

The angular velocity w, of the embedded pulley is a function
of its radius r, and the difference between cable 2 and cable 3
velocities:
-1
wy=—2—1 (22)
2rp

By adding this equation to the previous ones, we obtain
the global Jacobian matrices :

Agty =Bgl, (23)

[Oul, ®b1z x%uyp) 0]
OugT bz x%uz) 0
ful" Obsx%uy) 0 p
Ag=|ul (bsx%us) 0], tg=|wp (24)
OuGT Obg xug) 0 a
‘ul’ Ob; x%uz) 0
o5 05 1)
3 200000] I
0 010000 I
0 001000 i3
Be=| 0 000100 ,1g: Iy (25)
0 000010 i
0 000001 i
|~3> 3> 00000] iz

Thus, the cable uncoiling speeds from a prescribed twist
of the end-effector can be found solving the Eq. (23) as1=]J,,t,
whereJ,; = B?Ag.

3.2.2 Static equilibrium The static equlibrium of the
MP is obtained by analyzing its free-body diagram:

7
-y %+ mg (26)
i=1

m is the MP mass and °g s the gravity acceleration vector. The
sum depends on the branches under tension, which are seven.
Now we can express the equilibrium of the moments applied
on the platform in the fixed frame respect to P:

7
Y 1Ry 'b; x "up) + m(®e-p) x°g =0 27)
i=1

where Oc stands for the Cartesian position vector of the plat-
form center of mass, which depends on the platform shape
and architecture. For example, assuming %c = °p, simplifies
the latter equation. Then, °d; = °R;'b; x%u; is defined to have
a more compact expression.

Since the studied platform is characterized by a cable-loop
principle, we have also to consider the moment, defined as v,
introduced by the difference of the tensions between the two
branches of the cable-loop (cable 1 and 2):

Yp=1p(T1—T2) (28)

From Egs. (26) to (28), the static equilibrium of the MP and the
embedded pulley is defined by the following equation:

Wt +w,=07 (29)

where W is the wrench matrix, 7 is the cable tension vector and
W, is the external wrench.

0 0 0

0111 Uz "uz "uy "us "ug us
wW=-—| %, °, °d3 °d4 °ds5 °dg °d; (30)
—IwTw 0 0 0 0 O

0 0 0

T
T= [Tl T2 T3 T4 T5 Te T7] 31

05T Op.1ay 00T T
w, = [m%g" m(°Ri'exg)" y,| (32)

Basically, the wrench matrix maps the cable tension (joint
space) into the external force applied on the end-effector (op-
erational space). The cable tension vector T can be obtained
from the inverse of the square wrench matrix W as long as it is
not rank-deficient, namely, det(W) #0:

=W lw, (33)



4 WORKSPACE ANALYSIS

This section deals with the analysis of the CDPR
workspace considering different cable arrangements. For ev-
ery possible external force-moment system w,, the moving
platform will be in an equilibrium if and only if, Eq. (29), can be
satisfied by a set of feasible cable tensions 7. A “feasible pose"
is defined as a state of “full" equilibrium between the moving
platform and the embedded pulley. The set of all feasible poses
is called the “wrench-feasible workspace " (WFW) and is for-
mally expressed as follows:

F={pa)eR*xR: VW, € #,,IT€ T ,Wr +W, =07} (34)

where %, is the set of external wrenches that can be applied on
the MP, including the moment exerted on the embedded pul-
ley. The available cable tension set is defined by 9, which is a
function of the available motor torques and the Jacobian ma-
trix Jp defined in Eq. (12). For the purpose of workspace anal-
ysis, we have only considered pure translations of the moving
platform and the rotation of the embedded pulley. The paral-
lelogram cable-loops are supposed to fully constrain the rota-
tional motions of the MP.

Fig. 6 shows the boundary of the WFW % of the CDPR with
a MP weighing 8kg and a moment y, exerted on the embedded
pulley within the bounds [0.5, 0.5] Nm. The goal is to investi-
gate the workspace for two different cases i.e., with and with-
out involving the parallelograms A4B;BsAs and AgBgB7A7
shown in Fig. 1. The WFW boundary for the first case study,
which only used four cables and did not involve the aforemen-
tioned parallelograms, is depicted in Fig. 6a. The transmission
system is connected by two cables, while the other two cables
are the consequence of the two parallelograms. The parallelo-
grams are represented in two distinct cable layouts in the sec-
ond case study. i.e., (i) both parallelograms connected on the
top plane of the MP, (ii) both parallelograms are vertically con-
nected on the MP, one on the top and the other on the bottom
plane. The boundary of the WFW for the second case study are
shown in Figs. 6b and 6c¢.

It can be noticed that employing the parallelogram ar-
chitecture enlarged the workspace; however, the second case
study presented in Fig. 6b has maximum workspace and thus
the configuration will be employed for the experiments.

5 PROTOTYPING AND EXPERIMENTATION

This section presents the CDSMG prototype and the ex-
periments realized at LS2N, Nantes, France. The tests aimed to
validate that the three parallelogram architectures prevent the
MP from rotating and the cable loop, actuated through a trans-
mission system, does actuate the rotational motion of the end-
effector about a vertical axis. The prototype is tested with tra-

(b) Six cables configuration with three parallelograms and a cable loop (All three
parallelograms connected on the top plane of the MP)

2

15
o 05 X (m)

() Six cables configuration with three parallelograms and a cable loop (On the MB,
one parallelogram is at the top, while the other two are connected vertically)

FIGURE 6: Wrench feasible workspace of the CDSMG for three
cable arrangements with m =8kgand —0.5 Nm <y, <0.5 Nm



FIGURE 7: Prototype of the Cable-Driven Schonflies Motion
Generator (CDSMG)
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jectories where translations and rotations of the end-effector
are performed in sequence first and then combined.

5.1 Prototype presentation

The overall prototype architecture is shown in Fig. 7. A
parallelepiped made of Bosch profiles with a pulley on the
centre of the top rectangle is the platform adopted (Fig. 8).
A red arrow, positioned on the pulley, is the end-effector of
the CDSMG. The seven anchor points are fixed to the struc-

Pulley Motor A
. : "

lg = L pu||e).,"":-_-,.

Differential

FIGURE 9: Transmission Prototype

ture through knots in drilled holes. The position of the anchor
points results from the fact that the bigger the parallelogram,
larger the constraint moments exterted on the MP with the
three parallelogram architectures. An Inertial Measurement
Unit (IMU) was placed on the platform to correctly assess the
oscillations during the experiments.

The transmission module, shown in Fig. 9, was designed taking
care of the following aspects:

1. ensure high stiffness of the components (differential and
belts). In that way the position accuracy of the involved
drums will benefit;

2. use of proper tensioners able to regulate the belt tension.
This was done using solts instead of holes to adjust the
component position at a later stage;

3. reduce the backlash in-between teeth of the conical gears
of the differential, this was done by equipping the gears
with adjustment systems (using nuts), to be able to adjust
the distance between the gears during the assembly;

4. avoid using heavy materials for the components to reduce
the inertia of the rotational parts, therefore, prefer light
and noiseless polymeric materials; in that way, the dy-
namical performance will benefit;

5. comply with current standards regarding shaft, pulleys,
gears and belts dimensioning.

The transmission system is grounded on the floor with coun-
terweights since the forces acting on the drums are not neg-
ligible. Figure 10 shows the main hardware of the prototype,
which consists of a PC (equipped with © MATLAB and © Con-
trolDesk software), eight © PARKER SME60 motors and TPD-
M drivers, a © dSPACE DS1007-based real-time controller and
seven custom made winches. Each cable can exert a tension
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up to 150 N to the MP. The maximum velocity of each cable is
equal to 5.9 m/s. Pulleys are used to guide the cable from the
drums to the platform’s anchor points.

During the experiments, unlike the system described in
Sec. 2, each of the four cables (4,5,6, and 7) forming the two
parallelograms, was controlled by one motor each. This choice
derives from the fact that the dimension of the 2-drums/1-
shaft system (Fig. 1) was not compatible with the robot frame
at hand. However, each pair of cables invloved in a paral-
lelogram architecture was actuated using the same control
scheme, thus making the use of the 2-drums/1-shaft system
unnecessary.

5.2 Experiments

The experiments aim to test the effectiveness of the pro-
posed parallelogram-arrangement architecture in preventing
the parasitic tilts during the translational motions of the MP
and the cable-loop circulation. Two primary experiments were
carried out. The first, with the platform constrained by paral-
lelograms to the frame as shown in Fig. 8. The second, where
the number of cables was reduced to four, removing two par-
allelograms to the CDSMG as illustrated in Fig. 11.

In the first experiment, the prototype of the CDSMG is
tested based on the trajectories described in 5.3. Every test was
conducted while taking care that all cables were taut and that
the platform was always in the same initial pose. An IMU was
used to record the MP inclinations during the trajectories and
cameras were used to record both the platform and the trans-

FIGURE 11: Platform without parallelograms, used as refer-
ence for the tests

mission system to be able to detect possible issues in a second
phase.

The second experiment was conducted substituting a sin-
gle cable to the two parallelogram architectures not involved
in the cable-loop. With this test, we wanted to compare
the CDSMG to the manipulator free of the two simple paral-
lelogram architectures, proving the effectiveness of the pro-
posed CDSMG.

5.3 Trajectories

The trajectory for evaluating the parallelogram’s perfor-
mance concerning the platform orientation is explained in
this section. The trajectory is made up of several motion se-
quences. Five sequences of pure translational motions of the
MP are performed first, followed by a pure rotation of the em-
bedded pulley. Both of the aforementioned motions are com-
bined in the trajectory’s final sequence. Each sequence of the
trajectory is defined using a fifth order polynomial. The follow-
ing is a step-by-step description of each sequence:

1. pure translational motion along the positive z-axis of the
MP from point Py to point P; (0s < t < 10s);

2. diagonal motion in the xy-plane along the positive x and
y axes from point point P to point P, (10s < £ < 205s);

3. diagonal motion in the xy-plane from point P, to point P;
(20s <t <30s);

4. diagonal motion in the xy-plane along negative x and
positive y axes from point P; to point P3 (30s < f < 40s);

5. diagonal motion in xy-plane from point P3 to point P;
(40s < t <50s);
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FIGURE 12: MP inclinations measured by an IMU sensor for
the CDSMG with three parallelogram cable-loops (6 cables
used) and the manipulator with one parallelogram cable-loop
only (4 cables used)

6. pure anti-clockwise rotational motion of the embedded
pulley at point P; (50s < t < 60s);

7. the last sequence of the trajectory consists of a transla-
tional motion of the MP from point P, to point P; com-
bined with a clockwise rotation of the embedded pulley
(60s =t =<70s).

6 Result Analysis

The experiments are showed in the Video!. During the
tests, the MP inclinations were recorded via the IMU sensor.
This allowed us to objectively monitor the magnitude of the
tilts. From the video, it is easy to see that the parallelogram
architecture makes a difference when compared to the robot
exempt from these.

6.1 Analysis of the Results

In Fig. 12 the orientation angles measured with the IMU
sensor are represented in a Cartesian coordinate system where
the x-axis stands for the time and the y-axis stands for the roll,
pitch and yaw angles. It can be noted that the dotted line,
which describes the robot proposed in this paper, has far fewer
peaks than the case without parallelograms (normal line). This
underlines the high stability of the CDSGM robot. In the first
experiment, the MP inclinations never exceeded 3°. While dur-
ing the second experiment, not having the parallelograms, the
MP inclination measured reached 10° degrees. In addition, as
can be noticed in Fig. 12 and from the video, the tilts in the sec-
ond case are highly frequent. Despite the small initial errors
of orientation, the platform remained stable during the trajec-
tories avoiding frequent oscillations as in the second experi-
ment. In the first attempt, as a result of the parallelograms, the

https://uncloud.univ-nantes.fr/index.php/s/
Ker9YNgE5ry8MpF
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MP did not change its orientation when subjected to the pulley
rotation. In the second case, the rotation of the pulley affected
constantly the orientation of the robot.

6.2 Discussion

The results obtained are positive and in line with our ex-
pectations, the parallelogram architecture makes the differ-
ence if compared to the case free of it. The difference of maxi-
mum tilt observed in the two cases (3° vs 10°) is tangible proof
that the proposed robot is effective. The continuous oscilla-
tions of the roll, pitch, yaw angles show the instability of the
system with a lack of cables.

Referring to the case with six cables (Fig. 12), it can be seen
that the yaw angle, the one about the z-axis, is small compared
to the roll and the pitch angles of MP. The asymmetric arrange-
ment of the cable around the platform favours the rotations
around some degrees of rotation over others. The tilts around
the x-axis and the y-axis have greater variations over time due
to less contribution of the parallelograms. The reasons stand
both cable arrangement, which is not optimal and in the robot
modelling errors. The proposed CDSMG seems not to be af-
fected by the external torque exerted by the cable loop, making
it robust and reliable.

6.3 Issues encountered and solutions

During the experiments, weights were added to the plat-
form to test the system in case of unexpected events. Tooth
jumps of the belts occurred in the transmission system due
to the higher amount of torque required by the motors. This
problem was solved by tensioning the belts.

The test highlighted the fact that in the case of initial mal-
positioning of the platform the wrong orientation was main-
tained during the whole trajectory. To overcome this issue,
we took care to reposition the platform in its original position,
checking that all cables were seated in their respective pulley.
The manufacturing errors in the transmission systems and the
current disposition of the cable, which is not optimal and sym-
metric, may be identified as the causes of the remaining ori-
entation errors. To resolve these issues, the cables should be
positioned differently using, for example, an optimizing algo-
rithm and the transmission should be designed with more care
and detail.

7 Conclusions and Future Work

The motivation of this paper was to limit the unwanted ro-
tations of the mobile platform of a Cable-Driven Schonflies-
Motion Generator, CDSMG for brevity. The three parallel-
ograms around the moving platform are extremely effective
in reducing the parasitic inclinations of the MP. Constraining
pairs of cables to have the same lengths and remain parallel,



successfully proves this architecture to be able to prevent par-
asitic tilts. In addition, the results are in agreement with the
experiments carried out in [19] for a planar cable-driven paral-
lel robot.

The objective was achieved thanks to a transmission mod-
ule containing a differential mechanism. The latter permits to
control the length of a parallelogram architecture and the cir-
culation of the cable loop. The experiments showed that the
solution proposed is effective and efficient. The MP inclina-
tions never exceeded three degrees, which, for the authors, is
considered a success. Meanwhile, the experiments conducted
with only one parallelogram architecture revealed the useful-
ness of our design.

Although the experiments are promising, there is still
plenty of work to be done in order to improve the positioning
accuracy of the end-effector and reduce the MP oscillations.
The transmission module should be assembled with method
and accuracy. Additionally, the actual base of the transmis-
sion is made of wood, the use of a steel base will ensure the
coaxiality of the shafts in the transmission system. Most of the
components of the transmission and the MP are 3D printed,
future work should deal with substituting those components
with machining ones.

A further step is to carry out experiments using moving-
platorms with different cable arrangements. To achieve the
proper configuration the exit and the anchor point should
be chosen following a proper design strategy, maximizing,
for example, the workspace and the wrench capability of
the CDSMG.
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