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Abstract

Pick-and-place operations are widely performed by robots in industrial packaging
machines to move products between two planar surfaces (e.g., conveyor belts). How-
ever, more complex tasks also exist, like the so-called 3D-picking or bin-picking, which
requires the robot to take products from a pile (usually contained in a box) to reposi-
tion them in the place area. This operation is often performed by robots with a serial
architecture, which is characterized by high dexterity but limited dynamics.

Marchesini Group S.p.a. proposed the development of a bin-picking cell for feed-
ing an automated packaging machine with lightweight products taken from a pile with
a productivity equal to 100pieces/min. The aim of this thesis is to develop the manip-
ulator to be used in the aforementioned bin-picking cell.

Based on the constraints related to the coexistence of the robot with the vision sys-
tem and the fast movements that the manipulator must perform to satisfy the required
productivity, an overconstrained Cable-Driven Parallel Robot (CDPR) is proposed. The
small footprint of the manipulator in the pick-up area facilitates the task of the vision
system, and its parallel architecture in an overconstrained configuration guarantees
high dynamic capabilities. The proposed CDPR has a configuration with 8 cables and
6 degrees of freedom, and it is called CORHDA: Cable-driven Overconstrained Robot for
Highly Dynamical Applications.

The kinematic and dynamic models used to describe the manipulator are taken
from the literature, whereas the conceptual and mechanical design of the robot proto-
type is carried out based on an example application.

For an overconstrained CDPR to operate effectively, it is necessary to guarantee that
all the cables remain taut through forces bounded between given thresholds. The lit-
erature analyzes this problem well, but currently available control techniques involve
force sensors. This thesis suggests a new approach based on modifying a previously
developed hybrid control strategy without directly measuring cable forces (HC-e con-
troller). The controller is introduced from a conceptual point of view, and then it is
implemented on the IPAnema 3 Mini CDPR. On this robot, the HC-e controller is as-
sessed for slow movements and compared to other control methods. It gives optimal
results compared to a pure inverse kinematic controller (which does not use force sen-
sors) and similar results to those obtained with other controllers based on force sen-
sors. The HC-e controller is then implemented on the CORHDA. The outcomes are
still good, demonstrating its applicability even for the high dynamics required by fast
bin-picking tasks.

The performance of the CORHDA prototype is evaluated in terms of force tracking,
positioning accuracy, and dynamic capabilities. In particular, movements up to 8.8m/s
and 255m/s2 of velocity and acceleration prove to be feasible, with cables always re-
maining taut. The robot is not yet sufficiently accurate for executing the bin-picking
task, but it is highly repeatable. Accordingly, it is assumed that a future calibration of
the robot geometric parameters will increase its positioning precision.
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Chapter 1

Introduction

In automatic machines for packaging, it is often necessary to move products from one
place (e.g., a conveyor belt) to another (e.g., a filling station). This operation, called
"pick-and-place," is widely executed by robots in completely automated lines. When
high productivity is required, the pick-and-place tasks assigned to the manipulator are
simple since the products are treated before they arrive in the robot pick-up area, so
they are already spread on a planar conveyor belt [1,2]. In this case, a 2D vision system
recognizes the product position and rotation about the gravity axis, and it gives this
information to the manipulator, which brings the object to its new location by per-
forming a 3D translation of the end-effector (EE) and, optionally, a rotation about the
vertical axis [3, 4] (Fig. 1.1(a)). The drawback of this method is the necessity of rear-
ranging products before the robot pick-up area, which leads to adding complex and
bulky parts to the automatic packaging line [5].

For this reason, it may be desirable to execute the pick-and-place operation by di-
rectly taking products from a pile (usually contained in a box). This operation, called
3D-picking or bin-picking, is more complex than the previous one because products
could have any orientation and position in a pile, and both the task of the vision sys-
tem and the robot become harder. In particular, the vision system must recognize the
position in three dimensions (not only in the plane) and the complete orientation of
the product. At the same time, the robot movement must involve all six Degrees of
Freedom (DOFs) to guarantee the rearrangement of the product in the correct position
and orientation in the place area. These factors usually determine the usage of robotic
serial arms to perform bin-picking [6–8]. However, these devices allow productivity
between 30÷40pi eces/mi n, which is very low for the packaging industry (Fig. 1.1(b)).

(a) (b)

Figure 1.1: A classical 2D pick-and-place operation (a) and a bin-picking one (b).
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Chapter 1. Introduction

This work is based on an issue proposed by Marchesini Group S.p.a., which aims
to design a robot to execute highly dynamical 3D-picking applications. In particular,
the target is to feed an automatic packaging machine by picking lightweight products
from a pile with productivity equal to 100pi eces/mi n.

1.1 The bin-picking task

During the design of a bin-picking cell, all the elements involved in the process must
be considered by taking into account their interaction: the robot, the vision system,
and the gripper [9]. Even if it will not be analyzed in this work, the vision system is a
crucial part of the cell. Systems for object identification have been widely used in the
industrial field for decades, and an interesting comparative study on object recognition
algorithms for robot vision in 2D and 3D environments was already presented in 1986
[10]. Even many years later, the main problems connected to the robot vision remain
the same, due to the following requirements:

• speed of acquiring and analyzing an image;

• accuracy in determining the positions and orientations of the objects;

• the flexibility of the vision system to work with different objects.

It is difficult to guarantee good flexibility with a cost-effective robot vision system, es-
pecially for 3D object recognition. However, flexibility is not the main requirement for
the application at hand (i.e., feeding of an automatic packaging machine): once the
object treated by the machine is defined, it is always the same until a format change
is scheduled. On the contrary, both the speed of the image acquisition and processing
and the accuracy of these procedures are fundamental to guarantee the reliable func-
tioning of the bin-picking cell by satisfying the real-time requirements of the robot
task. Many studies have been conducted in the last years on this topic [11–15], and
this point is even more critical for integrating a bin-picking cell in the packaging in-
dustry environment. It is common for computer-vision algorithms to work with a 3D
model of the treated object to create a database that will be used during the object
identification [14, 16–19]. The object recognition task becomes more complex when
the products are partially occluded [20, 21] or when they are wrapped with plastic (or
similar materials) which make them bodies with non-Lambertian reflectance [22].

Problems not directly related to the vision system are also involved in the bin-
picking task. Even if an object is correctly detected, it is crucial to find the best grasping
strategy to take it [23–25] and to choose the appropriate gripper for the execution of the
task [24,26–31]. These issues become even more demanding when different objects are
treated during the same bin-picking operation [32]. Finally, when the robot gripper has
taken the object, it is not straightforward to compute a suitable trajectory to move it
since the motion law executed by the manipulator must take into account the gripper,
the grasping strategy, other bodies eventually present in the workspace and the overall
architecture of the robot [33, 34].
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1.2. Choice of the robot architecture

1.2 Choice of the robot architecture

The crucial aspect to be considered in the choice of the robot architecture is the high
dynamics required. In particular, by considering a productivity equal to 100pi eces/mi n,
the time for the execution of every cycle (i.e., a complete pick-and-place including the
return to the pick-up area) is equal to 0.6s. This short time available brings to the fol-
lowing constraints.

• If we assumed to mount the vision system on the EE [7,8], we would have to stop
the robot to acquire the image of the pick-up area at every cycle by reducing the
time for the movement of the manipulator, which is already very short. This is
impossible, so the vision system must be mounted on a fixed point of the robot
frame above the pick-up area. The image acquisition must be executed when the
robot EE is in the operation area but when the robot itself does not occlude the
view of the vision system. Then, the image processing for the object identifica-
tion task must be executed during the robot movement.

• The robot must have a parallel architecture to perform the required motion dy-
namics [35–37]. Parallel manipulators have higher intrinsic stiffness than robots
with a serial architecture. This allows them to be lighter than their serial coun-
terparts by still reaching high performances in terms of precision. This is due to
the geometry of parallel manipulators since they are made of several kinematic
chains (the "legs" of the robot) composed of links and joints that connect the EE
to the fixed base. In contrast, serial robots comprise one open kinematic chain
between the fixed base and the EE 1.2. For this reason, parallel robots [3, 4] are
widely used for highly dynamical movements due to the lower inertia forces that
arise from their lighter links (compared to the ones of serial robots). This makes
them particularly suitable for the packaging industry, where very fast motions
are required.

Using a parallel manipulator in a bin-picking cell with a fixed vision system on the
frame introduces a new problem: the view of the products pile can be partially oc-
cluded by the robot legs, making it impossible to detect the objects correctly. To over-
come this problem, in the project developed in this Thesis we decided to use a Cable-
Driven Parallel Robot (CDPR), namely a parallel manipulator in which wires replace

Figure 1.2: Scheme of robots with serial (left) and parallel (right) architecture [38].
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Chapter 1. Introduction

the rigid links of the legs [39]. Using cables gives CDPRs a bigger workspace and lower
moving masses than other robots; moreover, it is easy to design manipulators with
simple reconfigurability. Another advantage is the mechanical simplicity of the robot
actuation system, which usually consists of a drum connected to a motor (eventually
through a gear) on which the cable is coiled, thus forming a winch. For the application
at hand, the main advantage of using cables is that they can guarantee a small footprint
in the pick-up area, minimizing the occlusion of the vision system on the product pile.

1.3 CDPR classification

CDPRs were introduced in the ’80 [41, 42], and in the last decades, they have been
studied in many fields of application, even if many open issues about their function-
ing still exist [43]. CDPRs with different aims can have different characteristics and
be classified according to several criteria. The most common classification is the one
introduced by Ming and Higuchi in [44]. Considering a generic robot with an EE capa-
ble of n DOFs and actuated through m cables, the degree of redundancy is defined as
r = m −n. From here, one can divide the CDPRs into three categories:

• incompletely restrained CDPRs, with m ≤ n (r ≤ 0);

• completely restrained CDPRs, with m = n +1 (r = 1);

• redundantly restrained CDPRs, with m > n +1 (r > 1).

However, this classification may be misleading, and it must be modified to make it
consistent with the classical mechanics theory [38]. Both completely restrained and
redundantly restrained CDPRs are overconstrained mechanisms since their inverse
dynamic problem admits infinite solutions. At the same time, robots with the same
number of cables and DOFs in which all the wires are taut are defined as incompletely
restrained, even if the pose of their EE is totally defined by the kinematic constraints
imposed by the cables.

(a) (b)

Figure 1.3: Schemes of a suspended underactuated CDPR (a) and an overconstrained
not suspended CDPR (b) [40].
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1.4. CDPR applications

A new classification based on the number of instantaneously taut cables was intro-
duced in [45] to overcome these discrepancies:

• overconstrained CDPRs, when m > n (r > 0) and all cables are taut;

• fully-constrained CDPRs, when m = n (r = 0) and all cables are taut;

• underconstrained CDPRs, when m < n (r < 0) or m ≥ n (r ≥ 0), but the taut
cables are less than n.

This classification allows one to consider the situation in which not all the cables are
taut, but this is not the working condition for which a generic robot is commonly de-
signed. For this reason, by neglecting the situation in which only some cables are taut,
the main advantage of underconstrained CDPRs with m < n cables is that they need
fewer motors than other classes of CDPRs to execute a task. However, the main dis-
advantage of this robot class is that the inverse kinematic and static problems are not
decoupled, so they must be solved together. Indeed, only some of the DOFs of the
robot EE can be controlled and the feasibility of a planned motion also depends on the
external wrench applied to the EE.

Another classification of CDPRs considers the position of the cable attachment
points on the frame. If all these points are above the workspace of the manipulator,
the robot is in a suspended configuration (or crane configuration). This classification
is completely independent of the previous one, so every kind of CDPR previously de-
fined can be suspended. However, it is common for suspended CDPRs to be underac-
tuated or fully-constrained. This is because, in the suspended configuration, there is
always the action of the gravity force that acts on the EE to help to keep the cables taut.
However, for applications in which other external wrenches arise on the platform, it is
necessary to guarantee that cable tensioning is not only due to the gravity action. This
is why overconstrained CDPRs (with at least one redundant cable) in a non-suspended
configuration are commonly chosen for tasks that require the execution of fast move-
ments or interaction with the environment. Indeed, controlling cables that arrive on
the EE from different directions spread in the space makes it possible to counterbal-
ance a wide range of external wrenches that can arise on the platform 1.3.

From the previous considerations, an overconstrained CDPR in a non-suspended
configuration will be necessary to execute the bin-picking task since highly dynamic
movements and capability of interaction with the products are required. The robot will
be called CORHDA: Cable-driven Overconstrained Robot for Highly Dynamical Applica-
tions. The name of the manipulator identifies the robot architecture and it reflects the
most important constraint that was taken into account during its design: the capabil-
ity of executing fast movements such that it will be possible to satisfy the productivity
required for the fast bin-picking task.

1.4 CDPR applications

One of the most important industrial applications of CDPRs is in the field of moving
cameras [51]. Different companies produce robots with the same aim of filming sports
events (e.g., football matches) or music venues. Examples are the SkyCam [52, 53], the
SpiderCam [46] (Fig. 1.4(a)), and the CableCam [54]. All these cameras are suspended
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Chapter 1. Introduction

(a) The SpiderCam [46] (b) A Portable CDPR for rescue operations [47]

(c) The FAST CDPR [48]

(d) The CoGiRo CDPR [49] (e) The NeReBot CDPR [50]

Figure 1.4: Suspended CDPRs for different applications.
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1.4. CDPR applications

underconstrained CDPRs, usually mounted on stadiums, and can provide aerial per-
spectives of the event they are filming. Using an overconstrained CDPR with cables
coming from the ground would be impossible for this kind of application. The same is
for CDPRs studied for rescue operations [47,55] which should be portable and modular
(Fig. 1.4(b)): they must be reconfigured by simply moving their winches, which are in-
stalled in unstructured environments. Another interesting application of a suspended
CDPR is in Guizhou province, in China, where a fully-constrained robot was designed
to realize a radio telescope [48, 56] (Fig. 1.4(c)). More common is finding suspended
CDPRs (underconstrained or fully-constrained) for load-lifting applications: one of the
first was the Nist Spider [57], a robotic fully-constrained crane; a more recent example
is an underconstrained CDPR for boat lifting in open-sea operations [58]. The advan-
tage of using a cable robot instead of a simple crane is the better control of the carried
load. However, for the manipulation of heavy payloads, also overconstrained CDPRs
(still in a suspended configuration) have been developed [49] (Fig. 1.4(d)).

For rehabilitation tasks, CDPRs are widely used, but the choice of the robot archi-
tecture can be different based on its specific tasks. However, also for a predefined task,
the choice may not be trivial [63]. Examples of CDPRs used for rehabilitation can be
found in [50, 64, 65] (suspended robot with three cables) (Fig. 1.4(e)), [66, 67] (spatial
overconstrained CDPR), and [68] (planar overconstrained robot).

(a) The Hephaestus CDPR [59] (b) A CDPR for warehousing operations [60]

(c) The Kite Robot for window cleaning [61] (d) The CableRobot simulator [62]

Figure 1.5: Overconstrained non-suspended CDPRs for different applications.
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Chapter 1. Introduction

(a) The FALCON-7 CDPR [78, 79] (b) The DeltaBot CDPR [81] (c) The T-Bot CDPR [82, 83]

Figure 1.6: CDPRs developed for fast object manipulation tasks.

As mentioned in Section 1.3, using non-suspended overconstrained CDPRs for tasks
requiring interaction with the environment is common. This happens for the construc-
tion of buildings [69] or operations on their facades [59, 70, 71] (Fig. 1.5(a)). Similar
Robots are also designed for the execution of warehousing operations [60, 72–74] (Fig.
1.5(b)) or for window cleaning [75]. For this last task, the robot movements are in two
dimensions, so also planar CDPRs actuated with four cables have been proposed in the
literature [76] and by companies [61] (Fig. 1.5(c)). For the same reason, in [77], a planar
overconstrained robot is designed to perform laser engraving. Another interesting use
of an overconstrained CDPR is the one shown in [62], where the large workspace and
high stiffness of a manipulator with eight cables are exploited for the realization of a
simulator developed for studies in the field of human perception research and virtual
reality (Fig. 1.5(d)).

Finally, overconstrained CDPRs for executing fast object manipulation have also
been proposed. One of the most famous prototypes is the FALCON-7 [78, 79], which
is actuated by seven cables (Fig. 1.6(a)). Instead, the WARP manipulator is actuated
by eight cables and was designed without pulleys to solve the friction problems of the
FALCON-7. However, the workspace of the WARP is too small, while the one of the
FALCON-7 is not symmetric. For this reason, it is common to design robots with eight
cables having attachment points on the frame approximately on the vertices of a par-
allelepiped [80]. Other robots were designed with fewer cables and in a suspended
configuration for classical pick-and-place operations. An example is the DeltaBot in-
troduced in [81] (Fig. 1.6(b)). These robot cables are taut through a central element
pushing the EE. The same concept was applied in [82, 83] to develop the T-Bot(Fig.
1.6(c)). These robots have a shape that resembles the Delta robots [3], and they show
excellent performances in the execution of classical pick-and-place tasks. However,
they are unsuitable for a bin-picking operation since they are incapable of rotational
movements (and the central pushing element may hinder the vision-system visibility).

1.5 Thesis Goals and Outline

This thesis aims to develop an overconstrained CDPR capable of executing fast 3D-
picking operations by cooperating with a vision system in a bin-picking cell. This kind
of architecture is justified by the need for a small footprint of the manipulator on the
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1.5. Thesis Goals and Outline

pick-up area (to facilitate the task of the vision system), together with the advantages of
parallel robots for executing movements with high dynamics. The main objective is to
develop the robot from a conceptual point of view by defining its main characteristics
in terms of kinematics, mechanical design, and control strategies by taking into ac-
count its future application. The final result is to validate the concept by realizing and
testing the first robot prototype, called CORHDA: Cable-driven Overconstrained Robot
for Highly Dynamical Applications.

Chapter 2 describes the CORHDA kinematic and dynamic models, as well as the
model describing the cable elastic behavior. Since the robot has an overconstrained
architecture, an algorithm is presented to compute the optimal cable-force distribu-
tion for a generic end-effector pose.

Chapter 3 introduces the controller developed to govern the end-effector pose and
cable tensions. This is the main innovative contribution of the thesis, since the con-
troller is based on the idea of applying a hybrid position-force control strategy with-
out using any force sensor. The controller is first implemented and evaluated on the
IPAnema 3 Mini CDPR of the Fraunhofer Institute for Manufacturing Engineering and
Automation (IPA) in Stuttgart and then applied to the CORHDA

Chapter 4 presents the conceptual design of the CORHDA prototype, by taking into
account the constraints imposed by the bin-picking task and the control strategy in-
troduced in Chapter 3. The mechanical design of the robot is described, including its
actuators, the end-effector, and the other elements in the kinematic chains.

Chapter 5 reports the experimental validation of the controller on the IPAnema 3
Mini and the CORHDA. The CORHDA-prototype performance in terms of pose preci-
sion and repeatability, as well as in cable-force tracking, paves the way for its future
practical use.

Chapter 6 draws conclusions and describes future developments
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Chapter 2

Modeling

This chapter aims to introduce the mathematical models used to describe the behavior
of the robot CORHDA. For the aim of this work, the cables are considered massless, so
straight linear segments can represent them, and their elasticity will be considered.

As explained in Chapter 1, to perform the bin-picking operation, an overconstrained
CDPR is necessary. Moreover, the EE must be capable of moving in all the six DOFs of
the spatial Euclidean motion group SE(3). In practice, the manipulator is made by a
rigid body (the EE) moved in the space by m ≥ 7 cables. Using only seven wires re-
duces the number of motors, but in this way, the workspace of the manipulator is not
symmetric [79]. For this reason, a design with eight cables will be developed. However,
this chapter treats the mathematical modeling of overconstrained CDPRs as generally
as possible.

2.1 Kinematic model

The pose of a rigid body is defined by six coordinates in SE(3): three distances to
identify its position and three angles to represent its orientation. A reference system
fixed with the robot frame is necessary to define these coordinates (O − x y z). In the
following, we will refer to this reference system by simply calling it FRS (Fixed Refer-
ence System). Similarly, we can define another reference system connected to the EE
(O′ − x ′y ′z ′) and refer to it as MRS (Mobile Reference System). The motion of the EE
is defined as the movement of the MRS with reference to the FRS. The position of the
EE is described by the vector p that points from O to O′ in the FRS. The orientation
of the EE is defined through Euler angles, i.e., three successive rotations about axes of
the FRS, respectively ϵx , ϵy , and ϵz , which are collected in the array ϵ= [ϵx ,ϵy ,ϵz]T [84].
The Euler angles allow the computation of the rotation matrix R = R(ϵ). This matrix
transforms the coordinates of a position vector from the MRS to the FRS. In this work,
a prime is used to distinguish the vectors expressed in the coordinates of the MRS from
those in the coordinates of the FRS.

The finite kinematics involves only the position and orientation of the EE, while for
the differential kinematics, it is necessary to also consider the time derivatives of the
position (ṗ, p̈) and orientation (ϵ̇, ϵ̈) of the EE. In particular, from the rate of change of
Euler angles, one can compute the angular velocity (ω) and acceleration (ω̇) of the EE.
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ω= H(ϵ)ϵ̇=
1 0 sin(ϵy )

0 cos(ϵx) −sin(ϵx)cos(ϵy )
0 sin(ϵx) cos(ϵx)cos(ϵy )

 ϵ̇ (2.1)

ω̇= H(ϵ)ϵ̈+ Ḣ(ϵ, ϵ̇)ϵ̇ (2.2)

2.1.1 Finite kinematics

For a robot with m cables, by considering the generic wire i = 1. . .m, the cable exit
point from the robot frame is Ai (proximal anchor point), while the attachment point
on the EE is Bi (distal anchor point). The vector representing the position of Ai in FRS
is ai , while the vector representing the position of Bi in MRS is b′

i (its projection in FRS
is bi ).

The simplest kinematic model of a CDPR is based on the assumption that both ai

and b′
i do not change in time, i.e., all the distal and proximal anchor points are fixed.

In many practical cases, this is true for the distal anchor points but not for the proxi-
mal anchor points. In fact, it is common to mount swivel pulleys on the robot frame
to guide the cable toward the EE. This is done to avoid the cables slipping on fixed
surfaces, which can cause their wear and damage. In this case, the presence of pul-
leys must be considered in the kinematic model. Since the swivel axis is tangent to the
pulley in A0,i , the vector a0,i is constant during the movement of the EE (Figure 2.1).
The proximal anchor point Ai is where the cable leaves the pulley in a direction tan-
gent to it. The vector from the center of the swivel pulley AC ,i to Ai is at ,i , whereas the
vecor from A0,i to AC ,i is aC ,i . Both at ,i and aC ,i change during the EE motion, but their
magnitude is constant and equal to the pulley radius (ri ).

From these considerations, one can obtain the closure equation for the i -th cable:

ρi = a0,i +aC ,i +at ,i −Rb′
i −p (2.3)

where ρi is the vector representing the i -th wire. Following the procedure described in
[40,85], it is possible to find at ,i and aC ,i in coordinates of a reference system connected
to the swivel pulley, whose unit vectors corresponding to x, y , and z axes are ip,i , jp,i ,

(a) (b)

Figure 2.1: Swivel-pulley kinematics.
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2.1. Kinematic model

and kp,i :

aC ,i = ri ip,i

at ,i = ri
[
cos(γi )ip,i + sin(γi )jp,i

] (2.4)

Where the angleγi is the supplementary to the wrapping angleαi . The simplified cable
vector is the one that does not consider the swivel pulley, i.e., it points to A0,i :

ρ0,i = a0,i −p−Rb′
i (2.5)

By introducing (2.4) and (2.5) in (2.3), the closure equation becomes:

ρi =ρ0,i + ri ip,i + ri
[
cos(γi )ip,i + sin(γi )jp,i

]
(2.6)

One can compute the magnitude of the cable vector ρi by using the expression of the
unit vector ui that represents the wire direction. ui is found through the help of Figure
2.2:

ui =−sin(γi )ip,i +cos(γi )jp,i (2.7)

By taking the scalar product of Eqs. (2.6), and (2.7), one obtains the following:

||ρi || =ρ0,i ·
[−sin(γi )ip,i +cos(γi )jp,i

]− ri sin(γi ) (2.8)

The value of γi is computed with the procedure described in [40, 85]. First, the
scalar product of both sides of Eq. (2.6) with a unit vector directed as at ,i is taken.
Since the cable is tangent to the pulley in Ai , ρi is perpendicular to at ,i , thus obtaining
the following result:

ρ0,i ·
[
cos(γi )ip,i + sin(γi )jp,i

]+ ri cos(γi )+ ri = 0 (2.9)

By collecting the sine and cosine of γi , the equation becomes:

cos(γi )
(
ρ0,i · ip,i + ri

)+ sin(γi )
(
ρ0,i · jp,i

)+ ri = 0 (2.10)

sin(γi ) and cos(γi ) can be expressed as functions of ti = tan(γi /2):

sin(γi ) = 2ti

1+ t 2
i

cos(γi ) = 1− t 2
i

1+ t 2
i

(2.11)

By using the parametric formulation (2.11) of sin(γi ) and cos(γi ) in Eq. (2.10), we have:

(1− t 2
i )

(
ρ0,i · ip,i + ri

)+2ti
(
ρ0,i · jp,i

)+ ri (1+ t 2
i ) = 0 (2.12)

Figure 2.2: Swivel pulley plane.
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By simply rearranging the terms, the following second-order equation in ti is obtained:

t 2
i −2ti

ρ0,i · jp,i

ρ0,i · ip,i
− 2ri

ρ0,i · ip,i
−1 = 0 (2.13)

Based on the instructions given in [40,85], only one of the two solutions of Eq. (2.13) is
acceptable, thus the value of γi can be directly computed:

γi = 2 atan

ρ0,i · jp,i

ρ0,i · ip,i
+

√√√√(
ρ0,i · jp,i

ρ0,i · ip,i

)2

+1+ 2ri

ρ0,i · ip,i

 (2.14)

By substituting Eqs. (2.5) and (2.14) in Eq. (2.6) and recalling that αi = π−γi , one
can express the geometrical constraint imposed by the i -th cable connected to the EE
as a function of the EE pose and swivel pulley radius:

ρi ·ρi − (li − riαi )2 = 0 (2.15)

where li is the overall cable length, including both the rectilinear part (i.e., ||ρi ||) and
the arc of the swivel pulley between A0,i and Ai (i.e., angle αi ).

2.1.2 Differential kinematics

This paragraph introduces the kinematic equations describing the relations between
the EE velocity and acceleration (v, v̇) and the cable elongation velocities and accel-
erations (l̇, l̈) for a CDPR with swivel pulleys. The EE velocity is represented in matrix
notation by the vector v = [ṗT ωT ]T , while the array containing the cable elongation
velocities is l̇ = [l̇1 . . . l̇m]T .

The differential kinematics of a CDPR can be obtained by computing the deriva-
tives of the closure equations (2.15) with respect to the time. Before doing it, for the
kinematic model of a CDPR with swivel pulleys, it is necessary to define the differential
kinematics of the swivel pulleys.

2.1.2.1 Differential kinematics of the swivel pulley

For the i -th generic swivel pulley, one can define a reference system whose unit vec-
tors corresponding to x, y , and z axes are i f p,i , j f p,i , and k f p,i . This coordinates system
indicates how the pulley is mounted with reference to the frame: the mounting orien-
tation of the pulley is defined through the rotation matrix Rpul ,i . The only difference
between the fixed reference system of the pulley and the mobile one (with unit vectors
ip,i , jp,i , and kp,i ), is the rotation around the swivel axis (i.e., angle φi ) that changes
during the EE motion. With reference to Figure 2.3, for a generic pose of the EE, the
unit vectors of the mobile system of the swivel pulley can be expressed in coordinates
of the fixed one as follows:

ip,i = cos(φi )i f p,i − sin(φi )k f p,i

jp,i = j f p,i

kp,i = sin(φi )i f p,i +cos(φi )k f p,i

(2.16)

The time derivatives of these unit vectors are:

i̇p,i =−sin(φi )φ̇i i f p,i −cos(φi )φ̇i k f p,i =−φ̇i kp,i

j̇p,i = 0

k̇p,i = cos(φi )φ̇i i f p,i − sin(φi )φ̇i k f p,i = φ̇i ip,i

(2.17)
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2.1. Kinematic model

Figure 2.3: Top view of the swivel pulley.

To completely define the swivel pulley differential kinematics, we will also compute
the rate of change of the swivel angle φi and the supplementary to the wrapping angle
γi .

Since ρ0,i , and ρi are in the pulley plane, they are both perpendicular to kp,i , thus:

ρ0,i ·kp,i = 0 ρi ·kp,i = 0 (2.18)

By taking the time derivative of the scalar product between ρ0,i and kp,i , the following
equation is obtained:

ρ̇0,i ·kp,i +ρ0,i · k̇p,i = 0 (2.19)

By introducing Eq.(2.17) and the time derivative of Eq. (2.5) in Eq. (2.19) and rearrang-
ing the result, the time derivative of the swivel angle is obtained as:

φ̇i =
kp,i · (ṗ+ ḃi )

ip,i ·ρ0,i
(2.20)

The rate of change of the supplementary to the wrapping angleγi (see Figure 2.1(b))
is computed by taking the time derivative of Eq. (2.10):

− sin(γi )γ̇i
(
ρ0,i · ip,i + ri

)+cos(γi )
(
ρ̇0,i · ip,i +ρ0,i · i̇p,i

)+
+cos(γi )γ̇i

(
ρ0,i · jp,i

)+ sin(γi )
(
ρ̇0,i · jp,i

)= 0 (2.21)

By using the expression of i̇p,i shown in (2.17) and collecting γ̇i , yields:

γ̇i
{−ri sin(γi )+ρ0,i ·

[−sin(γi )ip,i +cos(γi )jp,i
]}+

+ ρ̇0,i ·
[
cos(γi )ip,i + sin(γi )jp,i

]= 0 (2.22)

If (2.8) is introduced in (2.22) one obtains:

γ̇i ||ρi ||+ ρ̇0,i ·
[
cos(γi )ip,i + sin(γi )jp,i

]= 0 (2.23)

Finally, remembering the definition of ρ0,i in Eq. (2.5), the time derivative of the sup-
plementary to the wrapping angle is:

γ̇i =
[
cos(γi )ip,i + sin(γi )jp,i

] · (ṗ+ ḃi )

||ρi ||
(2.24)
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2.1.2.2 Velocity closure equations

Once the differential kinematics of the swivel pulleys is defined, the velocity closure
equations of the CDPR are derived by taking the time derivative of Eq. (2.15). Before
doing it, it is helpful to compute the rate of change of the vector representing the cable
ρi from Eq. (2.6) by taking advantage of the definition of ρ0,i in Eq. (2.5) and the results
in Eq. (2.17):

ρ̇i =−ṗ− ḃi − ri φ̇i
[
1+cos(γi )

]
kp,i − ri γ̇i

[
sin(γi )ip,i −cos(γi )jp,i

]
(2.25)

Where the derivative ḃi of the vector representing the position of the distal anchor
point in FRS is a function of the angular velocity of the EE [84]:

ḃi = Ṙb′
i =ω×Rb′

i =ω×bi (2.26)

Once the previous preliminary computations are explained, it is possible to com-
pute the time derivative of Eq. (2.15):

2ρi · ρ̇i −2(li − riαi )(l̇i − ri α̇i ) = 0 (2.27)

By substituting Eq. (2.25) in Eq. (2.27), one obtains:

−ρi · ṗ−ρi · ḃi − ri φ̇i
[
1+cos(γi )

]
ρi ·kp,i + ri γ̇iρi ·

[−sin(γi )ip,i +cos(γi )jp,i
]+

− (li − riαi )(l̇i − ri α̇i ) = 0 (2.28)

Introducing Eqs. (2.18) and (2.7) in (2.28) yields:

−ρi · ṗ−ρi · ḃi + ri γ̇iρi ·ui − (li − riαi )(l̇i − ri α̇i ) = 0 (2.29)

Since γi = π−αi , then γ̇i = −α̇i . Moreover, ρi ·ui = ||ρi || = li − riαi , so Eq. (2.29) is
simplified as:

−ρi · ṗ−ρi · ḃi − (li − riαi )l̇i = 0 (2.30)

By introducing (2.26) in (2.30) and exploiting the properties of vector and scalar prod-
uct, one finally obtains:

−ρi · ṗ+ρi ×bi ·ω− (li − riαi )l̇i = 0 (2.31)

By using a matrix notation, and remembering that v = [ṗT ωT ]T , we have:

−[
ρT

i − (ρi ×bi )T
]

v = (li − riαi ) (2.32)

Since ρi = (li − riαi )ui , the term (li − riαi ) cancels out on both sides of Eq. (2.32), so
that:

−[
uT

i (bi ×ui )T
]

v = l̇i (2.33)

By considering all cables i = 1, . . . ,m, the kinematic Jacobian of the robot Jk can be used
to find the final formulation of the velocity closure equations:

−Jk v = l̇ with Jk =

uT
1 (b1 ×u1)T

...
...

uT
m (bm ×um)T

 (2.34)

If the pose of the EE is known (i.e. the kinematic Jacobian of the robot Jk is completely
defined), from Eq. (2.34), one can compute the cable elongation velocities (i.e. l̇) by
knowing the EE velocity v or vice-versa.
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2.2. Dynamic model

2.1.2.3 Acceleration closure equations

The acceleration kinematics of a CDPR is described by the time derivative of Eq. (2.34):

−J̇k v− Jk v̇ = l̈ (2.35)

where the i -th row of the time derivative J̇k is:

J̇k,i =
[
u̇T

i (ḃi ×ui +bi × u̇i )T
]

(2.36)

The only unknown term in Eq. (2.36) is u̇i , that can be found differentiating the
equation representing the vector ρi as a function of the unit vector ui :

ρ̇i = d

d t
[(li − riαi )ui ] = (l̇i − ri α̇i )ui + (li − riαi )u̇i

which leads to:

u̇i = ρ̇i − (l̇i − ri α̇i )ui

li − riαi
(2.37)

where the time derivative of the wrapping angle is simply equal to α̇i =−γ̇i , γ̇i can be
found by Eq. (2.24) and ρ̇i is provided by Eq. (2.25). Both γ̇i and ρ̇i are completely
defined if the swivel pulley kinematics is solved.

If the pose and the velocity of the EE are known (i.e. Jk , J̇k , and v are completely
defined), from the acceleration closure equations in Eq. (2.35), one can compute the
cable elongation accelerations (i.e. l̈) by knowing the EE acceleration a or vice-versa.

2.2 Dynamic model

The dynamic model of a CDPR is developed by studying the equilibrium of the EE un-
der the effect of the cable forces, the inertia wrench, and a generic external wrench
wE = [fT

E τT
E ]T . fE is the sum of the external forces acting on the EE and applied in its

center of mass G , while τE is the resultant external moment applied on the EE about
G . If the center of MRS O′ is chosen for the computation of the rotational equilibrium
of the EE, the resultant moment about O′ due to the external wrenches is τE +d× fE ,
where d is the vector connecting G with O′ (see Figure 2.4).

The mass properties of the EE are represented by its mass m and its inertia matrix
I′G with reference to G and projected on MRS. Given a generic orientation R of the EE,
the inertia matrix of the EE projected on FRS is IG = RI′G RT . Knowing that the position
vector of the center of mass of the EE is pG (and thus the acceleration of G is p̈G ), the
inertia force acting on the EE is −mp̈G , while the inertia torque about G is −IGω̇−ω×
IGω. Accordingly, the inertia moment about O′ is −IGω̇−ω× IGω−md× p̈G .

The D’Alambert equations that describe the dynamic equilibrium of the EE are the
following: {

mp̈G − fE − fC = 0

IGω̇+ω× IGω+md× p̈G − (τE +d× fE )−τ′
C = 0

(2.38)

where fC is the sum of the cable forces, and τ′
C is the sum of the moments produced by

the cable forces about O′. The first equation represents the translational equilibrium
of the EE, while the second one represents the rotational equilibrium about O′ of the
EE. The acceleration of G can be rewritten as a function of the acceleration of O′:

p̈G = p̈+ ω̇×d+ω× (ω×d) (2.39)
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Figure 2.4: Scheme of the EE as a free rigid body.

By introducing Eq (2.39) in Eq. (2.38), and using the properties of the vector product
the equilibrium equations can be written as:

mp̈−md× ω̇−mω× (d×ω)− fE − fC = 0

IGω̇−md× (d× ω̇)+md× p̈+ω× [IGω−md× (d×ω)]+
− (τE +d× fE )−τC = 0

(2.40)

or, by expressing the inertia matrix about G as a function of the inertia matrix about O′

(IG = IO′ +md̃d̃), as: {
mp̈−md̃ω̇−mω̃d̃ω− fE − fC = 0

IO′ω̇+md̃p̈+ ω̃IO′ω− (
τE + d̃fE

)−τC = 0
(2.41)

where (̃·) represents the matrix notation for the vector product [84]. The generic i -th
cable force has magnitude fi and is directed along ui , so that the sum of the cable
forces is fC =∑m

i=1 fi ui , while the resultant moment of the cable forces about O′ is τC =∑m
i=1 fi b̃i ui . By using a matrix notation Eq. (2.41) can be thus written as:[
mI3 −md̃
md̃ IO′

][
p̈
ω̇

]
+

[
03 −mω̃d̃
03 ω̃IO′

][
ṗ
ω

]
−

[
fE

τE + d̃fE

]
−

[
u1 . . . um

b̃1u1 . . . b̃mum

]
f = 0 (2.42)

where f = [ f1 . . . fm]T is the array containing the cable tensions, I3 is the 3×3 identity
matrix, and 03 is the 3×3 null matrix. Finally, by remembering the expression of the
kinematic jacobian in Eq. (2.34) and using a compact notation for all involved matrices,
the equation representing the dynamic equilibrium of the EE about O′ becomes:

M′v̇+C′v−w′
E − JT

k f = 0 (2.43)

where:

M′ =
[

mI3 −md̃
md̃ IO′

]
, C′ =

[
03 −mω̃d̃
03 ω̃IO′

]

w′
E =

[
fE

τE + d̃fE

]
, Jk =

uT
1 (b1 ×u1)T

...
...

uT
m (bm ×um)T

 (2.44)
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2.3. Force distribution computation

If the center of mass G is chosen as the reference point for the computation of the
moments, Eq. (2.38) is simplified as:{

mp̈G − fE − fC = 0

IGω̇+ω× IGω−τE −τC = 0
(2.45)

where τC =∑m
i=1 fi h̃i ui . It follows that Eq. (2.42) is modified as:[

mI3 03

03 IG

][
p̈G

ω̇

]
+

[
03 03

03 ω̃IG

][
ṗG

ω

]
−

[
fE

τE

]
−

[
u1 . . . um

h̃1u1 . . . h̃mum

]
f = 0 (2.46)

Here, for the generic i -th cable, hi is the vector connecting the distal point Bi to the
center of gravity G (see Figure 2.4). Finally, the equation representing the dynamic
equilibrium of the EE about G is:

Mv̇+Cv−wE − JT
g f = 0 (2.47)

where:

M =
[

mI3 03

03 IG

]
, C =

[
03 03

03 ω̃IG

]

wE =
[

fE

τE

]
, Jg =

uT
1 (h1 ×u1)T

...
...

uT
m (hm ×um)T

 (2.48)

Notice that if O′ ≡ G , it follows that IO′ = IG , p̈ = p̈G , ṗ = ṗG , d = 0, and bi = hi∀i =
1, . . . ,m, so Eq. (2.43) is simplified in Eq. (2.47).

Regardless of whether Eq. (2.43) or (2.47) is used to model the dynamics of a CDPR,
it is always possible to obtain the following formulation for the description of the equi-
librium of the EE:

Af+wT = 0 (2.49)

where A is called structure matrix, and wT is the total external wrench acting on the EE
which represents all the forces and torques that act on the EE except the ones exerted
by the cables.

2.3 Force distribution computation

The dynamic equilibrium of the EE in SE(3) is always described by six equations since
the structure matrix A in Eq. (2.49) has dimensions 6×m. The inverse kinetostatic
problem consists in solving Eq. (2.49) to find the cable tensions (i.e., f). Notice that,
when solving an inverse dynamic problem, the total wrench acting on the robot plat-
form (wT ) is known since the external forces and torques applied to the EE must be
known, as well as its trajectory that allows to compute its inertial wrench. Even the
structure matrix can be easily computed by knowing the pose of the EE.

In the case of an overconstrained CDPR, the system of equations (2.49) is undeter-
mined since it has more unknowns (m) than equations (6). Remembering that r is the
number of redundant cables (in the case of a manipulator moving in all the 6 DOFs of
SE(3), r = m −6), this system generally has ∞r solutions. Since cables can only exert
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positive forces, all solutions involving negative tensions must be discarded. In many
practical cases, it is desirable to maintain cable forces higher than a lower limit fmi n

greater than zero to prevent cables from becoming slack and lower than a maximum
value fmax to avoid cable damage. Imposing these limits is insufficient to guarantee a
unique solution to the problem; on the contrary, the constraints could make the sys-
tem unsolvable. For this reason, it is necessary to implement an algorithm to choose
the correct Force Distribution (FD) among all the possible sets of cable tensions (if the
problem admits a solution).

The problem of finding the correct FD within the range of forces defined by fmi n

and fmax is not straightforward, and many authors have introduced different approaches
to solve it. In [86], the cable-tension computation problem is analyzed for cases in
which the redundancy is r = 1, or r > 1. The authors present a simple algorithm for
the former case, while they use interval analysis and gradient-based optimizers for the
latter. Interval analysis provides guaranteed solutions but is computationally demand-
ing and unsuitable for real-time applications. Gradient-based methods can be applied
even in real-time. However, their iterative nature cannot always guarantee finding a
solution in a strict number of iterations (i.e., in a cycle time). In the same period, an
iterative approach based on the Dykstra method was introduced in [87]; it is interest-
ing to notice that in this study, the redundant limbs of the investigated robots are not
extra cables but cylinders that apply forces on the EE. The Dykstra method is also ap-
plied in [88]; here, when there is no unique solution that satisfies both the constraints
(the statics of the manipulator and the force limits), the algorithm allows one to find
two different solutions, each one satisfying only one constraint. This method could
be helpful during the design of a new CDPR. An analytic approach is applied in [89]
to reduce the computational effort of iterative methods. At the same time, in [90], the
authors set up a linear programming optimization problem instead of a quadratic one.
A linear programming problem is also solved in [91], but here the objective function
differs from the previous ones because the algorithm aims to find the set of tensions
that maximize the robot stiffness in a specific direction. The main drawback of using a
linear programming approach is that there is no mathematical proof that the problem
solution is continuous, and the continuity of cable tensions is mandatory during the
robot operation. On the contrary, the authors in [92] solve a quadratic programming
problem to obtain exact values of the cable tensions when the EE is inside the wrench
feasible workspace (see Section 2.5) and approximate solutions when the EE is outside
(a situation possible in haptic applications).

In most works in which the real-time capabilities of the algorithms are the main
requirement, iterative approaches are discarded. In [93], a barycentric approach is
developed, but the algorithm becomes computationally expensive for a high redun-
dancy. To overcome this problem, the authors in [94] introduce a closed-form method
for robots with an arbitrary redundancy; this technique was improved first in [95] and
then in [96] by combining it with the puncture method to obtain a fast solution, but
also capable of minimizing the cable tensions. With a similar aim, [97] introduces a
method to compute the minimum 2-norm non-negative wire tension vector by mod-
ifying the solution obtained with the Moore-Penrose generalized inverse of the Jaco-
bian matrix. The same method was extended in [98] by using interval arithmetic to
compute the cable tensions when there are uncertainties in the robot parameters. The
minimum 2-norm solution of the cable tension array is also obtained with the tech-
nique proposed in [99], where cable sagging is also considered. Other recent methods
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introduced to obtain fast results are based on a geometric approach [100–103]. Goutte-
farde et al. [100] introduced one of the most used techniques. This method is suitable
only for robots with a redundancy r = 2 because their set of feasible cable tensions is a
2-D convex polygon. First, the algorithm finds the vertices of this polygon (if a solution
to the problem exists for the analyzed EE pose). Then, the cable tensions are com-
puted by choosing between different solutions (minimum 2-norm, minimum 1-norm,
centroid, weighted barycenter).

Since the design chosen for the robot CORHDA exploits eight cables to move the
EE in all the six DOFs of SE(3), the algorithm shown in [100] will be used for the FD
computation in the following. The main reason behind this choice is the possibility
to execute the FD computation in real-time due to the fastness of the algorithm. The
solution obtained with this method for the cable tension array has the following form:

f = A+wT +Nλ (2.50)

where A+ is the Moore-Penrose pseudoinverse of the structure matrix, N is the m ×2
nullspace matrix of A, and λ = [λ1λ2]T is a vector representing a generic point in the
2-D nullspace of the structure matrix. The solution in Eq. (2.50) is obtained as the sum
of a particular solution fp = A+wT and a homogeneous solution fh = Nλ. The particu-
lar solution is the minimum 2-norm solution of the cable tension array that does not
consider the constraints on the minimum and maximum values of the wire forces. This
means that the components of fp can be greater than fmax , lower than fmi n , or even
negative, which is not a physical solution since cables can only provide positive ten-
sions on the EE. The homogeneous solution is added to modify the particular solution
to obtain a force vector that satisfies the imposed constraints. In fact, for the defini-
tion of N = null(A), ANλ = 0, which means that substituting the solution (2.50) in Eq.
(2.49) leads to Afp +wT = 0. Therefore, the homogeneous solution does not affect the
equilibrium on the EE.

The set of feasible FD is a 2-D convex polytope Λ obtained by the intersection of the
2-D space of the solution to Eq. (2.49) Σ, and the m-dimensional hypercube of feasible
cable tensions Ω:

Λ=Σ∩Ω

Σ= {f | Af+wT = 0}

Ω= {f | fmi n ≤ f ≤ fmax}

(2.51)

Here, fmi n , fmax are arrays in Rm in which every element is equal to fmi n and fmax ,
respectively. The solution (2.50) can be seen as a function of λ, since N can be easily
computed from A, that is known once the inverse kinematic problem is solved: f =
F (λ). Given a certain subset Ψ of the domain of F , the image of Ψ through F is a
subset Φ of the codomain of F . Similarly, the preimage of Φ through F is a subset Ψ
of the domain of F that, through F , maps Φ (see Figure 2.5). In the case of f = F (λ),
the preimage of Λ through F is the following:

F−1 (Λ) = {λ ∈R2 | fmi n ≤ fp +Nλ ≤ fmax} (2.52)

Since Λ is a convex polytope, its preimage through F is a convex polytope. Moreover,
F−1 (Λ) belongs to R2, so it is a convex polygon called feasible polygon. In practice, the
feasible polygon is obtained by the intersection between the following 2m inequalities
(one for the fmi n constraint and one for the fmax constraint for each cable).

fmi n − fp ≤ Nλ ≤ fmax − fp (2.53)
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Figure 2.5: Image and preimage of function F .

Every inequality represents a half-plane in R2. The algorithm shown in [100] aims to
find the vertices of the feasible polygon without computing all the intersections among
the 2m lines obtained by setting the inequalities to equalities.

If the feasible polygon exists, once its vertices are computed, the homogeneous
solution fh is found by choosing the correct λ ∈ F−1 (Λ) with a specific criterion. In
particular, the minimum 2-norm solution of the cable tension array was chosen in such
a way as to minimize the power required to the motors and to obtain a set of forces
that is continuous during a trajectory of the EE. This solution is found by solving the
following quadratic program:{

minλ ||λ||2
fmi n − fp ≤ Nλ ≤ fmax − fp

(2.54)

2.4 Cables elastic model

One of the issues related to using wires instead of rigid links is that cables are flexible
elements subjected to elongation. In some applications where forces are low, the cable
elongation can be negligible, or it is not considered for simplicity since it is not straight-
forward to correctly estimate it. Many authors use Irvine’s catenary model to represent
the wires behavior when the cable masses are considered [104–107]. This is the case
with large-scale robots like the FAST [105] or the CoGiRo [106], where no fast motions
are required in general, and, for this reason, even steel ropes can be used. In smaller
robots requiring faster movements, it is common to use fiber ropes (e.g., Dyneema
ones) that guarantee a high payload-to-mass ratio with respect to steel wires. In this
way, the small rope mass does not influence the system dynamics, and its effect can be
neglected in the cable model: the wire is treated as a straight line subjected to a linear
elongation [39, 108, 109]. In this case, the elastic model of the rope is equal to that of a
spring in which the elastic coefficient depends on the cable length:

F = k ′(l )∆l = k

l
∆l = kϵ (2.55)

with ϵ=∆l /l .
A simple linear model like the one in Eq. (2.55) could be insufficient to represent

the elastic behavior of fiber ropes. For this reason, in [110], the elastic coefficient is sup-
posed to be a function of the force applied to the cable. In contrast, other authors in-
troduced different functions to represent the elastic behavior of these wires. In [78,79],
a polynomial with degree three in the cable elongation is used, while in [111], a fourth-
order polynomial or an exponential function are introduced. In [112], a different ap-
proach is exploited since a mass-spring-damper system is used to represent the cable
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in such a way as to model (through the damper) the friction effects due to the slipping
of the fibers with each other.

The behavior of braided fiber ropes is not easily represented with simple, time-
independent functions. In [113], the hysteresis of cables is also considered by the
model, a phenomenon already analyzed in [114] with a black-box approach. It is par-
ticularly interesting the behavior of the cable during the first load cycle, which can
be seen in the results in [113]: when a virgin cable is stretched, a residual elongation
is visible even after the unloading. Similar effects are also shown in specific studies on
braided ropes [115,116], as seen in Figure 2.6. The reason could be related to the nature
of the braided ropes, obtained by braided strands that leave empty areas in the wire
section. For these kinds of cables, it is possible to define a fill factor that represents the
percentage of the section of the rope that is actually "filled" with material [117]. During
the first loading cycle, the strands of the rope may rearrange themselves by filling large
parts of the empty areas (i.e., the fill factor increases), and this causes, in practice, an
elongation of the cable that is not an elastic effect but a geometrical one due to volume
conservation. From a practical point of view, pre-stretching cables before doing the
tests to estimate their elastic model and before their use in a CDPR is desirable.

For a more realistic cable modeling, wear should also be taken into account. In-
deed, even if a correct model that represents the elastic behavior of the cable is es-
timated, it is not guaranteed that the parameters of the model remain unchanged in
time due to the wear caused by the cable slipping on pulleys or other mechanical parts
of the robot [107].

For the aim of this work, a simple linear elastic model like the one shown in (2.55)
is considered acceptable. This is because not considering the cable elasticity produces
errors, but using a wire model that is too complex is a problem from a computation
point of view since the model must be implemented in real-time for the computation
of the correct cable length. During one cycle time (commonly equal to 1ms), many
operations must be done, not only related to the resolution of the manipulator kine-
matics. For this reason, it is desirable to maintain the computations as simple as pos-
sible. The choice of a linear elastic model is a good compromise between the increase
of computational complexity due to considering wires elasticity and the necessity of
having a robot model that is accurate enough for the execution of the predefined task.

Finally, we must mention that not only problems related to the most suitable model

Figure 2.6: Results shown in [115] for the loading cycle tests executed on a braided fiber
rope.
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of the cable force-elongation characteristic arise on CDPRs; the behavior of the wires
on the drums may also be a problem, both because assessing the elongation of the
wound cable is very difficult and because the ovalization of the rope can change the
theoretical transmission ratio between the motor and the cable by producing errors in
the EE positioning [118].

2.5 Workspace

The workspace is one of a robot essential properties, and it is the first aspect to con-
sider in choosing a manipulator for the execution of a given task. In practice, it is the
set of poses that the EE can reach by satisfying some performance constraints. Consid-
ering the most general case of a robot moving in SE(3), it is possible to define different
subsets of the six-dimensional workspace. In the following, only some are listed; for a
complete treatment of this topic, see [119]. P is the reference point on the EE, i.e., the
point used to define its position.

• Constant Orientation Workspace or Translation Workspace: set of all possible po-
sitions that can be reached by P with a given (constant) orientation.

• Orientation Workspace or Rotational Workspace: set of all possible orientations
that can be reached by the EE while P is in a given (constant) position.

• Maximal Workspace or Reachable Workspace: set of all possible positions that
can be reached by P with at least one orientation of the EE.

• Total Orientation Workspace: set of all possible positions that can be reached by
P with all possible orientations of the EE belonging to a given set.

If we are not interested in the wrench that the EE must generate in a given pose,
this pose belongs to a specific definition of the workspace if the geometry of the ma-
nipulator (i.e., the legs) allows to reach it. However, it is not guaranteed that if a pose
is reachable from a geometric point of view, it belongs to the robot workspace since
it is not sure that the EE in that pose may be in equilibrium. This condition is often
verified for standard parallel manipulators actuated by rigid links that can exert tensile
and compressive forces and react to bending. On the contrary, the wires of a CDPR can
generate only tensile forces on the EE, and it is easy to verify that in certain poses that
could be reachable from a geometric point of view, this leads to requiring too small (or
even negative) or too high tensions on some cables to satisfy the equilibrium of the
EE. For this reason, the concept of Wrench Closure Workspace [120] was introduced for
CDPRs. This is the set of poses where the EE can be balanced by cable forces higher
than zero (i.e., the cables do not become slack). However, since in practical applica-
tions a lower limit fmi n > 0 and a higher limit fmax are defined for the cable tensions,
the Wrench Feasible Workspace [121] was defined as the set of poses in which the EE
can be balanced by cable tensions such that fmi n ≤ fi ≤ fmax ∀ i = 1, . . . ,m.

Moreover, it is necessary to verify the non-interference of cables to confirm if a pose
belongs to the robot actual workspace. This problem is significant for overconstrained
CDPRs that have many cables (even coming from the bottom of the workspace). The
regions of the constant orientation workspace where interference of cables with each
other or with the EE occur are identified in [122]. In [123], the interference of cables
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with external bodies within the robot workspace is also considered for three differ-
ent definitions of workspace (constant orientation, orientation, and total orientation).
Some authors studied the problem of cable interference for developing CDPRs with
movable proximal points, as in [124], where an algorithm capable of working in real-
time on a CDPR is introduced to compute the movement to command to the proximal
anchor points for preventing cable intersection.

Generally, cable interference is studied by supposing cables as straight lines. In this
way, the distance between two wires, j , and k, can be easily computed with a geomet-
rical procedure, and it is called d j k . By adding the non-interference constraint among
cables to the conditions that must be satisfied by the points of the workspace, one can
define the Total Orientation Wrench Feasible Workspace (WT O ) as the set of positions p
in which the following two conditions are verified for all the orientations belonging to
a given set RO :

A(p,R)f+wT = 0 with fmi n < fi < fmax for i = 1. . .m ∀ R ∈RO (2.56)

d j k > dc for j = 1. . .m \ {k} , k = 1. . .m \ { j } (2.57)

where dc is the cable diameter.
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Chapter 3

Robot Control

This chapter describes the controller developed for the robot CORHDA. The proposed
scheme is based on the hybrid position-force control in the joint space introduced
in [125, 126], but its implementation is innovative since it does not require the force
sensors commonly used in CDPRs. This work was initially developed on the IPAnema
3 Mini, one of the robots of the Ipanema family [127] developed at the Fraunhofer In-
stitute for Manufacturing Engineering and Automation (IPA) in Stuttgart. The robot is
shown in Figure 3.1. The picture is taken from [128], where more information about
the manipulator can be found. After the first implementation on the IPAnema 3 Mini,
the controller was applied to the CORHDA.

3.1 Hybrid position-force control in joint space

To correctly control the pose of the EE of a CDPR, it is necessary to ensure that all cables
do not become slack; otherwise, the EE could lose some DOFs, and/or the positioning
of the platform could be not precise since the kinematic model described in Section 2.1

Figure 3.1: IPAnema 3 Mini, with the laser tracker used to measure the position of the
EE [128].
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considers the cables as straight lines. The necessity of having the wires tensed is why
a minimum force fmi n > 0 is imposed as a constraint on all cable tensions to compute
the desired FD, as explained in Section 2.3.

Suppose that a pure inverse kinematic controller is implemented in the robot. In
that case, it is impossible to guarantee that the cable forces are the ones of the desired
FD. If the elastic model of the wires is not considered, the geometric cable lengths (out-
put of the inverse kinematics) do not correlate with the desired forces (output of the FD
algorithm). In contrast, if the elastic model of the wires is taken into account from the
desired cable lengths and forces, one can compute the theoretical rope elongation that
needs to be used to correct the geometric length. If everything is perfect in the model
of the robot, by simply correcting the geometric lengths with the theoretical elonga-
tions, one can obtain the prescribed FD. However, this is an ideal situation that will
not be achievable in practice since it is impossible to have a perfect model of the wire
elasticity (see Section 2.4). For this reason, it is necessary to implement a control algo-
rithm in the robot, which also aims to control the cable forces correctly, not only their
lengths.

Once the FD is computed, the forces must be converted into motor inputs, such as
torques [129, 130], velocities [131], or positions [103]. In general, to be sure to apply
the computed tensions, the theoretical motor inputs must be modified by using the
real cable-force values read by suitable load cells with a particular method, like a feed-
back linearization controller [132]. When the EE should apply a specific wrench during
contact with an external object, Refs. [133, 134] apply a hybrid position-force control
strategy in Cartesian space. In [133], the authors divide the EE DOFs into force and po-
sition controlled. The same concept can be used in the joint space to develop a differ-
ent hybrid position-force control. We will refer to this method as Hybrid Control (HC).
This concept was introduced in [125,126]: the idea is to control n cables of the robot in
position to obtain a specific pose of the platform and to perform a force control on the
r redundant cables to get the correct FD in the whole system. The nomenclature is the
same as that used in Section 1.3. Mattioni et al. in [135–137] developed the HC by intro-
ducing the FD sensitivity index that allows one to choose the r cables to force control
among the overall m wires. This work aims to extend the research about the HC by ap-
plying it without force sensors. To do so, it is necessary to build a friction model of the
kinematic chain of each robot winch in such a way as to obtain a reliable correlation
between the value of torque given by a motor and the effective force produced at the
cable attachment point on the EE. Especially when many pulleys are involved between
the motor and the platform, the friction effects cannot be negligible [138–142].

Using a controller that does not exploit force sensors is helpful for simplifying the
robot kinematic chain [142]. The most common strategies for mounting load cells into
a CDPR require integration with [39]:

• the platform (Figure 3.2(a));

• the winch (Figure 3.2(b));

• the pulley mechanism (Figure 3.2(c)).

Using platform-integrated force sensors [141, 143] is convenient since, in this way,
the measured force is the real one acting on the wire without any friction effect. Also,
adding any mechanical element to the kinematic chain of one cable, besides the sen-
sor, is unnecessary. However, in this way, the load cell inertias can affect the EE dy-
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(a) Platform integration (b) Winch integration (c) Pulley mechanism in-
tegration

Figure 3.2: Strategies for force sensors integration [39].

namics if their mass is not negligible. Moreover, it is necessary to transmit the output
signals of the sensors from the EE to the fixed frame.

Using winch-integrated force sensors is helpful because it allows one to have com-
pact hardware that is easy to install and reconfigure. However, it is necessary to have
an element in the kinematic chain that is movable with the exit point of the cable from
the drum. In some cases, a spooling helper is used [127], while in others, a winch with
a translatory drum is developed [77, 144, 145].

Finally, another frequently used technique is to mount the force sensors on spe-
cially designed pulley mechanisms [70, 139]. In this way, the load cells can be easily
added to a previously developed kinematic chain without modifying the mechanical
parts of the EE or the winches. Moreover, the data are directly available on the robot
frame and can be easily used in the controller if necessary. However, this strategy re-
quires using more pulleys in the robot kinematic chain, producing higher friction and
wear of the wires, especially when subjected to double-bending windings.

For the robot CORHDA, it is impossible to use winch-integrated force sensors since
they would require adding moving parts (i.e., moving masses) in the kinematic chain.
The movement of these masses during the robot operation would increase the inertial
torque acting on the motor shaft due to the high accelerations necessary to satisfy the
required productivity. This would lead to bigger motors. The platform-integrated load
cells are also not desirable to avoid additional connections to the EE for transmitting
the output data of the force sensors to the robot frame and to keep the EE mass as small
as possible. Finally, to reduce the friction in the kinematic chain and the cable wear in
such a way as to obtain a robot that can be reliable for long-term functioning, the num-
ber of pulleys should be minimized, thus making the use of pulleys for mounting load
cells undesirable. For these reasons, a control strategy that does not exploit force sen-
sors was preferred in the following. Load cells were mounted on the cable attachment
points to the EE of the CORHDA only during some tests in order to validate the effec-
tiveness of the proposed control scheme. The platform integration of the force sensors
was deemed the only possible to avoid the effect of friction in force measurements and
to avoid modifications in the robot kinematic chain.
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3.2 Friction model

To control cable forces without using any force sensor, the main problem is to find the
correlation between the torque τi applied by the motor and the actual force fi applied
on the EE, namely:

τi = fi rD +τF ( fi , vi )+τIn(ai ) (3.1)

where rD is the drum radius, τIn is the inertial torque produced by the moving parts
of the winch (motor shaft, drum, . . . ), τF is the torque generated by friction phenom-
ena between the motor and the cable attachment point on the EE, and vi and ai are
the cable velocity and acceleration, respectively. In both the IPAnema 3 Mini and the
CORHDA robot, no gearboxes are used, so the drums are directly connected to the
motor shafts. This means that the friction torque τF is generated only by the motor,
the drum, and the pulleys. It is necessary to model this term to properly control some
robot cables in force.

3.2.1 IPAnema 3 Mini

Figure 3.3 shows a scheme of one cable kinematic chain of the IPAnema 3 Mini, rep-
resenting the mechanical parts that generate the friction torque τF , including the lo-
cation of the force sensor (a Futek LRM200 JR S-Beam load cell with a maximum load
capacity equal to 25 lb). Since the sensor is mounted on the third pulley, a friction force
fF makes the force measurement different from the real one acting on the EE due to the
friction between the third pulley and the cable attachment point. In general, τF and fF

depend on both the cable force and velocity. The geometric and inertia properties of
the mechanical parts of the winch are known, as well as the desired force fi (found by
the FD algorithm). The motion law of the motor is computed through the robot inverse
kinematics, which provides vi and ai . The motor motion law allows one to compute
the inertial torque τIn . Accordingly, the only unknown term in Eq. (3.1) is τF . To deter-
mine this quantity, it is necessary to build a friction model by means of experimental
tests.

An experimental study was conducted on the kinematic chain of one winch (Figure
3.3) by detaching the cable from the EE. Different weights were attached to the cable
and moved up and down, with trajectories reaching several values of steady-state con-
stant velocity. Every mass in Table 3.1 is accelerated to every constant velocity shown
in Table 3.2. The masses generate a set of cable forces that approximately cover the
tension interval defined for the robot operation, from fmi n = 5 N to fmax = 35 N. The
lower and higher constant velocities reached are vL = 0.25 m/min and vH = 6 m/min.

Figure 3.3: Scheme of the IPAnema 3 Mini kinematic chain and the areas in which the
friction torque τF and force fF are modeled.
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Table 3.1: Weights used to estimate the friction model of the IPAnema 3 Mini. Every
mass is accelerated to every constant velocity shown in Table 3.2.

m (kg) 0.28 0.51 0.90 1.39 2.68 3.19

Table 3.2: Velocities used to estimate the friction model of the IPAnema 3 Mini.

v (m/min) 0.25 0.50 1.00 2.00 3.00 4.00 5.00 6.00

A scheme of the winch kinematic chain during the experiments is shown in Figure 3.4.
Pulley 1 guides the cable arriving from the drum; pulleys 2, 3, and 4 are used to add
the force sensor in the kinematic chain; pulley 5 guides the wire to the EE. During the
constant-velocity portion of the motion, the term τIn in Eq. (3.1) is zero, and fi = mg ,
where m is the mass of the weight attached to the cable, and g is the gravitational accel-
eration. The torque measured by the motor is saved, and its mean value is computed
during different movements with the same constant velocity in the same direction. In
this way, two different torques were obtained for each velocity (in magnitude) and force
of the cable, one for the movement in the positive direction and one for the movement
in the negative direction. By inserting these torques in Eq. (3.1) as τi , one can find the
value of τF corresponding to a given velocity and cable tension for each motion direc-
tion. The distinction between the different movement directions is necessary since the
results obtained with the experimental tests show different frictions in the two cases.
The constant velocity used to build the friction model is the one commanded to the
motor without the necessity of measuring the real velocity with an external sensor.
This is acceptable since the velocity set for the motor will be used as an input of the
final friction model in the control scheme.

During the tests for the estimation of the friction model parameters, the cable rout-
ing in the first four pulleys is the same as in the working robot, so the friction that arises
in this part of the kinematic chain is the same during the tests and during the robot op-
eration. The same can be said for the drum and motor friction effects. However, this
is not strictly true for friction effects in the last pulley of the kinematic chain. During
testing, in fact, the wrapping angle is always equal to 180◦ (see Figure 3.4). In contrast,

Figure 3.4: Scheme of the IPAnema 3 Mini cable routing during the tests executed to
estimate the friction model parameters in the cable actuation chain.
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during operation, this angle varies with the trajectory of the EE. Its value is always be-
tween 90◦ and 180◦ for the higher pulleys of the robot and between 0◦ and 90◦ for the
lower ones. The approximation adopted for estimating friction parameters is, thus,
better suited for the higher pulleys than the lower ones. This is due to the fact that, in
all the tested trajectories, the force-controlled cables (namely, the ones in which the
friction model is applied) are the higher ones. The scheme shown in Figure 3.4 allows
one to execute friction tests by only detaching the i-th cable from the EE without touch-
ing any other part of the robot. This means that friction tests can easily be executed
whenever necessary (e.g., if some mechanical parts change or the friction parameters
change in time due to wear of some components). This is the main advantage of the
simplified friction model introduced in this section; its suitability will be assessed by
the experiments reported in Section 5.1.

By analyzing the set of points obtained in the tests, we chose a model for estimating
the friction torque that is linear in the force and parabolic in the velocity, namely,

τF ( f , v) = c1v + c2v2 + c3 f + c4 (3.2)

The function shape at the right-hand side of Eq. (3.2) is chosen as the best fit for the
registered data. The shape is the same for the positive and negative motion directions,
but the coefficients ci found through a best-fitting procedure differ. Since our experi-
ments provide data to estimate dynamic friction only starting from the minimum ve-
locity vL (the tests conducted with smaller velocities showed little repeatability and,
thus, were considered unreliable), it is necessary to model the friction torque for ve-
locities in the interval [−vL ; vL]. This was achieved by using a polynomial p( f , v) with
degree four in v for every force value, i.e., the polynomial coefficients are functions
of f , and they are recomputed for every input force value. In this way, the complete
model of the friction torque is

τF ( f , v) =


c1n v + c2n v2 + c3n f + c4n v ∈ [−vH ;−vL[

p( f , v) = b0 +∑4
j=1 b j ( f )v j v ∈ [−vL ; vL]

c1p v + c2p v2 + c3p f + c4p v ∈ ]vL ; vH ]

(3.3)

The degree of p( f , v) allows one to impose five conditions for the computation of
coefficients b j ( f ):

• p( f ,0) = 0 ; this condition is necessary to represent the behavior of the dynamic
friction that is zero at rest (static friction is not modeled);

• continuity of the polynomial at the borders: p( f ,−vL) = τF ( f ,−vL) = τvn and
p( f , vL) = τF ( f , vL) = τv p ;

• continuity of the derivative of the polynomial at the borders: ∂p( f ,−vL)
∂v = ∂τF ( f ,−vL)

∂v =
∂τvn , and ∂p( f ,vL)

∂v = ∂τF ( f ,vL)
∂v = ∂τv p .
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The resulting coefficients are:

b0 = 0

b1 =−3(τvn −τv p )+ vL(∂τvn +∂τv p )

4vL

b2 =
4(τvn +τv p )+ vL(∂τvn −∂τv p )

4v2
L

b3 =
τvn −τv p + vL(∂τvn +∂τv p )

4v3
L

b4 =−2(τvn +τv p )+ vL(∂τvn −∂τv p )

4v4
L

(3.4)

The coefficients obtained for the friction torque model are listed in the first two
rows of Table 3.3. These data are obtained by applying the Matlab function lsqnonlin

with a step tolerance and a function tolerance both equal to 10−6. The lsqnonlin

function implements a nonlinear least squares solver for curve-fitting problems, and
it is used to find the coefficients ci n and ci p on the right-hand side of Eq. (3.3) that
minimize the 2-norm of the error vector between the friction torques computed with
the model in Eq. (3.3), and the torques recorded during the friction tests. Figure 3.5
represents the friction torque model described in Eq. (3.3) with the coefficients listed
in Table 3.3. The black points are the results provided by the experimental tests. The
model gives a good estimation of the physical phenomenon since the coefficient of
determination [146] is higher than 0.9 (if R2 = 1, the function exactly interpolates the
input data). Interestingly, the maximum value of the predicted friction torque is 0.15
Nm, which is approximately 22% of the nominal motor torque (equal to 0.69 Nm). This
suggests the importance of the friction model introduced in this section.

Experimental tests were carried out to develop a customized friction model for each
winch of the robot, but the results obtained on the control of the overall robot do not
show an appreciable improvement in performance compared to the use of the same
friction model for all winches (as long as all the winches and the kinematic chains be-
tween the drums and the attachment points on the EE are the same). For this reason,
the same friction model developed on one winch was applied to the winches.

During the tests executed for developing the friction torque model, the data recorded
by the load cell mounted in the kinematic chain (Figure 3.3) were saved. These data al-
low us to derive a model for the friction force fF mentioned at the beginning of this

Table 3.3: Coefficients of the torque and force dynamic friction model for the IPAnema
3 Mini. To use these coefficients in Eq. (3.3), the input force f must be given in new-
tons, and the input velocity must be given in meters per minute, as in Figure 3.5. R2 is
the coefficient of determination of the model.

i = 1 i = 2 i = 3 i = 4 R2

τF (Nm)
ci p −3.64 ·10−3 −5.85 ·10−6 −4.66 ·10−4 −2.45 ·10−2 0.949
ci n −5.97 ·10−3 −2.31 ·10−4 3.10 ·10−3 2.52 ·10−2 0.995

fF (N)
ci p −1.73 ·10−1 1.62 ·10−2 −2.51 ·10−2 2.93 ·10−1 0.920
ci n −1.60 ·10−1 −1.40 ·10−2 1.25 ·10−1 1.81 ·10−1 0.986
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Figure 3.5: Friction torque model described in Eq. (3.3) and with the coefficients listed
in Table 3.3.

section. This model is analogous to that in Eq. (3.3), with fF replacing τF and distinct
coefficients ci (third and fourth rows of Table 3.3):

fF ( f , v) =


c1n v + c2n v2 + c3n f + c4n v ∈ [−vH ;−vL[

b0 +∑4
j=1 b j ( f )v j v ∈ [−vL ; vL]

c1p v + c2p v2 + c3p f + c4p v ∈ ]vL ; vH ]

(3.5)

Using a friction model to correct the force measured by the load cells is necessary to
accurately estimate the actual force acting on the cable attachment point [139]. The
measured forces are not used for the new control algorithms described in Section 3.4,
but they are exploited during the validation experiments described in Section 5.1.

3.2.2 CORHDA

The procedure used to estimate the friction model of the CORHDA is broadly the same
as the one already described for the IPAnema 3 Mini. The kinematic chain of the
CORHDA (Figure 3.6) is simpler than the one of the IPAnema 3 Mini. Moreover, the
HC will be tested on this manipulator during fast motions. These aspects led to some
modifications that were necessary in the development of the friction model of the kine-
matic chain.

The force sensors were mounted on the CORHDA only to verify the effectiveness
of the control approach presented in this thesis. In particular, on every wire, a CALT
DYMH-103 inline load cell with a maximum load capacity equal to 100kg is mounted
on the cable attachment point to the EE, so the force measured by the sensor is the
real one acting on the EE, i.e., fF = 0. This means that measuring the friction force
during the friction tests is unnecessary. For this reason, the simple cable routing of
the CORHDA adopted in the friction tests, shown in Figure 3.7, does not involve any
force sensor. As already done for the IPAnema 3 Mini, the influence of the change of
the wrapping angle of the cable on the swivel pulley is neglected; the only assumption
is to consider a wrapping angle between 90o and 180o (including these values). More-
over, the tests are executed only on one winch, and the resulting model is applied to
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Figure 3.6: Scheme of the CORHDA kinematic chain showing the area in which the
friction torque τF is modeled.

all the winches of the robot by neglecting the differences in friction on different cables,
drums, and pulleys. This assumption is considered valid based on the previous expe-
rience on the IPAnema 3 Mini, where the friction in the kinematic chain was relatively
higher than the one in the CORHDA.

As seen in Section 3.2.1, to estimate the friction model, some weights were attached
at the end of the cable of one winch (Figure 3.7), and they were moved up and down
to reach different constant velocities in different tests. In particular, every mass in Ta-
ble 3.4 is tested for all the different constant velocities listed in Table 3.5. However, for
the CORHDA, it is necessary to model the friction torque for higher values of forces
(i.e., masses) and velocities with respect to the maximum ones shown in Table 3.5
since the controller will be applied when the robot executes bin-picking tasks with
high dynamics. In particular, the force limits defined for the CORHDA are fmi n = 20 N,
fmax = 350 N, and cable velocities up to 12 m/s are approximately needed to satisfy
the productivity required to execute the bin-picking task described in Chapter 1 (i.e.,
100pi eces/mi n).

The tests estimating the friction-model parameters were not directly performed on
the CORHDA but on a test bench, which uses a winch and a swivel pulley mounted ac-
cording to the cable routing scheme in Figure 3.7. The layout of the test bench was de-
signed according to the dimensions of the CORHDA frame: this means that the mount-
ing height of the pulley is limited by the maximum mounting height of the pulleys in
the CORHDA. This arrangement is due to the necessity of reproducing the tests for the
friction-torque estimation on the robot by simply detaching one cable from the EE (as
in the case of the IPAnema 3 Mini). This way, it is easier to execute friction tests sev-
eral times to make new estimations of the friction model if some parts of the kinematic
chain change or if the friction parameters change over time due to the wear of the me-
chanical parts. However, in this case, the maximum displacement that can be executed
during the friction tests is bounded by the dimensions of the robot frame and by the

Figure 3.7: Scheme of the CORHDA cable routing during the tests executed to estimate
the friction model parameters in the cable actuation chain.
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Table 3.4: Weights used to estimate the friction model of the CORHDA. Every mass is
accelerated to every constant velocity shown in Table 3.5

m (kg) 1.04 2.66 4.58 7.58 10.50 12.5 15.90

Table 3.5: Velocities used to estimate the friction model of the CORHDA.

v (m/s) 0.05 0.10 0.20 0.30 0.40 0.50 1.00 2.00

mounting positions of the winches. For this reason, it is necessary to execute move-
ments with high accelerations to reach high velocities. However, the limitations on the
maximum torque of the winch motor and the risk of triggering unwanted mass oscilla-
tions make it impossible to achieve the necessary accelerations to cover the complete
velocity interval in which friction should be modeled. Accordingly, only tests related
to the masses and velocities listed in Tables 3.4 and 3.5 could be performed, but these
are insufficient to estimate the complete friction model for all cable forces and veloc-
ities reached during the bin-picking task for which the robot is developed. For this
reason, another set of tests was executed on the CORHDA. In this case, higher val-
ues of constant velocities are reached without any mass attached to the cable: all the
wire is coiled on the drum, which is moved with different trajectories to reach values
of constant velocity between 0.05 m/s and 15 m/s (expressed as cable equivalent ve-
locity). This way, the internal friction of the winch is measured without considering
the effect of the cable force on it, namely with a value of m equal to 0. Finally, the
lower and higher velocities for which the friction model is defined for the CORHDA are
vL = 0.05 m/s and vH = 15 m/s.

To avoid the aforementioned problems, one could think of executing the friction
tests on a different test bench that is not limited by the robot dimensions. Even in
this case, some issues would still arise. In fact, to reach high velocities with limited
accelerations by moving masses attached to a cable in the gravity direction requires
mounting the pulley in the configuration shown in Figure 3.7 at several meters above
the ground. Figure 3.8 shows the trajectory necessary to reach a constant velocity equal
to 12m/s for 1s with maximum acceleration and deceleration equal to 10m/s2. The yel-
low area with a duration of 1s represents the part of the motion law for which the con-
stant velocity is maintained, and it is the part of the trajectory that must be analyzed to
save motor-torque measurements. To execute such a motion law, the test-bench pulley
should be mounted at a height higher than 30m, which is clearly impractical. The max-
imum displacement in Figure 3.8 also corresponds to the amount of cable that must be
coiled on the drum to execute the trajectory at hand with the winch. It is impossible
with the CORHDA winches to coil this quantity of wire, so a different drum (associ-
ated with a different friction model) should be used. These considerations justify the
testing strategy described in the previous paragraph to estimate the friction-model pa-
rameters.

Since the set of friction tests executed does not cover all the intervals of possible
cable forces and velocities, the friction model for high forces and velocities is only ex-
trapolated based on the acquired data. The expression of the friction torque is assumed
to be the same already introduced for the IPAnema 3 Mini, i.e., the one shown in Eq.
(3.3) with coefficients bi in Eq. (3.4). The friction coefficients in Eq. (3.3) are computed
with a best-fit procedure by applying the Matlab function lsqnonlin with a step toler-
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Figure 3.8: Trapezoid acceleration motion law to reach a constant velocity of 12m/s for
1s with a maximum acceleration equal to 10m/s2.

ance and a function tolerance both equal to 10−6. The resulting coefficients are listed
in Table3.6. The friction torque expressed as a function of the desired cable force and
velocity when the coefficients in Table 3.6 are used is shown in Figure 3.9.

If we compare the values of the coefficient of determination [146] for the friction
model of the CORHDA (Table 3.6) with the ones obtained for the IPAnema 3 Mini (Ta-
ble 3.3) we notice that the model for the former are less accurate than for the latter (the
indices R2 were closer to 1 for the IPAnema robot). The reason is probably related to
the oscillations that arise during the friction tests of the CORHDA, which influence the
torque measurements. Building the friction model is generally more challenging when
high forces and velocities are involved. However, the results seem accurate enough to
justify the positive results that will be obtained in the experimental tests described in
Section 5.3. The reason is probably due to the magnitude of the friction torques on the
motor shaft in the CORHDA kinematic chain. The maximum friction torque we can
observe in Figure 3.9 is approximately equal to 0.32 Nm. Even if this torque is more
than doubled with respect to the maximum torque estimated for the IPAnema 3 Mini
(Figure 3.5), it corresponds only to 15% of the nominal torque (2.1 Nm) of the motors
mounted on the CORHDA. This means that the influence of the friction in the kine-
matic chain of the CORHDA is smaller than in the kinematic chain of the IPAnema 3
Mini, where the maximum friction torque was 22% of the nominal motor torque. This
is consistent with the design choices made during the development of the CORHDA,
where there is only one pulley between the motor and the EE (Figure 3.6) to reduce
cable wear and friction, whereas, in the IPAnema 3 Mini, there are five pulleys (Figure
3.3).

Table 3.6: Coefficients of the CORHDA friction torque model in Eq. (3.3), where f must
be given in newtons, and v must be given in meters per second, as in Figure 3.9. R2 is
the coefficient of determination of the model.

i = 1 i = 2 i = 3 i = 4 R2

τF (Nm)
ci p −1.86 ·10−2 5.14 ·10−4 −3.38 ·10−4 −3.02 ·10−2 0.892
ci n −1.64 ·10−2 −5.18 ·10−4 3.86 ·10−4 5.55 ·10−2 0.79
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Figure 3.9: Friction torque model described in Eq. (3.3) and with the coefficients listed
in Table 3.6.

3.3 Following-error model

As an alternative to using the motor torque in the feedback loop to control the cable
forces (see Section 3.4), we propose using the so-called Following-Error (FE), which is
the difference between the position set for to the motor and the actual one. This is be-
cause the torque that the motor measures is usually noisy, and it must be filtered before
it can be used in a feedback control loop. Filtering the torque means introducing a de-
lay, which could be a problem for fast movements. The FE has a noisy behavior too, but
its oscillations are usually appreciably smaller than the torque ones. Our experiments
show that the FE can be used in a feedback loop without any filter.

3.3.1 IPAnema 3 Mini

The IPAnema 3 Mini is equipped with Beckhoff servomotors AM3121-0201 connected
to Beckhoff EL7201 terminals, which receive inputs from a Programmable Logic Con-
trol (PLC) program developed in TwinCAT 3.1 and running with a cycle time of 1 ms.
The motors are velocity controlled (i.e., a velocity command is given to the motor by
the PLC program every millisecond), with a PI controller at the drive level (PIvelLoop ).
The position feedback loop is closed in the PLC program with a different P controller
(PposLoop ) that was untouched in this work. If the integral part of the velocity control
loop of the drive is removed, a pure proportional controller designed only through its
gain Kp acts on the motor (PvelLoop ). In this configuration, when an external torque is
applied to the motor shaft, the latter moves to a position that allows the motor torque
to balance the external one. Due to the proportional nature of the control law, the po-
sition reached by the motor is different from the commanded one, so that a FE arises.
In practice, the motor behaves as a torsional spring: a FE on the shaft gives a specific
torque and vice versa. This behavior was modeled through experimental tests simi-
lar to those used to model the friction torque. In this case, the tests were executed
in a static way by applying different loads to the cable with different values of Kp . By
recording the motor torque τ and the motor FE for every test, a set of FE points (every
one corresponding to a given torque and a given Kp ) is found, which provides, through
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Figure 3.10: FE model described in Eq. (3.6), with c f =−0.511, and cv = 8.893 ·10−5

a best-fit procedure, the coefficient c f in the static model reported below (Figure 3.10):

F E(τ,Kp ) = c f
τ

Kp
(3.6)

However, Eq. (3.6) is insufficient to model the FE during a movement. Indeed, while
executing the dynamic tests to model the friction torque, the FE was also recorded.
Even though the complete PI controller at the drive level was used in those tests, a FE
approximately proportional to the cable velocity (and not influenced by the applied
force) was observed. The corresponding coefficient cv was obtained through a best-fit
procedure.

To obtain the final model of the FE, the terms depending on the torque and the
cable velocity are summed together:

F E(τ, v) = c f
τ

Kp
+ cv v (3.7)

In this work, Kp is always equal to 200. This default value was considered appropriate
to avoid a too stiff transmission (with a higher Kp ) or too compliant (with a smaller Kp ).

In the experimental tests, the FE is computed as a difference between the actual ca-
ble length and the commanded one. So it is measured in meters, as a length. The values
of the coefficients c f and cv are found with the same procedure used for the compu-
tation of the friction model coefficients, i.e., by using the Matlab function lsqnonlin

with a step tolerance and a function tolerance both equal to 10−6. Their values are
c f =−0.511, and cv = 8.893 ·10−5, with τ expressed in newtons per meter and v in me-
ters per minute. These values lead to a coefficient of determination R2 of the FE model
equal to 0.999. The coefficients c f and cv differ by several orders of magnitude, but the
value that multiplies τ in Eq. (3.7) is c f /Kp = −2.55 · 10−3. Working with coefficients
with this order of magnitude was not a problem since double-precision variables were
used in the PLC code.

3.3.2 CORHDA

The CORHDA is equipped with Beckhoff servomotors AX8041-0H21 linked to Beckhoff
AX8206-0100 dual-axis modules connected to a Beckhoff AX8640-0000 power supply
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module. The robot is controlled with a PLC program written in MPS (Marchesini Pro-
gramming System), the programming language used to develop the control logic of
Marchesini Group machines. MPS is a language different from the classical Structured
Text commonly used in industrial automation applications, but it acts similarly from a
logical point of view. The PLC program of the CORHDA runs with a cycle time of 1 ms.

The main difference between the control strategy developed on the CORHDA, and
the one already described for the IPAnema 3 Mini is that the motors of the CORHDA
are position-controlled at the drive level. This means that the drive takes a position
reference as input, and the internal PposLoop controller of the drive closes the position
control loop and, at a higher frequency, the velocity control loop. On the contrary,
on the IPAnema 3 Mini, the position control loop was closed in the PLC program (i.e.,
with a frequency corresponding to the cycle time of the PLC program), and the velocity
control loop was closed at the drive level. To replicate the motor behavior as a torsional
spring described in Section 3.3.1, the procedure is the same: using a pure proportional
controller on the velocity loop is necessary. The fact that the position control loop is
directly operated by the drive allows this loop to be closed with higher frequencies that
are possible thanks to the better performances of the drive of the CORHDA if compared
to the ones of the IPAnema 3 Mini. This means that the reference position commanded
to the motors is better tracked, so the part of the FE depending on the velocity in Eq.
(3.7) is always negligible (i.e. cv → 0), reducing Eq. (3.7) to Eq. (3.6).

Following the experience gained on the IPAnema 3 Mini, the FE model of the CORHDA
was developed for the default value Kp = 0.081, which is considered appropriate to
avoid a transmission that is too stiff (with a higher Kp ) or too compliant (with a smaller
Kp ). In practice, there is a simple linear correlation between the torque on the motor
shaft and the FE, which is represented by the following equation:

F E(τ) = c ′f τ (3.8)

The coefficient c ′f = c f /Kp was found with the data acquired in a set of static tests as
the ones described for the IPAnema 3 Mini. The best-fit procedure with the Matlab
function lsqnonlin gives a coefficient c ′f = 5144.71 count/Nm. The coefficient of de-

termination R2 in this case is equal to 0.99999998. Instead of expressing the FE as an
equivalent cable length, here, it was preferred to represent it in motor counts. For every
motor shaft revolution, 262144 counts are defined: one count represents the precision
of the motor encoder. The FE model of the CORHDA kinematic chain is shown in Fig-
ure 3.11.

Figure 3.11: FE model described in Eq. (3.8) with c ′f = 5144.71 count/Nm
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3.4 Hybrid control strategy

3.4.1 IPAnema 3 Mini

For the HC strategy adopted in this thesis, the first step is to choose the pair of cables to
be force-controlled for a given pose of the EE or a given trajectory. To achieve this, the
FD sensitivity index σi j introduced in [135–137] is computed for every possible pair of
cables i and j of the IPAnema 3 Mini. We choose to force control the pairs of cables 1,2
and 3,4 because they guarantee σi j < 1.5 N in large parts of the robot static constant-
orientation wrench feasible workspace, as shown in Figure 3.12 (for this computation,
the EE orientation is always considered to be described by the rotation matrix R = I3,
where I3 is the 3×3 identity matrix). Choosing a pair of force-controlled cables with a
smallσi j (values ofσi j smaller than 2 N can be considered practically acceptable [137])
helps to minimize the errors in the achieved FD.

Once the force-controlled cables are identified, it is necessary to define the control
strategy that acts on these wires to obtain the desired forces. Figure 3.13 shows three
schemes in which the subscript “i ” refers to the generic i -th cable. All schemes present
a high-level PID controller (PI DHL) which computes the value ∆l to be added to the
cable length li after a multiplication with a scaling factor h. The locution “high-level”
is used to differentiate this controller from the ones that act on the motor at the drive
level. The controllers differ in the variables that are given to PI DHL as input for the
computation of ∆l : a force in HC- f (Figure 3.13a), a torque in HC-τ (Figure 3.13b), and
a FE in HC-e (Figure 3.13c). For all controllers, li is computed (as the cable velocity
vi and acceleration ai ) by the robot inverse kinematics (IK). The force fi desired in
the i -th cable is computed by the FD algorithm. The scaling factor h is always in the
interval [0;1], and it is modified only during the activation or deactivation phases of
the controller or when changing the pair of cables to be force-controlled, according to
the function

h = si n2(α±δ) (3.9)

α starts from 0 when the controller is activated, and it is increased at every iteration by
δ until it reaches (or exceeds) π/2. Then, α is held constantly equal to π/2 (h = 1) until
the force control is deactivated. When the controller is switched off, δ is subtracted
until α reaches (or exceeds) 0. To change the force-controlled cables, it is sufficient to
switch on the force control in the new cables and switch it off in the old ones. The shape
of the function on the right-hand side of Eq. (3.9) is chosen in order to have a smooth
transition of the coefficient h from 0 to 1 during the activation and deactivation of the
controller.

The scheme in Figure 3.13(a) (HC- f ) is the simplest, and it represents the situation
in which force sensors are used. In this case, fact is the force measured by the load cell
mounted in the kinematic chain of cable i . The high-level PID controller compares
fact with the desired one fset ,i , which is computed by correcting the output force of
the FD algorithm fi with the friction force fF estimated through the model in Eq. (3.5).
For the computation of fF , the theoretical values fi and vi are used because they yield
non-noisy results. Once the cable length li is corrected with h∆l , it is fed to the propor-
tional controller for the position feedback loop (PposLoop ) in the PLC, which computes
a reference velocity to give as input to the PI controller (PIvelLoop ) of the motor (M)
drive (velocity control loop). The position-controlled cables do not need the compu-
tation of ∆l , so in this case, li is directly input into PposLoop .
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(a)

(b)

Figure 3.12: Workspace of the IPAnema 3 Mini with σi j < 1.5 N when the force-
controlled cables are 1,2 (a) or 3,4 (b). The yellow dots represent the exit points of
the cables from the frame.

The scheme in Figure 3.13(b) (HC-τ) is the first to force-control cable i without
using the load cell. Here, the high-level PID controller takes as input the actual torque
given by the motor τact and the torque τi that we wish to command to the motor to
obtain force fi in the cable. τi is computed using Eq. (3.1), where the friction torque τF

is estimated by the model in Eq. (3.3). JD is the inertia of all moving parts connected to
the motor shaft.

Finally, the scheme in Figure 3.13(c) (HC-e) allows the i -th cable to be force-controlled
using the motor FE. Here, after the computation of torque τi , the model in Eq. (3.7) is
used to compute the FE that is desired on motor i (F Eset ) to generate force fi . This FE
is one of the two inputs of the high-level PID controller, while the other is the actual FE
measured by the motor (F Eact ). In this case, a pure proportional controller with a gain
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Kp = 200 is used at the drive level on the velocity loop (PvelLoop ). Interestingly, in this
case, the position-controlled cables that can be switched to be force-controlled during
the robot motion must also have a pure proportional controller at the drive level (not
to change the drive controller online). This can cause a small error in the length of the
position-controlled cables, but in practice this phenomenon does not affect the robot
accuracy (see Section 5.1).

The first tests of the HC were executed on a simple test bench with only two cables.
One of the two cables is position-controlled, whereas the other is force-controlled by
imposing a specific tension. In this configuration, all control schemes shown in Fig-
ure 3.13 were tested to tune the controller parameters with a heuristic procedure based
on the Ziegler–Nichols method [147]. The transfer function that describes the high-

(a)

(b)

(c)

Figure 3.13: Control schemes applied to force-controlled cables by using (a) force sen-
sor feedback, HC- f ; (b) motor-torque feedback, HC-τ; and (c) FE feedback, HC-e.
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level PID controller in the Laplace domain is

G(s) = KHL

(
1+ 1

Ti s
+ Tv s

1+Td s

)
(3.10)

The parameters to be identified are the proportional gain KHL , the integral action time
Ti , the derivative action time Tv , and the damping time Td . The values found for the
three controllers shown in the schemes of Figure 3.13 are listed in Table 3.7. When Tv =
0, and thus Td = 0, the derivative part of the controller is switched off and it becomes
a PI controller. This happens for the controllers HC-τ and HC-e, because the values
of FE and torque given by the motor (even if the torque is smoothed with a filter) are
affected by some noise and using noisy inputs in the controller when the derivative
part is switched on results in unwanted vibrations on the motor shaft.

3.4.2 CORHDA

As for the IPAnema 3 Mini, the static constant-orientation wrench feasible workspace
of the CORHDA is analyzed to find compact areas in which force controlling a single
pair of cables i , j guarantees low values of the FD sensitivity index σi j . Since it would
be challenging and expensive in terms of computational time to take into account ev-
ery possible orientation of the platform, the EE orientation in this phase is always de-
scribed by the rotation matrix R = I3, where I3 is the 3×3 identity matrix. In this way,
it is possible to split the static constant-orientation wrench feasible workspace of the
robot into two main areas in which it is convenient to force-control respectively the
pair of cables 5,6 and 7,8. The situation is shown in Figure 3.14. Choosing to force
control the pair of cables 5,6 and 7,8 guarantees to have a value of σi j < 2 when the
robot EE is moved in these volumes with an orientation described by R = I3. For mo-
tions requiring different EE orientations, the value of σi j could be different for every
sampled point of the trajectory, and a different pair of cables could be the best to be
force-controlled. As mentioned, it is difficult to consider every possible platform ori-
entation a priori to make a more general characterization of the workspace. For this
reason, the pair of force-controlled cables for all the trajectories tested in this thesis
was done based on the workspace analysis shown in Figure 3.14.

It is possible to change the strategy for choosing the best pair of wires to be force-
controlled to overcome the issue of taking into account the platform orientation in
the computation of the FD sensitivity index for the robot workspace characterization.
One could choose them for every trajectory tested, but this situation would not be re-
alistically applicable to the final robot. In fact, one cannot know a priori the motion
laws that the robot EE will execute since they will depend on the information coming
from the vision system of the bin-picking cell. The best option would be to design an

Table 3.7: Parameters of the three different high-level PID controllers shown in Figure
3.13.

Controller KHL Ti (ms) Tv (ms) Td (ms)

HC- f 3.0 ·10−4 70 15 5
HC-τ 2.0 ·10−2 200 0 0
HC-e 4.5 ·10−1 7 0 0
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(a)

(b)

Figure 3.14: Workspace of the CORHDA withσi j < 2N when the force-controlled cables
are 5,6 (a) or 7,8 (b). The yellow dots represent the exit points of the cables from the
frame.

algorithm to compute the best pair of cables to be force-controlled for every specific
movement in real-time. This can be a future research topic that still needs to be ana-
lyzed. At the moment, to verify the effectiveness of the state-of-the-art HC strategy on
the CORHDA for the execution of the fast bin-picking task, the pair of force-controlled
cables must be chosen according to an offline workspace characterization, like the one
shown in Figure 3.14.

The control scheme for applying the HC-e controller on the CORHDA is shown in
Figure 3.15(a). The scheme is similar to the one applied on the IPAnema 3 Mini in
Figure 3.13(c). The main difference regards the inputs to the FE model block since, in
this case, the desired FE on the force-controlled cables is only a function of the desired
torque on the motor shaft, as expressed by Eq. (3.8). The control scheme highlights
that the motors are controlled in position since the PposLoop controller is inside the
drive block. Finally, the FE model returns a value (F Eset ) directly expressed in motor
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(a)

(b)

Figure 3.15: Control schemes applied to the force-controlled cables (a) and to the
length-controlled cables (b) on the CORHDA.

counts. The high-level PID controller works with motor counts in input (also the actual
FE coming from the motor (F Eact ) is expressed in motor counts), and it gives in output
a value ∆θ in counts. For this reason, it is necessary to introduce the transmission ratio
ξ to find the counts to command to the motor (θi ) from the cable length computed by
the robot inverse kinematics.

As done on the IPAnema 3 Mini, all CORHDA winches to be force-controlled must
have the same controller at the drive level to be able to change their control in real-time
(from force control to position control and vice versa). This is done smoothly through
the same scaling factor (3.9) used on the IPAnema 3 Mini.

Using a pure proportional controller in the velocity loop at the drive level also for
the position-controlled winches can produce an error in the cable lengths that may af-
fect the robot accuracy. This error was considered negligible in the IPAnema 3 Mini,
but this assumption is no longer valid for the CORHDA. The control scheme in Figure
3.15(b) is used to correct the theoretical commands to the position-controlled motors.
The same friction model and FE model used on the force-controlled cables are intro-
duced to compute a theoretical FE (F Eset ) corresponding to the theoretical force act-
ing on the i -th cable ( fi , from the FD algorithm). Since the motors behave as springs
when a load is applied on the cable, the motor position (in count) corresponding to
the theoretical cable length (θi ) is modified by the actual force acting on the wire ( f ′

i )
by producing a positive FE (F Eact ). If the force on the wire is exactly the one com-
puted with the FD algorithm ( fi = f ′

i ), then the corresponding positive FE on the motor
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Figure 3.16: Scheme of the correction applied on the position-controlled cables of the
CORHDA following the control scheme in Figure 3.15(b).

shaft is F Eact = F Eset . In this condition, F Eset is subtracted from the motor theoret-
ical input θi , so the position θi −F Eset is commanded to the motor. In this way, the
motor actual position after the shaft displacement due to the force f ′

i = fi acting on
the cable is exactly the theoretical motor input θi . If the force acting on the cable is
different from the theoretical one (i.e., f ′

i ̸= fi ) or there are errors in the friction or FE
model, F Eact is different from F Eset , and the actual position reached by the motor is
θi −F Eset +F Eact ̸= θi producing an error in the pose of the EE. It was observed with
static tests that the correction on the motor inputs of the position-controlled cables
with F Eset allows to maintain errors in the motor actual position less than 1000count s
from the desired position θi . This value corresponds to a maximum error less than
1.37o on the motor shaft and 0.48mm on the cable length. The scheme of the correc-
tion on the motor shaft is shown in Figure 3.16.

The parameters of the high-level PID, namely PI DHL (the ones in Eq. (3.10)) were
tuned with the same procedure adopted for the IPAnema 3 Mini: the controller was first
applied on a test bench with two cables (see Section 5.2 for more details). In this case, a
first estimation of the parameters was done with the Ziegler-Nichols method [147]. As
it happened with the IPAnema 3 Mini, the derivative part of the PID triggers unwanted
oscillations on the motor shaft, so it is switched off (Tv = 0, Td = 0). In this case, the
proportional part of the controller is also not used: only low values of KHL (lower than
0.5), corresponding to low controller outputs (dozens of motor counts that are negli-
gible), are applicable in practice since higher gains make the system resonate. Finally,
a pure integral controller is chosen on the test bench with two cables, and the integral
gain identified was Ki = KHL/Ti = 200. This value was tested even on the controller ap-
plied on the complete robot, and it seems to be usable for both the tested EEs: the one
originally designed for the prototype (we will refer to it as EE-1) and the one developed
to allow the load cells to be mounted (we will refer to it as EE-2). More details will be
given in Section 4.3.3.

During the first experimental tests executed on the CORHDA with EE-1, it was seen
that a more reactive PID controller with respect to the one tuned on the test bench with
two cables is needed for highly dynamic motions to reasonably track the FE desired on
the force-controlled cables. Some experimental tests were conducted with the overall
robot to better tune the PI DHL controller. The controller proportional and derivative
parts seem useless, and so they are still switched off (Tv = 0, Td = 0). Only the integral
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Table 3.8: Parameters of the high-level PID controllers for the HC of the CORHDA (Fig-
ure 3.15(a)) with the two different EEs.

KHL Ki Mi n Ki Max Tv (ms) Td (ms)

EE-1 0 100 500 0 0
EE-2 0 100 200 0 0

gain was increased. Empirically, a gain equal to Ki = 500 was found for the EE-1 to build
a more reactive PID. However, such a high gain gives problems when the platform is at
rest by triggering unwanted vibrations of the EE, making it resonate. For this reason,
it was established to change the integral gain based on the EE commanded motion: a
minimum (Ki Mi n) and a maximum (Ki M ax) integral gain are defined. When the EE is
at rest, the integral gain is maintained at its minimum value (Ki Mi n = 200), and it is
increased with a smooth transition to its maximum value (Ki M ax = 500) when a move-
ment is commanded to the robot. The same integral gains with the smooth transition
between Ki Mi n and Ki M ax were tested when the EE-2 was mounted on the robot. In
this case, an integral gain of 500 is too high even during the movement of the platform,
and it is not applicable. In general, every integral gain higher than 200 gave problems.
For this reason, we chose Ki M ax = 200 in this case. An integral gain equal to 200 is con-
sidered usable for every motion condition on the robot with the EE-2. However, it is
not the best option when the platform is at rest since sometimes it could trigger small
vibrations (it means that this value of Ki is nearly the maximum admissible). When the
platform is at rest, a lower Ki guarantees a better behavior, so Ki Mi n = 100 was chosen
for the EE-2.

Following the empirical considerations reported above, the same Ki M ax cannot be
chosen for both EEs. In contrast, a Ki Mi n = 100 works well even for the EE-1 at rest.
This is because, when the platform is not moving, it is not necessary to have a reactive
PI DHL since the desired FE is constant: even a very low Ki could work well; the only
difference is the time necessary for the actual FE to reach the desired one during the
tensioning phase of the cables when the robot is switched on. For this reason, Ki Mi n

was unified for the EEs, leading to the integral gains listed in Table 3.8.
The procedure just described to find the gains of the PI DHL is empirical. The ap-

proach is not based on a mathematical model of the system for different reasons:

• It would require a long time to study an equivalent mathematical model together
with the study of the methods applied in the literature to find the best tuning of
the controller parameters;

• Even if a more rigorous procedure would have worked well in one case, it does
not mean that the found parameters would be suitable in different cases; e.g.,
the fine-tuning of the parameters on the test bench with two cables could not
be appropriate on the robot prototype with EE-1, or a fine-tuning based on the
model of the robot with EE-1 could not work well with EE-2;

• Due to the strict time to develop the prototype described in this thesis, it was
chosen to give more importance to the controller itself (one of the main novelties
introduced with this work) than to the procedure to find its optimal gains.

This thesis aims to develop from a conceptual point of view the first prototype of a
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CDPR capable of executing the fast bin-picking task: design, mechanical requirements,
kinematics, and control architecture; the development of the complete final robot will
be the object of future work. For the final manipulator, it will be helpful to study the
best fine-tuning procedure of the PI DHL to find the optimal gains of the controller.
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Chapter 4

Robot Design

This chapter deals with the design of the CORHDA prototype, developed to prove the
feasibility of the bin-picking task described in Chapter 1. The mathematical models
introduced in Chapter 2, as well as the HC-e controller presented in Chapter 3, are
implemented in the robot software.

4.1 Robot task and conceptual design

A more specific task than the one described for a general bin-picking application in
Chapter 1 must be defined to develop the CORHDA prototype. In particular, the maxi-
mum dimensions of the robot and the dynamics necessary to satisfy the required pro-
ductivity must be considered when designing its mechanical parts. For this reason, an
exemplary task is introduced in this Section.

First, the frame should be as small as possible, but it must guarantee the required
workspace. The pick-up area is defined by two boxes of dimensions 420×300mm in
the top view, with a height of 100mm, while the placing area is represented by a con-
veyor belt with a width of 200mm. The bins and the conveyor belt are located at a
height of 900mm from the ground (see Figure 4.1). These data were defined by March-
esini Group s.p.a., and they will be considered assigned for the rest of the robot devel-
opment; the manipulator frame dimensions in the top view are then assumed to be

Figure 4.1: Exemplary bin-picking task. The blue lines identify the task workspace.
The mounting height of the higher pulleys (w8) is a free parameter left to the designer’s
choice.
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Figure 4.2: Scheme of the EE designed for the CORHDA prototype. The dimensions
w1, . . . , w7 are free parameters that are not constrained by the predefined task.

1800×1200mm. To develop a robot with a symmetric architecture capable of six DOFs,
eight cable exit points arranged approximately in the vertices of a parallelepiped must
be used. Swivel pulleys mounted on the frame were chosen to reduce cable wear. The
bins and the conveyor belt constrain the mounting height of the lower set of pulleys, i.e.
the y coordinate of A0,i , with i = 5,6,7,8 (see Figure 2.1) to 950mm. The only free pa-
rameter in the definition of the robot frame is, thus, the mounting height of the higher
pulleys (points A0,i with i = 1,2,3,4), i.e., w8. In the first design of the CORHDA pro-
totype, this dimension is chosen to be 1450mm. However, Section 4.2 will show how
w8 can be optimized, together with the EE geometry. The final locations of points A0,i

are decided considering the mechanical dimensions of the swivel pulleys and winches
(see Section 4.3) and are listed in Table 4.1.

To allow the robot to grasp products inside the bins, an offset between the cable
attachment points and the picking point P is necessary on the EE (i.e., the distance be-
tween points P and O′ in Figure 4.2). A value between 100mm and 200mm is consid-
ered appropriate for a general bin-picking task. Accordingly, an offset dimension equal
to 150mm was chosen for the exemplary task described in this section, as shown in Fig-
ure 4.2. This scheme also shows the cable arrangement established according to the
analysis presented in [148] and the first simulations to verify cables non-intersections.
The wires that exit from the higher layer of the proximal anchor points are connected to
the lower layer of distal anchor points and vice-versa. This choice is common in many
overconstrained CDPRs with 8 cables and 6 DOFs. Besides the previous assumptions,
the rest of the EE geometry is defined by the dimensions w1, . . . , w7, which are free pa-
rameters left to the designer’s choice. For the first robot prototype, these values (see
Table 4.1) were not optimized, but they were simply chosen to allow the CORHDA to
cover almost all the so-called task workspace, i.e., the volume in which the bins and
the central part of the conveyor belt are located. This volume is represented by the
blue parallelepiped shown in Figure 4.1. Section 4.2 describes a method to determine
the EE geometry: this strategy will be adopted for future developments once the ma-
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x y z x ′ y ′ z ′

A0,1 50.0 1450.0 124.5 B1 −60.0 0.0 −15.5
A0,2 50.0 1450.0 1675.5 B2 −60.0 0.0 15.5
A0,3 1150.0 1450.0 1675.5 B3 60.0 0.0 15.5
A0,4 1150.0 1450.0 124.5 B4 60.0 0.0 −15.5
A0,5 84.5 950.0 50.0 B5 −15.5 100.0 −60.0
A0,6 84.5 950.0 1750.0 B6 −15.5 100.0 60.0
A0,7 1115.5 950.0 1750.0 B7 15.5 100.0 60.0
A0,8 1115.5 950.0 50.0 B8 15.5 100.0 −60.0

Table 4.1: Cable attachment points of the CORHDA on the frame (expressed in coordi-
nates of the FRS O − x y z shown in Figure 2.1(a)) and on the EE (expressed in coordi-
nates of the MRS O′− x ′y ′z ′ shown in Figures 2.1(a) and 4.2). All values are expressed
in millimeters.

nipulator real task inside the bin-picking cell will be defined.
Figure 4.3 shows an example of a pick-and-place trajectory. It is chosen with a pick-

up point in the bin area as distant as possible from the place point (on the conveyor
belt) to find one of the most challenging movements. The orientations of the EE do not
contribute much to increasing the motion dynamics; for this reason, a constant orien-
tation described by the rotation matrix R = I3 is assumed throughout the movement.
For working areas like those represented in Figure 4.3, the CORHDA should satisfy the
maximum productivity of 100pieces/min, which means that one complete movement
cycle (i.e., the back-and-fort motion between the bins and the conveyor belt) must be
executed in 0.6s. If only the movement from the bins to the conveyor belt is taken into
account, a duration of 0.3s is required. During the pick-and-place cycle, downtime
due to the picking and placing of the product should be considered, so a time smaller
than 0.3s is available for executing the robot movement from the pick-ap area to the
placing one. The path shown in Figure 4.3 is supposed to be traveled with the velocity
and acceleration profiles shown in Figure 4.4, which satisfy the required motion du-
ration. This way, a maximum overall velocity and acceleration, respectively, of 8.6m/s
and 228m/s2 are reached by the EE. These values are taken as a benchmark that should

Figure 4.3: Example path of typical pick-and-place task. To define the maximum dy-
namics that the CORHDA must achieve. This path is executed by the point P of the EE
as shown in Figure 4.4.
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Figure 4.4: Evolution in time of the EE position, velocity, and acceleration during the
execution of the path shown in Figure 4.3 for the definition of the maximum CORHDA
velocity (8.6m/s) and acceleration (228m/s2).

Figure 4.5: Evolution in time of the quantities found with the resolution of the inverse
kinetostaic problem of the CORHDA along the trajectory shown in Figures 4.3 and 4.4.
These data are considered in the development of the CORHDA mechanical design.
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be satisfied by the CORHDA prototype.

The aforementioned trajectory is exploited to define the mechanical design of the
manipulator. Based on the robot geometry, the inverse kinematics of the manipula-
tor (see Section 2.1) can be solved along the motion law to find the evolution in time
of cable lengths, velocities, and accelerations. Cable velocities and accelerations are
shown in Figure 4.5. These data are important for defining the winches mechanical
architecture (including the motors). The maximum cable velocity (8.3m/s) determines
(together with the transmission ratio between the motor and the cable) the maximum
motor speed, while the maximum acceleration is an important factor in the choice of
the winch architecture. This parameter can be neglected for applications with low dy-
namics because the torque generated by the desired cable tension is much higher than
the inertial torque of the masses connected to the motor shaft. However, this is not
true for the CORHDA, where cable accelerations reach values as high as 234m/s2.

For solving the manipulator inverse kinetostatics, the method described in Section
2.3, based on the algorithm introduced in [100], is exploited. The FD chosen minimizes
the 2-norm of the cable tension array to reduce the power demand on motors (due to
the high reachable velocities). The limits defined for cable tensions are those already
presented in Section 3.2.2. The higher limit fmax = 350N is necessary to avoid cable
breaking. The lower limit considered for the FD computation is f ′

mi n = 30N, which is
slightly increased compared to that defined in Section 3.2.2, i.e., fmi n = 20N. This is
done to take some margin to avoid the real wire forces dropping under the limit due
to inevitable small inaccuracies in the force control (see Section 5.3). To compute the
FD for a given pose of the EE, it is necessary to know its mass properties. During the
design phase of the manipulator, the EE mass was initially defined based on its first
CAD model. Along the iterative process of the robot design, this mass was modified
until the feasibility of the movement with the final mass was verified. Figure 4.5 shows
the cable forces computed with the mass of EE-1 (see Section 4.3). These tensions

Figure 4.6: Representation (in light blue) of the total orientation wrench feasible work-
space volume of the CORHDA inside the task workspace (89.2%), when RO ≡ I3 (pure
translational workspace).
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(as the velocities) influence the winch design because they must be considered when
defining the transmission ratio between the cable and the motor shaft. Figure 4.5 also
shows the evolution in time of the power generated on cables (based on the desired
force and velocity).

Once the robot geometry and its force limits are known, it is possible to compute
the manipulator Total Orientation Wrench Feasible Workspace (WT O , see Eq. (2.56)).
To give an idea of the robot capabilities, WT O is computed for a fixed orientation of
the EE described by the rotation matrix R = I3. This is the so-called pure translational
workspace of the manipulator. To perform the workspace computation, a discretiza-
tion method [39] is applied by sampling the task workspace shown in Figure 4.1 with
a dense grid of points. The workspace volume is estimated through the number of
sampled points that belong to WT O [149,150]. The pure translational workspace of the
CORHDA is shown in Figure 4.6, and its volume is 89.2% of the task workspace.

4.2 Optimization of the end-effector geometry

This section introduces a procedure for performing the geometric optimization of the
CORHDA EE. The method is general, and it will be applied for defining the EE geometry
when a real bin-picking task will be defined (the task analyzed in Section 4.1 is only an
example for the development of the first CORHDA prototype).

The positions of the EE distal anchor points are among the main parameters in-
fluencing the robot behavior and its workspace [151, 152]. The topic of CDPR optimal
design was analyzed in the literature for different fields and with different approaches.
Some examples refer to:

• warehousing [73, 74];

• rehabilitation [63, 68];

• construction and maintenance of building facades [71];

• load lifting [49, 149];

• classical 3-DOF pick-and-place [83];

• generic CDPRs without a specific task [80, 150].

The main goal of designing an efficient EE geometry for the application in the bin-
picking task is to maximize the Total Orientation Wrench Feasible Workspace WT O of
the manipulator by neglecting the rotation of the EE around the y ′ direction of the
MRS (see Figure 4.2). This is the less important DOF for picking products from a pile:
if the pile is approximated with a pyramid, the rotations around x ′ and z ′ are neces-
sary to bring the EE in the correct pose to take products from the faces of the pyra-
mid. In practice, the optimization aims to maximize the semi-aperture angle ψ of
the cone that the EE can describe in every position of the task workspace (see Figure
4.7). The whole cone is described by varying the angle β from 0o to 360o . The plat-
form geometry is completely defined by the dimensions shown in Figure 4.2, which
determine the cable attachment points on the EE. These, together with the mount-
ing height of the pulleys at the top of the workspace (see Figure 4.1), form the vector
w = [w1 w2 w3 w4 w5 w6 w7 w8] of the optimization problem unknowns.
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Figure 4.7: Cone described by the EE to define WT O .

The fitness function is built with a set of points (Pk with k = 1, . . . ,r ) defined in the
task workspace. A weight (ck ) is associated with every point based on the robot task:
the most important points (with a higher weight) are those in the pick-up area (i.e.,
the bins area in Figure 4.1), since here it is more important to have a bigger ψ. The
exact numerical values of the weights ck are empirically designed by running some
tests of the optimization problem and by evaluating the workspace of the optimized EE
geometries in different cases: they are a free parameter to be chosen by the designer.
The fitness function f (w) is computed as follows:

f (w) =
r∑

k=1

(
90−ψmax,k (w)

) · ck (4.1)

where ψmax,k is an approximate estimation of the maximum semi-aperture angle ψ (in
degrees) of the cone that the EE can describe in Pk such that Pk belongs to the robot
workspace for every orientation in which ψ≤ψmax,k . In practice, Eq. (4.1) represents
the weighted sum of angles complementary to the maximum ψ in every point Pk ; the
complementary value of ψmax,k is used only for simplicity since it is common to deal
with fitness functions to be minimized (not to be maximized). To apply Eq. (4.1), the
mass and moment of inertia of the platform are estimated for the current set of pa-
rameters (w) based on the volume that the current distal EE points enclose. Then, the
following operations are executed for every point Pk :

• the EE is placed in Pk ;

• if conditions (2.56) and (2.57) are not verified with R = I3 (i.e., Pk do not belong
to the pure translational workspace of the robot), then ψmax,k = −90o and ck =
maxk (ck ) are imposed; in this situation, the k−th term of the summation in Eq.
(4.1) is equal to 180o ·maxk (ck ), which is a very high value compared to the terms
corresponding to points that belong to the pure translational workspace, even if
the point is assigned a small weight; as a matter of fact, it is important to obtain
a platform that guarantees to reach all points Pk at least with R = I3;

65



Chapter 4. Robot Design

• otherwise, the maximum cone angle reachable by the platform in Pk is approx-
imately estimated by repeating the check on conditions (2.56) and (2.57) for in-
cremental values ofψ; for eachψ, such conditions are verified for sampled values
of β from 0o to 360o ; when one of the two conditions is no longer valid, the iter-
ations stop; ψmax,k is the maximum value of ψ for which conditions (2.56) and
(2.57) are valid for all sampled values of β.

To obtain an optimized solution, the fitness function (4.1) is minimized by using a
Genetic Algorithm (GA). A GA can work even if the fitness function is highly non-linear
and discontinuous, i.e., when gradient-based algorithms fail; GAs were already used for
CDPR optimization [63, 73, 80]. In particular, the GA defined in MATLAB through the
function ga is exploited. Since the GA works by creating an initial random population
and then making random changes to some individuals at every new population, the
same algorithm was executed many times with the same input parameters. This is
because the results of the random choices made by the algorithm produce different
sets of optimal parameters (even if all the optimal solutions are similar). Moreover,
different input parameters (e.g., different sets of input points and their weights) are
tested. The parameters settled on Matlab to manage the GA are the following:

• maximum number of generations (500);

• function tolerance (10−3) and maximum number of stall generations (15), which
together define the stopping criteria of the optimization;

• crossover fraction (0.7), which defines the percentage value of individuals cre-
ated for the next generation by crossover;

• initial population Matrix (Initial Guess in Table 4.2), which defines the first indi-
vidual for a constrained minimization problem;

• lower and upper bounds (shown in Table 4.2) which constrain the searching area.

The initial guess given in input to the GA is not chosen according to the distal an-
chor points listed in Table 4.1, otherwise w3 and w4 would be too similar to the lower
bound defined in Table 4.2, and their value could influence the optimization algorithm.

The optimized parameters (wopt ) obtained through the GA are shown in Table 4.2.
It is interesting to notice that an asymmetry is introduced in the EE, since w5 ̸= w6.
This is due to the nature of the task, which is not symmetric along the z-coordinate
because of the presence of the bins (pick-up area). Here, the total orientation of the
EE is more important for the correct gripping of the products. For this reason, a higher
weight is associated with the points Pk in this area. If the task is different (e.g., different
locations of bins or conveyor belt), by simply changing the position and the weights of

w1 w2 w3 w4 w5 w6 w7 w8

Lower bound 45 45 30 30 45 45 60 1150
Upper bound 100 100 150 150 100 100 200 2000
Initial guess 60 60 50 50 60 60 100 1450

wopt 88.3 88.3 31.5 31.5 54.6 70.8 127.8 1640

Table 4.2: Optimized parameters in millimeters.
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Figure 4.8: Representation of the total orientation wrench feasible workspace volume
of the CORHDA for ψ= 35o in the optimized configuration.

the points given in input to the fitness function, one can obtain another EE geometry
with a different symmetry.

The Total Orientation Wrench Feasible Workspace volume is computed for differ-
ent values of the cone angle ψ. The case ψ= 0o represents the pure translational work-
space. The results are shown in Table 4.3 for the actual EE (see Table 4.1) and the opti-
mized solution. For the new EE geometry, Figure 4.8 shows the robot workspace when
ψ = 35o . This volume is asymmetric due to the asymmetry of the new platform. This
reflects the robot task and the fitness function designed for it.

Since the optimization aims only to maximize WT O , there is no control over the ten-
sions required to maintain the platform in equilibrium. The robot geometry influences
its statics, so in many works related to CDPR optimization, one of the main objectives
is minimizing the maximum cable tensions. This is important to reduce the motor size.
To verify the acceptability of the proposed solution, the same pick-and-place trajectory
defined by Figures 4.3 and 4.4 was simulated even with the optimized EE geometry. The
evolution in time of the cable forces in this situation is shown in Figure 4.9, where they
are compared to those already shown in Figure 4.5 for the actual CORHDA EE. Higher
forces are required for the optimized solution, but their increment is small. Finally, the
maximum cable-tension average value in the pure translational workspace of the robot
is evaluated. This parameter reaches 126.6N for the initial guess solution and 111.4N
for the optimized one. These values validate the usability of the optimized platform for
executing the task.

ψ 0o 10o 20o 30o 35o

Actual EE 89.2% 75.3% 64.9% 42.6% 0.0%
wopt 95.5% 87.9% 80.2% 64.5% 22.8%

Table 4.3: Percentage volumes of WT O compared to the task workspace.
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Figure 4.9: Evolution in time of the cable tensions during the trajectory in Figure 4.4
with the optimized EE (solid lines) compared to those computed with the actual EE
shown in Figure 4.2 (dashed lines).

4.3 Mechanical design of the robot components

The simulations described in Section 4.1 were the starting point for the mechanical
design of the robot components.

4.3.1 Winch design

The actuation system is the first element that must be defined for the robot operation.
A complete analysis of this topic is reported in [145].

Initially, linear actuators were considered [66], but they would require a too-long
stroke for the cable length that must be uncoiled in the CORHDA winches. To solve
this problem, it is possible to mount several pulleys on the linear actuator by using
a hoist architecture as shown in [109]. However, this system seems inappropriate in
an industrial context since the double bending of the wires increases their wear. The
classical solution is to coil the cable on a drum (typically with a helicoidal geometry)
connected to a motor. This method is widely used, and it has different implementa-
tions. The cable exit point is often fixed, employing mobile elements. For example
in [127,153] a spooling helper is used to guide the cable out of the winch. The spooling
helper is an element connected to the drum that moves along the direction of the rota-
tion axis by following the wire exit point, which changes over time. A similar concept is
also applied when the movement of the cable exit point is compensated by the motion
of the drum itself instead of the spooling helper [77, 144, 145]. To do so, the drum is
commonly mounted on a screw with the same pitch as the drum helix. Both these so-
lutions are interesting because they allow easy reconfigurability of the robot by simply
moving the winches with fewer constraints than in other cases. For example, if a fixed
drum architecture is used, the movement of the wire exit point on the drum forces to
mount the first guiding pulley to a certain distance from the winch such that the angle
δ in Figure 4.10 is always below a certain limit (approximately 2o). However, both solu-
tions involving the spooling helper and the translating drum were discarded since, in
those cases, the motor has to move many mechanical elements in the kinematic chain.
This is a problem for the CORHDA if the wire accelerations are considered. When cable
dynamics like those shown in Figure 4.5 are involved during the robot movement, the
inertial torque on the motor generated by the moving elements is very high. The more
moving elements are connected to the drum, the more motor torque is required. For
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Figure 4.10: Scheme of the winch architecture chosen for the CORHDA prototype. The
drum is fixed to minimize the inertia connected to the motor.

this reason, the winch based on a fixed drum configuration like that in Figure 4.10 was
chosen for the CORHDA prototype.

It was decided to directly connect the motors to the drums to reduce the friction in
the kinematic chain. This is paramount for applying the hybrid control strategy intro-
duced in Chapter 3 for obtaining the desired cable tensions without directly measuring
the actual forces in the wires with load cells. Using gears between motors and drums
would have made modeling the friction in the kinematic chain more difficult, mak-
ing the controller unusable. The transmission ratio between the motor and the cable
only depends on the drum radius. The simulations introduced in Section 4.1 demon-
strated that high cable velocities are required for the execution of the fast movements
related to the bin-picking task (see Figure 4.5). A large drum radius is preferable to
reach high cable velocities. On the contrary, high cable tensions are easier to obtain
with a small drum radius; otherwise, the torque necessary to correctly tense the cables
would be too high. Considering the possible motor sizes available from the Beckhoff
catalog, the choice was to design a drum with a radius rD = 20mm directly connected
to the Beckhoff servomotor AX8041-0H21. When connected to a power supply with
a nominal voltage of 400V, this motor guarantees nominal and maximum torques, re-
spectively, equal to τn = 2.1Nm and τmax = 9.1Nm. Its maximum mechanical speed is
nmax = 9000rpm, while its nominal power is Pn = 1.76kW. By considering the drum ra-
dius, it is possible to compute the corresponding nominal cable force ( fn), maximum
cable force ( fmax), and maximum cable velocity (vmax), namely:

fn = τn

rD ·10−3
= 105N

fmax = τmax

rD ·10−3
= 455N

vmax = 2πnmax

60
· rD ·10−3 = 18.8m/s

(4.2)

All these values satisfy the constraints and the required dynamics for executing the ex-
emplary trajectory (see Figure 4.5). In particular, the maximum cable force of 350N is
reachable. Also, the nominal power given by the motor is much higher than the maxi-
mum power required by each cable during the same movement. Initially, lower-sized
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motors were considered, but the price difference with those chosen did not justify their
use. The chosen motors have the margin for being used even for the future develop-
ment of the robot. Since the maximum cable velocity is more oversized compared to
the maximum wire force, a smaller drum radius could be used to increase the cable
forces without increasing motor torque, and this would also expand the manipula-
tor workspace. However, the value of 20mm was chosen according to the necessity
of having a minimum internal diameter for the drum assembly on its shaft (see Figure
4.11(b)). Moreover, a smaller coiling radius would have increased the drum length by
making the winch too large.

It is interesting to notice that the motor shaft moment of inertia (including a brake)

(a)

(b)

Figure 4.11: CAD model of the CORHDA winch.

70



4.3. Mechanical design of the robot components

is J = 173kgmm2. To understand the effect of inertia in movements like the one shown
in Figure 4.4, the inertial torque of the motor shaft corresponding to the maximum
cable acceleration in Figure 4.5 (i.e., amax = 234m/s2) is:

τIn = amax

rD ·10−3
· J ·10−6 = 2.02N m (4.3)

This value is almost equal to the nominal motor torque and corresponds to an equiva-
lent force of 101N on the cable, higher than the cable tensions desired for most of the
movement (see Figure 4.5). This value is increased by considering the drum inertia.
For this reason, it is impossible to use other moving masses in the kinematic chain of
the CORHDA (e.g., spooling helpers).

Finally, Figure 4.11 shows the mechanical components of the CORHDA winches.
The motor shaft is directly connected to the drum shaft with a jaw coupling having
a high-stiffness elastomer insert. The drum shaft is made of aluminum to reduce its
mass and inertia. The drum is made of a photopolymer resin through stereolithogra-
phy since its complex shape makes it difficult to produce it with standard machining.
With this design, the inertia moment of the total moving mass connected to the motor
shaft is 195.3kgmm2, a value similar to that of the motor shaft.

4.3.2 Kinematic chain between the winch and the end-effector

The use of steel cables to actuate the CORHDA was discarded due to their high mass,
which is incompatible with the required dynamics. The chosen wires are LIROS D-Pro
Dyneema braided ropes with a small working stretch (less than 1%) and a diameter
of 3mm. The breaking load of this cable is 950kg, which is much higher than the one
obtained by applying the maximum force during the robot operation. Oversizing the
cable diameter in terms of breaking load is necessary for CDPRs to extend the wire life.
Otherwise, the wear due to friction effects when they slip in drums and pulleys would
quickly break them. The cable diameter of 3mm is compatible with the coiling radius
of the drum (20mm).

To reduce cable wear and friction as much as possible, only one swivel pulley, which
guides the wire from the winch to the EE, is present in the kinematic chain. This is pos-
sible thanks to the controller presented in Chapter 3, which does not exploit force sen-
sors. Otherwise, load cells should be mounted in the kinematic chain by adding more
pulleys. The scheme of each wire kinematic chain is shown in Figure 4.10. The radius
of the swivel pulley was chosen according to the cable diameter so as not to make the
wire curvature on the pulley too high. All moving parts are designed in aluminum to
reduce their mass, except for the counterweight mounted on the back of the pulley to
keep it balanced. The CORHDA swivel pulley CAD model is shown in Figure 4.12.

As mentioned in Section 4.3.1, a winch architecture with a fixed drum constrains
the relative positioning of winches and swivel pulleys. The minimum mounting dis-
tance dmi n in Figure 4.10 is computed according to the maximum value of the angle δ

(δmax) and the useful drum length s, namely:

dmi n = s

2tg(δmax)
(4.4)

For the CORHDA winches, by considering s = 45mm and δmax = 2o , the minimum
distance d = 1288mm is found. By taking into account this value, it was decided to
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(a)

(b)

Figure 4.12: CAD model of the CORHDA swivel pulley. The possible mounting posi-
tions on the robot frame are both shown in (a).

mount the pulleys with their swivel axes parallel to the gravity direction y . This way,
it is possible to exploit the vertical dimension of the CORHDA (which is a free param-
eter) by mounting the winches and the swivel pulleys in each vertical frame edge, as
shown in Figure 4.13. This way, the lateral sides of the parallelepiped enclosing the
manipulator are left free for easy access to the robot workspace. This is important for
the future implementation of the CORHDA in a packaging line. If swivel axes parallel
to the x or z coordinate were chosen, the cables between the drum and the pulleys
would have cluttered the access to the inner part of the workspace. This mounting of
the swivel pulleys justifies the position of points A0,i , which are not aligned along the
frame edges as shown in Figure 4.1.

4.3.3 End-effector mechanical design

The robot EE was designed according to the geometry introduced in Table 4.1 and
shown in Figure 4.2. The gripper for the pick-and-place operations was not designed
since the prototype was developed to evaluate the robot kinematics, control strategy,
and winch mechanical design. On the EE shown in Figure 4.14 a component was
3D printed only to visualize the possible size of a future gripper. This part was not
mounted on the EE for the tests described in Section 5.3. All trajectories assigned to the
CORHDA and analyzed in Section 5.3 refer to the center O′ of the MRS on the EE, not
to the pick-up point P (see Figure 4.2). Figure 4.14 shows EE-1 (see Section 3.4.2) de-
veloped to obtain a mobile platform as light as possible by implementing mechanical
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Figure 4.13: Mounting of the winches and swivel pulleys on the CORHDA frame. The
cable exiting from the drum and entering the swivel pulleys is highlighted in yellow.
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Figure 4.14: EE-1 designed for the CORHDA prototype based on the dimensions listed
in Table 4.1.

solutions that can be reused for future development of the CORHDA. In particular, Fig-
ure 4.15 shows a section of the group designed for the wire attachments of two cables
to the EE. Two revolute joints with perpendicular axes are used on each cable attach-
ment. Both revolute joints are obtained through a pair of Igus Iglidur® flanged bush-
ings. This solution reduces weight compared to classical ball bearings by guaranteeing
low friction. Thanks to the platform symmetry, four groups like the one shown in Fig.
4.15 are mounted on the EE body, which was 3D-printed in Nylon 12 CF. This material
combines Nylon 12 and chopped carbon fibers to achieve high flexural strength and
stiffness-to-weight ratio. The mass of EE-1 (without considering the gripper) is 0.65kg.
Each cable is connected to the EE by coiling it around the aluminum rings at the end of
every cable attachment and fixing it by a clamp. The final CORHDA prototype is shown
in Figure 4.18.

The second EE (EE-2) is shown in Figure 4.16. This platform was necessary to evalu-
ate the hybrid control strategy introduced in Chapter 3 on the CORHDA. To do so, force
sensors were mounted on each cable attachment by modifying only the aluminum ring
on which the cable is coiled when EE-1 is used. A new component was produced with
a threaded hole to mount the load cells (CALT DYMH-103 inline load cell with a max-
imum load capacity of 100kg). As explained in Section 3.1, the force sensors were di-
rectly integrated on the EE not to modify the robot kinematic chain. The wires are fixed
at the other end of each load cell with the same clamps used on the EE-1. The main
body of this new mobile platform was modified compared to the previous one to al-
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Figure 4.15: Cable attachments with revolute joints designed for the CORHDA EE.

Figure 4.16: EE-2 designed for the CORHDA prototype based on the dimensions listed
in Table 4.1.

low the mounting of the terminals for the connection of the load cells to the electric
cable necessary to power the sensors and to transmit their output signal. The main
drawbacks of the EE-2 are its higher mass (1.58kg) and its connection with the exter-
nal electric cables (see Figure 4.17) that can influence the robot dynamics during fast
movements.
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(a)

(b)

Figure 4.17: EE-2 designed for mounting the load cells on the CORHDA.

76



4.3. Mechanical design of the robot components

Figure 4.18: CORHDA prototype.
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Chapter 5

Experimental validation

This chapter describes the experimental tests executed on the IPAnema 3 Mini and the
CORHDA to validate the HC introduced in Chapter 3. For both robots, the accuracy
in positioning precision and force tracking are assessed. A comparison is presented
with other state-of-the-art control algorithms making use of force sensors and imple-
mented in the IPAnema 3 Mini. In the CORHDA, since the robot is developed to work
without load cells, the HC is compared with a pure inverse-kinematic controller (in
which cables are position-controlled based on the results of the inverse kinetostatic
model of the robot). Differently from the IPAnema 3 Mini, in the CORHDA the HC is
also tested for fast movements, with linear velocities and accelerations up to 8.8m/s
and 255m/s2, respectively. This chapter also reports the experimental results obtained
in a simple test bench equipped with only two cables.

Some indices are introduced to evaluate the performance in terms of cable-force
tracking. Every index refers to a single wire. When a certain force fdes is desired in a
cable, the real force fact acting in it can be evaluated through the indices i d1 and i d2,
which represent the mean absolute and percentage error of the real cable force with
respect to the desired one, namely:

i d1 =
∑ns

i=1 | fact ,i − fdes,i |
ns

(5.1)

i d2 =
∑ns

i=1
| fact ,i− fdes,i |

fdes,i

ns
·100 (5.2)

where ns is the number of samples collected along a certain trajectory or, in general,
during a time interval. The subscript "i " refers to the i -th sampled force value. Even
when a force distribution is not computed (i.e. there is not a desired force to be com-
manded to the cable), it is necessary to maintain the wire forces within the limits de-
fined for the robot at hand. To evaluate if this constraint is satisfied or to quantify how
much it is exceeded, the indices i d3, i d4, and i d5 are introduced. i d3 is the percent-
age of sampled values of the measured force that exceed the limits fmi n or fmax , while
i d4 and i d5 are the mean absolute value of the distance of these values from fmi n and
fmax , namely:

i d3 = nsMi n +nsM ax

ns
·100 (5.3)

i d4 =
∑nsMi n

i=1 fmi n − fact ,i

nsMi n
(5.4)
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i d5 =
∑nsMi n

i=1 fact ,i − fmax

nsM ax
(5.5)

where nsMi n and nsM ax are, respectively, the number of sampled values where the
measured force is lower than fmi n and higher than fmax .

The HC introduced in Chapter 3 was developed with the idea of applying it to fast
overconstrained CDPRs (like the CORHDA), for which cable forces should be main-
tained as low as possible (to reduce the power required to motors during fast move-
ments). With this in mind, the criterion chosen to find the optimal FD is to minimize
the minimum 2-norm of the cable tension array (see section 2.3). This way, the desired
cable forces tend to be near the lower limit fmi n . This means that errors in the actual
cable forces with respect to the desired ones can let the real forces drop under the de-
sired limit and even cause cables to become slack. On the contrary, it is uncommon
for forces to overcome the higher limit. For this reason, in the following analysis, the
index i d5 will not be considered, and only the values of index i d4 will be displayed to
evaluate whether a cable tends to become slack.

5.1 Experimental tests on the IPAnema 3 Mini

Since the friction model introduced in Section 3.2.1 is valid only for dynamic friction,
the main problem of the controllers HC-τ and HC-e is the lack of precision in predict-
ing the forces when the robot platform is at rest. The situation is different when the
load cells are used because, even if the static friction is not modeled for the correction
of cable forces, the static force measures are still rather precise. However, for applica-
tions in which the robot is moving most of the time or is not required to exert specific
static wrenches, it is only important to maintain cables taut to prevent them from be-
coming slack during motion.

Accordingly, only dynamic trajectories are tested (Figure 5.1). One triangular and
one circular motion law are defined in the workspace of the robot with a FD sensitivity
index σ12 < 1.5N (Figure 3.12(a)), whereas another pair of triangular and circular mo-
tion laws are defined in the workspace of the robot where σ34 < 1.5N (Figure 3.12(b)).
A fifth motion law is built along a rectangular path to pass through the plane y = 0 so
that the pair of force-controlled cables must be changed during the movement. The
paths where the force-controlled cables are wires 1 and 2 are plotted in red, whereas
the paths in which the force-controlled cables are 3 and 4 are plotted in blue. All trajec-
tories are purely translational motions, and they represent the movement of the center
O′ of the MRS (O′−x ′y ′z ′). Though different platform velocities were tested, in all mo-
tion laws shown in this thesis, for the sake of comparison, the EE reaches a velocity of
4 m/min after the first acceleration from a static position.

The force limits defined for the robot are fmi n = 5 N and fmax = 35 N. To keep
some margin with respect to force oscillations and imprecision in the robot geometry
or wrench estimation, a minimum tension equal to 8 N is considered for the compu-
tation of the FD. The wrench exerted on the EE is simply due to its weight and inertia,
computed from the platform mass (0.25kg).

The forces plotted in Figures 5.2–5.10 are the ones measured by the built-in load
cells corrected with the dynamic friction model described by the coefficients in the
third and fourth rows of Table 3.3.
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(a) Triangular trajectories (b) Circular trajectories

(c) Rectangular trajectory

Figure 5.1: Robot trajectories executed during the experimental tests on the IPAnema
3 Mini. The paths where the force-controlled cables are wires 1,2 are plotted in red,
whereas the ones in which the force-controlled cables are wires 3,4 are plotted in blue.

5.1.1 Comparison between the Hybrid Control Strategies

Figures 5.2 and 5.3 show the evolution in time of forces in the force-controlled cables
for the triangular (Figure 5.2) and circular (Figure 5.3) red trajectories in Figure 5.1.
When the controller HC- f (Figure 3.13(a)) is used, the measured forces (solid lines)
track the theoretical ones (dashed lines) computed by the FD algorithm very well. To
evaluate the force-tracking accuracy, it is possible to analyze the results in Tables 5.1
and 5.2. For both trajectories, the forces on the force-controlled cables have abso-
lute average errors of a few tenths of Newton (i d1), which correspond to less than 2%
of the desired tension (i d2). The results obtained with the controllers HC-τ (Figure
3.13(b)) and HC-e (Figure 3.13(c)) are similar: in both cases, the actual forces are noisy
compared to the theoretical ones, but the evolution in time of the tensions is approx-
imately followed. The higher force fluctuations produce absolute average errors near
1N (i d1) for both controllers, corresponding to average errors in force tracking less than
8% of the desired force (i d2). Similar behaviors are also observed for different trajec-
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Figure 5.2: Desired (dashed lines) and measured (solid lines) tensions of the force-
controlled cables for the red triangular trajectory in Figure 5.1(a) with different con-
trollers: HC- f , HC-τ, HC-e, and HC-τ without the friction torque model.

Controller HC- f HC-τ HC-e HC-τ with τF = 0
cable 1

i d1 [N]
0.1 0.9 1.0 4.2

cable 2 0.2 0.9 0.9 5.2
cable 1

i d2 [%]
0.9 5.4 5.7 26.1

cable 2 1.1 5.6 5.7 32.6

Table 5.1: Indices for the evaluation of the force tracking during the tests shown in
Figure 5.2.
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Figure 5.3: Desired (dashed lines) and measured (solid lines) tensions of the force-
controlled cables for the red circular trajectory in Figure 5.1(b) with different con-
trollers: HC- f , HC-τ, HC-e, and HC-τ without the friction torque model.

Controller HC- f HC-τ HC-e HC-τ with τF = 0
cable 1

i d1 [N]
0.2 1.2 1.0 4.6

cable 2 0.2 0.9 1.1 6.0
cable 1

i d2 [%]
1.6 7.7 6.7 30.1

cable 2 1.4 6.3 7.9 38.4

Table 5.2: Indices for the evaluation of the force tracking during the tests shown in
Figure 5.3.
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tories (e.g., for the blue ones in Figure 5.1). In particular, the similarity between the
forces generated by the HC-τ controller and the HC-e controller suggests that there is
no practical difference in applying one controller rather than the other for the motion
laws studied in this work. However, these results are obtained using a filtered motor
torque and the raw value of the motor FE in the feedback loop. As mentioned in Sec-
tion 3.3, filtering the torque should be a problem for faster movements, and, in this
case, the HC-e controller should provide an advantage.

The last plots of Figures 5.2 and 5.3 show the effect of setting τF = 0 in Eq. (3.1),
namely, neglecting the friction model in the HC-τ controller. It is clear from the results
in Tables 5.1 and 5.2 that force tracking becomes considerably worse with average er-
rors on the actual forces between 26% and 39% of the desired tensions. Moreover, in
this case, one or more tensions in the position-controlled cables go below the desired
minimum value (5N), which is unacceptable. Similar results are obtained if friction is
neglected in the HC-e controller, which confirms the necessity to model friction in the
kinematic chains.

5.1.2 Comparison between the Hybrid Controllers and Other Con-
trollers

To evaluate the performance of the HC method, it is compared with other controllers
along different trajectories. The legend shown in Table 5.3 is used to identify differ-
ent tests. The first number represents the controller used during the execution of the
motion law. The controller HC-e is compared with HC- f , with the nullspace control
(NC) presented in [128] (which was already developed and tested on the IPAnema 3
Mini) and with a pure inverse kinematic controller (IKC). The latter is the only method
besides HC-e that does not exploit force sensors (the IKC is a pure position controller
based on robot inverse kinematics, without any action on cable tensions). The second
number in Table 5.3 identifies the trajectory among those shown in Figure 5.1.

In evaluating the controllers performances, the evolution in time of cable forces,
the precision, and the repeatability of the robot are considered. For the estimation of
the robot accuracy and repeatability, the position of a marker mounted on the EE is
measured with a Leica AT960 laser tracker, which guarantees an absolute accuracy of
±(

15µm+6 µm
m

)
. The experimental setup configuration is the same used in [128], so

we can estimate an accuracy of ±33µm, while the sampling rate of the measurements
is 1000 Hz.

Table 5.3: Legend for the identification of the results shown in Figures 5.4–5.8 and Ta-
bles 5.9 and 5.10.

Test i j

i : Controller j : Trajectory Shape Force-Controlled Cables

1: IKC 1: Triangular 1,2
2: HC-e 2: Circular 1,2
3: HC- f 3: Triangular 3,4
4: NC 4: Circular 3,4

5: Rectangular
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5.1.2.1 Evaluation of cable forces

Figures 5.4–5.8 represent the evolution in time of cable forces, while the values of the
performance indices introduced in Eqs. (5.1)–(5.4) are listed in Tables 5.4–5.8. During
the tests 1 j ( j = 1, . . . ,5) executed with the IKC, there is no control over cable tensions.
The inverse kinematics of the manipulator is solved without the computation of any
FD. Since no desired forces exist, indices i d1 and i d2 are not computed. Only the force
limits defined by fmi n = 5N and fmax = 35N are considered to evaluate the controller
performances. For all trajectories, there is at least one cable force smaller than the
minimum tension for large parts of the movements. Moreover, in tests 13 and 14, the
force on cable 8 exceeds the maximum limit. For example, in test 11, on cable 7, there
is a force lower than 5N (i d3 = 100%) for the whole motion, and this force is on average
2.1N (i d4) less than fmi n . In test 14, the force on cable 5 is on average 3.7N lower
than fmi n for 53% of the motion duration, while in test 15, the force on cable 7 is on
average 3.8N lower than fmi n for 61.6% of the motion time. Without any control on
cable tensions, it is impossible to guarantee they remain within the given limits.

On the contrary, with the same hardware (that does not exploit the load cells for
control aims), the controller HC-e allows the cable forces to be maintained within the
predefined limits for most of the movement. During tests 2 j ( j = 1, . . . ,5), one or two
cable tensions slightly drop under the lower limit. The forces that drop under fmi n

exceed the limit at the most for 0.7N (on average), and only in test 25 this condition
lasts for more than 26% of the motion duration. So, with the same hardware as the
IKC, the performance obtained with the HC-e controller is significantly better. Similar
results are obtained when the HC- f controller is applied, even if it exploits load cells. In
tests 3 j ( j = 1, ...,5), the most relevant difference compared to tests 2 j is that the better
tracking of tensions in force-controlled cables produces less noisy forces. However, for
the same motion law, the time lapses when tensions drop under 5N are approximately
the same for both the HC- f and HC-e controllers. This consideration is confirmed
by comparing the indices i d3 and i d4 for the trajectories 2 j and 3 j . For example, in
test 22 (HC-e controller), only the force on cable 7 drops under fmi n for 25.6% of the
motion duration. The same cable tension drops under the limit also in test 23 (HC- f
controller); the difference is that the time interval for which the tension is lower than
fmi n is 14.6% of the motion duration. Even the mean value of the tension dropping
below the limit is similar in the two cases (0.5N for the HC-e and 0.3 for the HC- f ). The
force tracking with HC-e and HC- f controllers can be analyzed in more detail. The
values of i d1 and i d2 were already described for the force-controlled cables in tests
21/31 and 22/32 (the indices are the same listed in Tables 5.1 and 5.2): as emphasized
in Section 5.1.1 for other motions, the tension tracking in the force-controlled cables is
better when load cells are used. The maximum difference is visible in tests 24 and 34,
where the average error on the wire tensions on cables 3 and 4 is 7.2% and 10% when
the HC-e controller is used, while it is only 1.7% for both wires when the force sensors
are exploited. However, as expected, the main errors between the theoretical forces
computed through the FD algorithm and the real ones are in the position-controlled
cables. In these wires, the errors in the real forces with respect to the desired ones often
reach values near 20% for both HC- f and HC-e controller, and the difference between
the two control strategies is typically between 1 and 3 percentage points (few tenths of
Newtons by analyzing i d2 instead of i d3). This means that even if the force tracking
by exploiting load cells is better on the force-controlled wires, the average errors of
tensions in the length-controlled cables are similar in the two cases, making the overall
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improvement in the force tracking obtained with force sensors almost negligible. The
simplification of the robot hardware brought about by the HC-e controller justifies the
small drop in performance.

When the NC controller is applied, in tests 4 j ( j = 1, . . . ,5), the forces do not fol-
low theoretical values computed through a FD algorithm (i d1 and i d2 are not evalu-
ated). The controller maintains the tensions as close as possible to the mean value
f = 12N and corrects them when they become lower than f ′

mi n = 7 N. The results are
forces slightly smaller during the movement, but their oscillations are more similar to
the ones obtained with the HC-e than those with the HC- f . In this case, the lower
limit fmi n = 5 N is almost always respected during the motion: the force dropping un-
der fmi n , both in terms of time (i d3) and average mean force under the limit (i d4), is
slightly better to the one obtained with the HC-e controller, but, as said for the HC- f
control strategy, the small drops in performance is justified by the hardware simplifi-
cation.
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Figure 5.4: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the red triangular trajectory in Figure 5.1(a) with different controllers (see
Table 5.3). fmi n = 5 N and fmax = 35 N are the desired bounds of cable tensions (red
horizontal lines).

Test 11 21 31 41 11 21 31 41
cable 1

i d1 [N]

1 0.1

i d2 [%]

5.7 0.9
cable 2 0.9 0.2 5.7 1.1
cable 3 1.1 0.8 9.6 6.4
cable 4 0.9 0.9 6.8 6.8
cable 5 1.1 1.1 9.5 9.5
cable 6 2.1 2.3 17.3 19.2
cable 7 1.9 2 21.2 22.2
cable 8 1.8 1.9 19.2 20.2
cable 1

i d3 [%]

4.4 0 0 0

i d4 [N]

0.4 0 0 0
cable 2 2.4 0 0 0 0.2 0 0 0
cable 3 0 0 0 0 0 0 0 0
cable 4 52.2 0 0 0 1.9 0 0 0
cable 5 39.1 2.4 0 0 3.1 0.6 0 0
cable 6 11.6 0 0 0.1 0.6 0 0 0.002
cable 7 100 11.1 13.6 2.3 2.1 0.3 0.3 0.4
cable 8 22.1 0 0 0 1.5 0 0 0

Table 5.4: Values of indices in Eqs. (5.1)–(5.4) for the test analyzed in Figure 5.4. The
force-controlled cables are highlighted in bold.
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Figure 5.5: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the red circular trajectory in Figure 5.1(b) with different controllers (see
Table 5.3). fmi n = 5 N and fmax = 35 N are the desired bounds of cable tensions (red
horizontal lines).

Test 12 22 32 42 12 22 32 42
cable 1

i d1 [N]

1 0.2

i d2 [%]

6.7 1.6
cable 2 1.1 0.2 7.9 1.4
cable 3 1.1 0.8 8.9 6.9
cable 4 0.8 0.6 6.7 4.4
cable 5 1.3 0.9 10.3 7.7
cable 6 2.1 2.1 17.6 18.8
cable 7 2.1 1.9 24.3 22.3
cable 8 1.7 1.9 18.6 20.1
cable 1

i d3 [%]

0 0 0 0

i d4 [N]

0 0 0 0
cable 2 0 0 0 0 0 0 0 0
cable 3 0 0 0 0 0 0 0 0
cable 4 29.7 0 0 0 1.7 0 0 0
cable 5 46.3 0 0 0 2.9 0 0 0
cable 6 25.3 0 0 0 0.5 0 0 0
cable 7 64 25.6 14.6 0 3.3 0.5 0.3 0
cable 8 35.9 0 0 0 1.4 0 0 0

Table 5.5: Values of indices in Eqs. (5.1)–(5.4) for the test analyzed in Figure 5.5. The
force-controlled cables are highlighted in bold.
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Figure 5.6: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the blue triangular trajectory in Figure 5.1(a) with different controllers
(see Table 5.3). fmi n = 5 N and fmax = 35 N are the desired bounds of cable tensions
(red horizontal lines).

Test 13 23 33 43 13 23 33 43
cable 1

i d1 [N]

1 0.7

i d2 [%]

8.2 5.1
cable 2 1.4 1 10.6 8.2
cable 3 0.9 0.2 5.9 1.2
cable 4 1.3 0.2 8.3 1.2
cable 5 1.5 1.3 16.4 13.7
cable 6 1.7 1.9 19.7 21.7
cable 7 2 1.9 18.1 17.5
cable 8 1.9 2.1 15.3 16.3
cable 1

i d3 [%]

7.6 0 0 3.1

i d4 [N]

0.4 0 0 0.3
cable 2 30.2 0 0 0 0.6 0 0 0
cable 3 0 0 0 0 0 0 0 0
cable 4 26 0 0 0 1.9 0 0 0
cable 5 44.8 5.8 0 0 3.3 0.6 0 0
cable 6 14.7 0 0 0.3 1 0 0 0.02
cable 7 58.6 9.6 13.1 2.5 1.6 0.6 0.8 0.4
cable 8 21.5 0 0 0 1.7 0 0 0

Table 5.6: Values of indices in Eqs. (5.1)–(5.4) for the test analyzed in Figure 5.6. The
force-controlled cables are highlighted in bold.
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Figure 5.7: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the blue circular trajectory in Figure 5.1(b) with different controllers (see
Table 5.3). fmi n = 5 N and fmax = 35 N are the desired bounds of cable tensions (red
horizontal lines).

Test 14 24 34 44 14 24 34 44
cable 1

i d1 [N]

1 0.8

i d2 [%]

9 6.7
cable 2 1.5 0.7 13.1 5.6
cable 3 1 0.2 7.2 1.7
cable 4 1.3 0.2 10 1.7
cable 5 1.9 1.5 21.8 17.6
cable 6 2 2.1 22.4 24.4
cable 7 2.5 2.1 23.3 19.5
cable 8 2 2.3 17.8 19.4
cable 1

i d3 [%]

0 0 0 0

i d4 [N]

0 0 0 0
cable 2 0 0 0 0 0 0 0 0
cable 3 0 0 0 0 0 0 0 0
cable 4 17.8 0 0 0 1.2 0 0 0
cable 5 53 9.2 10.7 0.3 3.7 0.4 0.2 0.03
cable 6 31.2 0 0 0 0.6 0 0 0
cable 7 50.1 10.7 4 3.1 2.2 0.7 1 0.4
cable 8 14 0 0 0 0.5 0 0 0

Table 5.7: Values of indices in Eqs. (5.1)–(5.4) for the test analyzed in Figure 5.7. The
force-controlled cables are highlighted in bold.
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Figure 5.8: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the rectangular trajectory in Figure 5.1(c) with different controllers (see
Table 5.3). fmi n = 5 N and fmax = 35 N are the desired bounds of cable tensions (red
horizontal lines).

Test 15 25 35 45 15 25 35 45
cable 1

i d1 [N]

1.2 0.4

i d2 [%]

7.4 3
cable 2 1.1 0.5 7.1 4
cable 3 1.2 0.6 9 5.2
cable 4 1.2 0.6 9.1 4.4
cable 5 1.4 1.2 11.6 12.5
cable 6 2.2 2.2 16.6 17.6
cable 7 2.5 2.4 27.7 25
cable 8 2 2 21.1 20
cable 1

i d3 [%]

0 0 0 0

i d4 [N]

0 0 0 0
cable 2 19.9 0 0 0 0.6 0 0 0
cable 3 13.4 0 0 0 0.2 0 0 0
cable 4 49.1 0 0 0 1.4 0 0 0
cable 5 66.7 0 1.9 3.6 2.1 0 0.4 0.3
cable 6 2.5 0 0 2 0.2 0 0 0.3
cable 7 61.6 37.4 10 10.1 3.8 0.6 0.3 0.3
cable 8 41.4 0 0 2.9 1.2 0 0 0.3

Table 5.8: Values of indices in Eqs. (5.1)–(5.4) for the test analyzed in Figure 5.8. The
force-controlled cables are highlighted in bold.
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5.1.2.2 Evaluation of robot precision and repeatability

Table 5.9 shows the results in terms of accuracy obtained during the same tests shown
in Figures 5.4–5.8. The values in the table represent the absolute error (expressed as
a Cartesian distance) in the position of the marker between the set trajectory and the
executed one. The maximum and mean errors over an entire motion law measure the
accuracy. The results are always similar for tests 1 j , 2 j , 3 j , and 4 j , with an error in
the positioning of the marker that has a maximum value between 2.6 mm and 5.5 mm
and a mean value between 1.7 mm and 3.2 mm. The differences in using different
controllers are in the order of tenths of a millimeter. They vary for different motion
laws so that we can consider all controllers equivalent in terms of accuracy. Note that
when the robot is controlled by the IKC, one or more cables can become slack, and this
significantly degrades the achieved accuracy with respect to that reported in Table 5.9.

Test 51 is the last in Table 5.9 that needs to be analyzed. Here, the triangular red tra-
jectory of Figure 5.1(a) is executed, but the controller is different from the others pre-
viously described. The control scheme shown in Figure 3.13(c) is applied to all cables
(i.e., all cables are force-controlled without using load cells). Better force tracking than
with HC-e is achieved in all cables, as we can see in Figure 5.9. In fact, the mean errors
of the actual cable forces are always equal to or less than 10% of the desired ones (i d2

in Table 5.11). The same index is almost always higher in the position-controlled ca-
bles when the HC-e controller is applied (see Tables 5.4–5.8). However, applying force
control in all cables results in poor manipulator accuracy, with a maximum position
error of 23.85 mm, as shown in Table 5.9.

Finally, the repeatability ζ of the robot is evaluated by executing the triangular tra-

Table 5.9: Robot accuracy with several controllers applied to different trajectories. The
errors in the positioning of the marker are evaluated for a given test through the maxi-
mum (ϵmax) and mean (ϵ) value over an entire motion law.

Test ϵmax [mm] ϵ [mm] Test ϵmax [mm] ϵ [mm]

11 3.48 2.59 31 3.78 2.73
12 3.46 1.85 32 3.36 2.30
13 4.32 2.65 33 3.78 2.34
14 4.13 2.31 34 3.71 2.56
15 3.92 2.44 35 3.77 1.97
21 3.68 2.70 41 3.10 2.22
22 3.76 2.40 42 3.49 1.74
23 3.85 2.44 43 3.04 2.01
24 4.02 2.61 44 2.66 1.72
25 3.68 2.04 45 5.53 3.24

51 23.85 8.03

Table 5.10: Repeatability in mm over 15 consecutive trajectories.

Test ζmax [mm] ζ [mm] Test ζmax [mm] ζ [mm]

11 0.152 0.047 31 0.143 0.044
21 0.151 0.051 41 0.076 0.033
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Figure 5.9: Evolution in time of the cable forces in test 51.

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
cable 1 0.8 4.9 0 0
cable 2 1.3 7.9 0 0
cable 3 1.2 9.6 0 0
cable 4 1.2 10 0.3 0.02
cable 5 1.2 8.4 0 0
cable 6 1.1 8.3 0 0
cable 7 0.8 8.3 0 0
cable 8 0.6 6.5 0 0

Table 5.11: Values of indices in Eqs. (5.1)–(5.4) for the test 51 in Figure 5.9.

jectory for force-controlled cables 1,2 with the different controllers (tests 11, 21, 31,
41). The repeatability is measured by computing the standard deviation of the errors
in Table 5.9 over 15 consecutive executions of the same motion law. Table 5.10 lists
the maximum and mean values. The controller does not seem to have a significant in-
fluence on the repeatability of the manipulator, even if a slightly better repeatability is
obtained with the NC controller.

5.1.3 Effect of Changing the Pair of Force-Controlled Cables

Some tests were conducted to analyze the effect of changing the pair of force-controlled
cables during the execution of a trajectory. For this purpose, the rectangular motion
law in Figure 5.1(c) is considered. The change in the force-controlled cables is man-
aged as described in Section 3.4.1 through the value of the scaling factor h in Eq. (3.9).
While cables 5, 6, 7, and 8 are always position-controlled, the scheme shown in Figure
3.13(c) is applied to all the first four cables. When the pair of force-controlled cables
is switched, the value of h goes from 0 to 1 in the cables in which the force control is
activated and vice versa in the cables in which the force control is deactivated. Fig-
ure 5.10 analyzes the effect of increasing δ in the time evolution of forces and posi-
tion error. The areas in light blue represent the parts of the trajectory in which the
force-controlled cables are 1 and 2, while the areas in yellow are the ones in which the
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Figure 5.10: The plots show the evolution in time of cable forces (plots in the first row)
and position error (plots in the second row) when force-controlled cables are changed
for increasing values of δ. The areas in light blue represent the parts of the trajectory
in which the force-controlled cables are 1 and 2, while the areas in yellow are the ones
in which the force-controlled cables are 3 and 4.

force-controlled cables are 3 and 4. The controller used for these tests is always HC-e.
When δ = 0.0005, the change is very smooth and slow, with a smooth behavior in

the forces and the position error as well. The more rapid the change in the value of h
(δ higher), the more the ∆l applied to the length of the i -th cable is similar to a step.
The time necessary for changing the force-controlled cables can be computed from
Eq. (3.9) by considering that α must reach (or exceed) π/2 starting from zero with an
increment equal to δ every millisecond (the cycle time of the PLC program). When
δ= 0.0005, the change happens in 3142 ms; when δ= 0.02, it takes 79 ms; finally, when
δ= 0.5, the change is almost a step since it takes only 4 ms. For δ= 0.02 or δ= 0.5, even
though forces quickly drop during the change, they do not become smaller than 5 N;
however, the command given to the motor produces a sudden change in the position
of the platform that is visible in the plots of the errors ϵ (difference between the set
EE position and the executed one). Values of δ between 0.0005 and 0.02 seem to be
appropriate for the executed tests.

5.2 Experimental tests on the test bench with two winches

Before implementing the HC on the CORHDA, some tests were executed on a test
bench with two opposite cables connected to an EE. CORHDA winches actuate the two
wires, so the friction and FE models of their kinematic chains are the ones respectively
described in Sections 3.2.2 and 3.3.2. One of the two cables is force-controlled by the
HC-e controller, while the other is position-controlled. The situation is shown in Fig-
ure 5.11. Two different end-effectors (see Figure 5.12) were mounted on the test bench
to execute different movements. The first one, in Figure 5.12(b), is, in practice, a load
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cell on which two attachments for cables are mounted. The force sensor is a Laumas
SA load cell with a maximum capacity of 60kg. This is necessary to measure the real
force acting on the EE during the tested movement. However, the electric cable neces-
sary to power the sensor and transmit its output signal did not allow us to execute the
fastest movements we wanted to try. For this reason, another EE with the same cable
attachments and the same dimensions of the Laumas load cell was designed for the
execution of the movements with the higher dynamics, see Figure 5.12(a).

The two control schemes applied to the winches are shown in Figure 3.15, namely
the same that will be used in the complete robot. As mentioned in Section 3.4.2, the
PI DHL was tuned with the Ziegler-Nichols method, and, in this situation, a constant
value Ki = 200 was chosen for the controller PI DHL .

Different movements in the gravity direction were performed. In particular, mo-
tions with a displacement of 1m executed in 0.5s, 1s, 2s, and 4s were analyzed. During
these motions, three different profiles were commanded to the force-controlled cable:
a constant force equal to 50N, a constant force equal to 150N, and an oscillating force
between 50N and 150N. To measure the real force acting on the cable ( fact ) with the
EE shown in Figure 5.12(b), it is necessary to compensate for the effect of the load cell
weight and inertia, which are both proportional to the EE mass mEE . To do so, it is
assumed that the force measured by the force sensor ( fmeas) is applied exactly in the
middle of the EE. This way, it is possible to study the equilibrium of the lower half part
of the EE to find the actual force on the force-controlled cable (the lower one, as shown
in Figure 5.11). By considering the acceleration of the EE with its own sign (i.e., posi-
tive in the positive motion direction and negative in the opposite one), and the gravity
acceleration g always positive, the equilibrium of the EE is shown in Figure 5.13 (where

Figure 5.11: Scheme of the test bench built with two CORHDA winches.
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(a) (b)

Figure 5.12: End-effectors of the two cables test bench.

Figure 5.13: Equilibrium of the EE of the test bench with two cables to compute the
force on the cable ( fact ) from the one measured by the load cell ( fact Meas). Here, the
acceleration of the EE aEE is supposed to be in the positive motion direction.
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a positive acceleration of the EE is considered). From these considerations, the force
acting on the cable can be computed as:

fact = fmeas − mEE g

2
− mEE aEE

2
(5.6)

The trajectories during which a constant force (50N or 150N) is commanded to the
force-controlled wire are first analyzed. In this situation, the influence of the friction
model on the HC method is also studied. To do so, for each movement, the complete
force control of the lower cable with the scheme shown in Figure 3.15(a) and the sim-
plified version that does not consider frictions in the kinematic chain (i.e., τF = 0) are
applied. Both a movement in the positive motion direction and another in the nega-
tive one (i.e. direction of the gravity) are considered, and the measured cable forces are
plotted in Figure 5.14 after the compensation of the EE mass shown in Eq. (5.6). The
left column displays the results when the desired cable tension ( fdes) is 50N, while the
right one shows the results when this tension is 150N. In each graph, the evolution in
time of the actual force during the movement in the positive motion direction is plotted
for both cases in which the friction model is considered in the control scheme ( factUp )
or not ( f ′

actUp ). The same is done for the movement in the negative motion direction

(the actual forces are respectively factDw and f ′
actDw depending on the friction model

being used or not).
The indices i d1 and i d2 are computed for all tests to evaluate force tracking, and the

values are listed in Tables 5.12 and 5.13. As expected from the previous experience on
the IPAnema 3 MIni, the actual forces are noisy. However, the average force tracking is
very good when the friction model is considered, with a maximum mean absolute error
on the tension of the force-controlled wire equal to 2.6N (i d1 for factDw in the motion
law with duration 0.5s when fdes = 50N). This corresponds also to the maximum mean
percentage error, which is 5.2% (i d2 in the same test). During the tests done on the
IPAnema 3 Mini, similar or worse results were obtained: the values of i d2 for the force-
controlled cables in Tables 5.4–5.8 were almost always higher.

By analyzing the results when the friction force model is not considered in the con-
troller, one can observe that the absolute mean error of the actual forces (i d1) is simi-
lar for both desired forces (50N or 150N). This means that the average percentage error
when a higher force is commanded to the cable is lower. In fact, mean errors lower than
5% of the desired forces arise when the commanded force is 150N (see Table 5.13).
Even for lower forces, the value of i d2 is always under 14%, which is a good result if
compared to the ones obtained on the IPAnema 3 Mini, where the maximum average
percentage error of the actual cable force reaches the value of 38% of the desired ten-
sion (see Figures 5.2, 5.3 and Tables 5.1, 5.2). The acquired data shows that not consid-
ering the friction model when estimating motor torque has different effects in different
motion directions. This is due to the shape of the friction torque, which is modeled in
Figure 3.9. The friction torque is negative for the positive motion direction of the EE
(which corresponds to the positive axis of the velocity in Figure 3.9). If its contribution
is not considered, the torque generated by the motor on the winch connected to the
force-controlled cable is higher than the one that should be commanded to the wire,
generating a higher force. The result is that f ′

actUp is always higher than factUp . In the
negative motion direction, the effect of the friction torque is the opposite, resulting in
a f ′

actDw , which is always lower than factDw .
Compared to the tests executed on the IPAnema 3 Mini, the ones described here in-

volve movements with higher velocities and accelerations. The maximum velocity the
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Figure 5.14: Force tracking during the experiments on the test bench with two cables
when a constant force is commanded to the force-controlled cable. The desired force
is 50N for the plots in the left column and 150N for the plots in the right column.
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Duration T = 0.5s T = 1s T = 2s T = 4s
factUp

i d1 [N]

1.5 1.1 1.0 0.8
f ′

actUp 4.4 3.1 1.9 1.3

factDw 2.6 1.6 1.5 1.4
f ′

actDw 6.7 5.8 5.5 5.4

factUp

i d2 [%]

3.0 2.2 2.1 1.5
f ′

actUp 8.8 6.1 3.7 2.6

factDw 5.2 3.2 3.0 2.8
f ′

actDw 13.4 11.7 11.0 10.9

Table 5.12: Indices in Eqs. (5.1)–(5.2) for tests in Figure 5.14 when fdes = 50N.

Duration T = 0.5s T = 1s T = 2s T = 4s
factUp

i d1 [N]

2.1 0.5 0.9 1.8
f ′

actUp 7.1 6.7 5.4 4.4

factDw 2.2 0.8 1.3 1.8
f ′

actDw 7.1 5.5 5.4 5.6

factUp

i d2 [%]

1.4 0.4 0.6 1.2
f ′

actUp 4.7 4.5 3.6 2.9

factDw 1.5 0.5 0.8 1.2
f ′

actDw 4.7 3.6 3.6 3.8

Table 5.13: Indices in Eqs. (5.1)–(5.2) for tests in Figure 5.14 when fdes = 150N.

IPAnema 3 Mini reached during the tests described in Section 5.1 is 0.1m/s (in Carte-
sian space). On the contrary, during the movements executed for the tests shown in
Figure 5.14, the following maximum velocities and accelerations are reached based on
the motion duration T :

• if T = 4s, vmax = 0.45m/s and amax = 0.31m/s2;

• if T = 2s, vmax = 0.9m/s and amax = 1.24m/s2;

• if T = 1s, vmax = 1.8m/s and amax = 4.9m/s2;

• if T = 0.5s, vmax = 3.6m/s and amax = 19.8m/s2.

From the results obtained in terms of force tracking, the controller seems to be appli-
cable with good performance even when high cable velocities and accelerations are
required. This was an open issue after the tests executed on the IPAnema 3 Mini.

The lower effects of friction in the CORHDA kinematic chain, if compared with
those of the IPAnema winches, demonstrate the effectiveness of the CORHDA design.
Since both robots do not use gear reducers, the main difference is the number of pul-
leys between the drum and the EE: five in the IPAnema 3 Mini and only one in the
CORHDA (see Figures 3.3 and 3.6). This was possible because it was decided not to
mount force sensors in the CORHDA. In fact, if load cells were added to the robot,
they should probably have been integrated with a pulley mechanism (see Figure 3.2(c))
since mounting them on the EE (Figure 3.2(a)) or in the winches (Figure 3.2(b))) would
have reduced the maximum dynamics of the robot. The low impact of friction in the
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CORHDA kinematic chain also justifies the simplifications applied to estimate the fric-
tion torque model of the robot (see Section 3.2.2).

The tests executed with a force that changes linearly between 50 and 150 N are
now analyzed. The rate of change of the desired force is ḟdes = 25N /s. Figure 5.15
shows the corresponding results in force tracking. Every millisecond, the desired force
is incremented according to ḟdes until it reaches 150N. After that, the force is decreased
at the same rate until it reaches 50N. The oscillatory behavior of fdes is continuous over
time, i.e., the same rate of force change is applied when the EE is at rest and during
the trajectories. Many movements of the EE in the positive and negative direction are
executed with a break between two consecutive motions. Since the linear change in
the commanded tension is independent of the EE motion, in the tests shown in Figure
5.15, different force profiles are shown in different tests (even if ḟdes is always the same).
The results are analyzed to evaluate the controller capability to track desired forces that
change over time, even for faster motions with respect to ones tested on the IPAnema 3

Figure 5.15: Force tracking during the experiments on the test bench with two cables
when a linear force between 50N and 150N is commanded to the force-controlled ca-
ble. The rate of change of fdes is the same in all the tests, namely ḟdes = 25N /s

Duration T = 0.5s T = 1s T = 2s T = 4s
factUp i d1 [N]

2.6 2.1 1.6 1.4
factDw 2.8 1.6 0.7 1.5

factUp i d2 [%]
4.4 2.0 2.5 1.8

factDw 2.2 2.2 0.5 2.0

Table 5.14: Values of indices in Eqs. (5.1)–(5.2) for the test analyzed in Figure 5.15 when
a linear force with a rate of change ḟdes = 25N /s is commanded to the force-controlled
cable.
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Mini. Here, only the complete controller, which uses the friction torque model, is used.
The performance indices computed in this case are listed in Table 5.14. The average
error of the measured forces is always lower than 3N, and the average percentage error
is always lower than 5%. These results are similar to those shown in Tables 5.12 and
5.13 for the trajectories during which fdes is constant (only the data when the friction
torque model is used are taken into account even for the constant forces). Figure 5.15
shows that the real force is noisier for faster movements. As one can expect, these
motions are the most critical. However, even in these cases, the controller behaves
well, and the values of the indices i d1 and id i d2 confirm this claim.

The evolution in time of the cable forces found through a FD algorithm when the
inverse kinetostatics of a CDPR is solved depends, above all, on the pose of the EE. This
is especially true if the mass of the EE is low (as in the case of the CORHDA) since the
effect of the inertia wrenches is small. It follows that the faster the trajectory of the
EE, the higher the rate of change of the desired forces. An example is shown in Figure
4.5. Desired forces with rates of change ḟdes = 120N/s and ḟdes = 300N/s were also ex-
perimented during the execution of the trajectory with duration T = 0.5s. The results
are shown in Figure 5.16 (here, the minimum and maximum forces reached during the
force oscillations are respectively 20N e 140N). From the analysis of the charts and the
performance indices in Table 5.15, one can see that, even in this case, the results are
similar to those obtained with constant forces (Figure 5.14 and Tables 5.12 and 5.13)
and with linear forces with lower rates of change (Figure 5.15 and Table 5.14). In partic-
ular, the maximum average error of the actual force is only 5.1% of the corresponding
desired force (i d2 during the motion in the positive direction when ḟdes = 300N/s).

For all results shown so far, the EE of the test bench made with the load cell was

Figure 5.16: Force tracking during the experiments on the test bench with two cables
when a linear force between 20N and 140N is commanded to the force-controlled ca-
ble. The rate of change of fdes is ḟdes = 120N/s for the tests shown on the left chart and
ḟdes = 300N/s for the tests represented on the right chart.

ḟdes = 120N/s ḟdes = 300N/s
factUp i d1 [N]

2.4 1.6
factDw 3.3 1.2

factUp i d2 [%]
4.8 5.1

factDw 2.7 1.4

Table 5.15: Values of indices in Eqs. (5.1)–(5.2) for the test analyzed in Figure 5.15 when
a linear force with a rate of change ḟdes = 120N/s or ḟdes = 300N/s is commanded to
the force-controlled cable.
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used (see Figure 5.12(b)). Since it is difficult to execute movements with higher cable
velocities and accelerations with the force sensor mounted on the EE due to the elec-
tric cable necessary to power it and transmit its output signal, the last results that will
be shown are obtained by mounting the EE without the load cell on the test bench (see
Figure 5.12(a)). Two motion laws with a displacement of 1.5m executed respectively
in 0.3s and 0.2s are analyzed when a constant tension equal to 100N is commanded to
the force-controlled cable. During the movement with duration T = 0.3s, a maximum
velocity and acceleration equal to 9m/s and 82.5m/s2 are reached, while when the mo-
tion with duration T = 0.2s is executed, the maximum velocity and acceleration are
13.5m/s and 186m/s2. Since measuring the actual force on the wire is impossible, the
desired and the actual motor torque are saved and analyzed. They are shown for both
movements in the positive (τactUp ) and negative (τactDw ) motion direction in Figure
5.17. The fact that the actual motor torque reproduces the desired one (except for some
oscillations) means that the high-level PID of the HC-e controller works well by gener-
ating the desired FE on the motor. This is true also when very high accelerations (which
influence the inertial torque acting on the drum) and velocities (which influence the
friction torque model) are involved. The faster the motion, the noisier the behavior of
the torque and (probably) the force on the cable. However, the results shown in Figure
5.17 demonstrate that the controller works well even when speed changes and motion
inversion are so rapid that they influence the motor torque more than the force re-
quired on the cable. The applicability of the HC-e controller, even when movements
with these dynamics are involved, is also justified by the visual analysis of the motion
itself since the wires do not become visibly slack while the EE executes the trajectory.
Moreover, the results discussed in this section demonstrate that the effect of friction
torque is limited in the CORHDA winches. This means that if the inertial torque on

Figure 5.17: Desired and actual motor torques during two trajectories with a displace-
ment of 1.5m executed respectively in 0.3s (charts on the left) and 0.2s (charts on the
right) when a constant tension equal to 100N is commanded to the force-controlled
cable.
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the motor shaft is correctly estimated, the assumption of having a small error in the
force commanded to the cable if the actual motor torque is similar to the desired one
is acceptable.

One can observe that the HC-e controller introduced in Section 3.4.2 is effectively
applicable for velocities and accelerations that are higher than those experimented in
the IPAnema 3 Mini (see Section 5.1). The tests shown in this Section were a funda-
mental step in tuning the controller before its use on the complete robot. The obtained
results justify the implementation of the HC in the CORHDA, which will be analyzed in
the next section.

5.3 Experimental tests on the CORHDA

5.3.1 Evaluation of cable forces

The tests executed on the CORHDA to evaluate the performance of the HC-e controller
in terms of force tracking are similar to those performed on the IPAnema 3 Mini. The
pair of cables to be force-controlled is chosen according to the workspace characteriza-
tion introduced in Section 3.4.2 (see Figure 3.14) in all tests. In particular, five different
paths were chosen to verify the controller performance in different situations. Every
designed path is tested for different dynamics. This means the EE reaches a different
maximum velocity and acceleration during different executions of the same path. This
way, the influence of the motion dynamics on the HC introduced in Chapter 3 is an-
alyzed, and the possibility of using the HC-e controller on the CORHDA for its future
application to the fast bin-picking task will be demonstrated. Every tested trajectory is
identified according to the nomenclature introduced in Table 5.16.

Three rectilinear trajectories and an elliptical one with the orientation of the EE
described by the rotation matrix R = I3 are defined (i.e., paths 1 to 4). The first recti-
linear path (path 1, see Figure 5.19) is completely inside the volume of the workspace
in which force-controlling cables 7 and 8 guarantees to have a FD sensitivity index al-
ways lower than 2N (see Figure 3.14(b)). Similarly, the second rectilinear path (path 2,
see Figure 5.29) is inside the part of the workspace in which the FD sensitivity index
is lower than 2N if wires 5 and 6 are force-controlled (see Figure 3.14(a)). The force-
controlled cables are assigned during these two movements. The third rectilinear path
(path 3, see Figure 5.37) and the elliptical one (path 4, see Figure 5.43) cross the border
between the two volumes of the workspace represented in Figure 3.14. In these cases,
the online change of the force-controlled cables (between pairs 5,6 and 7,8) is tested.
The last path tested (path 5, see Figure 5.51) is rectilinear as the first three ones, but,
during this movement, the orientation of the EE is changed by making the Euler angles
ϵx and ϵz oscillate around zero with an amplitude respectively equal to 0.25r ad and
0.15r ad . In particular ϵx =−0.25r ad , and ϵz =−0.15r ad in the first point of the path
while ϵx = 0.25r ad , and ϵz = 0.15r ad in the last point of the path. In this case, the
workspace characterization represented in Figure 3.14 is no longer strictly valid since
the orientation of the EE is different from the one considered to compute the FD sensi-
tivity index. However, since the path shown in Figure 5.51 is completely inside the vol-
ume shown in Figure 3.14(a), cables 5 and 6 are still chosen to be force-controlled even
in Tests 51–54. The obtained results in these last tests will demonstrate the possibility
of choosing the pair of controlled cables according to the workspace characterization
visualized in Figure 3.14 even when the platform orientation differs from the one used
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to compute the volumes shown in the figure.

For all rectilinear motion laws, the EE started its trajectory at one of the two extreme
points, and back-and-fort motions were executed. The EE executed two complete rev-
olutions for elliptical trajectories. The EE in the middle point of each test is returned
to its original position after one complete movement cycle. Then, the same cycle is
repeated, and at the end of the motion, the EE returns again to its initial pose.

The actual forces measured by the force sensors mounted on the EE-2 were recorded
for every trajectory with two different controllers. Since the CORHDA was developed
with the idea of not mounting load cells in its kinematic chain, it is impossible to con-
trol cable tensions with feedback values from the force sensors, and the latter are ex-
ploited only to verify the effectiveness of the HC strategy. For this reason, the HC-e
controller will be compared only to the IKC, which is the only one among the ones al-
ready experimented on the IPAnema 3 Mini (see Section 5.1) that does not use force
sensors. In each test, the indices in Eqs. (5.1)–(5.4) are computed for every cable to
evaluate the performances of the two implemented controllers. The results are listed
in Tables 5.18–5.37. Differently from what was done on the IPAnema 3 MIni, indices
i d1 and i d2 are also computed when the IKC is applied. This is because consider-
ing the wires elastic model in the resolution of the inverse kinetostatic problem of the
CORHDA allows (in theory) the application of the desired FD to the robot cables even

Table 5.16: Legend for identifying the tests done on the CORHDA to evaluate the per-
formance of the HC-e controller. Figures 5.19–5.58 and Tables 5.18–5.37 refer to this
legend.

Path Force-Controlled Cables Test vmax[m/s] amax[m/s2]

1: Rectilinear
pure translation

7,8

Test 11 0.8 2.1
Test 12 2.4 19.0
Test 13 4.4 64.0
Test 14 5.6 104.0
Test 15 6.4 136.6

2: Rectilinear
pure translation

5,6

Test 21 0.8 2.1
Test 22 2.4 19.0
Test 23 4.4 64.0
Test 24 5.6 104.0

3: Rectilinear
pure translation

5,6 and 7,8
Test 31 0.6 1.2
Test 32 2.2 16.1
Test 33 4.2 58.7

4: Elliptical
pure translation

5,6 and 7,8

Test 41 0.3 0.3
Test 42 1.6 8.2
Test 43 3.2 33.0
Test 44 4.4 64.5

5: Rectilinear
rototranslation

5,6

Test 51 0.4 0.6
Test 52 2.2 14.6
Test 53 4.4 59.0
Test 54 5.8 95.0
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without any kind of force control (see Section 3.1).

The force limits defined for the robot are fmi n = 20 N and fmax = 350 N. By follow-
ing the procedure already adopted on the IPAnema 3 Mini, to keep some margin with
respect to force oscillations and imprecision in the robot geometry or wrench estima-
tion, a minimum tension f ′

mi n = 30N is considered for the computation of the FD.

Paths 1 (Tests 11–15) and 2 (Tests 21–24) are symmetric with respect to the same
plane the workspace volumes shown in Figure 3.14 are symmetric to. This means that
the behavior of the controller is the same if applied in the same conditions with differ-
ent force-controlled cables: by executing movements in the volume shown in Figure
3.14(b) by force-controlling cables 7,8 or movements in the volume shown in Figure
3.14(a) by force-controlling cables 5,6 the obtained results are indeed similar. In this
situation, the average percentage error of the actual cable forces compared to the de-
sired ones is always less than 10% for movements that involve EE velocity and accelera-
tions approximately up to 4.5m/s and 65m/s2. This is also valid for some motions with
higher dynamics (for Test 24, the values of i d2 on cables 5 and 6 are 7.7% and 9%). In
other cases (Tests 14 and 15), by reaching higher velocities and accelerations, the pre-
cision in tracking the desired cable tensions of force-controlled cables slightly drops:
the maximum average percentage error is in cable 7 during Test 15, where i d2 = 17%.
In general, the error in the actual cable forces compared to the desired ones is similar
to that obtained in the IPAnema 3 Mini (see Section 5.1.2.1), but it is higher than the
one gained during the tests on the two-cable test bench (see Section 5.2), where i d2

was always less than 6%. This drop in the controller precision is justified by higher
system complexity, higher dynamics tested, and higher modeling errors. In particu-
lar, it is impossible to model the dynamics of the electric cable necessary to power
the force sensors mounted on the EE (see Figure 4.17). This is the main reason for
not executing tests with higher motion dynamics with EE-2 mounted on the CORHDA.
In fact, the risk of breaking the electric cables and the load cells increases when the
movements become faster, and the results obtained are highly influenced by the ex-
perimental setup itself, which makes the tests useless. For example, a different real FD
can arise from a different external wrench on the EE due to the electric cable dynamics.
This way, the lack of precision of cable forces in the length-controlled cables could be
due not to the controller itself but to a different FD (unpredictable) from the theoretical
one. Moreover, the higher mass of EE-2 compared to the one of EE-1 does not allow it
to reach the accelerations for which it was originally developed the robot (see Section
4.1). It was empirically noticed that the maximum accelerations possible with EE-2 are
approximately between 140m/s2 and 150m/s2. Only Test 15 involves velocities and ac-
celerations higher than 6m/s and 110m/s2. For faster movements, see Section 5.3.3. As
expected, the highest values of i d2 (38.5% for cable 6) and i d1 (12.9N for cable 2) arise
in this situation. A similar average percentage error is also obtained in Test 24 even if
slightly lower dynamics are involved, and, in this case, the tracking of the desired ten-
sions in the force-controlled cables is good, with an average percentage error of forces
in cables 5 and 6 lower than 10%. This suggests that even velocities and accelerations
in the order of 4.5m/s and 65m/s2 can affect the obtained results due to modeling im-
precisions. However, the HC-e controller allows cable force tracking, which is much
better than the one obtained with the IKC, where the average percentage errors are al-
ways much higher by reaching values up to 50% (Test 11 on cable 5, Test 23 and 24 on
cable 7).

The errors of the real cable forces compared to the desired ones produce tensions
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that often drop under the desired lower limit ( fmi n = 20N) with IKC. For example, in
Tests 15, 21, 22, 23, and 24, one force is always lower than fmi n for more than the 60%
of time (value of i d3), and, in general, in all trajectories there are at least two cable ten-
sions that drop under the limit. On the contrary, when the HC-e controller is applied
for slow motions, the wire forces are always higher than the given limit. For higher mo-
tion dynamics, when tensions drop under fmi n , the time for which they stay under the
limit is appreciably shorter compared to the case using the IKC. The worst case is for
cable 5 in Test 15, where the force is lower than 20N for 30.6% of the time. Moreover,
the average difference between the actual forces under the lower limit and the limit
itself is sensibly less when the HC-e controller is used (see values of i d4). For example,
in Test 23, when the IKC is used, the force on cable 7 drops under 20N for 51.2% of the
time, and the average force value is 12.4N lower than fmi n .

Tests 31–33 analyze the influence of changing the pair of force-controlled cables.
The change is commanded in 60ms by choosing δ= 0.053 in Eq. (3.9). This value was
tuned through experimental tests based on the previous experience acquired on the
IPAnema 3 Mini. From the analysis of the data in Tables 5.27–5.29, we can notice that

Figure 5.18: Cable forces obtained by the execution of Tests 31 (left column) and 32
(right column) with the IKC when the lower force limit for the computation of the FD
is fmi n = 50N.

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
Test 31 32 31 32 31 32 31 32

cable 1 41.8 41.6 42.7 46.5 23.9 32.5 5.2 4.9
cable 2 49.8 47.2 47 49.3 21.1 28.3 4.1 3.4
cable 3 46.4 44.8 44.8 47.6 23.9 31 5.4 4.4
cable 4 50.4 47.5 48 49.3 22.4 28.5 5.3 3.4
cable 5 47.4 44 55.9 54.5 31.6 40.3 13.3 12.7
cable 6 47.6 46.2 49.2 55.7 29 37.3 12.5 11.9
cable 7 49.8 46.5 53.5 55.6 35 39.6 13.4 13.2
cable 8 48.8 48.6 53.1 56.4 29.2 44.9 13.2 13.5

Table 5.17: Values of indices in Eqs. (5.1)–(5.5) for the forces shown in Figure 5.18.
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the change of the pair of cables to be force-controlled does not influence the controller
performances. In particular, the tracking of the desired wire tensions is optimal during
tests 31 and 32, where average errors always lower than 11% arise, even on the length-
controlled cables. Slightly higher errors (up to 19.3%) can be seen in Test 33. These
errors are aligned with the ones obtained in Tests 11–24. The difference is that the er-
rors are approximately spread on all wires, while when the force-controlled cables are
assigned, errors on them are usually smaller. The higher force-tracking inaccuracies in
Test 33 compared to Tests 31 and 32 produce forces under the limit for almost all ca-
bles. However, the time for which the forces stay under fmi n is always very low (i d3 is
always under 5%), and the average value of the drop under the limit is small (i d4 is al-
ways lower than 1.4N). Beyond the controller performance itself, its comparison with
the IKC, in this case, is very interesting. In fact, the performance indices are always
high for Tests 31–33 when the IKC is applied. Especially during tests 31 and 32, cables
from 5 to 8 become visibly slack, influencing the pose of the EE. For example, during
Test 31, the tensions on these cables drop under fmi n for 40%−50% of time, and the
average value of force under the limit is for all wires between 13.8N and 14.8N lower
than fmi n . When the cables become visible slack, the force measured by the load cells
is almost zero (see Figure 5.38). To verify if it is possible to avoid this problem with
the IKC, some tests with a higher lower limit for the computation of the optimal FD
( f ′

mi n = 50N instead of 30N) were executed. The results are shown in Figure 5.18 and in
Table 5.17. The minimum force shown in the charts and used to compute the indices
is still fmi n = 20N . In this case, the behavior of the EE is even worse than the previ-
ous one since the wires still become slack at the same point of the trajectory, and cable
forces also overcome the higher limit ( fmax = 350N) when the EE is near the workspace
border. This proves that even by increasing fmi n , it is impossible to guarantee that the
tensions stay within the given limits without any control over them.

Tests 41–44 are executed on an elliptical path. Even in this case, we obtain much
better results with the HC-e controller. With IKC for any motion law, many cable forces
drop below the lower limit for more than 30% of time. In particular, during Test 41,
cable 8 becomes almost slack: its value of i d4 is 13.2N, which is similar to the ones ob-
tained in Test 31. Here, the change of the force-controlled cables has a more marked
effect, especially when the switch is from cables 5,6 to 7,8. In this case, for the slowest
trajectory (Test 41), there is a clear and sudden jump of the force on wire 7, which pro-
duces a small step during the EE motion (similar to what happened on the IPAnema 3
Mini, see Figure 5.10). For faster movements, this unwanted behavior is less present.
In Test 44, it is, in practice, invisible. This suggests that a smoother switch of the force-
controlled cable pair is more effective when executing slow movements. The result of
this smoother change could be an error in the cable forces with a longer duration, but
its effect on the overall is negligible, as it happened on the IPAnema 3 Mini (Figure
5.1.3). Smooth changes of the pair of force-controlled cables are, instead, not neces-
sarily suitable for faster motions.

Tests 51–54 involve a rectilinear path and changes in the platform orientation. As
described at the beginning of this Section, the pair of cables to be force-controlled
is still chosen according to the workspace characterization introduced in Figure 3.14.
Even if it is not guaranteed that cables 5,6 are still the best to be force-controlled, the
obtained results are similar to those of Tests 11–24. In particular, for slower motions,
the HC-e controller is capable of maintaining the wire tensions over the lower limit
for all the time (i d3 is always zero in Test 51), while for faster movements, some cable
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forces go below fmi n . However, even for the faster trajectory (Test 54), the worst case is
represented by cable 7, which is taut with less than 20N only for 13.6% of the time. Even
when velocities and accelerations approximately up to 6m/s and 100m/s2 are reached,
the force tracking is still good with a maximum average percentage error lower than
14% in the force-controlled cables, and lower than 36% in the length-controlled wires
(see values of i d2 for Test 54). In any case, the results gained with the HC-e controller
are better than the ones obtained with the IKC, demonstrating the effectiveness of the
HC-e controller even when the pair of force-controlled cables is chosen according to a
simplified model.

Especially from Tests 31–33 and 41–44, a general behavior can be inferred: the be-
havior of the HC-e controller tends to get worse for higher velocities and accelerations.
However, the same is not true for the IKC. In fact, in many situations, the more marked
difference between the IKC and the HC-e controller is visible for slower motions. This
is interesting and unexpected. The reason is probably related to the higher complexity
of the HC-e controller, which is influenced by the errors in the models used to describe
and control the manipulator. This problem is more visible when fast movements are
involved also because the effect of the electric cables used to power the load cells is
not considered in the mathematical description of the robot dynamics. Also, higher
errors in the estimations of the external wrench acting on the EE arise. Moreover, the
work of the high-level PID (see Figure 3.15(a)) is more difficult since the desired FE has
a higher rate of change, making it more difficult to design a controller capable of fol-
lowing it. Differently, the IKC can never be precise in applying the correct cable forces,
so it is less influenced by the higher model inaccuracies. However, this does not mean
that the use of IKC is motivated since there is no test in which the IKC is better than the
HC-e controller; on the contrary, there are situations in which the IKC is not suitable
to properly control the CDPR due to its impossibility of guaranteeing to maintain the
cables taut (Test 31, 32, 41).

The analysis introduced in this Section shows that the HC-e controller developed
in Chapter 3 is suitable for the CORHDA to control the cable forces in such a way as
to guarantee to maintain cables taut without the need for direct force feedback. The
controller works very well for slower movements by assuring that the wire forces are
always higher than the given limits. For faster movements, the results are less accurate,
but the time for which the forces drop below the predefined limit and the average value
of the drop itself below fmi n are always lower than the ones obtained by applying the
IKC, which is the only other analyzed controller that does not exploit force sensors.
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Figure 5.19: Trajectory executed during Test 11 (see Table 5.16).

Figure 5.20: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.19 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 7.4 2.4 17 6.1 0 0 0 0
cable 2 4.7 1.4 10.9 3.3 0 0 0 0
cable 3 5.5 1.8 12.3 3.8 0 0 0 0
cable 4 7.6 2.5 16 5.5 0 0 0 0
cable 5 15 1.7 50 5.5 24.5 0 3.7 0
cable 6 8.2 2.5 27.2 8.5 37.5 0 6.2 0
cable 7 12.1 1.1 28.7 2.6 19.4 0 4.3 0
cable 8 12.3 2.3 30.6 5.3 27 0 9.4 0

Table 5.18: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.20. The
force-controlled cables are highlighted in bold.
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Figure 5.21: Trajectory executed during Test 12 (see Table 5.16).

Figure 5.22: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.21 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 5.9 2.7 13 6.7 0 0 0 0
cable 2 4.3 1.9 9.7 4.5 0 0 0 0
cable 3 5.1 1.3 11 2.7 0 0 0 0
cable 4 6.3 2.1 12.8 4.5 0 0 0 0
cable 5 11.7 2 39 6.7 19.5 0 4.5 0
cable 6 7.1 1.8 23.8 6.1 32.4 0 6.3 0
cable 7 9.6 1.9 22.3 4.1 12.2 0 4.9 0
cable 8 10.8 2.6 24.9 5.7 17.3 0 7.5 0

Table 5.19: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.22. The
force-controlled cables are highlighted in bold.
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Figure 5.23: Trajectory executed during Test 13 (see Table 5.16).

Figure 5.24: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.23 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 8.7 6.2 19.7 14 0 0 0 0
cable 2 5.9 4.1 13 9.7 0 0 0 0
cable 3 6.6 2.7 12.6 5.2 0 0 0 0
cable 4 8.9 3.5 16.7 6.6 0 0 0 0
cable 5 8.8 5.1 29.2 17.1 12.8 2.6 6.4 1.5
cable 6 7.9 5 26.3 16.6 28.5 2 4.2 1
cable 7 6.8 3.3 15.2 7.1 0 0 0 0
cable 8 11.6 3.9 24 8.4 7.7 0 5 0

Table 5.20: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.24. The
force-controlled cables are highlighted in bold.
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Figure 5.25: Trajectory executed during Test 14 (see Table 5.16).

Figure 5.26: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.25 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 9.2 9.3 18.9 19 0 0 0 0
cable 2 8.4 9.2 17.3 21 0 0 0 0
cable 3 8 7.3 13.4 12.9 0 0 0 0
cable 4 9.5 5.5 16.1 9.9 0 0 0 0
cable 5 8 8 25.8 25.4 9.1 5.6 3.2 2.9
cable 6 7.5 8.2 23.1 25.9 18.6 6.3 4.3 2.4
cable 7 9.8 6.8 20.4 15.5 0 0 0 0
cable 8 12.4 6.1 22.5 13.3 0 0 0 0

Table 5.21: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.26. The
force-controlled cables are highlighted in bold.
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Figure 5.27: Trajectory executed during Test 15 (see Table 5.16).

Figure 5.28: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.27 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 21.1 12.1 39.9 24.3 23.7 0 2.4 0
cable 2 17.5 12.9 32.9 27 12.5 0 1.7 0
cable 3 26.6 9.9 33.8 12.7 0 0 0 0
cable 4 27.4 8.2 34.9 10.2 0 0 0 0
cable 5 9 10.7 29.6 34.9 29.5 30.6 4.1 4.4
cable 6 12.8 11.9 42.3 38.5 68.6 21.3 6.1 7.1
cable 7 25.5 11.8 33.1 16.3 0 0 0 0
cable 8 26.1 11.6 32.7 15.5 0 0 0 0

Table 5.22: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.28. The
force-controlled cables are highlighted in bold.
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Figure 5.29: Trajectory executed during Test 21 (see Table 5.16).

Figure 5.30: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.29 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 25.2 4.5 32.2 6.4 0 0 0 0
cable 2 16.8 1.4 26.1 1.8 0 0 0 0
cable 3 11.7 1.9 27.8 4.1 26.4 0 3.4 0
cable 4 13.1 2.8 24.9 6.5 0 0 0 0
cable 5 23.3 1.5 30.3 2.1 2.8 0 0.3 0
cable 6 21.9 2.9 32 4.1 14.2 0 1.8 0
cable 7 12.4 1.9 41.2 6.3 45.8 0 11 0
cable 8 13.5 2.2 44.9 7.5 61.3 0 8.3 0

Table 5.23: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.30. The
force-controlled cables are highlighted in bold.
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Figure 5.31: Trajectory executed during Test 22 (see Table 5.16).

Figure 5.32: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.31 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 24 4.8 30.9 6.9 0 0 0 0
cable 2 15.4 1.8 23.5 2.5 0 0 0 0
cable 3 11.4 1.6 25.8 3.4 16.3 0 2.7 0
cable 4 12.7 3.1 24.8 6.9 0 0 0 0
cable 5 23.8 2 32 2.7 13.9 0 0.8 0
cable 6 20.5 3.6 28.9 5 4.9 0 0.8 0
cable 7 13.8 2.8 45.9 9.4 45.6 0 12 0
cable 8 13.7 2.8 45.7 9.3 63.6 0 8.4 0

Table 5.24: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.32. The
force-controlled cables are highlighted in bold.
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Figure 5.33: Trajectory executed during Test 23 (see Table 5.16).

Figure 5.34: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.33 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 26.7 6.2 35.6 8.2 0 0 0 0
cable 2 19.2 3.2 26.5 4.5 0 0 0 0
cable 3 12.6 5 25.1 10.5 3.1 0 1.5 0
cable 4 14.7 4.7 29.9 9.6 5.7 0 0.6 0
cable 5 21.5 2.3 31 3.2 6.8 0 3.1 0
cable 6 20.2 4.3 26.5 5.9 0 0 0 0
cable 7 15.7 7.3 52.3 24.5 51.2 22.7 12.4 1.5
cable 8 13.3 6.3 44.3 21.1 66 1.6 7.2 0.8

Table 5.25: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.34. The
force-controlled cables are highlighted in bold.
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Figure 5.35: Trajectory executed during Test 24 (see Table 5.16).

Figure 5.36: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.35 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 26 10.5 34.7 13.6 0 0 0 0
cable 2 18.9 7.6 24.6 10.1 0 0 0 0
cable 3 14.5 9.3 26.7 19.7 0 0 0 0
cable 4 14.7 9.5 29.7 19.8 14 0 1.1 0
cable 5 20.5 5.2 30.2 7.7 3.5 0 0.7 0
cable 6 15.8 6.3 19.5 9 0 0 0 0
cable 7 15.3 11.5 51 38.3 49.3 28.1 11.4 6.9
cable 8 12.4 9.5 41.2 31.8 61.4 29.1 6.6 4.4

Table 5.26: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.36. The
force-controlled cables are highlighted in bold.
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Figure 5.37: Trajectory executed during Test 31 (see Table 5.16).

Figure 5.38: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.37 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 24.7 2.1 40.7 3.3 34.9 0 6.3 0
cable 2 25.8 5.4 41.8 6.9 34.3 0 5.8 0
cable 3 26.2 3.3 41 4.3 33.7 0 5.7 0
cable 4 26.1 5.4 40.7 7.2 33.8 0 5.3 0
cable 5 26.6 2.2 54.8 5.3 42.3 0 13.9 0
cable 6 25.3 3.8 50.8 7.3 46.7 0 13.8 0
cable 7 28.9 3.3 55.8 7.2 43.3 0 14.8 0
cable 8 28.7 3.5 54.7 5.6 50.6 0 13.9 0

Table 5.27: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.38. The
force-controlled cables are highlighted in bold.
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Figure 5.39: Trajectory executed during Test 32 (see Table 5.16).

Figure 5.40: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.39 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 24.9 4.4 44.4 7.5 41.7 0 4.9 0
cable 2 25.5 5 44.9 7.2 40.8 0 4.6 0
cable 3 25 4.4 43.4 6.9 39.6 0 4.3 0
cable 4 25.3 4.7 44 7 40.2 0 4.4 0
cable 5 25.5 4.4 56.1 10.1 50.5 0 12.3 0
cable 6 25.2 4.8 54.5 9.9 56.7 0 12.2 0
cable 7 26.2 4.8 55.5 10.8 51 0 12.3 0
cable 8 26.8 5.4 57.3 10.6 61.4 0 12.1 0

Table 5.28: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.40. The
force-controlled cables are highlighted in bold.
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Figure 5.41: Trajectory executed during Test 33 (see Table 5.16).

Figure 5.42: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.41 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 20 7 39.1 14.3 23 2.6 2.6 1.4
cable 2 18.1 8.4 35.5 16.3 19.2 1.2 2.5 1
cable 3 17.2 7.8 35 15.1 14.5 1.7 2 0.7
cable 4 17.7 8.3 36 16 16.1 1.7 2.2 0.7
cable 5 17.5 6.4 44 17.9 42.9 4.5 10.4 1.1
cable 6 18.8 6.6 46.7 17.2 44.2 0 11.6 0
cable 7 17.4 6.4 45.1 16.9 42.8 0.3 11 0.1
cable 8 18.3 7.5 48 19.3 51.5 3.5 9.8 0.4

Table 5.29: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.42. The
force-controlled cables are highlighted in bold.
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Figure 5.43: Trajectory executed during Test 41 (see Table 5.16).

Figure 5.44: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.43 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 23 1.4 42 2.8 34.9 0 4.3 0
cable 2 20.8 2.5 40.1 4.3 26.6 0 6.2 0
cable 3 19.3 2.3 39.6 3.6 30.8 0 5.3 0
cable 4 20.6 3.1 40.1 5.7 37.9 0 4.6 0
cable 5 21.3 1.4 48.8 4 44.9 0 11.4 0
cable 6 22.3 3.1 52.1 7.1 53.7 0 11.3 0
cable 7 18.7 1.8 46.7 4.7 50.6 0.9 11.2 4.4
cable 8 22.8 3.1 57.2 6.1 59.6 0 13.2 0

Table 5.30: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.44. The
force-controlled cables are highlighted in bold.
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Figure 5.45: Trajectory executed during Test 42 (see Table 5.16).

Figure 5.46: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.45 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 22.3 2.8 42.3 5.8 29.9 0 3.9 0
cable 2 20.8 3.1 41 6.4 34.1 0 4.3 0
cable 3 18.8 3.7 40 6.9 29.7 0 4.4 0
cable 4 20.3 3.4 41.9 6.4 38.3 0 4.7 0
cable 5 20.8 2.9 48.1 7.9 45.6 0 10.5 0
cable 6 21.1 4.3 50.2 11.8 54 0 9.8 0
cable 7 17.3 3.2 45.2 8.6 53 1.9 9.2 1.3
cable 8 20.3 4.7 54.5 10.9 60.4 0 11.6 0

Table 5.31: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.46. The
force-controlled cables are highlighted in bold.
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Figure 5.47: Trajectory executed during Test 43 (see Table 5.16).

Figure 5.48: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.47 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 20.5 3.3 46.6 7.8 33.7 0 3.9 0
cable 2 20.3 2.7 46.2 6.2 4 0 0.1 0
cable 3 17.6 3.7 40.4 8.6 3.8 0 1 0
cable 4 21.4 3.3 49.1 7.6 31.9 0 3.7 0
cable 5 15.3 3.6 43.8 11.1 50.3 0 9.4 0
cable 6 18.2 4.2 51.3 12.8 73.1 0 7.4 0
cable 7 16.8 4.3 46.1 13.1 60.5 0 6.5 0
cable 8 18.1 4 53.7 11.4 68.9 0 7.2 0

Table 5.32: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.48. The
force-controlled cables are highlighted in bold.
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Figure 5.49: Trajectory executed during Test 44 (see Table 5.16).

Figure 5.50: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.49 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 19.9 5 43.1 10.4 24.2 0 4.3 0
cable 2 20 5.8 43.1 12.6 17.7 0 3 0
cable 3 16.7 4.9 35.2 10.2 0 0 0 0
cable 4 21.2 7.2 45.6 15.4 33 0 3 0
cable 5 11.9 5.8 35.4 14.3 44.7 0 8.4 0
cable 6 12.2 6.4 37.1 16.8 54.2 0 6.9 0
cable 7 16 7.4 42.5 22.1 49.5 4 7.7 1.2
cable 8 13.6 7.1 39.6 20.4 54.2 6.5 6.2 3.1

Table 5.33: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.50. The
force-controlled cables are highlighted in bold.
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Figure 5.51: Trajectory executed during Test 51 (see Table 5.16).

Figure 5.52: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.51 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 14.3 1.6 32.7 3.5 0.4 0 0.2 0
cable 2 15.8 2.3 33.6 5.7 12.6 0 1.7 0
cable 3 12.5 2.2 28.9 6.6 16.5 0 2.1 0
cable 4 13.7 2.9 37.5 7.9 28.5 0 1.8 0
cable 5 17.8 1.8 30.5 3.5 15.5 0 1.5 0
cable 6 23.2 2 46.4 3.4 47.3 0 2.2 0
cable 7 11.7 2.4 37.7 7.5 67.5 0 4.3 0
cable 8 19.4 3.4 58.6 8.4 67.2 0 12.8 0

Table 5.34: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.52. The
force-controlled cables are highlighted in bold.
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Figure 5.53: Trajectory executed during Test 52 (see Table 5.16).

Figure 5.54: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.53 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 15.1 2.2 35.1 5 0 0 0 0
cable 2 15.5 2.6 33.1 6.3 5.5 0 0.4 0
cable 3 13.1 2.8 31.1 7.6 12.3 0 1.5 0
cable 4 14.6 2.6 40.3 7.2 39.9 0 1.3 0
cable 5 17.6 1.9 31.9 3.6 10.3 0 1.4 0
cable 6 22.8 2.7 47 4.8 45.8 0 4.2 0
cable 7 13.3 2.1 43.8 6.9 73.7 0.6 5.5 0.1
cable 8 17.7 3.6 54.8 9.4 65.3 0 12 0

Table 5.35: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.54. The
force-controlled cables are highlighted in bold.
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Figure 5.55: Trajectory executed during Test 53 (see Table 5.16).

Figure 5.56: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.55 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 18.1 4.6 40.8 10.5 13.6 0 2.8 0
cable 2 17.2 4.7 38.6 10.8 12.6 0 2.3 0
cable 3 14.5 6.8 36.5 18 31.4 0 2.4 0
cable 4 15.8 2.7 44.5 7.7 65.1 0 2.7 0
cable 5 17.9 3.2 36 6.5 28 0 6.6 0
cable 6 23.5 3.7 48.4 7.5 44.8 0 4.7 0
cable 7 13.1 6.3 42.7 20.4 66.4 13.6 5.8 2.4
cable 8 17.9 5.9 54.9 16.9 67.1 3.5 10.5 0.8

Table 5.36: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.56. The
force-controlled cables are highlighted in bold.
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Figure 5.57: Trajectory executed during Test 54 (see Table 5.16).

Figure 5.58: Desired (dashed lines) and measured (solid lines) cable forces during the
execution of the trajectory in Figure 5.57 with IKC (left column) or HC-e (right column).
fmi n = 20 N and fmax = 350 N are the desired bounds of the cable tensions (red hori-
zontal lines).

i d1 [N] i d2 [%] i d3 [%] i d4 [N]
IK HC IK HC IK HC IK HC

cable 1 18.9 8.2 38.2 17.4 14 2.2 4.8 1.7
cable 2 16.5 9.8 34.9 20.7 13.6 0 4.6 0
cable 3 13.8 15 28.7 35.9 16.6 0.9 3.9 0.4
cable 4 15.1 5.7 41.7 15.9 44.3 7.1 3.9 6.4
cable 5 19 6.6 36.1 13.1 28.3 0 6.3 0
cable 6 19.1 6 37.7 11.9 11 0 3.9 0
cable 7 12.2 10.4 33.9 26.5 36.5 13.6 6 4.4
cable 8 15.2 8.6 44.8 25.9 54.6 12.3 8.5 1.6

Table 5.37: Values of indices in Eqs. (5.1)–(5.4) for the forces shown in Figure 5.58. The
force-controlled cables are highlighted in bold.
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5.3.2 Evaluation of robot precision and repeatability

The tests executed on the CORHDA to evaluate the precision and repeatability of the
manipulator when the HC-e controller is exploited differ from those performed on the
IPAnema 3 Mini. This is due to the lack of a laser tracker like the one at the Fraunhofer
Institute for Manufacturing Engineering and Automation (IPA) in Stuttgart. For this
reason, a different strategy to conduct the experiments was adopted.

First, an aluminum plate with many holes was designed with very strict tolerances.
It was mounted in the robot workspace at a vertical position slightly under the points
in which the precision of the manipulator must be measured. The tolerated holes in
the plate were designed so that the measurement group shown in Figure 5.59 can be
mounted in each one. The measurement group comprises a piston sliding in a body
with a cylindrical bore. On the upper surface of the piston, two graduated axes are en-
graved. Their center is point Q in Figure 5.59(a). The reference point in the CORHDA
EE is P in Figure 5.60, located below the EE bottom plane, with an offset similar to the

(a)

(b)

Figure 5.59: Measurement group (a), and examples of its mounting positions on the
aluminum plate (b). Q is the point used to define the target pose.
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Figure 5.60: EE-2 in the configuration used for the positioning accuracy tests. P is the
reference point for which positioning errors are measured.

one that will be necessary to perform the pick-an-place task in the future (see Section
4.1). EE-2 is used during these tests. At the beginning of the test, the piston upper sur-
face is below the upper surface of its sleeve. Then, the EE is moved by commanding P
to coincide with point Q with an orientation R = I3. Then, the piston of the measure-
ment group is moved until its upper surface comes into contact with P, as shown in
Figures 5.61 and 5.62. The vertical error ∆y (in the direction of gravity, i.e., y) is mea-
sured with a caliber as the distance between the piston upper surface and the sleeve
upper surface. The errors in the plane xz (∆x and ∆z) are the Cartesian distances be-
tween points P and Q (see Figure 5.62). An error of ±0.1mm affects the measurements
in the y direction (precision of the caliber), while for the measurements in the plane,
an error of ±0.25mm is considered realistic.

Figure 5.61: Example of a pose commanded to the EE for the measurements of the
robot precision.
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(a) Error along y axis (b) Error along x and z axes

Figure 5.62: Measurements executed for estimating the robot accuracy in every mount-
ing position of the measurement group in the aluminum plate.

As in the tests performed on the IPAnema 3 Mini, only the positioning accuracy is
measured since this is the most meaningful one for pick-and-place operations.

As shown in Figure 5.59, the measurement group can be mounted either directly on
the aluminum plate or at a different height with the help of some calibrated columns.
This way, three layers of reference points with the same positions in the xz plane and
three different heights can be obtained. As shown in Figure 5.63, this set of 71 points is
approximately spread in the task workspace shown in Figure 4.6.

The EE was brought to the target pose three consecutive times for every mounting
position of the measurement group, i.e., for every point among those shown in Figure
5.63. Every time, the error ϵ in the position of point P compared to Q was measured.
The repeatability is measured by computing the standard deviation ζ of the errors ϵ

over the three consecutive measurements executed on each target pose. Results are
shown in Table 5.38. The maximum errors along the Cartesian axes are always lower
than 7mm, and the average ones are lower than 4mm. For the overall error in the po-

Figure 5.63: Chosen points for the evaluation of the CORHDA precision.
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Table 5.38: The CORHDA accuracy with the HC-e controller is obtained by measuring
the positioning errors (ϵ) of the robot in the points shown in Figure 5.63. Along all
the axes, the maximum (subscript "max") and average (overline) errors are listed. The
same is done for the standard deviation of the executed measurements (ζ), which is
used to evaluate the robot repeatability.

Direction x y z x y z

ϵmax [mm] 5.0 3.0 6.5 8.5
ϵ [mm] 2.47 1.37 3.73 5.05

ζmax [mm] 0.5 0.4 0.5 0.5

ζ [mm] 0.26 0.12 0.25 0.36

sitioning of the robot EE, the maximum value is 8.5mm, while the average is equal to
5.05mm. These errors are higher than those obtained on the IPAnema 3 Mini. This is
justified by the larger workspace of the CORHDA and by the fact that some points near
its border were also considered. The same was not true on the IPAnema 3 Mini, for
which the trajectories tested were all near the center of the workspace, where the cable
tensions are lower and the errors due to the wire elongations are less important.

The values listed in Table 5.38 can be considered acceptable if the manipulated ob-
jects have dimensions in the order of hundreds of millimeters (e.g., 150–300mm). How-
ever, the products that the CORHDA should handle in the bin-picking cell are smaller,
so a higher accuracy of the manipulator is required. To do so, it will be necessary to cal-
ibrate the robot geometrical parameters since, at the moment, the theoretical values of
the robot geometry taken from its CAD model are used to solve its kinematics. These
data do not consider imprecision during the manipulator construction and assembly.
In general, a calibration of the geometrical parameters of a CDPR is necessary for its
application in an industrial environment, and the CORHDA is no exception [154–160].

By analyzing how the positioning errors evolve in the workspace (see Figures 5.64
and 5.65), we can observe that the manipulator is more precise near the center of the
workspace, as expected. This is true for the overall error (Figure 5.64), but also for the
errors along the Cartesian axes (Figure 5.65). In particular, we notice that the errors
along x, y, and z increase in a certain direction. For example, the error along the x

Figure 5.64: Overall error committed by the CORHDA on the set of points shown in
Figure 5.63.
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axis increases in the positive direction when the manipulator is moved to higher x co-
ordinates and increases in the negative direction when the robot is moved to lower x
coordinates. Similar considerations hold for the other axes. It is natural to think that
this behavior is related to the already-mentioned imprecision in the geometry of the
manipulator. For this reason, the idea that the robot accuracy will increase with the
calibration of its geometrical parameters is justified.

(a) Error along the x axis

(b) Error along the y axis

(c) Error along the z axis

Figure 5.65: Errors along the axes committed by the CORHDA on the set of points
shown in Figure 5.63.
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Table 5.38 also shows that the CORHDA repeatability is approximately one order of
magnitude smaller than its precision, as for the IPAnema 3 Mini. However, we must
observe that, during the successive measures executed for every point, the same errors
were often recorded, which means that the measure differences were smaller than the
precision of the measurement instruments. For this reason, values of repeatability at
least equal to 0.25mm and 0.1mm were considered respectively for the measures in the
plane xz and along the y axis. For pick-and-place operations, these values of repeata-
bility are deemed to be acceptable

5.3.3 Evaluation of the robot dynamics capabilities

In Section 5.3.1, many movements involving different velocities and accelerations were
tested using EE-2 mounted on the robot. The real cable forces acting on the wires
were measured, but reaching the maximum velocities and accelerations for which the
manipulator was originally developed was impossible. This is due to the higher mass
of EE-2 compared to EE-1.

To test if the robot is actually capable of reaching the required maximum dynamics
(see Section 4.1, a few tests were conducted with EE-1 mounted on the robot reaching
linear velocities and accelerations up to 9m/s and 250m/s2. In this case, it is not pos-
sible to record cable forces, so motor torques are analyzed, as done on the test bench
with two cables (see Section 5.2, Figure 5.17).

To execute the experiments, a simple path similar to those used in Tests 11–24 (see
Table 5.16) is considered (see Figure 5.66). The difference with the paths shown in
Figures 5.19 and 5.29 is that the segment that defines the new path lies on the plane
of symmetry of the volumes in Figure 3.14. In particular, the path is included in both
volumes; this means that both the pair of cables 5,6 and 7,8 can be chosen to be force-
controlled. It was decided to control in force wires 7 and 8.

Different trajectories with increasingly higher dynamics were tested on the afore-
mentioned path. Velocities between 6.8m/s and 8.8m/s and accelerations between
153m/s2 and 255m/s2 were successfully tested

Figure 5.67 shows the desired and actual motor torques for the force-controlled
cables. The tracking of the desired motor torque is similar to the one observed in the
test bench with two cables (see Figure 5.17). As expected, for higher velocities and

Figure 5.66: Path used to test with the CORHDA movements up to 8.8m/s and 255m/s2.
The torques obtained in these cases are shown in Figures 5.67 and 5.68.
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Figure 5.67: Desired (dashed lines) and real (solid lines) torques on the motors con-
nected to the force-controlled cables when executing the path shown in Figure 5.66
with different dynamics up to 8.8m/s and 255m/s2.

Figure 5.68: Actual torques of all the motors when the path shown in Figure 5.66 is
traveled with the maximum dynamics possible (vmax = 8.88m/s and amax = 255m/s2).

accelerations, the torque tracking is less accurate, but the difference is rather small
when passing from 6.8m/s and 153m/s2 to 8.8m/s and 255m/s2. Some peaks of the
actual torques are higher, probably due to the necessity of using a more reactive high-
level PID controller (see Figure 3.15(a)) for such rapid changes in cable forces. The
desired and actual motor torques for the length-controlled cables are shown in Figure
5.68 for the fastest movement, which is the most complex case of study shown in this
thesis. The results shown in Figure 5.68 are considered acceptable, and this means
that the HC-e controller is assumed to be applicable even with EE accelerations up
to 250m/s2. The controller performance, particularly for very fast movements, can be
further improved with fine-tuning of the high-level PID controller (see Section 3.4.2).
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Chapter 6

Conclusions and outlooks

This thesis addressed the problem of designing a manipulator capable of executing
a bin-picking task requiring high productivity (i.e., approximately 100 pieces/min) in
collaboration with the company Marchesini Group S.p.a. After a preliminary analy-
sis, a Cable-Driven Parallel Robot (CDPR) was proposed for this application. The main
reason is the necessity of choosing a robot architecture with a low impact on the im-
age acquisition by a vision system, together with the capability of the manipulator to
operate with the required dynamics. The negligible dimensions of cables, if compared
to rigid elements commonly used in standard industrial robots, and the parallel archi-
tecture of this class of manipulators satisfy both requirements.

6.1 Main results

First, the literature regarding CDPRs was analyzed to choose the most suitable archi-
tecture for the task at hand. Due to the velocities and accelerations required by the
fast bin-picking task, an overconstrained CDPR with more cables than Degrees-Of-
Freedom (DOFs) was chosen. Since the bin-picking operation requires a manipulator
capable of controlling all DOFs of the End-Effector (EE), a robot with 8 actuated ca-
bles and 6 DOFs was chosen. The designed CDPR was called CORHDA: Cable-driven
Overconstrained Robot for Highly Dynamical Applications.

A CDPR with swivel pulleys was chosen to minimize friction in the kinematic chain
and wear of the wires. Since the architecture is overconstrained, for every EE pose,
there are ∞2 possible solutions to the inverse kinetostatic problem. Only those that
guarantee that all tensions remain within given limits are acceptable. Among these,
one optimal Force Distribution (FD) is computed based on the criterion of minimizing
the 2-norm of the cable tension array. This choice was made to minimize the motor
size.

Since no strict constraints existed on the manipulator workspace, an exemplary
bin-picking task was defined for developing the CORHDA prototype. The latter di-
mensions were chosen based on guidelines given by Marchesini Group. The dynamics
the manipulator must satisfy in terms of maximum velocity and acceleration were es-
timated based on the assigned task. This allowed the mechanical design of the robot
winches, swivel pulleys, and EE.

Once the FD is computed for a given EE pose, it is necessary to control the manipu-
lator to apply the correct cable tensions. Many research works are related to this topic
in the literature, but all require force sensors. On the contrary, this thesis suggested to
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extend the Hybrid Control (HC) introduced in [125, 126] without using any force sen-
sor (HC-e controller). The HC requires some cables to be controlled in force and the
others to be controlled in length. The proposed solution was first implemented on the
IPAnema 3 Mini robot at the Fraunhofer Institute for Manufacturing Engineering and
Automation (IPA) in Stuttgart. The controller was then applied to the CORHDA proto-
type. In both cases a friction torque model of the robot kinematic chain was developed.
An innovative approach to control the Following Error (FE) of the motors connected to
the force-controlled cables was introduced instead of using the motor torque mea-
surements. To do so, a model for correlating the motor torque to the FE when a pure
proportional controller is used in the velocity loop at the drive level was introduced.
Based on the aforementioned models, the full control schemes for the IPAnema 3 Mini
and the CORHDA were developed, and an extensive experimental campaign was con-
ducted on both robots.

The tests on the IPAnema 3 Mini involved slow motions and proved that the HC-e
controller performance is comparable to other control methods using force sensors. As
expected, the tracking of the desired tensions on the force-controlled cables obtained
with the HC-e controller is slightly worse compared to control architectures using force
sensors in the feedback loop. The maximum average percentage error is 1.7% with load
cells and 10% without them. However, these errors do not greatly influence the overall
FD, since the maximum average percentage error of the forces for length-controlled
cables is 24.4% with load cells and 24.3% without them. These values are similar even
when the online change of the pair of wires to be force-controlled is experimented.
If compared with a pure inverse kinematic controller (IKC) that does not exploit force
sensors, the HC-e controller is much better, since it guarantees that all tensions remain
within the predefined limits for almost all the time, while with the IKC they often drop
under the required minimum force. The HC-e controller performance in maintaining
the wire tensions between the given limits is also similar to that of the Nullspace Con-
trol (NC) method proposed in [128]. Moreover, the HC-e controller did not influence
the IPAnema 3 Mini precision and repeatability.

The HC-e controller was tested on the CORHDA prototype to evaluate its applica-
bility in faster movements than those performed on the IPAnema 3 Mini. The results
obtained were still very good. For motions involving maximum velocities and acceler-
ations approximately up to 4.5m/s and 65m/s2, the performances of the controller are
similar to those seen on the IPAnema 3 Mini in terms of force tracking and maintain-
ing cable forces within given limits. It is observed a slight drop in its performance for
faster motions, which could also be caused by the experimental setup. However, even
in this case, the results are good and much better than those gained with the IKC that
uses the same hardware. In all the aforementioned tests, load cells were used not to
control the robot, but to measure cable tensions for validation sake. Movements with
maximum velocities and accelerations between 6.8m/s, 153m/s2 and 8.8m/s, 255m/s2

were experimented without load cells (the latter could not be used for these dynamics,
due to hardware limitations). In this case, motor torques were recorded instead. The
feasibility of these movements proved the suitability of the CORHDA prototype and the
HC-e controller for velocities and accelerations required by the fast bin-picking task.
Finally, the precision and repeatability of the CORHDA (with the HC-e controller) were
evaluated. The robot maximum and mean positioning errors were 8.5mm and 5mm,
respectively, with a maximum and mean repeatability of 0.5mm and 0.36mm. Though
the CORHDA repeatability is acceptable, the robot is not yet precise enough to exe-
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6.2. Open Issues

cute the bin-picking task. However, we expect positioning precision to be significantly
increased after a suitable calibration of the geometrical parameters will be carried out.

6.2 Open Issues

The robot described in this thesis is the first prototype developed to demonstrate the
applicability of an overconstrained CDPR for executing fast bin-picking tasks and for
testing the HC-e controller proposed in Chapter 3. The good results obtained with this
work are the starting point for the fine development of the bin-picking cell for which
the robot is developed.

The EE of the manipulator will be modified to make the robot capable of executing
pick-and-place operations. A sucker connected to a vacuum ejector will probably be
used, so a suitable strategy to bring the compressed air to the EE will be studied. During
this stage the method introduced in Section 4.2 will be used to redesign the attachment
points of the EE based on the final task (i.e., the final workspace dimensions) that will
be assigned to the robot.

The performance of the HC-e controller is already very good based on the data
acquired during the experimental tests. However, when the final EE of the robot will be
designed, a fine-tuning of the parameters of the high-level PID in the force control loop
of the HC-e controller will be carried out. This could further improve the performance
of the control strategy, especially for very fast movements of the EE.

Once the final geometry of the frame and the EE will be defined, a calibration of the
geometric parameters of the manipulator will be performed to improve its accuracy.

Finally, the robot will be integrated with the vision system in the bin-picking cell.
Based on the information coming from the vision system about the pose of the prod-
ucts to be taken, a suitable picking strategy and trajectory planning to satisfy the re-
quired productivity of the bin-picking cell will be defined.
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