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Abstract

This thesis presents a new approach towards the design of Cable-Driven-Parallel
Robots (CDPR). Typically, the design of such robots is not the main concern, whereas
in this work, an optimization of the design is carried out to minimize the consumed
energy during a given task. First, a simulation of a simple design, using a software
called CASPR, is performed to serve as a validation of the developed model. This latter
is then used in the optimization algorithm, where the objective function is the sum of
the maximum tensions during the performance of the task. The primary goal is to
determine the best design that requires the minimum resultant tensions in the cables
while the end effector is following a random trajectory within the achievable
workspace. The optimization algorithm aims at minimizing the objective function,
based on the validated model, under constraints. The algorithm is implemented under
Matlab. The positions of the centers of the different pulleys are the main variables of
this problem. The optimum locations of the pulleys are the main results of the
algorithm. To further validate the model, an experimental setup was built to test the
CDDR to follow a simple trajectory. Preliminary experimental results were obtained
showing the motion of the end-effector along the desired trajectory. Different tools were
used to conduct the optimization and the results were compared. It is concluded that the
obtained design is the best in minimizing the required tensions, for the selected tasks.

Search Terms: Cable-Direct-Driven Robot, CASPR, Optimization, Inverse kinematics
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Chapter 1. Introduction

1.1.  Overview

Mechanical systems such as parallel manipulators use a series of controlled
links connected in parallel to an end-effector or a single platform which moves in a
translational or rotary motion, also known as Degrees of Freedom (DOF). Cable-direct-
driven robots (CDDRs) are one type of parallel manipulators. CDDRs are represented
by an end-effector with a predefined configuration supported by n cables in parallel
connected to n motors imposing tension through the cables on the end-effector to move
it following a certain trajectory and maintaining a certain pose. There are several
advantages to using parallel robots instead of serial robots, in addition, CDDRs are
characterized by lower mass and lower stiffness compared to other parallel robots. On
the other hand, CDDRs explicitly have workspace limitation resulting from the fact that
the suspended robot is based on actuated cables. Nonetheless, the workspace is still
considered to be larger than other serial robots such as cranes. Another limitation is the
redundancy in the number of actuators compared to the number of DOFs such a robot
offers. Achieving static equilibrium entails fully constraining the robot, hence creating
a positive tension state through each time step in every instance in the cables to maintain

this condition without losing control of the robot.

To overcome the fact that cable robots have only one basic structure whereas
the cables are symmetric and attached to the edges of the platform, this study focuses

on optimizing these attachment point creating a more efficient design.

1.2.  Thesis objective

The main problem addressed in this thesis was to simulate a 3 DOF cable robot
and optimize the attachment points of the pulleys on the main platform within a
specified region. Such optimization aims to reduce the summations of all the tensions
exerted by each cable for a particular trajectory. Then, a combined trajectory was
created and compared with the default configuration, where all the cables are attached
to the corner of the platform. Hence a predefined configuration resulted in less

cumulative tensions for a given trajectory within the achievable workspace.

Such improvement can be used when a huge load is applied for more

complicated trajectories, such as 3-D concrete printing where the goal is to build a
13



certain structure using a CDDR reducing the cost while utilizing a flexible and

adaptable robot.

A comprehensive analysis across different configurations was carried out and

the results were analyzed to conclude how and when this approach can be utilized.

1.3.  Research contribution

Based on the literature review and the best of my knowledge, all studies have
been done focusing on one design to achieve a particular outcome. In this study, the
focus has been shifted to creating a more agile design capable of minimizing the cost
based on the sum of tensions in the cables when the end effector is following a trajectory
within the achievable workspace. Hence the contributions can be summarized as

follows:

e Comparing designs given an attachment point at the end-effector side and
choose the most practical one based on the model

e Comparing results based on different optimization algorithms

e Optimize the attachment points within a specified region at the other end which

is the base-frame

1.4.  Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 provides a background
about CDDR models and configurations studied from different approaches. Moreover,
related works to this research are discussed. The method and approach to be used along
with the algorithms and designs are discussed in Chapter 3. Chapter 4 presents the
experimental setup used to run the CDDR to follow simple trajectories and Chapter 5
demonstrated the results providing a comprehensive analysis and comparisons between
different designs and configurations. Finally, Chapter 6 concludes the thesis and

outlines future work.

14



Chapter 2. Background and Literature Review

In this Chapter, several applications, ideas, methodologies, and studies are
presented. First, most common applications of parallel manipulators are presented in
the industrial and the medical field. Then the fundamentals of cable robots through

theoretical studies have been demonstrated.

2.1. Cable-Direct-Driven Robot Applications and Background

One of the earliest CDDRs is the Robocrane created by NIST found in [1]. The
concept of parallel cable robot is relatively new and NIST experimented for many years
to come up with this new concept relying on the Stewart platform like manipulators as

shown in Figure 1.
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Figure 1. NIST Robocrane [1]

Another application of parallel manipulators and specifically CDDRs is as a
flight simulator in the International Space Stations. Over the years, such simulations

have improved to accommodate high and low gravity mediums [2].
15



Numerous applications have been studied and developed since then, for
instance, rehabilitation robots in [3] were the fully-constrained robot is used as a gait

training system or as lower limb rehabilitation robots [4] shown in Figure 2.

Wrenches
Cables

End Effector

Figure 2. Gait rehabilitation system's diagram [3]

Radio telescopes and observatories have also utilized the concept of cable
robots. One of the most known applications is the Five-hundred meters Aperture
Spherical Telescope (FAST) [5], which became fully operational, after few years of
testing, in January 2020 as shown in Figure 3. The Arecibo observatory shown in Figure

4 is another similar application. Other applications include shock vibration [6], tracking

of focus cabin suspension [7] amongst many others.

16



Figure 3. FAST telescope [5]

Figure 4. Arecibo Observatory [5]

17



Other applications include Skycam [8] as shown in Figure 5, which is mainly
used to record sports events carried out in a big field, and flight simulators [2] based on
a large scale motion platforms as shown in Figure 6.

Figure 5. Skycam used in a sports field [8]

Figure 6. MPI flight simulator [9]

18



A more recent application of cable robots is 3-D printing, also called additive
manufacturing, where a nozzle is attached to the end-effector, which is the feed
mechanism supported by cables for positioning and control. Such application is still in
its infancy. Figure 7 shows a 3-D printing mechanism based on a 6 DOF cable robot
[10].

Printed
. Specimen |

Figure 7. Additive manufacturing by Cogiro and Pylos using a 6 DOF CDDR [10]

2.2.  Literature Review

Several researches have studied and discussed many aspects of the problem of
cable robots. Researches focused on 3 main aspects of the problem. First, some studies
targeted the workspace analysis, the authors of [11] established a relationship between
the boundary of the workspace and the cable configurations of such robots and they
solved the related optimization and motion planning problems. With valid
configurations, the conditions were analyzed and the relationship involving the cable
configuration, the workspace, and its motion state was established. Other researches
focused on the wrench-feasible workspace (WFW). The authors of [12] use the net
wrench set, which is the set of all wrenches that a cable robot can apply to its
surrounding without violating tension limits in the cables, to calculate the boundaries

of the WFW based on the geometric properties of the wrench set.

19



Other researches targeted the configuration and design analysis of CDPR [13]-
[15]. These studies focused on the design criteria to model a climbing robot based on
a CDPR. The authors of [13] presented a planar under-actuated cable-driven micro—
macro robot. A hybrid system, which consists of two serial manipulators and a CDPR,
was designed. Due to this combination, they focused on the design approach where
these cables are configured in a way such that they avoid interference. The serial arm
allows us to reach points close to the obstacles that would not be reachable by the cable

robot alone due to cable—obstacle interference.

On the other hand, more researches focused on the modeling and mainly on the
control part [4], [7], [13], [16]-[18]. In [5] the authors carried out a comprehensive
comparison between a Five-Hundred Meter Aperture Spherical Radio Telescope FAST
and the Arecibo observatory, which is meant to help astronomers in their scientific
process, due to the controllability of the position of the CDPR with high accuracy. The
dynamic and kinematic models of 6 cables translational CDPR were derived in [19].
The robust sliding mode control was utilized to control the translational CDPR under
bounded disturbances. An adaptive control scheme for a cable suspended robot to
handle uncertainties in mass and moments of inertia of the end effecter was presented
in [20]. The studied controller was entirely independent on the physical specifications
of the robot.

2.2.1. Cable robot design and modeling. Several researches focus on the
modeling and design aspect of cable robots. Some focused mainly on the design as a
novel contribution. In [14], a new reconfigurable CDDR has been designed eliminating
collision between cables and the surrounding environment. An analytical method for
the dynamic trajectory planning is introduced. Another novel design is presented in
[21]. A 3 DOF pendulum-like CDDR where an online estimation technique of current
pendulum phase is demonstrated. The underactuated robot shown in Figure 8 has been

experimentally studied.

Modeling of cable robots is divided into two main parts, static and dynamic
modeling. Using Lagrange’s equations, the inverse dynamic model of a spatial CDDR

was solved in [22]. The 6 DOFs cable robot rescaled from 500 meters to 5 meters based

20



on the FAST cable robot took other factors as disturbances into consideration, such as

cable masses and wind effect on the configuration as shown in Figure 9.

motor

Yy
pulley 1 , Gt A by - B

T A

- — - — - — - _._ —_———_———

idle pulleys
1 and 2

end-effector

pulley '/9'

Servo
mechanism

Figure 9. The model of feed support for 5 m FAST [22]
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Since the rescaled model is representing the FAST CDDR, designing a
hexagonal base-frame with 6 cables to provide the necessary degrees of freedom to
control the motion of the end-effector. The number of cables does not determine the
degrees of freedom by itself., the model and the configuration has to be taken into

consideration.

A more detailed analysis of cable robot design in configuration was targeted in
[23]. Three different configurations as shown in Figure 10 were studied. A relationship
between the workspace area and the end-effector shape showed that the smaller the end-
effector size is compared to that of the workspace, the less effect it will have on the
model. In specific, the natural frequency resulted from a small end-effector size is

almost negligible in this case.

Uncrossed Up-Down(U-D) crossed Left-Right(L-R) crossed
cable configuration cable configuration cable configuration

Figure 10. Cable configurations [23]

The modeling of every CDDR depends on the configuration of the robot as a
main factor. Depending on the number of cables, their attachment points to the end-
effector and the base-frame, the model can then be derived as well as the degrees of
freedom can be specified. Figure 11 shows the workspace of the planar cable robot

without rotation, in other words, it only has two degrees of freedoms in the x-y plane.

Another study accounted for the mass of the end-effector due to the effect of the
gravitational force on the minimum tension exerted by the cables [24]. They proposed
a method to calculate the “manipulability indices” to formulate the model of the end-

effector.
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2.2.2. Workspace analysis. Another focus is the workspace of CDDRs. Since
the motion of the end-effector is affected by the number of cables, their connection to
the base-frame and their overlap within the workspace when a certain trajectory is being
achieved, such analysis is crucial to determine the feasible workspace the robot can
attain which is not the same as the size of the base-frame. A planar and special CDDRs
workspaces were studied in [25]. Furthermore, the workspace can be reduced when the
rotational degree of freedom is introduced. Figure 11 shows the workspace when there

is no rotation.

X(m)

Figure 11. Workspace of a planar CDDR with no rotation [25]

To compare the difference when more DOFs are added, the special robot
reduces the workspace within the x-y plane even further. Due to the limitation on the
cables’ motion when more cables are attached to the base-frame, it can be deduced that
there is a direct relationship between the number of cables and their attachment points
to the workspace limitations. As demonstrated in Figure 12, the workspace has been

reduced when the planar model in Figure 11 became a spatial cable robot.

The workspace can also be influenced by other factors depending on its

application. Not all applications require maximum achievable workspace.
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Rehabilitation robots for instance have a specific and limited workspace since the
motion of the end effector is connected to a human being limb and thus limiting the
workspace to a certain region that allows the end effector to move the limb according
to a certain motion. In these cases, the achievable workspace is not desired. The planar
CDDR used for upper limb rehabilitation presents the workspace limitations
clearly[26].
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Figure 12. Workspace of a spatial CDDR [25]
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Figure 13. Workspace of upper limb rehabilitation robot [26]
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In Figure 13, the workspace is limited to the target trajectory presented by a
circle, whereas the Wrench Feasible Workspace (WFW) can extend further, but since
the application limit the motion, the limb can only move in the shown target trajectory.

A more accurate representation of such limitation can be seen in Figure 14.

Figure 14. Workspace limitation of rehabilitation robot [26]

There is a big difference between the WFW created by the same number of
cables but different degrees of freedom. In [12] the authors used 3 cables to create two
different configurations of cable robot. A planar 2 DOF is formed using 3 cables

attached as seen in Figure 15.

Figure 15. Planar Cable Robot [12]
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The three cables are aligned on the upper bar and thus can only produce planar
motion in the x-y plane shown in Figure 15. The mass of the end-effector generates a
force in the y-axis which has to be encountered by a cumulative tension produced by
the three cables to keep the end-effector in equilibrium and control its motion. Since all
the cables always must stay in tension, the workspace generated by this configuration
is limited.
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Figure 16. Wrench Feasible Workspace for a planar CDDR [12]

As can be seen in Figure 16, the workspace is very limited compared to Figure 11 which
is also a planar CDDR. The main difference between the two is the number of cables,
an over-constrained CDDR will have more flexibility and control over the motion and

a larger workspace as a result.

Using the same number of cables to move in a spatial environment, the
workspace is further reduced due to the under-constrained CDDR created. Such
configuration is shown in Figure 17. In this case, the three cables are attached to the
same point eliminating the rotational degree of freedom of the end-effector where the

workspace is even reduced further.

To determine which configuration allows a more wrench feasible workspace, in
addition to the previously studied cases, another study targeted this particular issue [27].

The attachment points at the end-effector side has been varied and the workspace as a
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result was presented. The end-effector anchor points and configuration are represented
in Figure 18 where b which is the distance between two anchor points is the varied

parameter.

Figure 18. Parameters and anchor points at the end-effector[27]
27



As shown in Figure 18, b is % where the cables are shown to be in a crossed

pattern. When b is positive, the cables are uncrossed and when b is 0, the cables’ anchor
point have the same ordinate (y). The workspace resulting from these configurations

are shown in Figure 19.

Bot
4

Figure 19. Workspace by varying anchor points based on parameter b [27]

In Figure 19a, the anchor point selection was uncrossed, while in Figure 19b

both anchor points had the same ordinate (y) where b=0, and in Figure 19c b was %

(uncrossed). Clearly, uncrossed configuration offers more flexibility and increases the
workspace. For this study, the final optimized model was selected based on these

findings to maximize the workspace and the controllability of the robot.

The number of cables can also affect the wrench feasible workspace. Having
more cables will not always increase the workspace. Take for examples the two
configurations presented in [28]. Two models with 3 DOF each are presented. The
under-constrained model with 3 cables showed more flexibility than the over-
constrained configuration with 4 cables. Figure 20 shows the WFW respectively.
However, depending on the application, each workspace can reach different points
while having a common region. This means that it can either be an advantage or a
disadvantage. If the application targets a bigger workspace with no consideration of the
exact location of the trajectory within the WFW, then 3 cables would be the choice. If
however a specific pose is to be reached, then the selection of the configuration depends
on the end-effector pose. Two different workspaces for each case is shown. A collision-
free area (CFA) in blue and a collision-free force closure workspace (CFFCW) in red.

The CFA is, by definition, greater than the CFFCW since the forces are not
taken into consideration. Furthermore, the orientation of the end-effector limits the
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workspace even more. The rotation hence is limited and should not increase a certain
limit based on the configuration of the end-effector. Having a crossed configuration
will add more controllability and increase the maximum angle the CDDR can reach by

rotation.
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Figure 20. CFA and CFFCW of 3 cables and 4 cables models [28]

Another rehabilitation CDDR is studied in [29]. The workspace analysis is also
limited not only to the WFW, but to the motion prescribed of the limb. Since the human
shoulder can only move in a certain trajectory, the workspace of the robot is determined

accordingly. High speed is also not required for obvious reasons.

2.2.3. Trajectory and path planning. CDDRs trajectories can be created
using different techniques. A 2-D pendulum like CDDR point-to-point trajectory is
investigated in [30]. Algebraic inequalities representing the constraints of the CDDR
determine the feasibility of the planned trajectory. In this case, only two cables are
attached to the end-effector creating an under-constrained cable robot where the motion
is primarily relying on the mass of the end-effector creating opposing force to the
tensions in the cables. Unlike over-constrained robots, this motion is approached
differently since the suspended cable design can reach beyond the static workspace as

shown Figure 21.

The attachment points are fixed on the base-frame. The forces balance on the

point mass of the end-effector determine the dynamic model of the robot. Different
29
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types of trajectories can be created, such as circular and cartesian trajectories from one

point to another as shown in Figure 21.

Figure 21. Planar two DOF suspended cable robot [30]

The derivation of the trajectories in Figure 22 and Figure 23 use the
trigonometric, and the polynomial formulation of the circular and the point-to-point
trajectory planning techniques accordingly. This kind of motion is different to over-
constrained configurations since it is highly dependent on the forces balance in the

vertical axis affected by the mass of the end-effector.

In an over-constrained configuration where the mass is also affecting the
motion, i.e. the motion is in the vertical plane, different cases can be presented
depending on the region where the motion is happening. [31] presented the
aforementioned case with several regions of the trajectory. When the end-effector is
moving inside the region III as shown in Figure 22, the mass of the end-effector should
be accounted for since the motion is completely independent of it unlike all the other
regions which extend beyond the conventional workspace. The trajectory formulation
will vary from one region to another based on the symmetry of the design.
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Figure 22. Circular trajectory of 2 DOF suspended CDDR [30]
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Figure 23. Target points and cartesian trajectory [30]
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Figure 24. Redundantly actuated CDDR [32]

When the trajectory is outside region III, the case becomes similar to that in
[30]. Those regions affect the motion of the end-effector since the mass cannot be
disregarded by compensating its equivalent force in the cables’ tensions. Thus,

formulation of the trajectory becomes relatively similar.

Similar studies have targeted the trajectory planning aspect of the problem [33],
[34]. All the studies in this section focused on a pendulum-like CDDR where the mass
of the end-effector plays a role in its motion. A Cassino Low-Cost Wire Manipulator
(CALOWI) was created in [35]. Itis a planar over-constrained CDDR with 3 DOFs and
4 cables which was then used as a spatial model to move the end-effector in the force
feasible workspace. The problem of collision-free path planning was investigated. Two
path planning concepts were adopted, a depth search mode that is activated when the
CDDR is far from the obstacle, and the second is width search mode that is active when
the CDDR is near an obstacle which creates the appropriate condition to avoid the
obstacle. The mechanism was put under experiment and results were analyzed. No
matter how cluttered the environment is, the robot is able to reach the final pose and
avoid obstacles but not necessarily following the shortest path. Another 3 DOF spatial
CDDR with 3 cables is introduced in [36]. A linear interpolation method was introduced
to reach the target point by adding intermediate points in the static workspace of the
mechanism. To enhance the performance further, the trajectory was modified using

quantic polynomials.
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2.2.4. Control schemes of cable robots. The control part has been thoroughly
studied in many researches. A PD controller was suggested in [37]. A Lyapunov and a
feedback linearization-based controller were applied, and the steady state of the cable
robot pose was analyzed. Due to the presence of friction, the steady state error existed
with a small error, so an integral part was added to compensate for this error. A 3 DOF
under-constrained rehabilitation cable robot was controlled using an admittance control
approach [4]. Then results were compared with a PID controller. Based on the results,
the admittance control was able recover faster to minimize the error unlike the PID

controller which took more time when a disturbance is introduced into the system.

An adaptive controller was utilized in [18] to achieve the desired trajectory and
obtain the estimated coefficients the planar CDDR using four cable with 2 DOFs. Using
this type of controller, the error was reduced by 99% when no controller is used.

Tracking error
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Figure 25. PID (red) vs Sliding mode (black) controllers [38]

Sliding mode controllers were also investigated in [19] and [38]. The tracking
error 3 DOF translational cable robot, where the rotation was eliminated, was compared

between two cases. One is without disturbances and the other is in the presence of
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unknown disturbances. Another sliding mode controller was used in [38]. An over-
constrained CDDR was modeled with elastic cables. Compared to a PID controller, the
proposed sliding mode controller showed promising results reducing the error

marginally as shown in Figure 25.

Other researches considered a discrete-time controlled [39] with a redundant 6
DOF cable robot, a vision-based controller [17] was implemented to attain the stability
of a planar and a spatial CDDRs when there is and analytical model and experimental
setup uncertainties existed. This approach is relatively new and not much research has
been done in this field of control. Another application of cable suspended mechanism
was introduced in [40]. In this study, cables were attached to packages to be transported
from one location to another. It cannot be considered as a conventional CDDR since
there is no fixed platform, instead, a drone was used to move the package with a cable
attached to it on one end, and to the package on the other. A camera planted on the
drone, also called aerial robot, was used to track the location of the package with an
unknown mass while minimizing the cable-swing angle. It is similar to the pendulum-
like CDDRs presented before but with only one cable and a moving drone instead of

the fixed base-frame.

A more complex controller algorithm was investigated in [7]. A Stewart
vibration control scheme is adopted which has the advantages of both PI controllers and
Fuzzy controllers, such as, robustness, fast dynamic response, small overshoot,
stability, and high dynamic tracking.

A Robust control scheme of a three dimensional CDDR was investigated in
[41]. The H,, controller guarantees the system stability when the trajectory is being
tracked. Furthermore, the computational complexity of this particular controller is
relatively less exhaustive on the system than most common robust and adaptive
controllers. Accounting for the friction and inertia of the cable pulleys’ uncertainty, it
creates a more practical and applicable model. Three weighting functions are used to
track the error, control the input and the output as shown in Figure 26. These weighting

functions reduce the overshoot and minimize the settling time of the system.
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Figure 26. Schematic diagram of the H,, controller with weighting functions [41]

A novel passive dynamic control approach targeted the velocity vector field [42]
instead of the common time function adopted in most cases. Another study contained
two-level controller, High-level and Low-level controllers [43] to track the force input
of a bench press rehabilitation robot for astronauts. In [44], an ultrahigh speed CDDR
force was controlled using an internal force controller using point-to-point controller

with a linear PD scheme to reduce the vibration of the payload.

2.2.5. Optimization of cable robots and related work. Several studies
focused on optimization of a certain aspect of either the configuration, the workspace,
or the tension required to achieve certain trajectory. The optimum configuration is
investigated for a redundant planar CDDR with four cables [45]. In this study, three
different cases were investigated. An under-constrained CDDR 3 DOF planar CDDR
with three cables, a similar over constrained CDDR with 4 cables with crossed
configuration and the optimized configuration all shown Figure 27.
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Figure 27. Configurations of planar CDDR [45]
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Note that in all the cases, the target is the attachment points at the end-effector
and not at the base-frame. The optimized configuration was obtained using two
techniques combined together. A Genetic Algorithm, and a Pontryagin minimum
principal techniques. Given the path and the cables’ tensions and velocities, the results
showed that the main advantage the optimized model offered is to reduce the time
required to reach the final pose without violating the maximum limit of the velocity.
However, the tensions in the cables were not analyzed.

A Dykstra-alternating-algorithm based research [46] was conducted ona CDDR
to minimize the forces of individual cables. The minimum -2-norm solution of the
actuators’ forces is obtained as a projection of convex set being some of the variables
in the system. Another interesting case is the mobile platform incorporated with a
CDDR [33] where the motion of the end-effector of the CDDR is synchronized with
the mobile platform in order to move the end-effector through a certain trajectory. A
direct transcription optimization approach was adopted in order to plan the trajectory
of the end-effector. The main advantage is the deploy-ability of the robot for a fast pick-
and-place mission as needed within a certain area being a factory or a warehouse.
Considering the obstacles in such environment, the paths produced to reach the target
pose are obtained using the optimization approach mentioned above. The error between
the actual and desired moving platform in a 3-D environment was presented and it was
20 mm compared to the 8 meters span of the trajectory which is around 0.25%. An
optimal balancing problem of an under-constrained CDDR with two cables is derived
in [47].

A given performance index is minimized using the Hamiltonian function in
order to obtain the optimality conditions as differentiated values of the system variables,
such as position and cable lengths. In Figure 28, one of the pulleys torques is
compared between three different models, unbalanced, static balanced and the
optimally balanced model. Results show that the response and the value of the torque
was minimized using the optimally balanced model. Furthermore, the velocity profiles
were also analyzed, and the optimized model reached the final pose with a more stable

response.

A redundantly actuated CDDR with 8 cables and 6 DOFs was investigated in

[48]. The optimum configuration at the end-effector was targeted, in other words, what
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are the optimum attachment points that will give the minimum force required to reach
the final pose of the end-effector. Four different configuration schemes were simulated,
and experimental setup was designed to verify the results. Compared to previous
presented work, the results show a similar pattern. Having a crossed configuration lead
to a more stable motion and controllability of the motion. A spiral trajectory was created
under MATLAB within the WFW. The kinematic and the dynamic model of the CDDR

was derived.

Based on the aforementioned studies, the optimization of the attachment points
at the base-frame was not targeted. The attachment points at the end-effector side for
this study were chosen to be crossed due to all the advantages presented before. The

optimization however focused on the base-frame attachment points.
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Figure 28. Torque of pulley 1 [47]

2.3.  Optimization Toolbox under MATLAB
MATLAB provides a variety of ready-to-use optimization algorithms. In this

study, the fmincon function will be used with the default algorithm.

The available optimization algorithms under MATLAB Optimization Toolbox
[49] are:
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Fmincon algorithms

Fsolve algorithms

Fmincun algorithms

Lease Square algorithms (Isgnonlin, Isglin, etc...)

Linear Programming algorithms (linprog )

o a0~ wbd -

Quadratic Programming algorithms (quadprog)
There are other few algorithms but these are the most common ones.

2.3.1. Fmincon algorithm. It is a General smooth constraint type algorithm.
The objective type could be linear, quadratic, least square and smooth linear. The

available algorithms fmincon can utilize are as follows:

e 'interior-point'

'trust-region-reflective’

3 1

° sqp
‘sqp-legacy’
‘active-set'

The default algorithm is ‘interior-point’. This algorithm is recommended
because it can handle sparse and wide range of problems as well as the small and dense
variety. All the bounds are satisfied at all iterations and are recoverable from Nan or Inf
results. All the other algorithms are designed for more complicated problems. The
fmincon is used with a nonlinear constraint, or with a general nonlinear objective and

at least one constraint and finds the minimum of a problem specified by:

( c(x) <0
ceq(x) =0
min, f(x) such that 4 Ax<b (1)
LAeq.x = beq
Ib < x < ub,

A simple example of how fmincon is used where some constraints are integrated
into the algorithm can be found in [50]. The Rosenbrock’s function was used in this
example. The problem is stated as follow: Find the minimum value of Rosenbrock’s
function when there is a linear inequality constraint. The objective function is based on
the minimum objective value of 0 at the point (1,1). The function as stated in [50] is:

38


https://www.mathworks.com/help/optim/ug/lsqnonlin.html
https://www.mathworks.com/help/optim/ug/lsqlin.html
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https://www.mathworks.com/help/optim/ug/quadprog.html

fun = @(x)100 x (x(2) —x(1)?)? + (1 -x(1) )

To find the minimum value starting from [-1,-2], constrained to have x(1) +
2x(2) < 1. Express this constraint in the form Ax <= b by taking A = [1,2] and b = 1.
Notice that this constraint means that the solution will not be at the unconstrained
solution (1,1), because at that point x(1) + 2x(2) = 3 > 1. The command to find the

minimum is as following:

X0 = ['112]3

A = [1,2];

b =1;

x = fmincon(fun,xe,A,b)

This will calculate the local minimum that satisfies the above constraint of the
function which is:
x = 1X%X2

0.5022 0.2489

2.3.2. Other algorithms. The rest of the algorithms are used for a variety of
problems, whether linear or non-linear, with or without bounds or constraints,
depending on the problem and the objective function being used. A comparison

between the results of 3 algorithms will be shown in Chapter 5.

39



Chapter 3. Methodology

Even though optimization of CDDRs has been targeted by few researches, none
of them focused on the attachment point of the cables to the base-frame. In this thesis,
this aspect will be the main objective where the forces are minimized for several

trajectories, hence saving energy.

This chapter will demonstrate the problem of cable robots and solve its general
model, followed by specific models investigated, then using a comprehensive Cable-
Robot Analysis and Simulation Platform for the Research (CASPR) [51] which is an
open source platform, the simulation of the unoptimized models will be carried out as
a preliminary results. Based on CASPR simulation and previous studies, the final model

for optimization will be selected and implemented under MATLAB to be optimized.

3.1 Problem Formulation

The problem can be divided into the following parts, design, modeling and
simulation. In the design part, the number of cables, in order to produce the desired
trajectories to be followed within the required workspace, is determined along with the
dimensions and the geometry of the base-frame and the end effector where the
attachment point of the cables to both sides is determined. After that, based on the
desired degrees of freedom, the kinematic and the dynamic models of the system are
solved. After acquiring the necessary formulations, the simulation of the system can be
carried out in two steps. The first one uses CASPR for basic trajectories of an
unoptimized cable model, and the second one derives and codes the equations and
implement the optimization algorithms to achieve the best design. Note that several
algorithms were used at first, then a comparison of the results between the algorithms
was carried out in order to determine which algorithm is most efficient. After that,
within the selected algorithms, the options including the sub-algorithm were selected

based on the results where a comparison when changing them took place.

First the general case [52] is shown in Figure 29, where there are n cables

attached to a fixed base-frame. Typically, all the cables are actuated.
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Figure 29. Kinematic schematic diagram of a general CDDR

3.2. CDDR Configurations

In this study, selected models have been analyzed and simulated. The first two
models are planar CDDRs, one using 3 cables with 2 DOFs shown in Figure 30 and
the other uses 4 uncrossed cables as shown in Figure 31 . Then the optimized model
will have the same number of cables as in Figure 32 but the cable configuration is
crossed. Figure 30 shows the configuration of the first CDDR.

Since the cables can only exert tension, the number of cables needed to control
an n DOF CDDR is n + 1 creating a one degree of actuation redundancy. Thus, for the
case where 3 cables are used, two DOFs can be achieved given as X = {x y}T. The
origin of the base-frame (global origin) {O} for all the cases is centered in the middle

of the platform. The coordinates of the end-effector are represented with respect to the
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global origin in all the models. The attachment point of the cables to the base-frame are

fixed to the corners of the platform and called 4; = {A;, Aiy}T.

Figure 30. Planar 2 DOF CDDR with 3 cables [53]

L; is the i*" cable length where the corresponding angle of each cable is 8;. The
rotational inertias for each motor is J; (i = 1, ...,n) and the mass of the end effector is
m. Ideally, the end-effector can reach any point within the workspace. However, the
limitations due to the size of the end effector, the pulley locations and the cable
interferences, limit the size of the workspace. However, for the case in Figure 30, there
is no cable interference and the reduction can happen based on the size of the end-
effector. Since a point-mass is being considered, the maximum workspace can be
achieved representing the area between the attachment points to the base-frame creating
a triangle. This applies for all the models investigated in this study. Figure 31 shows

the configuration of the second model to be simulated in CASPR.

The final model is the main target of this study. Figure 32 shows the crossed-
cables configuration to be investigated. This model will be simulated using MATLAB
with the optimization toolbox and not CASPR. In this case, the attachment points at
A= {Ay Aiy}T are not fixed. In this particular case, i = 1,2,3,4 andn = 1,2,3,4. The
region in which they are being optimized will be shown later. The third DOF is the
rotation of the end-effector @ around the vertical z-axis with respect to the horizontal

axis.
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Figure 31. Planar 2 DOF CDDR with 4 cables (uncrossed) [53]
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Figure 32. Crossed configuration of the 3 DOF CDDR with 4 cables [23]
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Based on [54], the symmetry of the end-effector geometry can cause uncertainty
in the forward pose kinematics, and thus the dimensions will be chosen such that it is a
rectangle. As mentioned before, since cables can only exert tension, 4 cables are needed
to fully control the three DOFs of this configuration. The local reference (origin) at the
end-effector frame is {H}. The moment of the system is | and it will be calculated based
on the geometry and the mass of the end-effector. The workspace of this configuration
can reach any point within the base-frame in an ideal case; however, few constraints

reduce the workspace. First, the end-effector horizontal and vertical sides will reduce
the workspace by % and % where L, and W, are the length and the width of the end-

effector. Furthermore, the rotation of the end-effector around the Z-axis will also reduce

the workspace by a small margin which will be considered in the simulation.

In this case, cable interference will always be present. For experimental purposes,
it is advised to select the cable material with low friction which will allow the cables to
slide freely against each other. The rotation of the end-effector is also limited due to

cables interference with the end-effector body. For this study, the maximum rotation

was chosen to be 1”—2 degrees to eliminate this interference.

3.3. Modeling of CDDR

Kinematics modeling takes into consideration the pose of the end-effector, Jacobian
matrices and the static model of the system. It also accounts for the fact that all cables
must always stay in tension with a minimum value to be determined based on the mass
and the motors to be used. In this study, the minimum tension is chosen arbitrarily on

an educated guess based on the literature review to be 0.3 Newtons [2], [47], [55].

3.3.1. Pose Kinematics. The inverse kinematic problem is stated: given the
Cartesian position X = {x y}" calculate the cable lengths L;. The solution is to calculate
the Euclidean norm[54] between the moving point X = {x y}" and attachment point at

the base frame A4;.

L= \/(x — A )? + (y — Ay)? wherei=1,..,N ®)
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Note that this equation can only be used when the end effector is a point-mass.

For case 2 and 3 with crossed and uncrossed configurations, Eqg. 3 becomes:

L= J (= Aug + hig € — hiy $)2 + (o — Ay +hiesd +hyy cd)? (4)

Note that ¢ and s refer to cos and sin respectively. h;, and h;, are the distances from
the center of the end-effector to its horizontal and vertical sides in the x-axis and y-axis

respectively.

The cables’ angles are necessary to be used in velocity kinematics and statics

and they can be found as follows:

(5)

0. = tan_l <y - Aiy + hix S¢ + hiy C¢>
| =

X — Aix + hix C¢ — hl’yS¢

The forward kinematics solution is not as simple as that of the inverse kinematics. In

this case, the solution of over constrained coupled nonlinear equations is required.

Let 3T be the pose of the end-effector with respect to the global origin. 2T
contains the position and the orientation JR. The Euler convention using Z-Y-X a, 8,y

is:

oTz[[ISR] {®xy }
H 00 0 1

where 2R is the 3x3 rotation matrix shown in Eq. 6 when 2T becomes:

cacf —sacy +casPsy sasy +casficy x

o — sacff cacy + sasfsy —casy +sasfcy 'y (6)
H -sf cfsy cfcy z
0 0 0 1

Based on the configuration, the vector loop-closure equation relates the cables

with the end-effector pose as follows:

OAi + OLi = OLi + IgRiHhi = OHl' where i = 1,2 W, n (7)

Eq. 7 calculates the pose of the end-effector given the cable lengths and it is not
straightforward. To solve this equation, the solution of coupled non-linear equations
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that result in multiple solutions in most cases is required. The authors of [56] applied a
least square method to calculate the approximate pose of the end-effector of a spatial
CDDR. A closed loop chain equation for another spatial CDDR investigated by [57]

was used to solve this complex equation.

In this study, we are not concerned with forward kinematics since our goal is to
move the end-effector in a certain given trajectory. It can be used in path planning
related studies when there is feedback from sensors that will give you cable lengths,
and hence the pose can be approximated in forward kinematics. Hence, the focus is

shifted to inverse kinematics for a pure simulation approach of a given trajectory.

3.3.2. Statics modeling. Solving Eq. 3 and 4, the cables’ lengths and angles
can be obtained. In this section, only the crossed-configuration CDDR with 4 cables
will be solved since each model has its own equations. Since the first two models will
be simulated using CASPR platform in which the static and dynamic models can be
solved by the platform itself and there is no need to code them manually. To save such
tedious work, only the optimized model equations will be solved.

The static equations of the 4 crossed-cables CDDR system are as follows:

4 4
Yti=-) 6L =F ®)

imi = —i(pothi)Xti = Mg 9)
=1

i=1
where ¢; is the cable tension applied to the i cable. L, is the negative cable length unit
direction. h; is the pose vector from the local origin of {H} to the i** cable connection.

In order to find the instantaneous cables’ tensions, the forces have first to be calculated.

Fr and My, are the resultant vector force and moment that amount to the wrench vector

when added together Wy, where Wy = {Fg Mg}" = {Fg, Fr, MRZ}T.

Adding Eg. 8 and 9 and substituting the above, Wy and S (the static Jacobian

matrix) which can be expressed with respect to the global origin as follow:
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ST = W, (10)
Where T == {tl tz t3 t4}T.

_Cel —C92 _C93 _C94
S = —s6; —5s6, —56; —5s0, (12)
C@lhlyy - S@lhlx Cezhzyy - SHZhZX C03h3yy - 563h3x 094h4y)/ - 564h4x

where h; = {hy, hiy}T. In Eq. 11, the orientation of the end-effector is assumed to be
0. To account for that, each element of the last row should be substituted by
Cei(hixS(,b + hin¢) - SGi(hixcqb - hiy5¢) accordingly.

The forces F are calculated by differentiating the position of the end effector
twice to obtain the acceleration, then multiplying it by the mass of the end effector as

follows:

o= (B BY = fmx (&) mx L (D) @)

This differentiation is done numerically at each step to collect all the instantaneous
forces exerted on the end-effector throughout the specified trajectory. Similarly,
differentiation the angle ¢ twice at each step and multiplying it by the mass m will

produce the instantaneous moment required for further calculations.

Mg =1 %(i—f) (13)

Both Eq. 12 and 13 are done numerically based on initial guesses of values equal to 0.

Concatenating both forces and moment will produce the wrench vector Wy.

3.3.3. Maintaining positive cable tension. In order to make sure that all
cables stay in tension, the homogeneous solution will not suffice. A particular solution
has to be added with a constant coefficient corresponding to each case where the
minimum limit of the tension is added. This is due to the over-constrained case where

there are infinite solutions of Eq. 9. The general solution becomes:
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T =S*Wy+ (I, — S*S)z (14)

where I, is the nxn identity matrix. S* is the under-constrained pseudo inverse of S and
z being an arbitrary vector. The first term is the particular solution and the second term
is the homogeneous solution. Replacing both terms of Eq. 11 we get:

tpl Tll

T=_"" +a 15
tps ny (15)
tpa Ny

Based on [58], the method to determine whether a point is within the static
workspace depends on the Kernel vector components. In Eq. 15 the kernel vector N of
S is the vector present in the homogenous solution and it consists of {n; n, n; n,}*
multiplied by an arbitrary scalar . To ensure that all the cables have positive tension
values greater than the specified minimum, all the components of the Kernel vector
must have the same sign (n; > 0 or n; < 0). When this condition is satisfied, a scalar
a present in Eg. 15 can be found to attain a positive tension of all cables. If the
calculated values of all the components in the particular solution are greater than the
minimum tension, a will be a negative scalar in order to minimize the minimum value
in the particular solution and vice versa. This method is effective and simple and can
be applied to any planar or spatial CDDR with one actuation redundancy. It also reduces
the computational complexity of the code and will take less time to compute the
solution unlike other methods such as the optimization toolbox to find the minimum set
of tensions. Since the workspace has already been discussed and will be hardcoded to
be less than the maximum theoretical workspace as previously discussed, the solutions

of the Kernel vector for any trajectory will not have a 0 value for n;.

The creation of this workspace will eliminate all singularities resulted from the
interference between the end-effector and the base-frame. However, there is a function
in MATLAB that calculates the kernel vector considering the rotation of the end-
effector into account, and that is null. It calculates the singular value decomposition of
the matrix, [U,S,V] = svd(A,0). The Kernel vector can be symbolically expressed when

¢ = 0 on null space basis as follows:
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_ 6(91 - 93 - 94) - C(91 + 93 - 94) + 5(91 + 93 - 94) - 5(91 - 93 + 94)
c(0y +6; —6,) — (0, — 0, — 0,) + 50, — 0, — 0,) +5(01 — 0, + 6,)

n, c(0; =05+ 0,) —c(0, — 03— 0,) +5(6, — 03+ 0,) —s(6, + 03 — 6,)
. {nz} _ { l (16)
c(01— 6, +03) —c(0,+ 6, — 03) —s(6, — 0, + 05) —s(6; — 0, — 63)

The columns of V that do not correspond to nonzero singular values form a set
of orthonormal basis vectors for the null space. The "rational™ basis for the null space
null(A,'r") is obtained from the reduced row echelon form of A, as calculated by rref.
Furthermore, each cable has a maximum angle 6; that can be reached. These ranges are
0°< 6, <90°,90°<H, <180° 180° < A5 < 270°, and 270° < 8, < 360°. By

analyzing all the combinations of these angles for each n;.

Table 1. Kernel vector components' analysis

ny cos sin

180° < 0, — 05 + 6, < 270° (-Ve) (-Ve)

0<6,+6;—6, <90° +Ve (+Ve)
—360°< 6, — 0; — 6, < —450° (+Ve) Ve
n, cos sin

90° < 6, — 05+ 6, < 180° (-Ve) (+Ve)
—450° < 0, — 65 — 0, < —540° (-Ve) -Ve
-90°<60,+6;—-0,<0 (+Ve) -Ve
n; cos sin

—360°< 60, — 0, — 6, < —450° (+Ve) (-Ve)
180° < 0, — 0, + 6, < 270° -Ve (-Ve)
-180°< 6, + 6, — 0, < —90° (-Ve) -Ve
n, CcoS sin

90° < 6, — 6, + 65 < 180° (-Ve) (+Ve)

—270°< 6, — 0, — 0; < —360° +Ve (+Ve)
—90°< 60, +60,—0; <0 (+Ve) -Ve
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In Table 1, the values of the Kernel vector components can be analyzed as
follows: When using the analysis in Table 1 and substituting in Eq. 16, all the values of
n are either positive or negative for any set of points within the determined workspace.

3.4.  Simulation using CASPR

A preliminary simulation has been done to show basic results of cable lengths,
forces, and position of the end-effector through a given trajectory. CASPR toolbox [51]
has been utilized and the detailed formation of the first two configurations of the
proposed CDDRs are shown below.

3.4.1. CASPR: A Comprehensive Cable-Robot Analysis and Simulation
platform for the Research of Cable-Driven Parallel Robots. In this part, CASPR
[51] (A Comprehensive Cable-Robot Analysis and Simulation platform for the
Research of Cable-Driven Parallel Robots) will be introduced. CASPR is a MATLAB
based platform which allows the study of arbitrary types and structures of CDPRs, such
as single and multi-link CDPRs for a wide range of analyses, including dynamics,
kinematics, control, and workspace analysis. Moreover, CDPRs can be defined using
Extensible Markup Language (XML) with out-of-the-box availability of an extensive
range of robots and analysis tools. The open-source platform aims to provide both a
communal environment for the researchers to use and add models and algorithms to.
The example case studies demonstrate the potential to perform analysis on CDPRs,
directly compare algorithms and conveniently add new models and analyses. There is
a specific process that has to be followed step by step to install and integrate this
platform with MATLAB [59]. After that, initializing the platform is basically running
a file inside the main directory of the platform. Then, learning how to use the platform

becomes easier.

Two simple models were created for simulation, note that these models are used
to show preliminary results and will be improved upon in the optimized model. After
successfully installing the platform, a file called initialise_ CASPR must be run to

initialize the setup, then the two main commands to use the platform are:

1. CASPR_Model_Manager;  which opens the window shown in Figure 33.
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This window allows either the removal or the addition of a new model. After

naming the new robot and pressing add model, the corresponding file to the type

of the robot (planar, spatial, etc...) has to be chosen.

After that, an xml file has to be created to enter the data related to the model,
such as, mass of the end-effector, moment of inertia, display range, and the initial
location of the end-effector with respect to the base frame.

4| CASPR_Model_Manager | S

CASPR Model

Robot Addition Panel

Instroctions:

Step 1 - Enter the desired robot name (only use letters and numbers).

Step 2 - Click the add model button and select the basze folder to save into
(this must be a subfolder of /data/model config/models).

Advanced options allows the folder and file names to be explicitly specified.
Robot Name

|:| Advanced Options

Add Model

Robot Remowval Panel

Instructions:

Step 1 - Select the rebet to remove from the list of moedels.
Step 2 - Enter in the name of the robet to remove.
Step 3 - Click the remosre moedel button.

Robot list FEobot Mame
Example planar XY - Remove Model

Figure 33. CASPR Model Manager

Once the model is successfully created, it can be viewed in CASPR Graphical User
Interfaces (GUI) using the command CASPR_GUI, this command opens the GUI
interface which mainly allows the loading of models and running simulation as shown
in Figure 34. The home window of the GUI contains the following elements:
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I.  Model setup options to allow users to select different CDPR models
and cable sets.
I1.  Simulators selection to allow users to choose which simulator to open.
1. Model view to visually display the CDPR in different poses or cable
sets.
IV.  Model pose to allow users to change the pose to display in the model

view.

2. CASPR_GUI; which opens the window shown in Figure 34.

& CASPR GUI o=l

File 2 » .

D &, 5, 1 \ |
Simulators |

lodel Setup
L

1_caow_ et - =
G . ' Control
s - -

Update Modals ] | Workspace

i Model Viw - f
i 3 cables robot :
3 |

Update Pose |

EEarar | l
K °o o o 4 \ | To Console |

Figure 34. CASPR GUI sections

The next step is to create a new xml file which describes the number of the
cables and their corresponding attachment point on the base frame and the end-effector.
Finally, a trajectory xml file containing the set of trajectories desired.
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Note that a list of trajectories can be created by coding it into the trajectories XML file
inside the specific folder of the model. The GUI is capable of calculating the kinematics
and dynamics equation of the selected model when the trajectory is created correctly.
Also, the pose of the end effector can be updated without solving the model for visual

purposes.

3.4.2. Models created using CASPR. As previously mentioned, two models
were created using CASPR platform. The first model is a 2 DOF CDDR with three
cables attached to a point-mass at the center of the platform shown in Figure 35. These
models do not reprtesent the final design which will be used to run the optimization.
The results of these models when the end-effector is following a simple trajectory will
be shown later. The second model is the planar 2 DOF CDDR with 4 cables where the
4 cables are also attached to a point mass.

Model View

3_cables_robot

T T T T T T T T T T T
1k -

0.8 T

0.6 T

0.4 - n

0.2 7

= or g

L2r n

N4 T

0.6 b

0.8r —

aF —

Figure 35. Planar CDDR with 3 cables

Figure 36 shows the configuration of a basic model. Note that this model only
has two DOFs. No optimization has been performed on either configuration since the
CASPR platform was utilized for simulation. Each model has its own parameters
depending on the number of cables and the end-effector geometry. The base-frame

dimensions were fixed for all 3 models.
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The main difference between the three models is the variable attachment point
at the base-frame which is only applicable to the third model that has to be optimized.
In this case, an initial assumption of the attachment points being the corners of the base-
frame as the other models is first considered, then the optimization algorithm changes
these anchor points based on the objective function. Table 2 shows the model

parameters of the planar CDDR with 3 cables.

Table 2. Model parameters for 3 cables CDDR

Model parameters Abbreviation value Unit
Number of Cables L; wherei =1,2,3 3 NA
Platform side length LB 2 m
Origin 0 0,0 m
Cable 1 base A -1,-1 m
Cable 2 base A, 1,-1 m
Cable 3 base As 0,1 m
Minimum cable Tension Tonin 0.5 N
Attachment points A NA (Point m
coordinates at the end mass)
effector

Table 3 shows the parameters of the CDDR with 4 cables where all these
cables are attached to a point mass at the end-effector side. Figure 36 shows the model
of the planar CDDR with 4 cables and 2 DOFs where the cables are attached to a
point mass at the end-effector corresponding to Table 3. Note that these parameters
change from one model to another, some of them are fixed for the first two models
such as, the attachment point at the end-effector, the attachment points at the base-
frame, the minimum tension in each cable which is the same for all the cases and can
be changed based on the data sheet of the actuators used, the number of cables as per
model since model 1 has 3 cables and model 2 and model 3 have 4 cables, and the
mass of the end-effector which is null for the first two cases (point mass) and 0.2 kg
for case 3 since the end-effector is a rectangular platform. The behavior of the models

depends on all these parameters.
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Figure 36. Planar CDDR with 4 cables
Table 3. Model parameter for 4 cables CDDR
Model parameters Abbreviation value Unit
Number of Cables L; where i = 1,2,3,4 4 NA
Platform side length LB 2 m
Origin 0 0,0 m
Cable 1 base A -1,—-1 m
Cable 2 base A, 1,-1 m
Cable 3 base A, 1,1 m
Cable 4 base A, -1,1 m
Minimum cable Tension Tomin 0.5 N
Attachment points A NA (Point m
coordinates at the end mass)
effector

3.5. Optimized Model
This section presents the optimized model under MATLAB. First, the basic model

has been created with the same dimensions shown in Figure 36. The optimized model
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differs from the previous model in two ways. First, the attachment points of the cables
at the end-effector side are on a rectangular platform with a specified length and width.
Furthermore, the attachment points at the base-frame are not fixed. Optimization will
be carried out for different trajectory, then a comprehensive comparison between the
optimized configurations will determine which set of pulley locations are most suitable
for a general application given by set of trajectories. This optimum configuration might
work for some trajectories better than others since it is used for general applications.
For a case-specific trajectory, the corresponding optimum configuration is best fit for
that application. For instance, if the application of the CDDR under study is to perform
in a factory for a pick-and-place mission, it will only move from point A to point B, in
this case, the optimization can be performed on that particular trajectory back and forth
and the corresponding optimum configuration should be used where the minimum
exerted cables’ tensions is generated. Figure 37 shows the model with 4 cables to be

optimized along with its parameters in Table 4.

Basic Model >, AEME QG

+ Optimization Region

| |
1 |
0.5

Golbal Qrgin

Ordinate-y
(=1
T

k— Achievable Workspace

0.5

+ Reduced Workspace

A +— Original Attachment Point

-1.5 -1 0.5 0 0.5 1 1.5
Abscissa-x

Figure 37. CDDR to be optimized
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Table 4. Model parameters of the optimized CDDR

Model parameters Abbreviation value Unit
Platform side length LB 2 m
End-effector length lenderrs LB m

16

End-effector width Wendefff LB m

20
Optimization region length Ay LB m
Ay = —
5
Optimization region width a, _ LB m
ay = ?

Attachment points Ay, Ay NA m

coordinates (anticlockwise) where i = 1,2,3,4

3.6.  Optimization Algorithm

In this section, the flowchart of the code is illustrated. Note that there is a general

flowchart and more detailed ones for each part of the optimization algorithm.

The flowchart in Figure 38 shows the general steps the code is following in
order to obtain the optimized cable attachment points at the base. The global
parameters, such as the end-effector dimensions, the minimum and maximum tensions,
the workspace and the Wrench Feasible Workspace (WFW) are all selected before

running the code.

After setting the global parameters, the first step is to calculate the wrench
feasible workspace to avoid any singularities. After that, 8 different sets of trajectories
are created. The forces and torques of the end-effector corresponding to the given
trajectories are calculated based on the speed profile of the end effector which will be
shown later. After that, the cables’ tensions are calculated for the default pulley
configuration. When all the above data is available, the inverse kinematic equations are
solved, that is Eq. 4 to get cables’ lengths, Eq. 5 to obtain cables’ angles, local
coordinates of the vertices of the end-effector based on the rotation angle ¢ and the

statics Jacobian matrix S for each trajectory. The optimization algorithm uses all the
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sets of data calculated and uses fmincon default algorithm to optimize the attachment

points.

Set global
paramefers

. Calculate forces and
Calculatlnian:;'tgrkmace ——® Create & frajectories ——»  torgues on end-
effector

Y

Calculate cable
tensions for
default pulley
configuration

Optimize pulley
positions by
minimizing sum
of tensions

Figure 38. Generalized flowchart of the optimization process

Figure 38 shows the generalized flowchart of the optimization process. Table 5 shows

the global parameters of the optimized model.
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Table 5. Global parameters

Global parameters Abbreviation value Unit
End-effector mass M 0.2 Kg
Number of cables N 4 NA
Minimum tension Tonin 0.5 N
Maximum tension Trnax 200
Workspace safety margin safetymargin 5 NA
Maximum velocity Vinax 0.3 m
S
Rotation angle ¢ T °
12

3.7.  Proposed Solution

Instead of choosing the four corners of the platform as the location of the pulley,
this study focuses on changing the attachment points such that the total tension exerted
by the cables when following most trajectories within the WFW is reduced. There are
two ways to benefit from this optimization. First, if the cable robot is set to repeat the
same trajectory for a specific mission whether it is printing one object or pick-and-
place, the optimization can only be performed for that trajectory and it will guarantee
less cables’ tensions compared to any other configuration within the WFW as will the
results show later. The second way of benefiting from the configuration is to investigate
different optimum configurations with different trajectories and compare them with
each other. This comprehensive analysis will run all 8 trajectories across all 8
configurations. The total tension for each trajectory will be presented as a percentage
with respect to the default configuration and the results will be compared for individual

trajectories and across configurations.

For each single trajectory, the optimization function will vary the pulley
location and calculate the summation of the tension exerted when that specific
configuration is set. Then, the pulleys’ locations will change at each iteration and the

total tension will be recalculated again. When the optimization is done, the results will
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give the optimum pulleys’ location where the total tension is minimum for a particular

trajectory. 8 different sets of trajectories are created and will be shown in the results.

The CDDR parameters and cable tensions are updated at each iteration. The
objective function is the summation of all tensions in the cables to be minimized and
can be presented by letting T;; be the cable tension magnitude of the j-th cable when
the end-effector centre-of-mass is at the i-th point of the trajectory. Then the objective

function becomes:

2=) 1y (27)
i

where z is the objective function representing the grand total cables’ tensions for a
single predefined trajectory. The optimization algorithm will select the optimum
configuration such that z is minimized compared to other several iterations. Once it
achieves the desired accuracy, which is set by tolerance values included in the global

parameters, it will stop.

The MATLAB command that performs the optimization for a particular CDDR

model with fixed anchor points is:

vOpt = fmincon(@objFun,vO,[], [1,[1.[1.1b,ub,@constrFun,options);

Figure 39 shows the optimization algorithm flowchart for the third model.
The “objFun” is the objective function previously explained. v, is the initial
estimation of the optimization vector and all the values of this vector are set to 0 at the
start. Ib and ub are the lower and upper bounds of the attachment points’ abscissa and
ordinate, and that of the cables’ tensions respectively. The “@constrFun depends on
Eg. 10. We can form a column vector T with the 4 cable tension magnitudes. This
vector of cable tension magnitudes can be written as the sum of a particular solution
and a homogeneous solution. The particular solution is STW, where S is the Moore-
Penrose pseudoinverse of § and W = [Fiy, Fry, MR]T, Fry and Fg,, are the x- and y-
components of the force on the end-effector and My, is the torque on the end-effector.
The homogeneous solution is aN, where N is the kernel vector of S and « is an
arbitrary scalar. a is chosen so that all the cable tensions are greater than or equal to a

minimum tension magnitude.
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Figure 39. Optimization algorithm flowchart
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Then we compute T = S*W + aN and find the tensions. options in the

optimization command refers to the following:

1. The maximum number of function evaluations
(options.MaxFunctionEvaluations = 200000;)
2. The maximum number of iterations
(options.Maxlterations = 10000;)
The optimality tolerance (options.Optimality Tolerance = 1e-4;)
4. And the step tolerance (options.StepTolerance = 1e-6;)
The above values for their corresponding options are not default, they have

been changed based on the optimization for best results.
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Chapter 4. Experimental Setup

Due to the unfortunate recent pandemic outbreak, a full experimental
implementation of the system was not possible. However, a basic experimental setup
was used to perform basic tasks and move the end-effector to follow simple trajectories

as will be shown in this section.

4.1. Hardware

The hardware components will be introduced in this part.

4.1.1. DYNAMIXEL MX64AT servo motors. DYNAMIXEL is a DC servo
motor with several capabilities and characteristics such as, reduction gearhead,
controller, network, and a driver [60]. It is classified as a robot-exclusive-smart
actuator. The MX series is a new concept of said DC motor with more advanced

functions including PID control and high-speed communication.

aluminum front case

Screw threads are already threaded into the new
aluminum casing, so nuts are not needed.

Figure 40. DYNNAMIXEL MX-A series [60]

Figure 40 shows the MX-64AR model of the MX-A series. This series is
described by its heat distribution. When the motor is being used for a long time, it will
eventually heat up, however, this series allows an even distribution and dissipation of
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the heat due to the aluminum case covering the motor which protects it against any
harmful buildup of heat. Four of the MX-64AT motors will be used to complete the
configuration of the CDDR.

4.1.2. Setup. In this section, the setup will be introduced along with the

dimensions and the component.

Figure 41. Experimental setup model and dimensions[61]

Figure 41 is the modified setup used for experimentation. The platform is a
100cmx100cm and the end-effector is 15cmx8cm. the pulley locations are symmetrical
and equidistant from the center of the platform and separated by 60cm creating a square
base for the maximum possible workspace. Note that the anchor point at the end-
effector are in an uncrossed configuration. This could have been improved to a crossed
configuration but due to the limited time spent on the setup, the experimental
implementation only took place on this particular configuration. Originally, a metal
cables were used and rolled on the pully. Due to the high stiffness of these cables, they

got deformed over time and thus higher minimum tension was required to keep them
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unbent. Hence, they were replaced with fishing lines which are characterized by lower
stiffness and more flexibility making them easy to roll on the pulleys and connect to
the end-effector. The end-effector is a transparent brick made from plastic with a very
low mass (approximately 0.1 kg). As can be seen in Figure 42, the cable has already

deformed after performing few experiments.

Figure 42. Deformed metal cables

4.2.  Software implementation

In order to control the 4 DYNAMIXEL motors, an Arduino Mega board was
used with a 12V power supply to give enough power to supply to the motors. All the
motors were connected to one pin as shown in Figure 43. The command was sent
serially sending power from one motor to the next. The trajectories were created using
CASPR platform from which the input data was extracted as the rotation of the pulleys
in degrees and then converted to radians to be used as an input. Two simple trajectories

were created and tested, a straight line and a square.

The setup was run simultaneously using MATLAB and Arduino software. After
obtaining the data from the CASPR platform, it was saved and then used in the
MATLAB code which runs with the Arduino code simultaneously. The data obtained
was in degree, it had to be converted to radians. After that, the serial communication
starts with the motors and the data is sent through Arduino. After defining and
calibrating the motors, the data which was sent from MATLAB is read using Arduino
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and converted to match the resolution of the motors. Each set of data is read at a specific

step chosen in order to control the speed at which the data is being sent.

% MEGA ADK
rdui for Androi

Figure 43. Motors' connection

Figure 44 and Figure 45 show how Arduino software is being used in
conjunction with MATLAB to send data to the motors. This connection was created
based on the basic experiment which was conducted. For more complicated application,
the connection should be taken into consideration to ensure that the data being sent is
executed by the code. Furthermore, the power supply should be limited based on the
data sheet of the actuators to ensure that they do not get burnt.
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4.3. Experimental Results

Both MATLAB and Arduino were synchronized to send data to the motors.
Both trajectories were run and the results for low speed showed that the end-effector is
following the trajectory slowly with no jerks in the motion unlike the motion produced
when the speed increased. The results of the experiment were recorded and can be found
in [62]. Figure 46 shows the experimental setup while the end-effector is following a

square trajectory.

Figure 46. Experimental setup under testing for a square trajectory
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Chapter 5. Simulation Results

In this chapter, the results of CASPR simulations and the optimized models will
be represented and compared in order to create a comprehensive analysis and
comparison between the simulated models. First, a comparison between CASPR
models’ performance will be presented for two different trajectories. Then, the
optimization will run on 8 different trajectories to obtain the optimum design. After
that, each configuration for a specific trajectory will run all the 8 trajectories creating a
total of 64 simulations. All the results of these simulations will be compared based on

the objective function of the optimization algorithm.

5.1. CASPR Models’ Results
Two models were created under CASPR platform. Each model configuration
will be simulated with the same trajectories where the first one is a straight line and the

second is a square.

5.1.1. Planar CDDR with 3 cables and two DOF. Figure 35 shows the model
being investigated in this section. The coordinate of the straight-line’s trajectory start-
point is (-0.5, -0.5) and that of the endpoint is (0.2,0.2). The straight-line trajectory is
shown in Figure 47.

Trajectory
0.3

== Trajectory (m}
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Figure 47. Straight-line trajectory
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Figure 48. Speed profile of a straight-line trajectory
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Figure 49. Cables' lengths for a straight-line trajectory
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The speed profile of the of the end effector following a straight line is shown in
Figure 48. Figure 49 shows individual cable’s lengths for a straight-line trajectory. As
can be seen in Figure 50, the square trajectory created has sharp edges. The total exerted
tension by all the cables is 121.706 N. Figure 49 shows the cables’ lengths for the
straight line trajectory simulated using the 3 cables model. The square trajectory is

centered around (0,0) and has a side of 0.4 m. Its speed profile is shown in Figure 51.
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Figure 50. Square trajectory

Note that both speed trajectories are created based on the quantic spline
approach adopted by the CASPR platform. It ensures a smooth motion and eliminates

all jerks at sharp turns and at the beginning and the end of the motion. As can be seen
in Figure 51, the speed resembles that of a sine wave profile where its value is O%
att = 0 s, then it reaches a maximum about the middle of the first side, then it gradually
decreases to reach 0% at the first vertex of the square, then this motion is repeated for
every vertex and side in the trajectory. Figure 52 shows the cables’ lengths for a
straight-line trajectory.
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Figure 51. Speed profile of a square trajectory

5.1.2. Comparison between planar CDDRs using CASPR platform. As
shown in Figure 36, this model has an extra cable. The over-constrained CDDR will
have a larger workspace than the previous model as previously explained. The exact

same trajectories shown in Figure 47 and Figure 50 will be repeated.

Cables Length
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Figure 52. Cables' lengths for a straight-line Trajectory
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Comparison between speed profiles
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Figure 54. Speed profile comparison for a square trajectory
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In Figure 53, the speed profiles of both models when following a straight-line
trajectory are shown in blue for the 3-cables model and in green for the 4-cables model.
The difference between them is shown in red. As can be seen, both profiles are almost
identical, however, it can be noticed that the 4 cables’ model responds quicker than the
3 cables due to the extra tension and the over-constrained nature of the model. In other
words, the maximum specified speed can be reached faster when more cables are being
used.

For a more complex trajectories, the location of the cables determines the speed
of the end-effector. The speed profiles in Figure 54 are divided into 4 sections where
each section corresponds to one side of the square. The second and last sides can be
analyzed based on the number of cables and their attachment points. When the end-
effector is moving through the second side, the number of cables that are exerting
tension in the same direction as the motion are 2 for both designs. However, the number
of cables exerting a tension in the opposite direction of the motion are 2 for the 4-cables
design unlike the other model where only one cable is decreasing the speed of the end-
effector. Thus, 3-cables configuration will have a better response. The opposite
response can be noticed for the last side since the motion is reversed. The importance
of this comparison lies in the behavior of the end effector as well as the total tension

exerted throughout the motion.

The total tension exerted by 3-cables model being 121.76 N and 339.71 N is
greater than that of 4-cables model being 113.12 N and 312.1 N for a straight-line and
a square trajectory, respectively. It can be concluded that the 4-cables model exerts less

tension for most trajectories with a better control over the DOFs of the system.

5.2. Optimized Model results

In this section, the results of the optimized model along with all the optimum
configurations for 8 trajectories will be presented and compared. The performance is
based on the grand total of tensions exerted by the cables when the same trajectories
run on each model. Figure 37 shows the basic configuration of the 4-cables CDDR with
crossed configuration that will be assumed as the initial design to be optimized for each

trajectory.
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5.2.1. Optimum configurations. In this section, all the optimum
configurations will be shown from Figure 55 to Figure 62. Note that x and y are in

meters (m).

Straight line

C — Frame
I_ _jGIDbaI workspace
Allowed workspace

1F
©  Optimum pulley position
Constraint region for pulley
Cables
I:lEnd-eﬂ‘ectDr
05 - Trajectory
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Figure 55. Optimum configuration for a straight-line trajectory
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Figure 56. Optimum configuration for a triangular trajectory
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Square
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Figure 57. Optimum configuration for a Square trajectory

Circle

|:|Frame
I__ :jG\DbE\ workspace
Allowed workspace
O Optimum pulley position
Constraint region for pulley

Cables
|:|End~e#ectnr

Trajectory

05

Figure 58. Optimum configuration for a circular trajectory

For the custom trajectory shown in Figure 62, the error in the output and the
calculated torque are shown in Figure 67.
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Sine wave
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Figure 59. Optimum configuration for a sine-wave trajectory
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Figure 60. Optimum configuration for a spiral trajectory

Note that trajectories were created while taking the number of points N into
consideration.
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Combination
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Figure 61. Optimum configuration for a combined trajectory
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Figure 62. Optimum configuration for a custom trajectory

Note that all the attachment points of the cables at the base-frame are at the

edges of the optimization region where in fact it can be anywhere inside that region.
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Figure 63. Optimum attachment point inside the optimization region

As can be seen in Figure 63, the attachment point of cable 3 is inside the region

and not at the edges.

5.2.2. Validation of forces and torques. In this section, the results of the
forces and the torques from the simulation are validated. Note that not all the trajectories
will be shown since there are 64 simulations and hence 64 graphs. Only few graphs will

be shown where Fy is in N.

Figure 64 shows the given force and the calculated forces for a straight-line

trajectory. As can be seen, the forces are identical.

Using Eq. 12 and 13, the given forces and moments are calculated using the
instantaneous acceleration and angular acceleration. After calculating the tensions
using Eq. 15 for the optimum configuration of the respective trajectory, the resulting
tension vector is substituted in Eqg. 10 to obtain the calculated forces shown in Figure

64.
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Figure 65 corresponds to the comparison between the forces of the combined
path where all the 7 basic trajectories are combined in one. Both values are identical

throughout the simulation.
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Figure 64. Given and calculated force for a straight-line trajectory
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Figure 65. Forces comparison for a combined trajectory
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Figure 66. Sine wave torques

Table 6. Forces and torques maximum error

Optimum configuration | Maximum Error in Forces Maximum Error in
(N) torques (N.M)

Straight Line 5.4879e¢716 6.9389¢~ 17
Triangle 7.3552e¢716 7.5442¢717
Square 6.6613e¢716 6.3886e~ 17

Circle 7.2164e716 6.4252e¢17

Sine wave 1.4211e~ 14 6.9882¢716
Spiral 7.5027¢~16 6.3250e17
Combination 2.1316e7 14 1.8146e71°
Custom 4,9960e716 6.9297e17
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Table 6 shows the maximum error of forces and torques for validation. As can
be seen in Figure 66, the maximum error between the given and the calculated torque
is almost null. Figure 67 shows all the maximum errors between the given and the
calculated forces and torques for all optimum configurations when their

corresponding trajectory is run.
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Figure 67. Error between output and calculated torques

Figure 67 shows the instantaneous error between the torques throughout the
trajectory that was custom made to resemble the pattern used when printing a simple
3D object.

5.2.3. Cable Tensions and behavior. Figure 68 shows the difference between
the instantaneous tensions when using the optimum cables’ attachment point against
the default basic model where the cables are attached to the corners of the platform. All
the cables showed less tensions when using the optimum configuration than the default
one. Solid lines correspond to the optimum configuration and dashed lines to the default

one. To properly read the plot, cable 1 (solid line) should be compared to cable 1
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(dashed line) and so on. Note that none of the cables tensions in both configurations
dropped below 0.5 N which is necessary to maintain control over the end-effector. This
validates the Kernel vector approach adopted in Eq. 15. Similarly, when using the
optimum configurations for a specific trajectory, the cables’ tensions when compared
to the default configuration showed less tensions in most cases. However, the total
tensions were always less than that of the default configurations. Due to the high
number of simulations, all the other plots of cables’ tensions comparisons will not be
shown. Instead, an instantaneous cumulative sum concatenated after each step is shown
for some cases as in Figure 69 which corresponds to the sum of the 4 cables’ tensions.

Figure 68 shows the individual cable’s tensions for a straight-line trajectory.

Cable tensions: Straight line
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14 | Cable 2 (optimum configuration)
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Cable 4 (optimum configuration)
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Figure 68. Optimum vs default cables' tensions

As can be seen in Figure 69, the cumulative sum (solid line) is never above the dashed
line, which means that the summation of the tensions is less in the optimum
configuration than that of the default one. This plot is easier to read than the previous

one since only one value is being shown. The velocity profile in Figure 70 was created
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to eliminate the jerk that happens when the velocity jumps from minimum to maximum

instantaneously.
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Figure 69. Cumulative sum of concatenated cables' tensions for a spiral trajectory
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Figure 70. Velocity profile for a straight-line trajectory
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A semi-trapezoidal geometry was created using the parametric equations of a

straight line for v,and v,,, thus forming the velocities shown in Figure 70. Furthermore,
the maximum velocity was limited to 0.3% arbitrarily. This value however can be

changed based on the datasheet of the actuators being used.
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Figure 71. Acceleration of the end effector

Similarly, the acceleration guarantees that the end-effector reaches maximum
velocity smoothly. Figure 71 shows the acceleration profile for a straight-line trajectory.
When the maximum velocity is achieved at approximately t=1.1s, the acceleration
remains constant until it reaches the region where the end-effector slows down to come
to a complete stop at the destination. These two profiles have been created for every
trajectory simulated. A total of 7 simulations for each optimum model configuration
were carried out in addition to the default model making it 72 simulations.
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Given the angular rotation of the end-effector shown in Figure 72, the pose
becomes X = [x y ¢] at any given point in the trajectory. The final value of ¢ is 15°
for every trajectory created in order to show the results when the value of the third DOF
is not 0.
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Figure 72. End-effector angular rotation ¢

As shown in Figure 56 and Figure 57, the sharp edges of the triangle and the
square were smoothened using the MATLAB built in function round. The number of
points is determined by the smoothLengthPercent, which is one of the input parameters

of the system. The speed profiles for both trajectories are shown in Figure 73.

The angular position of the end-effector depends on the angular velocity profile.
Similarly, the angular velocity is created in a semi-trapezoidal shape throughout the
whole trajectory to avoid the spike behavior the end-effector motion exhibits when the

86



speed plummet instantaneously. This profile is common for most simple trajectories,

such as, straight line, circle, etc.
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Figure 73. Speed profiles of a triangular and square trajectories

After all the data has been collected from the simulations, a comprehensive
analysis and comparison was carried out. As will be shown in the next section, the
results have been analyzed from multiple angles to show the effectiveness and the

efficiency of this study.

5.3.  Comprehensive Analysis and Comparison

To validate the efficiency of the optimum pulley configurations obtained, a
comprehensive analysis of the obtained results was carried out in two stages. First, the
total tensions in all the cable when the CDDR is following all the trajectories are
presented. Note that each optimum configuration was run with all the trajectories. The
number of trajectories simulated are 8, creating one optimum configuration for each
trajectory. The total number of simulations is the number of the optimum models in
addition to the default basic configuration (a total of 9) creating a total of 72
simulations. As discussed before, it is not possible to show all the results because each
trajectory has a number of plots corresponding to its speed profile, acceleration profile,
instantaneous torques, etc., that is why few chosen samples have been presented and

analyzed.
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Table 7. Total cables' tensions in N for each trajectory simulation

Config/Traj Stlr_aight Triangle | Square | Circle Sine Spiral | Combination | Custom
ine wave

Default 87 277 381 199 1729 283 12399 564
Straight line 74 273 347 188 1784 282 12584 542
Triangle 80 237 346 188 1719 283 12629 578
Square 76 245 327 178 1745 273 12441 535
Circle 76 245 327 178 1744 273 12439 535
Sine wave 81 246 348 186 1706 275 12577 555
Spiral 77 244 330 179 1729 273 12450 538
Combination 98 383 460 229 1750 301 12241 581
Custom 83 266 343 186 1806 276 12600 534

Since the straight-line trajectory is the shortest and the one that has the least
number of points, it is evident that the summation of the tensions in column two will be
less than all the other tensions unlike that of the Combination column which combines
all the trajectories in one and has the highest sum. Reading Table 7 is a bit tedious since
all the numbers are mixed and have no easy reference to see. However, the most
important values are the ones corresponding to their own optimum configuration which
will be the smallest value in that column. For example, the smallest sum in the straight-
line trajectory column (column 2) is the one corresponding to the straight-line optimum
configuration which was 74 N. Following the same logic, the minimum values can be

obtained as such.

To easily read the data, the values in Table 7 have been compared to the sum of
cables’ tensions in the default configuration taken as ‘reference’ for this case and the
percentage difference was shown. When the percentage is less than 0%, then the sum
of tension of that configuration is less than that of the default configuration also referred

to as reference.

As can be seen in Table 8, the lowest percentage change in each column is
corresponding to the optimum configuration of that trajectory. This means that the
optimization algorithm has reduced the total tensions based on the objective function

as stated in the methodology section.

The best results can be seen when applying simple geometrical trajectories, such
as a straight line, a triangle, a circle and a square, which ranges between -10.5% up to

-14%. For instance, the optimum configuration obtained when the model is optimized
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for a square trajectory is shows best results when it is applied for that particular

trajectory. The values are collected in Table 10.

Table 8. Percentage change compared to the default configuration

IS_traight Triangle | Square | Circle Sine Spiral | Combination | Custom
ine wave

Default

Straight line | -13.97 -1.57 -8.98 -5.48 | 3.17 | -0.11 1.50 -3.96
Triangle -7.92 -14.60 -9.33 -5.75 | -0.58 | -0.02 1.86 2.34
Square -12.66 | -11.59 | -14.27 10j57 0.90 | -3.54 0.34 -5.25
Circle -12.61 | -11.58 | -14.24 10j57 0.87 | -3.53 0.33 -5.24
Sine wave -6.15 -11.20 -8.79 -6.68 | -1.35 | -2.58 1.44 -1.62
Spiral -11.27 | -11.80 | -13.41 | -9.99 | -0.04 | -3.60 0.41 -4.60
Combination | 13.62 38.15 20.70 | 15.18 | 1.18 | 6.45 -1.27 2.97
Custom -4.61 -4.02 -9.99 -6.58 | 442 | -2.37 1.62 -5.42

Table 9. Optimum trajectory vs default configuration tensions

Sum of

Sum of tensions tensions

(optimum (default

Trajectory configuration) configuration) | % change

Straight line 74.4 86.5 -14.0
Triangle 236.7 277.1 -14.6
Square 327.0 381.4 -14.3
Circle 178.2 199.2 -10.6
Sine wave 1706.0 1729.4 -1.4
Spiral 272.5 282.7 -3.6
Combination 12240.8 12398.5 -1.3
Custom 533.7 564.3 -5.4

Similarly, for all other trajectories, each corresponding optimum configuration

will result in the least total cables’ tensions compared to other configurations as shown

in Table 9.

This percentage is represented in Eq. 16.

% change =

Optimized — Reference

Reference

89

100
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Based on Eq. 18, the ‘Reference’ is the total sum of cables’ tensions of the
output the ‘Optimized’ is being compared to. Several references have been chosen to

make a general comparison between models.

Table 10 shows the percentage change of the grand total for all 7 trajectories
when simulated using all optimum configurations separately. The ‘combined trajectory’
has been eliminated from the grand total since it is a combination of all the other
trajectories. Compared to the default configuration of the CDDR shown in Figure 37,
all the other configurations showed better results. The grand total of all 7 trajectories
across all 7 optimum configurations are less than that of the default configuration
ranging from -0.8% down to -4.3%. This proves that the optimized configurations

perform better than the default configuration for most general trajectories.

The grand total of tensions was also compared to that when using the straight-
line optimum configuration. Unlike Table 10, the results showed some positive values

since the configuration we are comparing to is already using an optimized model.

Table 10. General comparison with default model

Grand total of
Configuration | Grand total of tensions tensions (default % change
configuration)
Straight line 3491.2 3520.6 -0.8
Triangle 3429.3 3520.6 -2.6
Square 3378.0 3520.6 -4.1
Circle 3377.8 3520.6 -4.1
Sine wave 3397.6 3520.6 -35
Spiral 3370.2 3520.6 -4.3
Custom 3493.3 3520.6 -0.8

However, these positive percentages are less than 1%. The results are shown in

Table 11. The values obtained in Table 12 are all greater than or equal 0% except
for a spiral optimum configuration. Based on Eq. 15, 0 % means equal performance, a

positive percentage means that more tension was exerted by the cables and vice versa.

In conclusion, for each individual optimum configuration, the best performance

(lowest sum of tensions) was for the corresponding trajectory of optimization. When an
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overall comparison was carried out, all trajectories were ran on all optimum
configurations and a comprehensive analysis showed that the most efficient design
(configuration) was for optimum configuration corresponding to a square, a circle and
a spiral. Based on the location of the attachment points, the corners of the outer edges
of the optimization region are most suitable for the attachment points for all common

trajectories.

Table 11. General comparison with Straight-line optimized model

Grand total of
tensions
(straight line
Grand total of optimum

Configuration tensions configuration) | % change
Default

configuration 3520.62 3491.16 0.84
Straight line 3491.16 3491.16 0.00
Triangle 3429.35 3491.16 -1.77
Square 3378.02 3491.16 -3.24
Circle 3377.79 3491.16 -3.25
Sine wave 3397.59 3491.16 -2.68
Spiral 3370.21 3491.16 -3.46
Custom 3493.35 3491.16 0.06

Table 12. General comparison with a square optimized model

Grand total of

tensions

(square

Grand total of | optimum

Configuration tensions configuration) | % change
Default configuration 3520.6 3378.0 4.2
Straight line 3491.2 3378.0 3.3
Triangle 3429.3 3378.0 15
Square 3378.0 3378.0 0.0
Circle 3377.8 3378.0 0.0
Sine wave 3397.6 3378.0 0.6
Spiral 3370.2 3378.0 -0.2
Custom 3493.3 3378.0 3.4

5.4. Fmincon Algorithms
[49] introduces the optimization algorithms that Fmincon utilizes. In this

section, three different algorithms will be compared based on the results the Fmincon
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produces. The three algorithms are Interior point, Sequential Quadratic Programming
(SQP) and Active Set.
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Figure 74. Fmincon algorithms for a straight-line trajectory

Figure 74 and Figure 75 show the cumulative sum of tensions when the
configuration of the CDDR is being optimized to follow a straight-line and square
trajectories respectively. It is obvious that there is no noticeable difference between the
tensions for all the algorithms used.

Similarly for a square trajectory, the optimization algorithms performs the same
creating the same cumulative optimum cables’ tensions when the end effector is

following a square trajectory.

Hence, the default option was selected to be used for the optimization run for
all other trajectories due to its flexibility to handle a wide range of problems making it

a large-scale algorithm.
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Figure 75. Fmincon algorithms for a square trajectory

5.5.  Other Algorithms

There are several algorithms that can be used for optimization. Some are case-
specific where the problem is either constrained, non-constrained, linear or non-linear.
These algorithms are explained in [63]. Three were selected that fit the characteristics
of our problem and can give us results. In this thesis, three algorithms’ performance
will be compared. These algorithms are Fmincon, Least Square Algorithm (LSQ), and
Genetic Algorithm (GA). For the LSQ, the non-linear option was selected based on our

problem, which is non-linear, making the algorithm option Isgnonlin.

As can be seen in Figure 76, all the algorithms give almost the same results with
Fmincon being slightly more efficient since the cumulative sum of tensions for a
straight-line trajectory using the Fmincon algorithm is better with a very small

difference compared to the other algorithms.
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To verify the performance of these algorithms for individual cables, each
cable’s tension when the algorithms are run separately is shown in Figure 77. The solid

lines represent the cable’s tension when the Fmincon algorithm is being used.

Similarly, a spiral trajectory shows that all the algorithms are performing the
same as shown in Figure 80. If we look at each individual cable’s tension for this
trajectory, it is noticed that in some regions, LSQ is performing than the other
algorithms and in other regions of the trajectory, Fmincon would be performing better.
This means that for more complicated trajectories, LSQ will perform better than
Fmincon in some region and vice versa. Figure 81 shows individual cable’s tensions to

confirm the above.
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Figure 76. Cumulative tension for a straight-line trajectory with three algorithms

Figure 76 and Figure 77 refer to the cumulative cables’ tensions and individual cable’s

tensions for a straight-line trajectory.
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Figure 77. Cables' tensions for a straight-line trajectory
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Figure 78. Cumulative tension for a square trajectory with three algorithms

Figure 78 and Figure 79 refer to the cumulative cables’ tensions and individual

cable’s tensions for a square trajectory.
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Cable tensions: Square
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Figure 79. Cables' tensions for a square trajectory
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Figure 80. Cumulative tension for a spiral trajectory with three algorithms

Figure 80 and Figure 81 show almost identical cumulative and cables’ tensions
for all the algorithms respectively. This is to ensure that the Fmioncon algorithm which
will be used with all the trajectories is performing as good as the other algorithms in

the least if not better.
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Cable tensions: Spiral
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Figure 81. Cables' tensions for a spiral trajectory

Based on all the results in this section, Fmincon algorithm proves to be the

most efficient algorithm to be used with all the other trajectories.

Table 13. Algorithms comparison

Algorithm Sum of tensions
Trajectory (default f Vﬁrage
Fmincon | Lagnonlin | GA | configuration) | ~° ¢ and®
Stlr?r:ght 7448 | 7492 | 74.48 87 15
Square 327 327 327.1 381 -14
Spiral 272.5 272.6 272.7 283 -3.6
Total 673.98 674.52 674.28 751
Average
0
% change 1026 | -1018 | -10.21
per
algorithm

As shown in Table 13, the algorithms are performing almost the same for the
total tensions in the cables for the 3 trajectories which are square, straight line, and

spiral.
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Chapter 6. Conclusion and Future Work

6.1.  Conclusion

Several researchers have studied different aspects of the cable-direct-driven
robot to improve its performance, response, and control. This study focused on a
slightly different aspect which targeted the design, especially the attachment points of

the cables.

The simulation of the basic models was carried out using CASPR platform
under MATLAB, where two 2-DOF CDDRs with a point-mass end-effector; one with
3 cables and the second with 4 cables; were created and simulated for a straight-line
and a square trajectory. The results were investigated and compared to prove that each
model has its advantages and disadvantages based on the trajectory. The 4-cables model

allows a larger workspace, but its modeling and control proves more tedious.

MATLAB was used to create a 3 DOF CDDR with 4 cables where the end-
effector is a rectangular platform. Based on previous studies, the attachment points of
the cables at the end-effector side were chosen to be crossed for three main reasons.
First, it allows more control over the 3" DOF, which is a rotation around the z-axis, and
second, it eliminates uncertainties from the model and creates less computationally

exhaustive calculations. Finally, it allows a larger wrench feasible workspace (WFW).

Several trajectories were created with smooth edges when there is a sharp turn.
A speed profile for each trajectory was created such that the motion is not abrupt, and

the end-effector speeds up and slows down at the beginning and end of each motion.

The attachment points at the base-frame were optimized using an optimization
algorithm under MATLAB for each trajectory, separately. The objective function of the
optimization algorithm is the summation of all cables’ tension exerted by the cables to
be minimized when the end-effector is following a certain trajectory. After that, all the
trajectories, including the custom and the combined trajectories, were run across all 7

optimum configurations for further comparison.

The results showed that for each trajectory, its corresponding optimum
configuration produced the least sums of tensions for that specific motion. For instance,

an optimum configuration based on a straight-line trajectory will exert the least cables’
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tensions when the trajectory is a straight line when compared to all other case-specific
optimum configurations. Since the exact model and configuration of the cable robot
model is a result of the optimization algorithm, it is possible to compare the results with
studies that has targeted this particular aspect of the problem, but none were found

focusing on the anchor points at the base-frame.

On the other hand, a comprehensive comparison when a random trajectory is
being followed on any optimum configuration showed different results. All the
optimum configurations are more efficient than the default configuration for almost any
random trajectory, however, each optimum configuration cannot be used as a general
case except for 3 cases, the spiral optimum configuration, the square and the circle. Due
to their symmetry, the resulting optimum configurations were almost identical and

when other random trajectories are used, it still needed lower overall tensions.

6.2.  Future Work

Different aspects of CDDR can be focused on in further studies. In our case, the
most relevant future work to this thesis is presented in this section. The improvements
can be made on the following parts.

1. Trajectory creation. Creating trajectories was extremely time consuming. An
interactive GUI could be introduced in further studies which allows the user to
either draw or select from a set of existing trajectories. The created or chosen
trajectory can then be added as a vector with a velocity and acceleration profile
to create a smooth motion.

2. The velocity profiles could be created using a more efficient method, such as a
quantic spline polynomial approach.

3. The optimization could be applied to more than one design and different models.
CDDR with 6 or 8 cables can be targeted, which will allow the control of more
degrees of freedom.

4. Dynamic modeling can be incorporated taking into consideration the friction in
the system. This will help control the system when an experimental setup is
developed.

5. Other objective functions can be added to the optimization algorithm and more
constraints as well in order to create a more accurate representation of CDDRs

when all constraints are accounted for.
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