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Abstract

This thesis concerns the study of the modeling and control of cable-driven robots.

A Cable-Driven Robot (CDR) is formed by replacing all the supporting legs of a

parallel robot with cables. In comparison with the conventional serial and parallel

robots, CDRs have the advantages of simple mechanical structure, large workspace,

low moment inertia, and high speed motion. One distinctive characteristic of cable-

driven robots is the unilateral property of the cables, i.e. they can only pull but

not push.

In this thesis, the forward and inverse kinematics, velocity and acceleration

analysis, tension analysis, dynamic modeling and control of the cable-driven robot

are investigated. The forward kinematics of a CDR is difficult because of its closed-

loop structures, while the inverse kinematics is relatively simple as it can be de-

coupled into individual cables. The Newton-Raphson method is adopted to solve

the forward displacement numerically. Static and dynamic analysis for a cable-

driven robots are also studied. A complete dynamic model of a CDR, including

the end-effector dynamic model and actuator dynamic model has been derived. By

combining these equations, the overall dynamic model of the system is obtained.

Moreover, two approaches for the control of cable-driven robots has been pointed

out, namely independent joint control approach and computed torque approach.

The first method uses local independent PID controllers at each joint to control

the position of the end-effector, while the second one is based on the control law
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development using computed torque method. Finally, a planar cable-driven robot

prototype has been build to investigate the control performance of CDRs. The

conclusions of the present study and future research are also outlined in the thesis.
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Chapter 1

Introduction

1.1 Motivation

Robots are electromechanical devices, which are programmable to accomplish a

variety of tasks. Robots are classified into four major types: serial robots, parallel

robots, hybrid robots and mobile robots. These classifications are based on the

layout and type of the joints and links that compose a robot and the ability of a

robot to move independently.

A serial robotic system can be formally defined as a robot that has only a

single kinematic chain between the base and the end effector, composed of links

connected by joints, where each link is connected to two other links, except for the

base and the end-effector links (Figure 1.1(a)).

Parallel robots, in contrast to serial robots, have multiple kinematic chains that

form one or more closed loops between the base and the end-effector as shown in

Figure 1.1(b). A single chain from the base to the end effector is termed a leg, an

arm or a branch, interchangeably.

1
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CHAPTER 1. INTRODUCTION

Hybrid robots are those which involve both parallel and serial stages between

the base and the end effector, for example, a conventional serial arm with a parallel

wrist mechanism (Figure 1.1(c)).

Mobile robots are able to move themselves, as a complete whole, rather than

just an end-effector portion, through their environment. In the case of a free-flyer

robot, which can move using rocket propulsion and reaction wheels, or a walking

robot, the system may also be a serial, hybrid, or parallel robot, in addition to

being mobile (Figure 1.1(d)).

(a) Serial Robot [1] (b) Parallel Robot [21]

(c) Hybrid Robot [77] (d) Mobile Robot [34]

Figure 1.1: Conventional Robots.

Parallel robots provide several distinct advantages over conventional serial

robots. Parallel machines are characterized by having multiple closed kinematic

chains and actuate a subset of their joints. Due to this general arrangement, a

parallel manipulator holds the potential for greater stiffness and higher speed and

payload for a given weight. However, workspace is typically smaller than that of

a similar serial machine, and dexterity may be compromised due to interference

2
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CHAPTER 1. INTRODUCTION

of links, depending on the design. Therefore, both conventional serial and paral-

lel manipulators are not effective for moving a heavy object in a large workspace.

Cable-driven robots are more suited to this type of tasks.

Figure 1.2 shows a cable-driven robot or a wire-actuated manipulator which is

formed by replacing all of the supporting legs of a parallel robot with cables. Cable-

driven robots are closed-loop mechanisms in which the end-effector is connected to

the base by several cables. They are relatively simple in form, with multiple cables

attached to a mobile platform or end-effector. The end-effector is manipulated

by motors that can extend or retract the cables. These motors may be in fixed

locations or mounted on mobile bases. The end-effector may be equipped with

various attachments, such as hooks, cameras, electromagnets and robotic grippers.

Figure 1.2: A Cable-Driven Robot [79]

Cable-driven robots have some desirable characteristics such as:

• Stationary heavy components and few moving parts resulting in low inertia,

high acceleration.

• High payload-to-weight ratio

• Potentially large workspace, limited by cable lengths, and cable tension con-

straints

• Reconfigurability by simply relocating the motors and updating the control

system accordingly

3
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• Economical construction and maintenance due to few moving parts

Because of their advantages, cable-driven robots become an alternative of the

rigid-link mechanisms in many applications such as material handling in large

scales, manipulations of heavy payloads, rapidly deployable rescue robots, cleanup

of disaster sites, access to remote areas, and interaction with hazardous environ-

ments. (Figure 1.3)

However, since cables are well known with their unilateral property (can pull

but cannot push) the traditional methods for the kinematics analysis, workspace

analysis, control, etc. of the rigid link robots cannot be directly applied for cable-

driven robots.

Current research challenges for cable robots include the optimization of workspace

properties, keeping the cables in tension dynamically, resisting external distur-

bances, design of suitable control algorithms, sensing of end-effector motion, sens-

ing the tension of the cables and avoidance of cable interference.

1.2 Objectives and Scopes

Given the potential for cable-driven robots to be used in a variety of applications,

it is important to have tools for analyzing and designing such manipulators. There-

fore, the objective of this research is to develop kinematic and dynamic analysis

and propose motion control strategies for cable-driven robots with redundant actu-

ation, simulate the performance, and finally build a planar cable-driven robot for

experimental verification of simulations.

The scope of this research will cover the following issues:

4
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CHAPTER 1. INTRODUCTION

(a) Material Han-
dling [8]

(b) Oil Well Fire Fighting [8]

(c) Rehabilitation Sys-
tem [26]

(d) SkyCam [61]

(e) Virtual Tennis System [29]

Figure 1.3: Cable-Driven Robots and Their Application.

• Kinematic analysis of cable-driven robots including forward and inverse dis-

placement, velocity and acceleration analysis.

• Dynamic analysis of cable-driven robots.

• Motion control strategies for cable-driven robots with redundant actuation.

• Dynamic tension measurement and verification of the proposed control meth-

ods for cable-driven robots.

5
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CHAPTER 1. INTRODUCTION

1.3 Thesis Organization

This thesis presents kinematics modeling, dynamics modeling, and control strate-

gies for the planar cable-driven robots followed by some experimental results on

a planar cable-driven robot prototype. A complete literature review of the rele-

vant research area is presented in chapter two. Chapter three describes a model

of cable-driven robots and also covers kinematic analysis. Tension analysis and

stiffness modeling of cable-driven robots are presented in Chapter four, following

by the dynamics modeling in Chapter five and development of a planar prototype

in chapter six. Chapter seven covers control strategies of cable-driven robots. In

addition, the implementation of the controllers and some experimental results are

presented at the end of this chapter. An application of the planar prototype in

rehabilitation is also presented in Chapter eight. Finally Chapter nine summarizes

the research contributions and describes the future works.

6
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Chapter 2

Literature Review

In this chapter, literature review of the research area is presented. For the compre-

hensive understanding of the research, related works is first presented in the areas

of parallel mechanisms, cable-driven robots and their workspace analysis, followed

by the areas most closely related to the control of cable-driven robots.

2.1 Parallel Mechanisms

A parallel robot is a closed-loop mechanism in which a moving platform is connected

to the base by at least two serial kinematic chains called legs [40], as shown in Figure

2.1.

Getting its origin from the Stewart Platform designed by Stewart to simulate

flight conditions by generating general motions in space [7], it has since found

numerous applications in teleoperation hand controllers [13], high-speed machin-

ing equipments [39], high precision surgical tools [64], and modular reconfigurable

robots [85].

7
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Because the moving platform is connected to the base via numerous serial

chains and having parallel actuation, the parallel mechanisms has greater rigidity,

higher load-to-weight ratio, higher stiffness, and superior positioning capability

compared to the serial mechanisms of similar dimension [71]. In addition, the

parallel mechanism is able to provide a very complicated motion for the end-effector

in a flexible way with many degrees-of-freedom (DOFs) by a combinational use of

prismatic, revolute, universal and spherical joints.

However, these closed-loop kinematic chains also introduce limitations to the

motion of the mobile platform and create complex singularities within the workspace.

From the application point of view, limited workspace and complicated singulari-

ties are two drawbacks of parallel mechanisms. The potential benefits offered by

parallel mechanisms have attracted many researchers in a great deal of effort in the

workspace maximization and singularity determinations for the design and control

of various types of parallel mechanisms [63].

Figure 2.1: A Parallel Mechanism

2.1.1 Kinematic Analysis

Due to the closed-loop nature of parallel mechanisms, their forward kinematics

is more challenging, since it is expressed in highly nonlinear equations with mul-

8
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tiple solutions [78]. But on the other hand, the inverse kinematics is relatively

straightforward, simply requiring direct substitution to obtain the unique set of

answers for a given pose. Previous research efforts on forward kinematics [32]

have focused on three main approaches: the polynomial-based, the extra-sensor,

and the numerical-iterative approach. Due to the complex reduction process of the

set of constraint equations into a uni-variant high-order polynomial equation in the

polynomial-based approach, and high implementation costs and hardware complex-

ities involved in the extra-sensor approach, the numerical-iterative approach has

been widely used. One of the widely employed iterative methods is the Newton-

Raphson method due to its quadratic convergence property. However, this ap-

proach also poses a potential problem of reliability and accuracy, as it is highly

sensitive to the initial estimate values. This is generally minimized by using the

previous point of the trajectory as a good initial guess [79].

2.1.2 Workspace

Workspace maximization is one of the goals of an optimal parallel mechanism de-

sign. In order to maximize the workspace of a parallel mechanism, quantitative

and qualitative workspace evaluation has to be carried out in order to determine

the geometrical limits of the task that can be performed. A common approach

to workspace quantification is numerically discretizing the three dimensional space

into grids, consisting of regular arrangement of points and solving the inverse kine-

matics at each point to see if it belongs to workspace or not [41]. It is important

to take note that a manipulator designed for a maximum workspace may lead

to undesirable kinematics characteristics such as poor dexterity or manipulability.

Therefore, the quality of the workspace must also be considered while maximizing

it [72]. A verity of workspace quality indices have been proposed such as ma-

nipulability, dexterity, and stiffness, which most of them depend on the Jacobian

9
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matrix [41]. Therefore, if the Jacobian matrix of a parallel manipulator is well-

conditioned (i.e. far away of singularities), the parallel mechanism will have a high

quality workspace.

2.1.3 Singularity

Singularity determination is the other goal of an optimal parallel mechanism design.

The notion of singularity refers to configurations in which the parallel robot has

uncontrollable DOFs instantaneously. The occurrence of singularity configurations

must be avoided during motion, as the actuators cannot control the motion even in

the neighborhood of these singular configurations. As a consequence, the knowledge

of singularities is vital for control purposes and singularity-free path planning.

One of the first works to address the configuration singularity analysis of general

closed-loop mechanisms was done by Gosselin and Angeles [22]. In this work,

the singularity configurations were classified into three main groups, namely the

forward, inverse and combined singularity, based on the properties of the Jacobian

matrix of the parallel mechanism.

The classical method of determining singularity configurations is finding the

roots of the determinant of the Jacobian matrix [41] i.e. det ‖J‖ = 0 or det
∥∥JTJ

∥∥ =

0. The first step involves calculation of the determinant while the second step

involves finding its roots within the workspace, which is challenging, as the deter-

minant is nonlinear in the pose parameters. Intuitive geometry methods such as

Grassmann Line geometry [24] and unified geometric approaches [85], have been

utilized to determine these singularities. Numerical approaches have also been pro-

posed to obtain the information on the nearness of a singular configuration, based

on the fact that the end-effector forces become extremely large near singularity

configurations.

10
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In conclusion, the understanding of the singularities and their relations with

the kinematic parameters and the workspace is of ultimate importance in design,

planning and control of parallel mechanisms.

2.2 Cable-Driven Robots

A cable-driven robot (CDR) or cable-driven mechanism (CDM) is a mechanism

that utilizes light flexible cables instead of heavy rigid links to position the end-

effector as shown in Figure 1.2. With multiple cables attached to the end-effector,

it is manipulated by motors that can extend or retract the cables, allowing them

to have a large motion range compared to conventional actuators.

The concept of CDRs was first introduced in the early 1980’s where the Defense

Advances Research Projects Agency (DARPA) sponsored the National Institute of

Standard and Technology (NIST) a project on robot crane technology called the

ROBOCRANE for use in shipping ports [11]. As shown in Figure 2.2 it is similar

to an upside down six degrees-of-freedom Stewart platform, but with six cables

instead of hydraulic-cylinder legs. In this system, gravity is an implicit actuator

that ensures the cables are always in tension.

Figure 2.2: The ROBOCRANE developed by NIST [1]

11

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 2. LITERATURE REVIEW

The basic idea of ROBOCRANE was the utilization of Stewart Platform par-

allel link manipulators but with the unique features of utilizing cables as parallel

links and winches as the actuators to control the length of the cables. As long as all

the cables are in tension, the load is kinematically constrained and there exists a

known mathematical relationship between the length of the cables and the position

of the platform. ROBOCRANE was recognized to have the benefits of allowing an

operator to locate and orient a load without sway and oscillation. In addition, it

does not require any counterweight and experiences negligible twisting or bending

moments due to its octahedral geometry. As a result it can lift at least five times

of its own weight, which is significantly more than any robot or crane in use.

With the above benefits, and depending on what is suspended from its plat-

form, the ROBOCRANE could perform a variety of tasks such as material han-

dling, inspection, pipe fitting and manufacturing operations such as welding, saw-

ing and grinding [10]. Several versions of the ROBOCRANE are shown in Fig-

ure 2.3, including a ROBOCRANE mounted to a mobile base (Figure 2.3.(a)),

a ROBOCRANE used as a gantry crane (Figure 2.3.(b)) and a ROBOCRANE

modified to handle pallets of munitions (Figure 2.3.(c)).

In 1994, Ming and Higuchi [42, 43] provided a basic understanding of CDRs.

Their work presented the necessary and sufficient conditions for positioning by

cables, the rigid link equivalent of cables in positive tension and a general classifi-

cation of CDRs. Cables have the unique property of unilaterality that cannot bear

compression (i.e. cannot push onto the end-effector). It can only exert tensions

when it is fully stretched, hence requiring a pre-tension. In CDRs the position of

the end-effector is controlled by the length of the cables attached to it. Therefore,

the unilateral property of cables implies that when a cable is no longer in posi-

tive tension (or active), the position of the end-effector is no longer under control

as well. The necessary and sufficient condition for controlling the position of the

end-effector with positive cable tensions was also stated by Ming and Higuchi [43].

12
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(a) Robocrane mounted to
mobile bases [8]

(b) Robocrane as a Gantry
Crane [8]

(c) Robocrane
modify to handle
munitions [8]

Figure 2.3: The ROBOCRANE Application.

It was mathematically proven that a CDM with n DOFs, requires a minimum of

(n+1) active cables to fully restrain the end-effector. Following this, they proposed

a kinematically equivalent rigid-link mechanism for an active cable, consisting of a

spherical joint at both ends of a prismatic joint (SPS) as shown in Figure 2.4. In

addition, they have presented a classification of CDRs [43].

2.2.1 Classification of Cable-Driven Robots

Cable-driven robots can be divided into two categories, based on whether there

are sufficient cables to provide complete constraint for the end-effector. Assuming

number of cables m and number of degrees of freedom n, the cable-driven robots can

be classified into incompletely restrained (m<n+1) and fully restrained (m≥n+1)
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Figure 2.4: Equivalent Mechanism of a Cable [42]

as illustrated in Figure 2.5. The fully restrained robots can be further classified

into completely restrained (m=n+1) and redundantly restrained (m>n+1).

(a) Incompletely Restrained
(m<n+1)

(b) Completely Restrained
(m=n+1)

(c) Redundantly Restrained
(m>n+1)

Figure 2.5: Classification of Cable-Driven Robots [54]

Incompletely restrained cable-driven robots: Figure 2.5(b) shows an in-

completely restrained cable-driven robot. For such a robot, only certain degrees of

freedom (DOF) of the moving platform can be realized by kinematic constraints.

Motion on the other DOFs is governed by the dynamics of moving platform and

cables. Hence, external forces like gravity should be applied to get additional (non-

kinematic) constraints. These robots have more typically designed for applications

where large workspace is required. Because of the incompleteness of constraints,

the end-effector which is driven by this type of robots such as conventional crane

14
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is easy to swing. To overcome this problem, dynamics control strategies need to

be considered for precision control of the end-effector.

A point mass cable-driven robot (Figure 2.6) is a special group of incompletely

restrained cable robots, in which all cables attach to a single point on the end-

effector and can change lengths to control the position of the end-effector. Typically

the end-effector is modeled as a lumped mass located at the point of intersection

of the cables. Although in many cases the center of mass of the end-effector is

not truly located at the point of intersection of the cables, the distance of this

offset is assumed small in comparison to the scale of the manipulator. Point-mass

cable robots are well suited to perform operations similar to those of construction

cranes (positioning an end-effector but not controlling its orientation). However,

a cable-driven robot has significantly less swaying of the payload than a crane in

performing the same operation due to its parallel structure. This class of robots

is also useful for camera positioning operations and is a promising candidate for

rapidly-deployable manipulators for disaster relief [9].

Figure 2.6: A Point-mass Cable-Driven Robot [9]

Fully restrained cable-driven robots: For fully restrained cable-driven robots,

all the DOFs can be determined by using kinematics of the mechanism. For such

a robot, there exists actuation redundancy. Although redundant actuation is an

effective approach for enlarging workspace and avoiding singularity, sophisticated

tension distribution need to be investigated. These robots are further divided into
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completely restrained as shown in Figure 2.5(b) and redundantly restrained as

shown in Figure 2.5(c). Completely restrained cable robot is a special case of fully

restrained robots in which the minimum number of cables (m = n+1) is used. Fully

restrained cable-driven robots have often been designed for applications that re-

quire high speed, high acceleration or high stiffness. High stiffness can be achieved

by pre-tensioning the cables. However, these manipulators have their own problems

such as the possibility of cables interfering with the end-effector, surroundings and

each other and necessity of large number of motors.

2.2.2 Applications

Some of the typical applications of cable-driven robots include hyper-redundant

flexible manipulators [62], virtual tennis system [29] shown in Figure 2.7.(a), haptic

devices [19], and leg rehabilitation systems [26] shown in Figure 2.7.(b).

(a) Concept of Virtual
Tennis System [29]

(b) Rehabilitation System [26]

Figure 2.7: Typical Application of Cable-Driven Robots.

Cable-driven robots have also been proposed for use in transferring cargo to and

from ships. One such system is the Automated All-Weather Cargo Transfer System

(AACTS) [16] made by August Design which is shown in Figure 2.8. The system

utilizes a large SCARA robotic arm combined (shown in Figure 2.8.(a)) with a rigid

hoist to position a six-cable, six degree-of-freedom spreader bar cable-driven robot

(shown in Figure 2.8.(b)) that will pick up freight containers from cargo ships in
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high sea states. Another manipulator designed for transferring cargo is the Cable

Array Robot [20]. The Cable Array Robot was developed at the Pennsylvania

State University and is a 4-cable point-mass cable-driven robot. Figure 2.9.(a)

shows a prototype of the Cable Array Robot and Figure 2.9.(b) shows a diagram

of the Cable Array Robot being used to load containers onto a ship. Another

point-mass manipulator is the SkyCam [1], made by August Design. SkyCam is

a cable-driven robot that positions a video camera for use in stadiums and indoor

arenas (shown in Figure 2.10). The use of under-constrained cable-driven robots

has also been proposed for search and rescue in the event of urban earthquakes [67],

and pose-measurement systems [69]. Cable-driven robots have even been proposed

as bathroom cleaning robots [68].

(a) AACTS Unloading Cargo [16] (b) Rehabilitation System
[16]

Figure 2.8: The Automated All-weather Cargo Transfer System (AACTS) and In-
telligent Spreader Bar (ISB)

(a) Prototype of the Cable Array
Robot [20]

(b) Diagram of the Cable Array
Robot used for loading containers
onto a ship [20]

Figure 2.9: The Cable Array Robot

Fully restrained CDRs have often been designed for applications that require
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Figure 2.10: The SkyCam [61]

high speed or acceleration or high stiffness. High speed CDRs include the WARP

manipulator [37] which uses 8 cables and the FALCON [28], a 7-cable manipulator

(shown in Figure 2.11) that was able to achieve accelerations up to 43g. The

Charlotte robot (shown in Figure 2.12) is an 8-cable manipulator designed for use

inside space structures, where the motors that control the cables are located inside

the end-effector [70].

(a) A prototype of the FALCON (b) A diagram of the FAL-
CON

Figure 2.11: The FALCON [28]

2.2.3 Kinematic Analysis

Kinematic analysis is to determine the kinematic relations between the task space

and the cable space (or the joint space). All cables are supposed to be in tension so

that they are in straight lines. Therefore, kinematic analysis of cable-driven robots

is related to that of rigid-link parallel mechanisms. Similar to the parallel manipu-
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Figure 2.12: The Charlotte Developed By McDonnel Douglas [70]

lators with rigid links, the forward kinematics is difficult because of its closed-loop

structures, while the inverse kinematics is relatively simple as it can be decoupled

into each of the cables. Hence, one challenging issue in kinematics analysis is the

forward displacement analysis, i.e., to determine the end-effector pose with given

cable’s lengths. Because of the coupled motion characteristics of a cable-driven

robot, multiple forward displacement solutions exist. As a result, previous efforts

are focused on the numerical algorithms based on Newton-Raphson methods [80].

However, such a method has two drawbacks. First, it can only give one solution

each time. Second, the solution largely depends on the initial guess solution. Ming

and Higuchi [42] have made use of results of rigid-link parallel mechanisms by ob-

taining the pose of the n-DOF platform from m cable lengths. This is followed

by utilizing inverse kinematics to obtain the lengths of the remaining lengths of

(m-n) cables. Generally, it is also found not convenient for a general cable-driven

robot. This makes the numerical-iterative approach being widely utilized because

numerical-iterative methods generally result in a faster generation of the forward

displacement solution and can be expanded for any cable-driven robot.

2.2.4 Tension Analysis

Since cables can only pull but cannot push the end-effector, the cable tension

becomes one of the most important issues in analyzing the kinetostatic performance
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of the fully restrained cable-driven robots. Cable tension must be constrained

positively so that it can control the end-effector. Currently, the null space approach

has been widely used in constraining the tension. For completely restraint robots,

the homogeneous solution degenerates to a column vector which its components

can be obtained in symbolic forms. However, for redundantly restraint robots, this

approach has been found to be difficult because the redundancy of cables results in

difficulty of obtaining homogeneous solutions [50, 57]. Another approach is known

as a geometrical method in which tension vectors form convex polyhedrons and

the external wrench is checked as to whether it is inside the convex set or not [88].

However, this approach becomes more challenging for mechanisms with higher

dimensional task-spaces, i.e. the number of DOFs of the end-effector is greater

than three, and for applications that require a complicated set of force and moment.

Moreover, as the minimum tension is taken into account, this approach is much

more complicated.

2.2.5 Workspace Analysis

Several different workspaces have been addressed previously. A number of re-

searchers have investigated the set of all poses that the end-effector can attain

statically (with no external forces or moments acting besides gravity called Static

Equilibrium Workspace) [1], [2]. In most cases formulation of the Static Equilib-

rium Workspace has been done numerically via brute force methods, where the

entire task space is discretized and exhaustively searched to find the statically

reachable poses. One exception is in Fattah [17], where the boundaries of the

Static Equilibrium Workspace were defined analytically for an under constrained

and fully-constrained planar cable-driven robot. However, this was done for a spe-

cial geometry end-effector and does not generalize to other geometries. Another

workspace that has been researched is the ’dynamic workspace’, defined in [5] as
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the set of all poses where the end-effector can be given a specific acceleration. This

workspace was determined for a planar cable-driven robot by analytically forming

the workspace boundaries. The Wrench-Feasible Workspace is defined as the set of

poses where the manipulator can counteract a specified set of wrenches. For many

applications the Wrench-Feasible Workspace constitutes the usable workspace of

the manipulator. While the Wrench-Feasible Workspace has been defined in gen-

eral terms [18], it has generally been formed numerically using an exhaustive search

approach [37], [74], [73]. The boundaries of the Wrench-Feasible Workspace were

determined analytically for planar 4-cable fully-constrained cable robots in [23],

assuming infinite upper tension limits. Some additional workspaces that are very

similar to the Wrench-Feasible Workspace have also been defined. In [23] the

force-closure workspace was introduced, which is a special case of the Wrench-

Feasible Workspace where only forces are considered. The workspace with tension

conditions [75], [76] is defined similarly to the Wrench-Feasible Workspace with

the additional constraint that all cable tensions must remain above a minimum

tension value and below a maximum tension value. The workspace with stiffness

conditions [76] is defined similar to the Wrench-Feasible Workspace, with the addi-

tional constraint that the stiffness of the end-effector should be above a threshold

value. Some researchers have also incorporated workspace limits based on cable

interference, but these workspace limits were determined either experimentally or

numerically [80]. There are several similar concepts that have been developed by

other researchers. The capable force region is defined in [53] as the set of forces

that the manipulator can exert without consideration for the associated moments.

In [58], [59] a 3-cable planar cable robot with point-mass end-effector was exam-

ined and a set of manipulating forces was formed. This is the set of all forces that

the 3 cables could exert on the end-effector. A similar set of wrenches was also

defined in [5] and termed a pseudo-pyramid. This pseudo-pyramid includes the set

of all wrenches (force/moment combinations) that the cables could apply to the
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end-effector at a pose if the cables have no upper tension limits. Besides workspace

quantization, it is also important to determine the quality of the workspace, since a

mechanism designed for a maximum workspace may lead to undesirable kinematic

characteristics such as poor dexterity or manipulability. Various performance in-

dices such as the velocity/force ellipsoid, the condition number, and the manipu-

lability measure have been devised for assessing kinematic performance of robotic

manipulators.

2.2.6 Design Optimization

Due to the importance of workspace, various cable-driven robots design problems

are formed to optimize the workspace. Similar to parallel mechanisms, the goals of

an optimal design include workspace maximization and singularity minimization,

but with additional goals of optimal tension distributions. In order to compensate

the limited workspace and low stiffness, redundancy (increasing the number of

cables) has been generally introduced [65], although it makes the design and control

aspects more complex. Redundant actuation enlarges the workspace and increases

the stiffness of the mechanism through the use of internal forces among the cables

[12]. Cable-driven hybrid robots have also been proposed to increase the stiffness

of cable robots [62].

2.2.7 Dynamic Analysis

It is known that dynamic modeling is essential to improve the control system when

a mechanism has to provide high velocity and acceleration motion. Dynamics

modeling is concerned with relating the Cartesian motion of the end-effector to the

required joint torques. Due to the cable actuation, the dynamic modeling of cable-

driven robots is different from that of parallel rigid-link mechanisms. Similar to
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tension analysis, torque equation is an under-determined system. Torque solution

has to be solved systematically in a limited torque range ( from τmin to τmax ). The

value τmin is required to keep the cables taut, whereas the value τmax ) is limited

by the maximum torque of actuators or by the maximum allowable tension within

the cables. Besides, for dynamic analysis, the cables are assumed to be mass-less

and perfectly stiff so that their inertias and spring stiffness can be ignored.

2.2.8 Control

As stated before, cables have one unique property; that is they carry loads in

tension but not in compression. Due to this feature, well known approaches in

robotics for trajectory planning and control are not directly applicable to cable

robots. Moreover, one of the major issues in the control of CDRs is maintain-

ing positive cable tensions. Researchers used different strategies for controlling

the cable robots. Some of the proposed control strategies are reviewed here for

incompletely restrained, completely restrained, and redundantly restrained CDRs.

2.2.8.1 Control of incompletely restrained CDRs

Yanai and Yamamoto [84] presented a feedback control method for general incom-

pletely restrained wire-suspended mechanisms. Because of the incompleteness of

the constraint for the suspended object, the object is easy to swing. To overcome

this problem, the authors considered inverse dynamics of the object for precise con-

trol. In this method the end-effector is controlled along a trajectory with no swing

by adopting a dynamic control method for the mechanism using the inverse dy-

namic calculation. The response of the system was not highly affected by changing

the parameters, because the nonlinearity of the mechanism is compensated by the
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inverse dynamic calculations. As a result, this control method (called anti-swing)

restrained swing of the object along the whole trajectory of the object motion.

Maier and Woernle [38] proposed a novel cable suspension manipulator CA-

BLEV (Figure 2.13) and used flatness-based control architecture to control it. A

cascade feedback structure including tracking and anti-swing controller and trol-

ley/winches motion controller was used to asymptotically stabilize the tracking

behavior of the system.

Figure 2.13: The Cable Suspension Manipulator CABLEV [38]

Alp and Agrawal [3] obtained the dynamic model of a six-degrees-of-freedom

cable suspended robot shown in Figure 2.14. They designed two controllers for the

cable suspended robot using Lyapunov controller method and feedback linearization

method. Through computer simulations the effectiveness of the controllers were

investigated and compared. Since proportional and derivative terms were used,

both controllers achieved the desired steady-state values with errors. Finally the

controllers were implemented on the real hardware to validate the theory with

experimental results. They also mentioned that the cable friction and using the

encoder on the motors with forward kinematics to obtain the feedback are some
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potential sources of the error in the experiment.

Figure 2.14: 6-DOF Cable Suspended Robot [3]

So-Ryeok Oh [50] designed a controller for non-redundant cable robots un-

der input constraints using the method of a reference governor (RG). The control

design is based on feedback linearization augmented with RG. RG solves the con-

straint problem at a hierarchical level so that the feedback linearization controller

of the inner loop can stabilize the plant and provide good tracking in the absence

of constraints. An algorithm was also introduced to predict the system’s future be-

havior by obtaining the analytical solution of the system states using the dynamics

of inner feedback loop. Finally the effectiveness of the program was illustrated

through a Matlab Simulink program.

A sliding-mode controller has also been applied to cable robots in [49]. This

sliding mode controller deals with the characterization of the feasible workspace

for set point control of a cable-suspended robot under input constraints and dis-

turbances. The implemented sliding mode controller acts as a stabilizing con-

troller for a given uncertain system. The proposed method estimates the admissi-

ble workspace for set-point control. The computational procedures to obtain the

admissible workspace consist of calculating the range of system states during mo-

tion in terms of set-points by solving the reaching condition (Ṡ > q) and sliding

mode (S = 0) and replacing all the states in the control law with their upper and
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lower values in such a way that the positive input constraints were met. Effects of

the disturbances on the set-point’s feasible region were also investigated.

2.2.8.2 Control of completely restrained and redundantly restrained CDRs

Kawamura [28] described the development of an ultra high speed cable-driven robot

called FALCON, based on the cable-driven parallel manipulators. This robot can

achieve peak accelerations of up to 43g and maximum velocities of 13 (m/sec). Due

to the use of wires in actuation, the problem of vibration arises which is solved

by employing internal force control among the wires and implementing point to

point control using linear PD feedback. The use of wires with nonlinear spring

characteristics improved the system transient response, but it also complicates the

study of the stability.

Kino [30] investigated the principle of orthogonalization for completely re-

strained parallel-wire driven systems. This principle clarified the relation between

wire tension and driving force-moment on the object. Since wire length can be

easily obtained by calculation of Euclidean norm between endpoints of the wire,

under an assumption that an endpoint of wire in each actuator is fixed, the feedback

control in the wire length coordinates is a widely used method for the parallel-wire

systems. Therefore, a Lyapunov function using the principle of orthogonaliza-

tion has been introduced to prove the motion convergence of wire length feedback

scheme for general parallel-wire robots with more than n+1 wires.

Morizono and Kurahashi [44] proposed a force display system using paral-

lel wire mechanism for virtual sports training with high speed motion (Figure

2.15). They investigated the dynamic characteristics of the parallel wire mecha-

nism through a simple model. In addition, some control laws were proposed based

on the dynamic characteristics of the parallel wire mechanism.
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Figure 2.15: Realized Virtual Tennis System [44]

They modeled a 1-DOF system (Figure 2.16) and considered the equivalent

stiffness of the motor unit and cables by measuring the deflection of the cable

under certain amount of tensions with a laser ranger. Using the dynamic equations

of motion, they implement a tension feedback law with a high gain feedback to

compensate the nonlinear effects of the elasticity of the system. However, there

was a limitation of the feedback gain because of the stability problem. They also

implemented a tension and reaction force (T R F) feedback law to reduce the

dynamic effects of the grip handle. The effectiveness of the control law has been

demonstrated through basic experiments.

Figure 2.16: Model of One-DOF Force Display System [44]

Williams and Gallina [79] presented a hybrid parallel/serial manipulator ar-

chitecture where translational freedom is provided by a cable direct driven robot

(CDDR) and the rotational freedoms is provided by a serial wrist mechanism. They

presented three cables and four cables CDDR with two and one degree of actuation
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redundancy, respectively. They presented kinematics and static modeling of CDDR

and a method to maintain positive cable tension. They also presented a dynamics

modeling of hybrid parallel/serial manipulator using a Cartesian dynamic model

for the end-effector and actuator, and finally combine them to obtain the dynamic

model of the whole system. In addition, a control architecture of the CDDR and a

method to calculate optimal actuator torques was presented.

Williams and Vadia [82] presented a hardware implementation of a planar,

translational cable direct-driven robot (CDDR). They presented kinematics and

static modeling of the CDDR along with the method to maintain positive cable

tension and implemented them on CDDR hardware for experimental verification.

Only translational CDDR was considered and it was tried to attempt zero orienta-

tion by control. They used four independent length PD controllers. Cable lengths

were calculated online using the encoder feedback for each cable pulley. It was

found that the whole theoretical static workspace could not be achieved in hard-

ware as it was difficult to move the end-effector in the region close to the edges of

the static workspace as it was approaching the singularity points.

So-Reyok Oh and Agrawal [51] proposed a control approach for a cable sus-

pended robot with redundant cables to follow prescribed trajectories. They sketched

the feasible workspace for a planar cable robot with one, two, and three extra cables

(one, two, and three degrees of redundancy respectively) at a point during motion.

The feasible space was a line for one extra cable and increases in dimension by one,

i.e., became an area with two extra cables and a volume as a third cable was added.

They have formulated the controller design problem to keep positive tensions in

the cables using Linear Programming (LP) and Quadratic Programming (QP).

By simulations, they have investigated the proposed methods. The algorithm was

also tested experimentally on a 3-DOF planar cable robot (Figure 2.17) to show

the feasibility of the control strategy. These methods were classified as point-wise

since they do not ensure continuity of the cable tensions as the trajectory evolves
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in time.

Figure 2.17: Planar Cable Robot [51]

Kalyan [27] presented a dynamic model for a dual-stage planar cable robot

(shown in Figure 2.18), incorporating the disturbance from the sea condition. In

addition, a robust controller for end-effector control was developed. The problem

of positive cable tensions was tackled using redundancy. This redundancy was

then used to assure positive tensions in cables and keep the uncontrolled states

within the specified bounds. A sliding-mode controller (SMC), which belongs to a

class of variable structure systems (VSS), is considered for the control of the dual-

stage cable robot in the presence of uncertainties, since SMC not only provides a

robust and accurate response, but also makes the system response insensitive to

changes in the system parameters and load disturbances. It is assumed that all

the cables keep positive tensions during the motion and the actuators are ideal and

cable stiffness is longitudinally large to instantaneously carry the wrench torque

to the end-effector. The designed controller based on sliding mode theory can

asymptotically stabilize the system to desired position (Xd) as long as cables are in

tension during the motion. Also simulation results using Matlab Simulink showed
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the proposed control strategy, which uses the system redundancy to satisfy the

positive tension and minimize the uncontrolled states.

Figure 2.18: Planar Cable Robot [51]

2.3 Summary

In this chapter, literatures of parallel mechanisms and cable-driven robots have

been surveyed. Different issues such as kinematic, tension, workspace, dynamic,

and control of cable-driven robots have been reviewed completely. Cable-driven

robots have raised significant attention because of their advantages such as large

workspace and low weight. The unilateral property of cables is the main issue in

cable-driven robots, i.e. keeping the cables in tension is the goal of the design

process. By adding more cables (redundancy) we get more opportunity to keep all

the cables in tension, but on the other hand the analysis of the system and control

strategy become more complicated. Although a lot of work have been carried out

on the kinematic analysis and workspace determination of the cable-driven robots,

the control issues have not been well investigated. Different control approaches

have been used for incompletely restraint robots and usually gravity force helps to
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guaranty the tension in the cables. However, completely restraint robots suffer from

the lack of efficient control methods that have both positional accuracy and tension

control, simultaneously. Therefore, it is necessary to investigate the fundamental

of control aspects of cable-driven robots.
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Chapter 3

Kinematic Modeling

In this chapter, kinematic modeling of a general cable-driven robot is described

in details, followed by derivation of the equations for a planar cable-driven robot.

This chapter includes the displacement, velocity, and acceleration analysis. The

kinematic modeling presented in this chapter is based on the work done by C.B.

Pham [54].

3.1 Model Description

In this thesis, a Cable-Driven Robot consists of a single end-effector rigid body

supported in parallel by m cables controlled by m actuators. Figure 3.1 shows

a general cable-driven robot, in which the end-effector is connected to the base

through m active cables, i.e. BiPi. Pi is the connecting point on the end-effector

and Bi is the suspending point on the base. An inertial fixed reference frame {O}

is attached to the base and a local body frame {P} is attached to the end-effector.

In convention, all quantities are written in frame {O} unless there is a trailing

superscript p which denotes the quantity in frame {P}.The length of each cable is

denoted as li.
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Figure 3.1: Kinematic Diagram of A Cable-Driven Robot

The end-effector position vector in Cartesian space is represented by p =
−→
OP =

{x y z}T , which is the position of point P with respect to the reference frame {O}.

The end-effector can have six degrees of freedom in the general case, so with the

condition of m ≥ (n + 1) , we will have some degrees of redundancy regarding

to the number of cables. This scenario represents actuation redundancy but not

kinematic redundancy. That is, there are extra actuators which provide infinite

choices for applying 6-DOF Cartesian wrench vectors, but the moving rigid body

has only six Cartesian degrees-of-freedom {x, y, z, α, β, γ}T .

3.2 Kinematics Modeling

Kinematics modeling is concerned with relating the active joint variables and rates

to the Cartesian pose and rate variables of the end-effector. The intermediate,

passive cable lengths and directions and rates are also involved. Hence, the purpose

of kinematic analysis is to determine the kinematic relations between the cables as
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input and the end-effector as output. Assuming that cables are always in tension,

CDR kinematics is similar to parallel-actuated robot kinematics (e.g. [71], [22]).

Similar to the parallel manipulators with rigid links, the forward kinematics of a

CDR is difficult because of its closed-loop structure, while the inverse kinematics

is relatively simple as it can be decoupled into each of the cables. Hence, one

challenging issue in kinematic analysis is the forward displacement analysis, i.e. to

determine the end-effector pose with given cable’s lengths.

3.2.1 Displacement analysis

The purpose of displacement analysis is to derive the kinematic relationship be-

tween the driving-cable displacements and the end-effector pose. As shown schemat-

ically in Figure 3.1, the frame {P} is given with respect to the frame {O} by the

kinematic transformation matrix TO
P as follows:

TO
P=

 R p

0 1

 (3.1)

where,

p={x, y, z}T : is the position of point P with respect to the frame {O}.

R =


cα.cβ (−sα.cγ + cα.sβ.sγ) (sα.sγ + cα.sβ.cγ)

sα.cβ (cα.cγ + sα.sβ.sγ) (−cα.sγ + sα.sβ.cγ)

−sβ cβ.sγ cβ.cγ



R is the orthonormal rotation matrix representing the orientation of frame {P}

with respect to frame {O}, in which α, β and γ are the Z - Y - X angular rotations

that takes place about an axis in the fixed reference frame{O} [14].
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The local coordinates of point Pi (the end of the cables) with respect to the

frame {P} is represented by qp
i = {qpi,x qpi,y qpi,z}T , whereas the fixed coordinates

of Bi with respect to the frame {O} are represented by bi = {bi,x bi,y bi,z}T . For

each of the cables, the following vector loop-closure equation can be written:

−−→
OBi +

−−→
BiP i =

−→
OP +

−−→
PPi (i = 1, 2, ...,m) (3.2)

Hence, the cable lengths are related to the pose of the end-effector via the

length (Euclidean norm) of the vector li.

li = ||
−−→
BiP i|| = ||

−→
OP +

−−→
PPi −

−−→
OBi|| = ||p + R qp

i − bi|| (3.3)

3.2.1.1 Forward Displacement Analysis

The forward displacement analysis is to determine the pose of the end-effector when

the lengths of the m cables li are known. Equation (3.3) can be squared and written

m times, one for each cable, to give m equations in the six unknowns X=(x, y, z,

α, β, γ).

Fi(X)=(p + R qp
i −bi)

T (p + R qp
i −bi)− l2i = 0 ( i = 1, ...,m) (3.4)

Given the cable lengths li, the forward pose solution calculates the end-effector

pose. This problem is not straightforward because it requires the solution of coupled

highly non-linear equations and generally results in multiple solutions. Analytical

solutions have been presented for similar problems in the past (e.g. [47], [87]).
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However, these techniques involve highly complicated symbolic terms and the final

result requires finding the roots of a high-order polynomial, which must be per-

formed numerically (for order greater than four). A practical approach is to solve

the forward displacement problem numerically using the Newton-Raphson method.

Newton-Raphson Method: For numerical methods, an initial estimated X0 is

chosen arbitrarily. In general, this will not be the root of Equation (3.4). However,

there exists a certain ∆X which, when added to X, will give the roots of equation.

This can be expressed as follows:

Fi(X + ∆X)=Fi(x + δx, y + δy,..., γ + δγ) = 0 ( i = 1, 2,...,m) (3.5)

In order to find this ∆X, a linear approximation to this function is obtained by

taking the first six terms of its Taylor Series expansion about the point (x, y, z, α,

β, γ).

Fi(X + ∆X) = Fi(X) +
(
∂Fi(X)
∂x

)
δx+

(
∂Fi(X)
∂y

)
δy +

(
∂Fi(X)
∂z

)
δz+(

∂Fi(X)
∂α

)
δα +

(
∂Fi(X)
∂β

)
δβ +

(
∂Fi(X)
∂γ

)
δγ = 0

(3.6)

Equation (3.6) is a linear system. Hence, the Newton-Raphson Jacobian matrix

JNR can be formulated in the following form:

JNR =



∂F1(X)
∂x

∂F1(X)
∂y

· · · ∂F1(X)
∂γ

∂F2(X)
∂x

∂F2(X)
∂y

· · · ∂F2(X)
∂γ

...
...

...

∂Fm(X)
∂x

∂Fm(X)
∂y

· · · ∂Fm(X)
∂γ


(3.7)

Starting from an initial guess X0, the process for step (k + 1) is:
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• Solve JNR∆Xk = −F (Xk) for ∆Xk:

∆Xk=− J+
NR F (Xk) (3.8)

• Then let Xk+1 = Xk + ∆Xk.

• Iterate until: ||δXk|| < ε

Where J+
NR = (JT

NR JNR)−1JT
NR is the pseudo-inverse of over constrained Ja-

cobian matrix JNR, δ(X) = {δx, δy, δz, δα, δβ, δγ}T , and ε is a user-defined

tolerance (ε can be different for translational and rotational terms).

Generally, the convergence rate of the method depends on the initial guess X0.

In continuous motion of the end-effector, using the previous solution as the initial

guess generally yields convergence to the proper solution.

3.2.1.2 Inverse Displacement Analysis

The inverse displacement analysis is to determine the lengths of cables li with the

given end-effector pose. Comparing with the forward displacement analysis, the

inverse displacement analysis is simple and straightforward. A unique solution can

be determined for each of the cables if the pose of the end-effector is given. In

Equation (3.3), the length of each cable can be directly calculated from the given

pose (x, y, z, α, β, γ) of the end-effector as follows:

l2i = pT p + qp
i
T qp

i +bT
i bi+2pT R qp

i −2pT bi−2bT
i R qp

i (i = 1, ...,m) (3.9)
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3.2.2 Velocity Analysis

The purpose of velocity analysis is to determine the relationship between the veloc-

ity of end-effector and the rate of change of the cable lengths. The instantaneous

kinematic relationship between the translational velocity of the driving-cables and

the velocity of the end-effector is generally expressed by:

L̇ = Jχ χ̇ (3.10)

where

L̇ = {l̇1, l̇2, ..., l̇m}T : is the vector of rate of change in cable lengths,

Jχ: is the Jacobian matrix expressed in reference frame {O},

χ̇ = {v,ω}T = {ẋ, ẏ, ż , ωx, ωy, ωz}T , v is the vector of translational ve-

locities and ω is the vector of rotational velocities about the body axis of the

end-effector.

With the representation of orientation which is based on Z-Y-X angles, the

mapping from the angular velocity {ωx, ωy, ωz}T to the instantaneous values of the

angle set {γ̇, β̇, α̇}T is expressed as follows [14]:

ω =


ωx

ωy

ωz

 =


cα.cβ −sα 0

sα.cβ cα 0

−sβ 0 1




γ̇

β̇

α̇

 (3.11)
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By differentiating equation (3.3) with respect to time, we have:

l̇i = d
dt
||li|| = 1

||li||
d
dt

[
1
2
||li||2

]
= 1

2||li||
d
dt

[||p + R qp
i −bi||2]

= 1
2||li||

d
dt

[
||p||2 + ||R qpi ||2 + ||bi||2 + 2pTR qpi − 2pTbi − 2bTi R qpi

]
= 1
||li||

[
(p + R qpi−bi).v + (p− bi)

T Ṙq
p

i

]
= 1
||li||

[
li.v+(p− bi).Ṙ qpi

]
(3.12)

Working on the rotational term, since Ṙ qpi = ω ×Rqpi , we have:

(p− bi).Ṙ qpi = (p− bi).[ω ×R qpi ] = ω. [R qpi × (p− bi)]

= ω.[R qpi × (p− bi+R qpi )] = ω. [R qpi × li]

= ω.(−li ×Rqpi )

(3.13)

Where we have used a · (b × c) = b · (c × a) and (a × b) = a × (b + a). Now the

relationship between one cable rate and the Cartesian rates is:

l̇i =
1

||li||
[li.v + ω.(−li×R qpi )] =

[
l̂Ti −(̂li×R qpi )

T

] v

ω

 (3.14)

Where, l̂i = li
||li|| is a unit vector in the ith cable direction with respect to {O}.

Therefore, the Jacobian matrix is:

Jχ =



l̂T1 −(̂l1 ×Rqp1)
T

l̂T2 −(̂l2 ×Rqp2)
T

...
...

l̂Tm −(̂lm ×Rqpm)T


=



l̂T1 −(̂l1 × q1)
T

l̂T2 −(̂l2 × q2)
T

...
...

l̂Tm −(̂lm × qm)T


(3.15)
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3.2.3 Singularity

In a serial-chain robotic arm, kinematic singularities physically correspond to con-

figurations where the robot loses one or more degrees-of-freedom. For parallel-

manipulators, kinematic singularities physically correspond to configurations where

the device gains additional, unwanted, or uncontrollable degrees-of-freedom. There-

fore, a singularity configuration is obviously undesirable and should be excluded

from the workspace. Equation (3.15) is a useful equation for investigating the

singularity configuration in cable-driven robots. Through rank analysis of Jaco-

bian matrix Jχ, the forward kinematics singularity configurations can be identified.

Kinematic singularities occur at configurations where the Jacobian matrix Jχ has

less than full rank. It means if rank(Jχ) < n (where n is the dimension of Cartesian

space), then kinematic singularity occurs. In the neighborhood of kinematic sin-

gularities, the determinant |JχJTχ | approaches zero and cables must apply infinity

tensions to overcome these configurations.

3.2.4 Acceleration Analysis

Acceleration analysis deals with the relationship between the translational accelera-

tion of the cables and the acceleration of the end-effector. By applying acceleration

analysis we can calculate the kinematic changes of the cables length as the end-

effector is tracking a specified trajectory. The linear accelerations of the cables can

be obtained by differentiating equation (3.10) with respect to time directly.

L̈ = Jχ χ̈+
d

dt
(Jχ) χ̇ (3.16)

where

L̈ = {l̈1, l̈2, ..., l̈m}T : is the vector of cable accelerations.
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χ̈ = { a ω̇ }T = {ẍ, ÿ, z̈, ω̇x, ω̇y, ω̇z}T : a is the vector of translational ac-

celerations and ω̇ is the vector of rotational accelerations about body axis of the

end-effector. Therefore, the general acceleration equation will be in the following

form:

L̈ = Jχ


ẍ

...

ω̇z

+ (∂Jχ
∂x
ẋ+ ∂Jχ

∂y
ẏ + · · ·+ ∂Jχ

∂γ
γ̇)


ẋ

...

ωz

 (3.17)

3.2.5 Kinematic Relations for a Planar Cable-Driven Robot

A planar cable-driven robot is shown in Figure 3.2, in which the end-effector is

connected to the base through four cables, i.e. B1P1, B2P2, B3P3, and B4P4. The

pose of the end-effector is given by (x, y, ϕ), where ϕ is the orientation angle of

frame {P} about the Z-axis. Rewriting the vector-loop closure equation we have:

li= p + R qpi−bi

li = ||li || = ||p + R qpi−bi||
(3.18)

Where, p = (x, y)T is the position vector of point P expressed in the reference

frame {O}, and R =

 cosϕ − sinϕ

sinϕ cosϕ

 represents the orientation of end-effector

with respect to reference frame {O} in planar configuration.

Inverse Kinematic for a Planar Cable-Driven Robot: By expanding equa-

tion (3.18), the cable lengths li can be calculated from equation (3.19).

l2i = x2 + y2 + qpi,x
2 + qpi,y

2 + b2i,x + b2i,y

+2x(qpi,x cosϕ− qpi,y sinϕ− bi,x) + 2y(qpi,x sinϕ− qpi,y cosϕ− bi,y)

−2(qpi,xbi,x + qpi,ybi,y) cosϕ+ 2(qpi,ybi,x − q
p
i,xbi,y) sinϕ

(3.19)
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Figure 3.2: Kinematic Diagram of a Planar Cable-Driven Robot

Computational Example of Inverse and Forward Kinematics: In order

to verify the effectiveness of the numerical methods, computational examples are

provided for symmetric planar CDR, which its kinematic parameters are shown in

Figure 3.3, with 2a = 2b = 1.0 m and 2c = 0.1 m, 2d=0.08 m.

The verification process was consist of obtaining the cables’ length from the

end-effector poses (inverse kinematics) and then, use these cable lengths as the

input of Newton-Raphson algorithm to determine the end-effector pose (forward

kinematics). The value of the tolerance ε is set to 0.0001 for x, y, and ϕ in all

cases. Initial values are selected all zero in position as well as in orientation. Three

examples have been provided in Table 3.1. The results show that with given cable

lengths, all the poses are returned successfully in less than ten iterations. In terms

of errors, the positional errors are zero whereas the orientational error is less than

0.05 (degrees).
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Figure 3.3: Kinematic Diagram of Symmetric Planar CDR

Case Inverse Forward Error No. of
Kinematics Kinematics % Iterations

Input l1 = 0.8492 Output
1 x = 0.4 l2 =0.0774 x =0.4 0 8

y = 0.4 l3 =0.8658 y =0.4 0
ϕ = 5o l4 =1.2088 ϕ = 4.972o 0.6
Input l1 = 0.4390 Output

2 x = -0.20 l2 = 0.7435 x = -0.2 0 7
y = 0.10 l3 = 0.8581 y = 0.1 0
ϕ = 2o l4 = 0.6123 ϕ = 1.994o 0.3
Input l1 = 0.8362 Output

3 x = -0.1 l2 = 0.9384 x = -0.1 0 6
y = -0.3 l3 = 0.5732 y = -0.3 0
ϕ = −1o l4 = 0.3846 ϕ = −1.003o 0.3

Table 3.1: Computational examples: Inverse and Forward Kinematics
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Velocity Analysis for a Planar Cable-Driven Robot: For a planar cable-

driven robot the velocity analysis yields to:

li= p + qi−bi li,x

li,y

 =

 x

y

+

 cosϕ − sinϕ

sinϕ cosϕ


 qpi,x

qpi,y

−
 bi,x

bi,y


(3.20)

Differentiating Equation (3.20) with respect to time:

l̇i,x = ẋ− (qpi,x sinϕ+ qpi,y cosϕ)ϕ̇

l̇i,y = ẏ + (qpi,x cosϕ− qpi,y sinϕ)ϕ̇
(3.21)

Knowing that l2i = l2i,x + l2i,y, differentiating both side of this equation with respect

to time, and substituting equation (3.21) in it we have:

l̇i = Ji,x ẋ+ Ji,y ẏ + Ji,ϕ ϕ̇ (3.22)

We can re-arrange the equation in a matrix form to have:



l̇1

l̇2

l̇3

l̇4


=



J1,x J1,y J1,ϕ

J2,x J2,y J2,ϕ

J3,x J3,y J3,ϕ

J4,x J4,y J4,ϕ




ẋ

ẏ

ϕ̇

 = Jχ


ẋ

ẏ

ϕ̇

 (3.23)

where the velocity coefficients Ji,x, Ji,y, Ji,ϕ are:

Ji,x =
li,x
li

(3.24)

Ji,y =
li,y
li

(3.25)
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Ji,ϕ =
−li,x
li

(qpi,x sinϕ+ qpi,y cosϕ)

+
li,y
li

(qpi,x cosϕ− qpi,y sinϕ)
(3.26)

Acceleration Analysis for a Planar Cable-Driven Robot: From equations

(3.18), (3.19) and (3.23)-(3.26) we have:

L =


l1
...

l4

 =


√

(x+ q1,x − b1,x)2 + (y + q1,y − b1,y)2

...√
(x+ q4,x − b4,x)2 + (y + q4,y − b4,y)2

 (3.27)

L̇ =


l̇1
...

l̇4

 = Jχ


ẋ

ẏ

ϕ̇



L̈ =


l̈1
...

l̈4

 = Jχ


ẍ

ÿ

ϕ̈

+ (∂Jχ
∂x
ẋ+ ∂Jχ

∂y
ẏ + ∂Jχ

∂ϕ
ϕ̇)


ẋ

ẏ

ϕ̇

 (3.29)

∂Jχ
∂x

=


∂J1,x

∂x

∂J1,y

∂x

∂J1,ϕ

∂x

...
...

...

∂J4,x

∂x

∂J4,y

∂x

∂J4,ϕ

∂x

 (3.30)

∂Jχ
∂y

=


∂J1,x

∂y

∂J1,y

∂y

∂J1,ϕ

∂y

...
...

...

∂J4,x

∂y

∂J4,y

∂y

∂J4,ϕ

∂y

 (3.31)
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∂Jχ
∂ϕ

=


∂J1,x

∂ϕ

∂J1,y

∂ϕ

∂J1,ϕ

∂ϕ

...
...

...

∂J4,x

∂ϕ

∂J4,y

∂ϕ

∂J4,ϕ

∂ϕ

 (3.32)

where,

∂Ji,x
∂x

= +
l2
iy

l3i

∂Ji,x
∂y

= − lixliy
l3i

∂Ji,x
∂ϕ

= − liy(qixlix+qiyliy)

l3i

∂Ji,y
∂x

= − lixliy
l3i

∂Ji,y
∂y

= +
l2
iy

l3i

∂Ji,y
∂ϕ

= +
lix(qixlix+qiyliy)

l3i

∂Ji,ϕ
∂x

= − liy(qixlix+qiyliy)

l3i

∂Ji,ϕ
∂y

= +
lix(qixlix+qiyliy)

l3i

∂Ji,ϕ
∂ϕ

= − (qixliy−qiylix)2
l3i

+
q2i
li
− ( qixlix

li
+

qiyliy
li

)
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3.3 Summary

In this chapter, the kinematic analysis of a general cable-driven robot is presented.

The forward displacement solution of a general cable-driven robot is approached

by the numerical Newton-Raphson method. The inverse displacement solution of

a general cable-driven robot is also presented, followed by the derivation of the

expressions for the velocity analysis. This relation shows that forward singularity

exists in CDRs. It is also noted that velocities of the cables are the linear com-

bination of the linear and angular velocities of the platform through the Jacobian

matrix. Finally, expressions of acceleration analysis are derived in details; typically

for a planar CDR. They will be employed for calculating joint kinematics as the

end-effector is planned along a certain trajectory which is discussed in next chap-

ters. Acceleration analysis of other configurations with different number of cables

can be easily developed from equations derived in this chapter.
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Chapter 4

Tension Analysis and Stiffness

Modeling

In this chapter, tension analysis and stiffness modeling of cable-driven robots are

described. In the static condition, cables’ tension is the important issue for ana-

lyzing the kinetostatic of the cable-driven robots. Based on the tension solution of

the cables, the static workspace of planar CDRs is obtained. Moreover, a complete

stiffness model of CDRs is described in details.

4.1 Tension Analysis

This section presents the tension analysis for cable-driven robots in static condition.

For static equilibrium the sum of external forces and moments exerted on the end-

effector by the cables must be equal to the resultant external wrench exerted on the

environment. Figure 4.1 shows the end-effector free-body diagram of a cable-driven

robot.
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Figure 4.1: Free Body Diagram of The End-Effector

The static equilibrium condition is:

m∑
i=1

ti + FR = 0 (4.1)

m∑
i=1

qi × ti + MR =
m∑
i=1

(R qpi )× ti + MR = 0 (4.2)

In equations (4.1) and (4.2), ti is the cable tension applied at the ith cable (in

the negative direction of cable length unit vector l̂i ). For simplification we let:

ui = −̂li = − li
||li||

⇒ ti = tiui = −ti
li
||li||

(4.3)

R is the orthonormal rotation matrix relating the orientation of P to O; FR and

MR are the resultant vector force and moment (taken together, wrench) exerted

on the end-effector. Substituting equation (4.3) into (4.1) and (4.2) yields:
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S T = WR (4.4)

where,

S =

 u1 u2 . . . um

q1 × u1 q2 × u2 . . . qm × um

 ∈ <n×m: Structure matrix

T = { t1 t2 · · · tm }T ∈ <m: is the vector of cables tension

WR=−

 FR

MR

 ∈ <n: is the external wrench

Note that S = JTχ (Jχ is the Jacobian matrix expressed in equation (3.15))

The directional unit vector ui (i = 1, 2, ... , m) in the structure matrix S

depends on the posture of the end-effector, which is obtained by the vector loop-

closure equation for the cable i as:

ui =

−−→
OBi −

−→
OP −

−→
PP i

||
−−→
OBi −

−→
OP −

−→
PP i||

=
bi−p−Rqp

i

||bi−p−Rqp
i ||

(4.5)

For cable-driven robots with actuation redundancy, the system is under constrained

(i.e. in equation (4.4), the number of unknown variables (m) is more than the

number of equations (n), therefore there are infinite solutions to the cable tension

vector T to exert the required Cartesian wrench WR.

In the case of m > n, Nakamura [46] has shown that the tension solution can

be written by using pseudo-inverse matrix to invert equation (4.4) and obtain the

well-known particular and homogeneous solution for the cable tensions as follows:

T = S+ WR+(I− S+ S)Z (4.6)
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where,

S+= ST (S ST )−1 ∈ <m×n: is pseudo-inverse of the structure matrix S

I ∈ <m×m: is the identity matrix

Z = { z1 z2 · · · zm}T : is an arbitrary column vector

In equation (4.6), the first term S+ WR is the particular tension solution to

achieve the desired wrench WR. The second term (I− S+ S)Z, which is called

the homogeneous solution, is the effect of redundancy that projects Z into the null

space of S. Since the tension solution depends on the degree of redundancy, three

cases exist.

Necessary Condition When m=n (Incompletely Restrained), we have S+= S−1

and (I− S+ S)= 0, therefore, T = S−1 WR. In this case, the solution is unique,

but there is no guarantee that all of the cables have positive tensions. Hence, the

necessary condition for keeping tension of each cable positive is m>n [46].

Sufficient Condition For m>n, two cases can be considered to determine the

sufficient condition for keeping cables in positive tension; namely with minimum

number of cables m=n+1 (Completely Restrained) and with redundant cables

m>n+1 (Redundantly Restrained).

Minimum Cables (m=n+1): In this case, there is one degree of actuation

redundancy which can be used to maintain the positive tension in each cable.

The positive cable tension method [58] can be adapted to determine the static

workspace. Accordingly, the equivalence of equation (4.6) for this case is:
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T = S+ WR+λN (4.7)

where the homogeneous solution is now expressed as the kernel vector of struc-

ture matrix (N = {n1, n2, ..., nm}T ) multiplied by an arbitrarily scalar λ.

Using this method to ensure positive tensions ti on all cables, for all possible

exerted forces and moments, it is necessary and sufficient that all kernel vector

components ni have the same sign. That is, for a given point to lie within the

static workspace, all ni>0 or all ni<0. If one of these two conditions is satisfied,

regardless of the particular solution, a scalar λ can be found in equation (4.7). This

guarantees that all cable tensions T are positive by adding (or subtracting) enough

homogeneous solution. Note that a strict inequality is required; if one or more

ni=0, the configuration in question does not lie within the static workspace. This

method is simple but powerful since there is no need to consider a specific wrenches

(i.e. it works for all possible wrenches). Note that this method is applicable to any

planar and spatial cable-driven robot with one degree of actuation redundancy.

In this approach (the null space approach), the kernel vector can be found by

using the Cramer’s rule. Therefore, the ith null component is the determinant of

the matrix formed by deleting the ith column of the structure matrix S. The sign

is opposite from one component to next component. From the expression of S in

equation (4.4), null components can be expressed as:

ni = (−1)i

∣∣∣∣∣∣∣
u1 · · · ui−1 ui+1 · · · um

q1 × u1 · · · qi−1 × ui−1 qi+1 × ui+1 · · · qm × um

∣∣∣∣∣∣∣ (4.8)

After the determination of the kernel vector it is just needed to check if all of
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the null components have the same sign (i.e.
m∑
i=1

|ni| =
∣∣∣∣ m∑
i=1

ni

∣∣∣∣ and ni 6= 0). After

verifying this condition, the proper scalar λ can be found in order to keep all the

cables in tension.

Redundant Cables (m>n+1): When m>n+1, rank(I− S+S) = m − n,

the tension solution can be written as equation (4.9) in which m-n independent

vectors Ni (i = 1, 2, ...,m− n) exists [15], such that:

T = S+ WR + λ1N1 + λ2N2 + · · ·+ λm−nNm−n (4.9)

Comparing the above equation with equation (4.7), it is concluded that there

are more redundancy, introduced here by (m - n) arbitrary coefficients. Therefore,

there are more options to keep the cables in positive tension. However, the deter-

mination of null vectors (Ni) and arbitrary coefficients (λi) is not straight forward.

Some other methods such as geometrical approach through the construction of con-

vex polyhedrons [17, 42, 74] and dimension reduction techniques [55] can be used

to determine the cables’ tensions effectively.

4.1.1 Tension Solution for Symmetric Planar CDRs

The tension solution for the symmetric planar configuration may be written in the

following form:

T =



t1

t2

t3

t4


=



tP1

tP2

tP3

tP4


+ λ



n1

n2

n3

n4


(4.10)
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In the static condition of a planar cable robot with one degree of actuation

redundancy, the cable tensions, are calculated by equation (4.10), choosing (λ)

so that one component of T is zero (or a small positive tension value) and the

remaining terms are positive.

In order to verify the effectiveness of this method, the resultant tension for

the symmetric configuration of Figure 3.3 is calculated. A minimum tension value

tmin is considered to avoid slackness of the cables. For each cable λ i = (tmin−tp)
ni

is

calculated and λ is obtained as the maximum of λi’s. As an example, following

results are obtained for Figure 4.2 with 2a = 2b = 1.0m and 2c = 0.1 m, 2d=0.08

m . The external wrench is zero and tmin=1 N.

(a)

x = 0.1m, y = 0.1m, ϕ = 0o

T =


t1
t2
t3
t4

 =


1.4853
1.9486
1.6096
1.0000

 (b)

x = 0.1m, y = 0.1m, ϕ = 2o

T =


t1
t2
t3
t4

 =


1.1080
1.7075
1.2034
1.0000


Figure 4.2: Example of Tension Calculation for the Planar CDR

Note that when there is no external wrench applied to the end-effector, the

cable with the shorter length will hold a greater tension. Moreover, in this method,

the tension in one of the cables is always equal to tmin.

The static condition which was described above is a limited subset of the gen-
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eral dynamic cases, with high velocities and accelerations. Therefore, dynamics

modeling is essential, which will be discussed in the next chapter.

4.1.2 Static Workspace of Symmetric Planar CDR

Static workspace is the set of all poses that the end-effector can attain statically

(with no external forces or moments) [1]. In other words, static workspace consists

of end-effector poses that satisfy positive tension solution. Therefore, the boundary

of the workspace can be generated by letting WR = 0 in equation (4.7), and obtain

the workspace purely based on the null vector (N) analysis. For planar CDR, with

one degree of redundancy, the workspace consists of set of postures that satisfy the

following constraint:


m∑
i=1

|ni| =
∣∣∣∣ m∑
i=1

ni

∣∣∣∣
ni 6= 0

(4.11)

Equation 4.11 states that, a posture belongs to the workspace, if all of the null

vector components have the same sign. Note that ni = 0 is the representation of

workspace boundaries.

As an example, static workspace of planar CDR (figure 3.3), is obtained numer-

ically, by discretizing the entire task space and finding the statically reachable poses

for different end-effector orientations (ϕ). Figure 4.3 shows the static workspace of

the planar CDR with ϕ = 0, ϕ = 2o, ϕ = 6o, and ϕ = 7o.

The interesting features of the results are that the maximum values of ϕ occur

diagonally across the base and the position with the maximum range of orientations

is at the base center. Moreover, it is observed that increasing the orientation,

decreases the workspace area; Therefore, planar CDRs have some limitations in

the orientation angle (ϕ).

55

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 4. TENSION ANALYSIS AND STIFFNESS MODELING

(a) ϕ = 0 (b) ϕ = 2o

(c) ϕ = 6o (d) ϕ = 7o

Figure 4.3: Static Workspace of Planar CDR

4.2 Stiffness Modeling

When a CDR performs a given task, the end-effector exerts wrench (force and

moment) on its environment. This contact wrench will cause the end-effector to

elastically deviate from its desired motion. The amount of deflection δX is a

function of the applied wrench WR, and the stiffness K of the robot [40]. The

mathematical relation is:

δWR = K δX (4.12)

Therefore, the stiffness matrix of the manipulator can be found by taking

derivatives of WR with respect to X:
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K =
dWR

dX
(4.13)

Substituting the static equilibrium equation (4.4) in equation (4.13) yields:

K =
dWR

dX
=
d(ST)

dX
= S

dT

dX
+
dS

dX
T0 (4.14)

( dT
dX

) can be written as (∂T
∂l

)( ∂l
∂X

) and knowing that ST = ∂l
∂X

, the stiffness

matrix becomes

K = Kpassive + Kactive

Kpassive = SΩST

Kactive = d(S)
dX

T0

(4.15)

where,

Ω = ∂T
∂l

= diag(k1, ..., km), ki is the elastic stiffness of a cable, which is a

function of the cable length, d(S)
dX

is an (n× (n×m)) matrix and T0 is the modified

tension matrix:

T0 =



T 0 · · · 0

0 T 0

...
. . .

...

0 0 · · · T


∈ <((n×m)×n) (4.16)

The stiffness of a cable-driven robot is the summation of the two terms (equa-

tion (4.15)). The first term, called passive stiffness (Kpassive), represents the force

change of an elastic cable with pretension [76], while the second term (active stiff-

ness (Kactive)) is caused by the constant tension forces, that have been applied to
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the end-effector. Note that the cable forces considered in Kactive are absolutely

constant both in magnitude and direction, since any change in these forces is al-

ready taken into account in the Kpassive. However, their moments change upon

any rotation of the end-effector and, hence, should be considered in the overall

stiffness of the robot. It should be also noted that, if a CDR does not suffer from

singularities, then the structure matrix S is full rank, and the stiffness matrix K is

a symmetric matrix [46].

4.2.1 Stabilizability of a CDR

DEFINITION: A cable-driven robot is stabilizable if its total stiffness matrix

can be made positive definite under any arbitrary load by choosing a proper set of

internal forces. Internal forces are cable tensions that satisfy static equilibrium of

the end-effector without any external wrench [6].

Stabilizability of a CDR guarantees the stability of the end-effector in any

circumstances as long as the internal forces are large enough. In other words, this

property indicates that the end-effector becomes stiffer by increasing the tension

in the cables. As a result, the stabilizability of a CDR becomes an essential issue

in the design of a robot when a certain payload capacity is required. It can be also

concluded that the stabilizability is a necessary condition if cables tension are to be

used to improve the stiffness of a CDR. In addition, for a CDR to be stabilizable,

at a given pose, it is sufficient and necessary that the end-effector be kinematically

non-singular and the stiffness matrix be positive definite [6]. It should be noted

that, being kinematically non-singular is equivalent to be located inside the static

workspace. In order to elaborate the concept of stabilizability, the stiffness matrix

of a single cable robot and a planar CDR is computed in the following section.
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4.2.2 Stiffness of a Single Cable

Figure 4.4: A single cable with internal force t0

Figure 4.4 shows a cable with elastic stiffness coefficient of k, length of l, and

tension of t that is statically balanced by force FR. Using X = {xc, yc, zc}T as

the position vector of the cable end, the structure matrix can be easily obtain

as S = (1/l)[xc, yc, zc]
T and thus, the stiffness matrix would be (using equation

(4.15)):

K = k
l2


x2
c xcyc zcxc

xcyc y2
c yczc

zcxc yczc z2
c

+ t
l3


l2 − x2

c −xcyc −zcxc

−xcyc l2 − y2
c −yczc

−zcxc −yczc l2 − z2
c



= k
l2

X XT + t
l3

(l2I−X XT )

(4.17)

where I is the identity matrix.

It can be shown that this system has a stiffness of k along the cable direction

and (t/l) along any direction perpendicular to the cable. For a small displacement
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along the cable such as εX, where ε is an arbitrary small real number, δFR which

is the change in FR can be obtained from :

δFR = K(εX) = ε k
l2

X XTX + ε t
l3

(l2I−X XT )X

= ε k
l2

Xl2 + ε t
l3

(l2X−X l2)

= k(εX)

(4.18)

Note that for a single cable XTX = l2. Equation (4.18) indicates that k is the

elastic stiffness along the cable direction. Similarly, for a displacement h normal

to the cable direction, i.e. XTh = 0, we have

δFR = K(h) = k
l2

X XTh + t0
l3

(l2I−X XT )h

= 0 + t0
l3

(l2h)

= t0
l
(h)

(4.19)

Equation (4.19) shows that (t/l) is the stiffness in the normal direction to the

cable. In other words, equation (4.19) states that the normal stiffness of a cable

increases, by raising the cable tension or shortening its length.

The stiffness matrix for a single cable (equation (4.17)) is a positive definite

matrix and its eigenvalues are (k, (t/l), (t/l)), which are all positive. Therefore,

the single cable is stabilizable, i.e., we can increase the stiffness of the system by

increasing the tension of the cable, provided that the static equilibrium is main-

tained.
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4.2.3 Stiffness of a planar CDR

Assuming all of the cables has the same elastic stiffness (k1, ..., k4=k), the passive

and active stiffness matrices of a planar CDR (Figure 3.3) becomes:

Kpassive = SΩST =


k11 k12 k13

k21 k22 k23

k31 k32 k33

 (4.20)

where, li = lix
2 + liy

2: is the ith cable length

k11 = k
4∑
i=1

lix
2

li
3

k12 = k21 = k
4∑
i=1

(lix)(liy)

li
3

k13 = k31 = k
4∑
i=1

[
−lix(qPix(sϕ(lix)−cϕ(liy))+q

P
iy(sϕ(liy)+cϕ(lix)))

l3i

]

k22 = k
4∑
i=1

(liy)
2

li
3

k23 = k32 = k
4∑
i=1

[
−liy(qPix(sϕ(lix)−cϕ(liy))+q

P
iy(sϕ(liy)+cϕ(lix)))

l3i

]

k33 = k
4∑
i=1

[
(qPix(sϕ(lix)−cϕ(liy))+q

P
iy(sϕ(liy)+cϕ(lix)))

2

l3i

]

Kactive =
d(S)

dX
T0 =

[
∂S
∂x

∂S
∂y

∂S
∂ϕ

]
T0 (4.21)

where,

S =


S1x S2x S3x S4x

S1y S2y S3y S4y

S1ϕ S2ϕ S3ϕ S4ϕ

: is the structure matrix
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∂S
∂x

=


∂S1x

∂x
· · · ∂S4x

∂x

∂S1y

∂x
· · · ∂S4y

∂x

∂S1ϕ

∂x
· · · ∂S4ϕ

∂x

, ∂S
∂y

=


∂S1x

∂y
· · · ∂S4x

∂y

∂S1y

∂y
· · · ∂S4y

∂y

dS1ϕ

dy
· · · dS4ϕ

dy

, ∂S
∂ϕ

=


∂S1x

∂ϕ
· · · ∂S4x

∂ϕ

∂S1y

∂ϕ
· · · ∂S4y

∂ϕ

∂S1ϕ

∂ϕ
· · · ∂S4ϕ

∂ϕ


∂Six
∂x

=
−l2iy
l3i

∂Siy
∂x

=
∂Siy
∂y

=
liylix
l3i

∂Siϕ
∂x

= ∂Six
∂ϕ

=
(qixsϕ+qiycϕ−qixcϕ+qiysϕ)liylix

−l3i

∂Siy
∂y

=
−l2ix
l3i

∂Siϕ
∂y

=
∂Siy
∂ϕ

=
(qixcϕ+qiysϕ−qiycϕ−qixsϕ)(liy+li)(liy−li)

l3i

∂Siϕ
∂ϕ

= 1
l3i

[(qixsϕ+ qiycϕ) liyl
2
i − (qixcϕ− qiysϕ)2 l2i+

(qixcϕ− qiysϕ) liy (lix (−qixsϕ− qiycϕ) + liy (qixcϕ− qiysϕ)) +

(qixcϕ− qiysϕ) liyl
2
i + (qixsϕ+ qiycϕ) (qixcϕ− qiysϕ) l2i−

(qixsϕ+ qiycϕ) liylix (−qixsϕ− qiycϕ) + liy (qixcϕ− qiysϕ)]

The total stiffness matrix for a given posture of the end-effector, can be ob-

tained by adding the passive and active stiffness matrices. If the eigenvalues of the

stiffness matrix are all positive, then the end-effector is stabilizable at that pose.

Using the concept of stabilizability, a new workspace can be obtained, which is

the set of all poses that have positive definite stiffness matrices. This workspace

is called stiffness workspace, which is a subset of the static workspace, since the

tension solution is needed for computation of the active stiffness matric. For the

points that belongs to this workspace, it is possible to increase the stiffness by

increasing the cables’ tension.

In order to further elaborate the concept of stabilizability, the stiffness matrices

of two poses has been computed and the results are shown in Table 4.1. The

stiffness matrix of the first case is positive definite, i.e.it has positive eigenvalues.
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Hence, this pose is stabilizable and belongs to the stiffness workspace. While, for

the second case, the stiffness matrix is not positive definite, as it has one negative

eigenvalue. Therefore, the second pose is not within the stiffness workspace.

Pose x=0.1, y=0.1, ϕ = 0 x=0.1, y=0.1, ϕ = 2o

Kpassive

 1817.37 84.00 1.93
84.00 2182.63 23.09
1.93 23.09 5.50

  1819.68 85.04 1.98
85.04 2180.33 21.12
1.98 21.12 4.58



Kactive

 −387.6 61.99 3.45
61.99 −316.5 0.33
3.45 0.33 −4.2

  −396.7 73.17 3.21
73.17 −326.2 0.27
3.21 0.27 −4.59



K = Kpas + Kact

 1429.77 146.00 5.38
146.00 1866.13 23.42
5.38 23.42 1.30

  1422.98 158.21 5.19
158.21 1854.13 21.39
5.19 21.39 −0.01


Eigenvalues [1910.8, 1385.4, 1.0] [1906.2, 1371.2, -0.3]
Comments Stabilizable Un-stabilizable

Table 4.1: Computational examples of stiffness matrix

The total stiffness matrix of a planar CDR can also be expressed as:

K =


kxx kxy kxϕ

kyx kyy kyϕ

kϕx kϕy kϕϕ

 (4.22)

where kxx, kyy are the translational stiffness, kϕϕ is the torsional stiffness, and

kxy, kxϕ, kyϕ are the cross stiffness terms. The computational examples illustrate

that, the diagonal elements (kxx, kyy) are much more greater than the other ele-

ments, which means that CDRs’ suffer from low torsional stiffness and should not

be used in applications that require high torsional stiffness.
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Figure 4.5, shows the stiffness workspace of planar CDR in black and the static

workspace in blue. As it was explained, the stiffness workspace is a sub-set of static

workspace, and its area decreases by increasing the orientation of the end-effector

(ϕ).
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(a) ϕ = 0 (b) ϕ = 0.5o

(c) ϕ = 1o (d) ϕ = 1.5o

(e) ϕ = 2o

Figure 4.5: Comparison of Stiffness and Static Workspace of Planar CDR
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4.3 Summary

In this chapter, first the tension solution of CDRs was discussed and based on

the existence of positive tension solution, the static workspace of the planar CDR

was obtained. It was also concluded that the orientation range of the end-effector

within the workspace is very limited. Second, the complete stiffness model of

planar CDRs was formulated, including the passive and active stiffness model.

Finally, the concept of the stabilizability was introduced and the stiffness workspace

was generated. It was observed that the stiffness workspace is a sub-set of the

static workspace. Moreover, the torsional stiffness of the CDR is much lower than

the translational stiffness, which means that CDRs are not appropriate for the

applications that require high torsional stiffness.

The tension, stiffness, and workspace analysis in this chapter was based only

on the static condition of the end-effector. However, with high accelerations, the

tensions of the cables will be affected considerably by the inertial forces. Therefore,

dynamic modeling is needed to be studied, which is presented in the next chapter.
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Dynamic Modeling

This chapter presents dynamic modeling of cable-driven robots. Dynamic modeling

is required for improved control (compared to using kinematics and static modeling

only), when CDRs are needed to provide high velocities and accelerations in motion.

Dynamic modeling is concerned with relating the motion of the end-effector to the

required active joint torques. The motion of the end-effector can be decomposed

into the translational motion of an arbitrary point fixed to the end-effector, and the

rotational motion of the end-effector about that point. The dynamics equations

of the end-effector can also be represented by two equations: one describes the

translational motion of the centroid (Newton’s equation), while the other describes

the rotational motion about the centroid (Euler’s equation). Due to the cable

actuation, CDRs dynamic modeling is not very similar to parallel-actuated robots

[22,71]. Another complicating factor is that the joint space is over constrained with

respect to the Cartesian space due to redundant actuation.

For the dynamics model derived in this thesis it is assumed that all of the

cables are mass-less and perfectly stiff so that their inertias or spring stiffness are

not considered. Linear viscous friction is also modeled to account for the frictional

losses. Despite these simplifications, the resulting model is coupled and highly
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nonlinear. The end-effector, actuator, and overall system dynamic models are

presented here.

5.1 End-effector Dynamic Model

The dynamic equations of a general cable-driven robot using Newton’s second law

is given here; an alternative derivation using the Lagrangian approach that takes

into account the cable tension model is also presented in Appendix B.

Figure 5.1: Free Body Diagram of End-effector

∑
ti +meg + FR = mev̇ (5.1)

∑
qi × ti + MR = Ie ω̇ + ω × (Ieω) (5.2)

where,

me: is the mass of the end-effector.

Ie: is the inertia tensor of end-effector with respect to body axis
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g: is the gravitational acceleration vector.

v,ω: are velocity and angular velocity of the centroid of the end-effector.

By combining Equations (5.1) and (5.2) in to the matrix form, the end-effector

dynamic equation of motion will be:

S T = W (5.3)

where,

S =

 u1 u2 · · · um

q1 × u1 q2 × u2 · · · qm × um

 ∈ <n×m: Structure matrix

T = {t1, t2, ..., tm}T ∈ <m: Tension vector

W =

 mev̇ −meg − FR

Ie ω̇ + ω × Ieω −MR

 ∈ <n: Dynamic wrench acting on the end-

effector

Equation (5.3) is similar to the static equation of CDRs (4.4), with the differ-

ence that the external wrench (WR) is replaced by dynamic wrench (W). There-

fore, the null space method that was explained in chapter 4, can be used here for

obtaining the dynamic cables’ tension, provided that dynamic terms are included

in the dynamic wrench.

5.2 Actuator Dynamic Model

In this section, the dynamic behavior of the lumped motor shaft and cable winding

drum is considered; the free body diagram for the motor shaft and cable winding
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drum subsystem is shown in Figure 5.2. The combined dynamics equation of the

cable winding unit including the motor, the reduction gear, and the cable winding

drum is expressed by the relationship:

Figure 5.2: Free Body Diagram of Motor and Cable Winding Drum

τai − τfi − rit = Jiθ̈i + Ciθ̇i (5.4)

Ji = Ja + (
rp1
rp2

)2JD

Ci = Ca + (
rp1
rp2

)2CD

ri = (
rp1
rp2

)rD

(5.5)

Where,

(Ji, Ci): are the combined rotational inertia and damping coefficient of the cable
winding unit, referred to motor side
(Ja, Ca): are the rotational inertia and viscous damping coefficient of the actuator
(JD, CD): are the rotational inertia and viscous damping coefficient of the
winding drum
ri : is the equivalent radius of cable winding unit
rD: is the radius of winding drum
(rp2/rp1): is the gear ratio, where rp1 , rp2 are radius of timing pulleys
τfi : is the friction torque of actuator
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Assuming that the torque applied by each actuator is large enough to keep the

cables in tension, equation (5.4) is rewritten in general matrix form to express the

cable tensions as a function of actuator torques:

T = r−1
(
τ − τ f−J θ̈ − C θ̇

)
(5.6)

where, J = diag(J1, ..., Jm)
C = diag(C1, ..., Cm)
r = diag(r1, ..., rm)
T = [t1, ..., tm]T

τ = [τ1, ..., τm]T

τ f = [τf1 , ..., τfm ]T : is the vector of friction torque of the actuators
θ = [θ1, ..., θm]T : is the vector of actuators’ angular position.

5.3 System Dynamic Model

The overall system dynamics model is derived by combining the end-effector and

actuator dynamics equations of motion. To derive an inverse kinematic mapping

relating the motor angles θi (i = 1, ...,m) to the end-effector posture X, we define

all θi to be zero when the end-effector centroid is located at the origin of base frame

{O}, with zero rotation. From this configuration, a positive angle θi on each motor

will cause a negative change ∆li in the length of the ith cable.

r1θi = −∆li (5.7)

The change of the length in the ith cable is ∆li = li − li0, where li is the cable

length obtained from the inverse pose solution and li0 is the initial length of the ith

cable.
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li = ||p + R qpi−bi|| (5.8)

li0 = ||qi−bi|| (5.9)

θ =


θ1(X)

...
θm(X)

 = r−1


||q1 − b1|| − ||p + R qp1 − b1||

...
||qm − bm|| − ||p + R qpm − bm||

 (5.10)

Successive time derivatives of equation (5.10) yields:

θ̇ =
∂θ

∂X
Ẋ (5.11)

θ̈ =
d

dt

(
∂θ

∂X

)
Ẋ +

(
∂θ

∂X

)
Ẍ (5.12)

Where
(
∂θ
∂X

)
may easily be derived from (5.10); it is a function of the Cartesian

pose kinematics terms. Substituting (5.11) and (5.12) into (5.6) yields:

T = r−1

(
τ − τ f − J

(
d

dt

(
∂θ

∂X

)
Ẋ +

(
∂θ

∂X

)
Ẍ

)
−C

(
∂θ

∂X
Ẋ

))
(5.13)

Finally by combining equations (5.3) and (5.13) the overall dynamic equations

of motion can be obtained, expressed in a standard Cartesian form for robotic

systems [35]:

Meq.Ẍ + N(X, Ẋ) = Sτ (5.14)
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Where, the equivalent inertia matrix Meq and nonlinear terms N(X, Ẋ) are:

Meq = SJ

(
∂θ

∂X

)
+ r

 meI3×3 0

0 Ie

 (5.15)

N(X, Ẋ) = S

(
J
d

dt

(
∂θ

∂X

)
+ C(

∂θ

∂X
)

)
Ẋ+S τ f +r

 −meg − FR

ω × Ieω −MR

 (5.16)

5.4 Dynamic Equations for a Planar CDR

As an example, the general dynamic equations have been derived and simulated

for a planar CDR case, in this section.

End-effector dynamic of planar CDR:

Simplifying equations (5.10)-(5.16) for a planar CDR yields:

li =
√

(x+ qixcϕ− qiysϕ− bix)2 + (y + qixsϕ+ qiycϕ− biy)2

lix = (x+ qixcϕ− qiysϕ− bix)

liy = (y + qixsϕ+ qiycϕ− biy)

li0 =
√

(qix − bix)2 + (qiy − biy)2

X =

{
x y ϕ

}T
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θ =



θ1

θ2

θ3

θ4


= 1

r



l10 − l1

l20 − l2

l30 − l3

l40 − l4



θ̇ =



θ̇1

θ̇2

θ̇3

θ̇4


=


∂θ1
∂x

∂θ1
∂y

∂θ1
∂ϕ

...
...

...

∂θ4
∂x

∂θ4
∂y

∂θ4
∂ϕ




ẋ

ẏ

ϕ̇


∂θi
∂x

= −1
ri.li

(lix)

∂θi
∂y

= −1
ri.li

(liy)

∂θi
∂ϕ

= −1
ri.li

[ (−qixsϕ− qiycϕ)(lix) + (qixcϕ− qiysϕ)(liy) ]

θ̈ =



θ̈1

θ̈2

θ̈3

θ̈4


= [Sx(ẋ) + Sy(ẏ) + Sϕ(ϕ̇)]


ẋ

ẏ

ϕ̇

+


∂θ1
∂x

∂θ1
∂y

∂θ1
∂ϕ

...
...

...

∂θ4
∂x

∂θ4
∂y

∂θ4
∂ϕ




ẍ

ÿ

ϕ̈



Sx =


∂
∂x

(
∂θ1
∂x

)
∂
∂x

(
∂θ1
∂y

)
∂
∂x

(
∂θ1
∂ϕ

)
...

...
...

∂
∂x

(
∂θ4
∂x

)
∂
∂x

(
∂θ4
∂y

)
∂
∂x

(
∂θ4
∂ϕ

)


∂
∂x

(
∂θi
∂x

)
= 1

ri.li

[
1
l2i

(lix)
2 − 1

]
∂
∂x

(
∂θi
∂y

)
= 1

ri.li

[
1
l2i

(lix) (liy)
]

∂
∂x

(
∂θi
∂ϕ

)
= 1

ri.li
{ lix
l2i

[(−qixsϕ− qiycϕ)(lix) + (qixcϕ− qiysϕ)(liy)] + (qixsϕ+ qiycϕ)}

Sy =


∂
∂y

(
∂θ1
∂x

)
∂
∂y

(
∂θ1
∂y

)
∂
∂y

(
∂θ1
∂ϕ

)
...

...
...

∂
∂y

(
∂θ4
∂x

)
∂
∂y

(
∂θ4
∂y

)
∂
∂y

(
∂θ4
∂ϕ

)

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∂
∂y

(
∂θi
∂x

)
= 1

ri.li

[
1
l2i

(lix) (liy)
]

∂
∂y

(
∂θi
∂y

)
= 1

ri.li

[
1
l2i

(liy)
2 − 1

]
∂
∂y

(
∂θi
∂ϕ

)
= 1

ri.li
{ liy
l2i

[(−qixsϕ− qiycϕ)(lix) + (qixcϕ− qiysϕ)(liy)]− (qixcϕ− qiysϕ)}

Sϕ =


∂
∂ϕ

(
∂θ1
∂x

)
∂
∂ϕ

(
∂θ1
∂y

)
∂
∂ϕ

(
∂θ1
∂ϕ

)
...

...
...

∂
∂ϕ

(
∂θ4
∂x

)
∂
∂ϕ

(
∂θ4
∂y

)
∂
∂ϕ

(
∂θ4
∂ϕ

)


∂
∂ϕ

(
∂θi
∂x

)
= 1

ri.li
{ 1
l2i

[(−qixsϕ− qiycϕ)(lix)
2 + (qixcϕ− qiysϕ)(liy)

2] + (qixsϕ+ qiycϕ)}

∂
∂ϕ

(
∂θi
∂y

)
= 1

ri.li
{ liy
l2i

[(−qixsϕ− qiycϕ)(lix) + (qixcϕ− qiysϕ)(liy)]− (qixcϕ− qiysϕ)}

∂
∂ϕ

(
∂θi
∂ϕ

)
= 1

ri.li
{ lix
l2i

[(−qixsϕ− riycϕ)(lix) + (qixcϕ− qiysϕ)(liy)](−qixsϕ− qiycϕ)

+(qixcϕ− qiysϕ)(liy)}

Actuator dynamics:

Simplifying actuator dynamic equation (5.6) for a planar CDR yields:


J1 0

. . .

0 J4





θ̈1

θ̈2

θ̈3

θ̈4


+


C1 0

. . .

0 C4





θ̇1

θ̇2

θ̇3

θ̇4


=



τ1

τ2

τ3

τ4


−



τf 1

τf 2

τf 3

τf 4


−


r1 0

. . .

0 r4





t1

t2

t3

t4


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5.5 Trajectory planning:

In order to simulate the dynamics of a cable-driven robot, it is desirable to move

the end-effector smoothly along a trajectory. For a given starting posture and a

given ending posture of the end-effector, a fifth order polynomial can be used as

the time history of postures to avoid vibrations caused by rough and jerky motion,

i.e. to satisfy the required velocity as well as acceleration at the starting posture

and the ending posture [58]. If the kinematic parameters at the starting posture

are ss, ṡs, s̈s and the kinematic parameters at the ending posture are se, ṡe, s̈e,

intermediate postures with respect to time t can be calculated as follows:

s(t) =
[
12(se − ss)− 6(ṡe + ṡs)tf + (s̈e − s̈s)t2f

]
t5

2t5f

+
[
−30(se − ss) + 2(7ṡe + 8ṡs)tf − (2s̈e − 3s̈s)t

2
f

]
t4

2t4f

+
[
20(se − ss)− 4(2ṡe + 3ṡs)tf + (s̈e − 3s̈s)t

2
f

]
t3

2t3f

+ s̈s
2
t2 + ṡst+ ss

(5.17)

while tf is the time duration of the motion.

As soon as the displacement function is determined, the instantaneous veloc-

ity and acceleration can be easily obtained by the first order differentiation and

the second order differentiation of displacement with respect to time, respectively.

These values are substituted into the dynamic equation in which the actuators’

torque and cables’ tension are obtained. Basically, any trajectory can be approx-

imately interpolated into lines and circles. The following illustrate a linear and a

circular trajectory planning for a planar cable-driven robot.

Linear trajectory: For linear trajectories as shown in Figure 5.3(a), if the ve-

locity and the acceleration are required to be zero at the starting posture and
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(a) linear Trajectory (b) Circular Trajectory

Figure 5.3: Trajectory Planning.

the ending posture, the intermediate postures in equation (5.17) are simplified as

below:


x(t)

y(t)

ϕ(t)

 =


xs

ys

ϕs

+
[
6( t

tf
)5 − 15( t

tf
)4 + 10( t

tf
)3
]


xe − xs

ye − ys

ϕe − ϕs

 (5.18)

Circular trajectory: Similarly to circular trajectories (shown in Figure 5.3(b)),

the intermediate postures are calculated from the following equations.

x(t) = xc + rc cos
(
ξs +

[
6( t

tf
)5 − 15( t

tf
)4 + 10( t

tf
)3
]

(ξe − ξs)
)

y(t) = yc + rc sin
(
ξs +

[
6( t

tf
)5 − 15( t

tf
)4 + 10( t

tf
)3
]

(ξe − ξs)
)

ϕ(t) = ϕs +
[
6( t

tf
)5 − 15( t

tf
)4 + 10( t

tf
)3
]

(ϕe − ϕs)

(5.19)
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5.6 Dynamic Simulation

In this section, dynamics of planar CDR (Figure 3.3) have been simulated, while the

end-effector traces a half-circular path. In the following simulation, the dimension

of the base is (2a=2b=1.0 m). The end-effector is a rectangle with dimensions

(2c=0.1 m, 2d=0.08 m), mass me = 1 kg, and moment of inertia about Z-axis

Iz = 1.667× 10−3 kg m2. Cable driving units are selected to be the same, with

rotational moment of inertia of J = 2.2× 10−4 kg m2 and winding drum radius

rD = 0.025 m.

Figure 5.4: Dynamic Simulation: X-Y motion of the end-effector

The end-effector motion starts from origin {O}, goes along X-axis to A1 =

(−0.2, 0), follows by a semi-circular path (with radius rc = 0.2 m) to A2=(0.2,0),

and finally moves back to origin (Figure 5.4). Note that rc = 0.2 m have been

chosen to locate the whole path within the static workspace of the planar CDR

(Figure 4.3. The trajectory planning method of section 5.5 is used for linear and

circular segments of motion.

Simulation results are shown in Figures 5.5 and 5.6. Figure 5.5 shows the actu-

ators’ dynamics through out the motion, including their angular position, velocity,

and acceleration. Moreover, cables’ tension and actuators’ torque are simulated

with different pre-tension values, tmin = 0 (N), tmin = 1 (N), and tmin = 3 (N) in
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Figure 5.6.

(a) Angular position (θ) of actuators

(b) Angular velocity (θ̇) (c) Angular acceleration (θ̈)

Figure 5.5: Actuators Dynamic Simulation
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(a) Tension of cables with tmin = 0 (b) Torque of actuators with tmin = 0

(c) Tension of cables with tmin = 1 N (d) Torque of actuators with tmin = 1 N

(e) Tension of cables with tmin = 3 N (f) Torque of actuators with tmin = 3 N

Figure 5.6: Dynamic Simulation: Cables’ tension and Actuators’ torque
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In order to prevent slackness of cables, it is essential to have positive actuators’

torque. However, in tmin = 0 (N) and tmin = 1 (N), the actuators’ torque are

negative (5.6 (b),(d)). Therefore, these values for tmin should be avoided in order

to prevent the slackness. Furthermore, it can be seen from these figures that,

increasing the pre-tension, results in increasing the torques as well as the cables’

tension. In other words, it shifts up the torque diagram. This effect is desirable,

provided that the increased torque does not exceed the maximum allowable value,

i.e. the actuators are able to support the required torque. Using tmin = 3 (N)

results in positive actuators’ torque, which are less than τmax = 0.12 (N m) and all

of the cables’ tension are also less than tmax = 10 (N) (5.6(e),(f)).

It is also observed that, torque profile and tension profile are not the same.

The reason is, the static condition (τstatic = r t) is not valid any more during

the motion, since the inertia and viscous terms affect the actuators’ torque (Eqn.

(5.4)). Moreover, quintic trajectory planning results in torque values, which do not

change drastically, while the end-effector remains within the static workspace.

5.7 Summary

The dynamic analysis of fully restrained cable-driven robots was the major study

of this chapter. A complete dynamic model of a system including the end-effector

dynamics and actuator dynamics has been derived. Furthermore, the dynamic

equations of a planar CDR has been simulated for a semicircular path. Simulation

results illustrated that, the actuator torques can be obtained as long as the tension

solution exists. It was also realized that, if the trajectory profile is planned in a

quintic polynomial, the resultant torques changes quite smoothly and increasing

the pre-tension value, results in positive torque values that guarantees the positive

tension of the cables.
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Chapter 6

Prototype Development

This chapter explains the design and fabrication of a planar cable-driven robot. The

main objective is to develop a prototype, which is flexible enough for investigation

of different modes of real-time (RT) control and experimental verification of the

theory. The conceptual design of this planar CDR is shown in Figure 6.1.

Figure 6.1: Conceptual Model of Planar Cable-Driven Robot
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6.1 Design Specifications

The mechanical design process comprises of motor selection, speed reduction mech-

anism, cable winding mechanism, end-effector design, and frame design. The power

of the motor and the desired performance of the CDR are the fundamental factors

considered in the design process. It was decided at the beginning of the project

that the CDR should have a maximum cable tension of 10 N during operations

and approximately one square meter of workspace. In addition, real-time control

of the robot requires choosing proper RT-software and RT-hardware which are

compatible with input/output devices such as amplifiers and sensors. Based on

the geometrical constraints and the availability of products, planar CDR has been

developed, using the following components.

Motors: For this project, four Aerotech DC1017 servomotors have been used

(shown in Figure 6.2). An encoder is incorporated at the end of each motor to read

the angular position. The encoder provides feedback resolution of 1000 counts per

revolution.

Figure 6.2: AEROTECH-1017 DC Servomotor

Cable Winding Unit: The assembly of the motor, the speed reduction mech-

anism, and the threaded drum with the shafts and bearings is identified as the
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cable winding unit (CDU), which is shown in Figure 6.3. Speed reduction has been

implemented with the aim of getting the required torque and threaded drum helps

to wind the cable side by side. The reason for choosing the threaded drum was

that overlapping of the cables will change the winding radios continuously. This

will affect the positional accuracy , consequently. The specifications of the CDU

is also shown in Figure 6.3. The maximum applied torque of CDU is τmax=0.48

(N.m) and it is able to wind/unwid the cable up to ∆lmax=1.555 (m), which is

enough for covering the entire workspace. Detailed drawings of mechanical parts

are given in Appendix B.

Figure 6.3: Cable Winding Unit

End-effector: In general, the end-effector is designed based on the application

of the CDR. Different applications, may require different devices, to be attached to

the end effector. For example, in painting CDR, a paint sprayer is attached to the
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end effector. Hence, application of the CDR plays important role in determining

the design of this component. The CDR was designed in a way that enable us to

investigate its control performance and also to monitor its end-effector position,

using a computer mouse. Therefore, the space at the center of the end effector

(Figure 6.4) was purposely created for attaching a computer mouse components

inside. It also gave flexibility to put additional elements inside the end effector

like circuit board, pen or pencil and etc. that might be needed in later applica-

tions. Cables were attached to the corners of the end effector and four holes were

considered at the center of end-effector sides for the purpose of home positioning

and pre-tensioning. The shape of the end effector was chosen to be a rectangular

with dimension (100× 80× 10) mm. Detailed drawing of end effector is located at

Appendix B.

Figure 6.4: The End-effector

Table of Cable-Driven Robot: Table of the CDR is a structure where all the

components are attached to it. The structure is made of aluminum profiles that

were cut accordingly to the desired dimension. It supported four winding units at

its four corners. At the top of it, a board made from acrylic was placed. The acrylic

was covered by a white paper to support the operation of the computer mouse that

would be used later in the project. The end-effector was located at the top of the
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board and slide on it. Detailed dimension of the table can be seen in Appendix B.

Amplifiers: The motors require a higher voltage and current supply than the

data acquisition board could supply. In order to provide necessary driving current

and voltage source, amplifiers were used. The amplifiers used here are PWM (pulse

width modulated) servo amplifiers from Advance motion controls (shown in Figure

6.5). The 12A8 amplifier is protected against over-voltage, over-current, over-

heating and short circuits across the motor, ground and power leads. It interfaces

with digital controllers or can be used as stand-alone drive. It requires only a

single unregulated DC power supply. An important feature of the amplifier is

that it offers current and voltage limiting. The amplifier can be set to voltage or

current mode, based on the individual needs of the user. For servomotors, input

current is linearly related to the output torque, thus for torque control, amplifiers

are set in current mode. By commanding and controlling the current applied to the

motors, the programmer can control the torque. However, for the position control

loop, amplifiers are configured in voltage mode. In voltage mode, the output is

proportional to input voltage.

Figure 6.5: 12A8 PWM Servo Amplifiers from AMC
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Data Acquisition Card: Considering a cable-driven robot as a mechatronic sys-

tem, it is essential to have a suitable connection between the microprocessor-based

controller and the mechanical devices. This involves the appropriate electronic

circuitry, generally referred as the interface, which makes the computer and the

controlled devices compatible. A commercial plug-in National Instrument data

acquisition card (NI PCI-6221 DAQ) is used to interface with the sensors and to

control the actuators (Figure 6.6). It has eight analog inputs, two analog outputs

with 16 bits of resolution,and two dedicated counters to read incremental encoders.

Figure 6.6: NI PCI-6221 M-Series DAQ card

Tension Sensor: The MPMC3 is a tension transducer from TMI (Tension Mea-

surement Inc.) shown in Figure 6.7. It is basically a strain-gauged sensor with a

digital indicator that provides sensor power and signal conditioning. It also pro-

vides analog output which is directly proportional to the tension applied to the

sensor. The calibration procedure of the sensor is simply done by hanging known

weights. The sensor output signal is linear in the full scale range of tension, which

is set manually during the calibration procedure.

6.1.1 Development Software

All of the control programs are developed in LabView 7.1 from National Instru-

ments. LabView is a graphical programming language (G-language) and it uses
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Figure 6.7: The Tension Sensor

the concept of Virtual Instruments (VIs), which is distinct from other text-based

programming languages and the intuitive graphical development environment com-

bines the ease of using configuration-based tools with the flexibility of a powerful

programming language. Moreover, the LabView compiler generates optimized code

with execution speeds comparable to that of compiled C programs. Since the execu-

tion order is determined by the flow of data between nodes and not by sequential

lines of text, it is easily possible to create block diagrams that execute multiple

operations in parallel. This parallel nature of LabView makes implementing multi-

tasking and multi-threading simple by assigning thread priorities. In addition, it

can be configured with LabView R-T software, for real time implementation of the

control system.

6.2 Real-Time Control Scheme

The schematic diagram of the CDR control system is shown in Figure 6.8. It

consists of a host computer and a real-time target. Host computer was a Pentium

IV running on Windows XP platform, which was configured with LabView 7.1 and

LabView RT software and the real-time target was a Pentium IV computer runs on
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the LabView Real-Time OS. Additionally, the target PC was integrated with two

PCI-6221 DAQ boards to interface it with the CDR hardware. Motor amplifiers

and encoders were connected to target PC throughout the PCI cards.

The control programs (VIs) were written in the host computer and downloaded

to the target PC. Once the program is downloaded, target PC executes the control

programs in deterministic time loops and sends back the processed data to the

host computer for displaying. Host computer and target PC communicate with

each other via ethernet cable.

Figure 6.8: The Control System Scheme

6.3 Summary

In this chapter, the design and fabrication of a planar cable-driven robot prototype

(Figure 6.9) was described. The main objective of the development of the prototype

was investigating the real-time control of cable-driven robots and experimental

verification of the formulations in kinematic analysis, tension analysis and dynamic

analysis. The control algorithms and software architecture will be explained in next

chapters.
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Figure 6.9: The Planar Prototype
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Chapter 7

Control Architecture

This chapter presents cable-driven robot control architecture. For controlling the

cable-driven robot two approaches are described. The first one is independent joint

control (IJC) approach, which uses local independent PID control law at each joint

to control the position of the end-effector. The second one is based on the control

law development using computed torque method [71], followed by the method for

resolving the actuation redundancy and maintaining positive tensions dynamically.

Independent joint control and computed torque approach are implemented on the

planar prototype and their experimental results are compared.

7.1 Independent Joint Control (IJC) Approach

The purpose of a IJC is to control the motors so that the end-effector traces a de-

sired path. Although joint torque equations are highly coupled as seen in equation

(5.14), a simple independent joint control approach with a PID control law will

stabilize joint performance. This individual joint PID approach totally ignores dy-

namic equations and attempts to control the end-effector by using local, decoupled
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PID controllers at each joint. The motion control system for an actuator of each

local joint is shown in Figure 7.1.

Figure 7.1: Block Diagram of an Individual PID Controller

DC servomotors have been used in this thesis as the actuators and their transfer

function is [48]:

θ(s)

Va(s)
=

Kt/R

s(Js+ C)
(7.1)

Where, Va and R are the armature voltage and resistance, kt is torque constant,

and (J , C) are the combined inertia and viscous damping (Eqn. (5.5)).

The closed-loop transfer function of each independent joint controller is repre-

sented by equation (7.2), which is a third order system.

θ(s)

θd(s)
=

(KDs
2 +KP s+KI)(Ka)(kt/R)

[s2(Js+ C) + (KDs2 +KP s+KI)(Ka)(kt/R)(kenc)]
(7.2)

The proportional (KP ), integral (KI), and derivative (KI) gains of the con-

troller can be determined by locating the dominant closed-loop poles, near the

poles of a system with the desired natural frequency and damping ratio [48]. Be-

sides, damping ratio and natural frequency could be computed by substituting the

desired maximum overshoot Mp and settling time ts into equation (7.3).
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ζ = − lnMP√
π2+(lnMP )2

ωn = 4
ζ×ts

(7.3)

(s+ A1)(s
2 + 2ζωns+ ω2

n) =

[s2(Js+ C) + (KDs
2 +KP s+KI)(Ka)(kt/R)(Kenc)]

(7.4)

In equation 7.4, an additional pole (A1) is added to make the order of the

desired system similar to the controller system. Additional pole (A1) has to be big

enough to make its effect insignificant compared to other poles of the system [48].

Equating coefficients of Eqn. (7.4) will result in:

KP = (2A1ζωn + ω2
n) RJ

KaktKenc

KI = (A1ω
2
n) RJ

KaktKenc

KD = (A1 + 2ζωn − C
J

) RJ
KaktKenc

(7.5)

The PID gains of IJC controllers for MP = 5% and ts = 0.5 sec. are obtained

and shown in Table 7.1, by substituting the Aerotech-1017 DC servomotor param-

eters in equation 7.5. The same PID gains are used for all of the joint controllers.

MP ts ζ ωn KP KI KD

5 % 0.5 sec 0.69 11.59 13.73 95.32 1.00

Table 7.1: PID gains of IJC controller

Having the desired trajectory, cables’ length can be calculated, using inverse

kinematics. Then, the change in the length of each cable gives the desired angular

position of related actuator using equation (5.7). This angular position should

be followed by each actuator independently. Figure 7.2 shows the IJC control

architecture for CDRs which is used to move the end-effector from the current

posture to the desired posture.
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Figure 7.2: Independent Joint Controller Architecture

Even though the dynamics is not taken into account in this control laws, it is

necessary to ensure that the resultant torques do not exceed the maximum torque

of the actuators as the end-effector tracks the desired trajectories.

7.2 Computed Torque Control

Although IJC control approach results in acceptable positional accuracies, it does

not control the tension of the cables, which is an important issue in cable-driven

robots. Therefore, it is necessary to use a control method that consider the cables’

tension as well as the end-effector positional accuracy. This section presents the

computed torque control method including the controller architecture and control

law development for planar CDRs based on the overall dynamic equations the

system (5.16). The input to the system is the vector of positive torques τ , that is

produced by motors to keep the cables in tension. The position of the end-effector

is obtained from the change of length of the cables due to the rotation of motors.

In order to obtain τ vector, a virtual generalized wrench input Wv is introduced:

Wv = S.τ (7.6)

Since the dimension of Jacobian matrix S is (n ×m), the virtual generalized
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wrench input has the dimension of the Cartesian space n (e.g. for a planar CDR

n=3 and m=4). A control law should be developed for the virtual wrench input to

find a real control positive torque input vector τ , that satisfies (7.6). For control

law development, the following dynamic equation is considered:

Meq(X)Ẍ + N(X, Ẋ) = Wv (7.7)

By using the well-known computed torque technique [71], the effects of the

nonlinear dynamics terms N(X, Ẋ) canceled and inertial terms are counted. Im-

plementation of a PD controller reduces the tracking error e = Xd−X, where Xd is

the commanded (reference) Cartesian pose. Following that, the computed-torque

control law for the virtual wrench input Wv becomes:

Wv = Meq(X)
(
Ẍd + KPe + KDė

)
+ N(X, Ẋ) (7.8)

where ė = Ẋd−Ẋ. Finally, equating the left side of equation (7.7) and the right

side of equation (7.8) yields:

ë + KDė + KPe = 0 (7.9)

Equation (7.9) shows the effectiveness of the computed torque method, since

all of the nonlinear terms have been canceled and the obtained equation is a second

order linear system. The PD controller gains can be chosen to obtain desired close

loop natural frequency (KP = ωn
2) and damping ratio(i.e. KD = 2ζ

√
KP ). It is

important to note that, since the matrix gains are chosen diagonal (KP = diag(KP )

and KD = diag(KI)), the servo control is accomplished independently for each of

the Cartesian pose motion, even though the dynamics model is highly coupled.
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Figure 7.3: Computed Torque Controller Architecture block diagram

Figure 7.3 shows the computed torque control architecture for CDRs. It con-

sists of five major sub-tasks: the PD controller, forward kinematics solver, velocity

observer, tension estimator, and torque calculator.

The position feedback (X) is calculated based on the encoder reading of motors

(θ) using forward kinematics (Eqn. (3.4)). Velocity feedback, can be obtained

either by velocity sensors (direct measurement) or estimations of the velocity from

the encoder readings (velocity observer). The tension estimation has to deal with

the problem of inverting non-square matrix S(X) and obtaining positive tension

results using equation (4.4), in each control loop cycle. The resulted tension values

are then used for computing the positive actuator torques to ensure positive cables’

tension at all times (Eqn. (5.6)). The inertial term Meq(X) is composed of the

overall pose-dependent inertia matrix and the reference acceleration components

(Eqn. (5.15)), and nonlinear terms are N(X, Ẋ), given in equation (5.16).

The implementation of the computed control approach on the planar prototype

and the functionality of each block is presented in section 7.5.
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7.3 One-DOF Experiments

At the beginning of the project, a one-DOF CDR has been built to investigate

the fundamental concepts of cable-driven systems. It consists of two DC motors,

incremental encoders, amplifiers, cable winding pulleys and the end-effector as

shown in Figure 7.4. The functionality and specifications of its component was

described in Chapter 6.

Figure 7.4: 1-DOF experimental setup

Different sets of experiments were carried out on 1-DOF prototype by im-

plementing the IJC controllers. The main objective was to study the effect of

pre-tension (t0) on the performance of IJC controllers in CDRs by measuring the

cables’ tension. In these experiment the end-effector was commanded to move 10cm

to the right direction i.e. from motor B to motor A shown in Fig. 7.4. This motion

was accomplished in two seconds. Before starting the movement, certain amount

of pre-tension was applied to the cables. The pre-tensioning was done by small ro-

tation of motors in a direction that reduce the cables’ length. After obtaining the

desired pre-tension, which was read by the tension sensor, the motion was started.

Since only one tension sensor was available, tension in cables A and B were mea-
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sured separately i.e. the motion was conducted twice; once the sensor was mounted

on side A to measure tA and once on side B to measure tB. The values of tA and

tB are compared with different pre-tensions in Figures 7.5 and 7.6, respectively.

Figure 7.5: tA with different pretension

Figure 7.6: tB with different pretension

Although it is desirable for cable-driven robots to keep a certain amount of

tension (t0) in the cables (in order to satisfy the stiffness requirements), but is

observed that the cables’ tension drops after the motion is started (Figure 7.5 and

7.6). This is explainable due to the lack of control on the tension of the cables in
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IJC controllers, as they only control the angular position of actuators to change

the cables’ length. With small pre-tension values, the cable may lose its tension

totally and get slack (e.g. when t0 = 0.05(N)). It is also observed that, with

pre-tension values greater than t0 = 0.5(N), both tA and tB first decrease and then

increases nearly to the t0. During the first half of motion tB decreases more than

tA, since the difference of tA and tB (Fx = tA− tA) must accelerate the end-effector

to the right, while during the second half of motion tB starts to increase and try

to decelerate the end-effector. At the end of motion, tA and tB must be equal and

their value should be close to the initial pre-tension. However, a difference between

the final value of tensions and the pre-tension values is observed, which is mostly

due to the friction of the system.

One-DOF experimental tension measurement show that, although the posi-

tional accuracy of the end-effector is good, but the performance of the system in

terms of maintaining the cables’ tension is not satisfactory. Therefore, using the

computed torque method that control the cables’ tension seems to be useful. More-

over, increasing the pre-tension value improves the performance of the system, as

with small pre-tension cables may loose their tension in motion specially when the

motors unwind the cables.

Some other issues that have been faced in One-DOF experiment were cable

selection and winding drum design. In our experiments, nylon coated steel wires,

which was suggested by Pham [54], with different diameters were tested. It was

observed that, a cable with a greater diameter, has higher stiffness and hence less

elongation under the operation. On the other hand, it has more tendency to unwind

from the drum due to its stiffness and more tension is required for winding the

cables. A simple method of estimating the required pre-tension value for winding

the cables, is using the torsion spring model for a wound cable, which is shown in

Figure 7.7 [60]. Using the angular form of Hook’s law, results in:
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τs = kθ.θw

kθ = πGdw
4

32lw

(7.10)

where, kθ is the torsional stiffness of spring, G is the shear modulus of rigidity

of the wire, dw and lw are the diameter and the length of the wire, and rD is the

radius of winding drum. Knowing that τs = rD t and lw = rD θw, the required

tension for winding the cable becomes:

t =
πGdw

4

32r2
D

(7.11)

Equation (7.11) states that required tension for winding the cables is highly de-

pendant on the diameter of the cables. From our experiments, a nylon coated steel

wire with diameter of d = 0.5 mm was finally selected. During the experiments,

its elongation was small and the required tension for winding it around a drum

with rD = 2.5 cm was t = 1.96(N). Note that this tension should be provided by

the actuators when the end-effector is stopped, otherwise cables unwind from the

drum. Another problem that was faced in One-DOF experiments was the slipping

of the cable on the winding drum, which causes inaccuracies. In order to solve this

problem threaded drums have been designed and used in the planar prototype.

Figure 7.7: wound cable around the drum
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In addition, dynamic simulations show that, increasing the pre-tension value

will improve the performance of the CDR and helps to prevent cables’ slackness.

But generating and maintaining pre-tension values in the cables by using IJC con-

trollers is a difficult task. One possible solution is to rotate the actuators in a

direction that reduce the cables’ length, while the end-effector is fixed. However,

the amount of pre-tension is not under control in this method. Based on the ex-

periences of One-DOF system, a planar prototype was designed and fabricated to

study the main issues of CDRs in a general case.
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7.4 Implementation of IJC on planar CDR

Independent joint control approach is also implemented on the planar CDR pro-

totype based on the real-time control scheme of Figure 6.8. For this purpose, the

amplifiers were set in the voltage mode to regulate the voltage of the motors. Dif-

ferent sets of experiments were carried out and PID gains of controllers were tuned

for the best performance of the end-effector in terms of trajectory following. The

improved PID gains for each joint is shown in Table 7.2.

Theoretical motor motor motor motor
Values 1 2 3 4

KP 13.73 14 15 14 15
KI 95.32 83.33 116.6 83.33 116.6
KD 1.00 1.02 1.25 1.02 1.25

Table 7.2: Tuned PID gains of IJC controller

7.4.1 Experimental Results:

The same circular trajectory, which was simulated for dynamic analysis, was chosen

for the end-effector to follow (Figure 5.4). In this experiment the end-effector was

first placed to its starting point at the center of the base plate and a pre-tension

of tmin = 3 (N) was applied. Then, it was commanded to trace a line followed by a

half-circle of rc = 0.2 m radius, centered at the origin, and return back to the origin.

The end-effector was also commanded to maintain ϕ = 0 during the motion. The

followed trajectory of the end-effector in X-Y plane is shown in Figure 7.8. Tracking

error of the actuators in radian, which is the difference between desired angular

position and encoder reading, is also shown in Figure 7.9(a). Moreover, Figure

7.9(b) presents the X-Y errors of the end-effector, which is the difference between

the desired path and X-Y position obtained form forward kinematics. Experimental

results shows that the tracking errors of the actuators are less than 0.05 rad, which

102

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 7. CONTROL ARCHITECTURE

is explicable in terms of the overshoot of the system, while the steady state error

is less than 0.005 rad. The maximum errors occur when the end-effector change its

direction suddenly. The X-Y tracking error of the end-effector is also observed to

be less than 5 mm through out the motion, which is acceptable compared to the

workspace of the Robot. The steady state positional error of the end-effector at

the end of the motion is 0.4 mm in the X direction and 0.6 mm in the Y direction.

One possible source of error is the Coulomb friction between the end-effector and

the base plate, which could be minimized by reducing the contact area of the end-

effector and base plate. Another problem that affects the positional accuracy is

caused by cables’ slackness during the unwinding process, which is because IJC

controllers do not take the tension of the cables into consideration.

Figure 7.8: X-Y Graph of the end-effector with IJC controller
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(a) Angular Position Error of Actuators

(b) X-Y Tracking Error

Figure 7.9: Errors in Circular Movement; Independent Joint Control
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7.5 Implementation of Computed Torque Con-

trol on planar CDR

Implementation of computed torque approach (Figure 7.3) requires velocity feed-

back for canceling the effect of nonlinear terms. However, in our case we faced some

limitations in using the velocity feedback. Since tachometers were not available for

direct reading of the joint velocities. Moreover, the encoder noise problem makes

digitally differentiating of the position quite hard. Therefore, the desired velocity

terms (Ẋd) were used instead of the actual velocity feedback (Ẋ). The effect of

this simplification on the computed torque controller on the planar CDR can be

obtained by substituting N(X, Ẋd) in equation (7.7) as follows:

Wv = M(X)
(
Ẍd+KPe + KDė

)
+N(X, Ẋd) (7.12)

Equating (7.7) and (7.12) and substituting (5.16) in the result with the as-

sumption of small angular velocity of the end-effector yields:

M(X)(ë + KDė + KPe) = N(X, Ẋ)−N(X, Ẋd)

= S
[
J d
dt

(
∂θ
∂X

)
+ C

(
∂θ
∂X

)]
(Ẋ− Ẋd︸ ︷︷ ︸

−ė

)

(7.13)

It is observed that, the nonlinear terms are not canceled completely without

velocity feedback. The schematic diagram of the implemented computed torque

method on the planar CDR is shown in Figure 7.10, and its performance has been

tested experimentally.
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Figure 7.10: Computed Torque Scheme Implemented on Planar CDR

7.5.1 Description of Computed Torque Control Architec-

ture for Planar CDR

The computed torque controller, which is implemented on the planar CDR proto-

type, contains the following parts:

Tension Estimation: The cables’ tension T is calculated for the given dynamic

wrenches W, using the following equation:

T =



tp1

tp1

tp1

tp1


+ λ



n1

n2

n3

n4


≥ tmin



1

1

1

1


(7.14)
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The goal of tension estimation is finding an optimal tension solution, by mini-

mizing the Euclidean norm of T. Moreover, each component of T must be greater

than or equal to a specified minimum tension tmin, in order to prevent cables’

slackness. For this purpose, λ is calculated at each control cycle to ensure that

the minimum positive tension is satisfied for all cables. For each particular tension

component, λ i =
(tmin−tpi)

ni
is calculated; then the largest magnitude of these λ i’s

is selected to be the λ at each control cycle (λ = max{λ1, ..., λ4}). This single λ

value has to be then used for all components in equation (7.14).

Actuator Torques Calculation: After estimating the tension values, the pos-

itive actuator torque components are calculated using equation (5.13). Then, the

computed torque values are converted into current and send to the amplifiers to

drive the motors.

Controller Feedback Driving the motors with current amplifiers, results is an-

gular motion (θi), which is obtained from encoders reading. Having θi and hence

li, the pose of the end-effector is computed by Newton-Raphson iterative method

(Eqn. 3.4). The pose value is compared with the reference value and the error goes

to PID controller, which tries to minimize the tracking errors.

7.5.2 Experimental Results

The first experiment aims at generating a linear profiles: move the end-effector

from the origin (center of the plate) to (-0.10,-0.10) in six seconds and return to the

origin. Second experiment represents a circular profile: trace a line from origin to (-

0.2,0.0) and starts a half-circle of 0.20 meter radius to (0.2,0.0), and finally return

back to the origin (0,0). The control programs were written in LabView based

on the controller architecture of Figure 7.3 and quintic polynomials were used for
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trajectory generation. For reducing the tracking errors of the CDR, PID controller

was used instead of PD controllers. The proportional (KP ), integral (KI), and

derivative (KD) gains of the PID controller were determined by specifying desired

settling time ts = 0.5 sec. and maximum overshoot Mp = 5% for a unit step

input. For this purpose, the closed-loop poles of the system were located at (s1,2 =

−8.0 ± 8.39i, s3 = −40), which results in KP = diag(774.1), KI = diag(5373.1)

and KD = diag(56.0) shown in Table 7.3.

MP ts ζ ωn Closed-loop Poles KP KI KD

5 % 0.5 sec 0.69 11.59 S1,2 = −8.0± 8.39i 774.1 5373.1 56.0
S3 = −40.0

Table 7.3: PID gains of Computed Torque controller

Linear Trajectory: In this example, the pre-tensioning process was done first.

For pre-tensioning process, the end-effector was first fixed at the center of the

base plate, with the aid of some set screws. Then, the program runs and makes

the motors apply enough torque for generating desired pre-tension value (tmin=3

N in this example). After that, the screws are removed and the motion starts.

This experiment is a linear motion, from (0,0) to (-0.1,-0.1). After reaching the

destination end-effector wait for a while and then returns back to the origin. During

the motion the end-effector attempts to maintain the zero orientation (ϕ = 0). The

experimental results are shown in Figures 7.11-7.13.

Figure 7.11 shows the X-Y graph of the end-effector motion and Figure 7.12(a)

indicates the desired and actual length of the cables in meter. For the first part of

this movement (1 → 2), L2 and L3 were required to release the cables but keep a

minimum tension to avoid slackness; however, cable L4 were required to pull the

cables and hence the end-effector. Therefore, an increase in the length of cables L2

and L3, and a decrease in L4 is observed. The length of cable L1 is first decreased

and then increased accordingly. The change of the cable lengths in return motion
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Figure 7.11: X-Y Graph of Linear Trajectory

(3 → 4) from (-0.1,-0.1) to (0,0) is vice versa. The tracking error of actuators

in the linear movement is also shown in Figure 7.12(b). It is observed that, the

maximum tracking error occurs at the beginning of the motion (1) and decreases

gradually. There exists another peak of error at point (3), while the end-effector

starts its return motion from rest. The steady-state error of the actuators at the

end of motion (point 4) is less that 0.05 rad.

Figure 7.13 shows the end-effector tracking errors in the linear motion. The

desired and actual X and Y positions of the end-effector are shown in Figure 7.13(a),

and the corresponding Cartesian error is represented in Figure 7.13(b). Note that,

due to the symmetry of the robot and the trajectory, the desired X and Y positions

(Xd and Yd) are the same. It is observed that, the maximum error is approximately
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7 mm in the X-direction, and 5 mm in the Y-direction, that occurs when the end-

effector starts its motion from rest (point 1 for X and point 3 for Y), and reduce

gradually during the motion. Moreover, an error of approximately 1 mm is observed

in both X and Y coordinates at the beginning of motion (at point 1 of Figure 7.11),

which is due to pre-tensioning process. An error of 2 mm is also observed at point

2, which can be explained in terms of the overshoot of the actuators.

Circular Trajectory: The first step in this experiment is also the pre-tensioning

process. After that, the end-effector starts its movement from (0,0) to (-0.2,0) and

wait for a while to settle in the position. Then starts its circular motion (trace a

half-circle of rc = 0.2 m radius and centered at the origin), while attempting to

maintain ϕ = 0 for all motion. After reaching (0.2,0), it returns back to the origin

(Figure 7.14). The experimental results are shown in Figure 7.15 - 7.16.

The desired and actual cables’ length are shown in Figure 7.15(a). It is ob-

served that, the rate of the cables’ length change is greater, in comparison with the

linear motion; that is because, rotating direction of the motors changes frequently

in circular motion. Figure 7.15(b) is also shown the tracking error of actuators,

through out the motion.

Figure 7.16 shows the tracking errors of the end-effector in the half-circular

motion. The desired and actual X-Y position of the end-effector are shown in

Figure 7.16(a), and the corresponding Cartesian errors are presented in 7.16(b). In

addition, the desired and actual followed trajectory by the end-effector is shown

in Figure 7.14. Besides that, the computed torque of actuators is also shown in

Figure 7.17.

It is observed from experimental results that, the maximum error in X-direction

is approximately 20 mm (at point 3), while it is 15 mm in the Y-direction. An

error of 1 mm is also observed in both X and Y coordinates at the beginning,

110

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 7. CONTROL ARCHITECTURE

which is mostly because of the pre-tensioning process (Figure 7.16). Moreover,

at the end of the motion, the steady-state error is found to be less than 1 mm.

Besides the above experiments, in order to verify the actuators dynamic modeling

and generated tensions, the tension of the cables are measured through out the

half-circular motion, once for “independent joint control” approach and once for

“computed torque” approach. The obtaining results are shown and compared in

Figures 7.18 and 7.19.
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(a) Length Control for the Linear Trajectory

(b) Angular Position Error of Actuators

Figure 7.12: Length Control of the Cables in Linear Trajectory
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(a) X-Y tracking of End-effector

(b) X-Y end-effector Error

Figure 7.13: Errors in Linear Trajectory from (0,0) to (-0.1,-0.1)
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Figure 7.14: X-Y Graph of Circular Trajectory
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(a) Length Control for the Linear Trajectory

(b) Angular Position Error of Actuators

Figure 7.15: Length Control of the Cables in Half-circular Trajectory
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(a) X-Y tracking of End-effector

(b) X-Y Error Control

Figure 7.16: Errors in Half-Circular Trajectory
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Figure 7.17: Actuator Torques for Half-circular Trajectory (tmin = 3N)
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(a) t1

(b) t2

Figure 7.18: Comparison of t1 and t2 in IJC and Computed Torque Controller
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(a) t3

(b) t4

Figure 7.19: Comparison of t3 and t4 in IJC and Computed Torque Controller
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It is observed that, using the IJC approach, the cables’ tension drop after

motion starts, specially for those motors which release the cable (t2 and t3). The

reason is the lack of control on the tension of the cables, as only the change of the

length of cables is taken into consideration by the PID joint controllers. However,

using the computed torque method, which tries to control the torque of the motors,

shows a better performance in terms of maintaining cables’ tension. As it can be

seen from the experimental results, in this method, the minimum tension of the

cables are kept during the whole motion and also the tension tracking is more

satisfactory than IJC method.

On the other hand, comparing Figures 7.9(b) and 7.16(b), one can conclude

that the positional accuracy of computed torque method is not as good as IJC con-

troller, which is due to the inherent properties of computed torque controller, i.e.

it does not control the position directly but tries to compensate the error by con-

trolling the torque of the actuators using the dynamics of the robot. Therefore, the

dynamic parameters of the system (e.g. inertia of the motors and end-effector) af-

fects the performance of the controller. Moreover, in the proposed computed torque

method velocity feedback was not used, and the nonlinear terms were calculated

based on the desired velocity profile of the motion. As a result, the uncertainties

due to dynamic parameters estimation and excluding the velocity feedback terms

affect the performance of the controller and probably increase the tracking error.

Velocity observers should be designed and implemented on the computed torque

control to improve the dynamic performance of CDRs, which requires further stud-

ies.

It is also concluded that IJC method provides better positional accuracy.

While, computed torque method results in better tension tracking and hence pro-

vides higher stiffness. Therefore, it is preferred to use IJC method wherever higher

positional accuracy is needed and use the computed torque method when higher

stiffness and tension accuracy is needed, i.e. computed torque method can be used
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for point to point movement and IJC approach may be implemented for trajectory

following.

Last but not the least, it seems that a combination of position control and

torque control running together (hybrid control) is highly desired for cable-driven

robots. In this hybrid system, torque control maintains the cables’ tension and

hance the robot stiffness, during the movement, while position control may be

used at the endpoints where higher positional accuracy is needed. Hybrid control

can be implemented by using two sets of amplifiers at the same time, one runs

in voltage mode for position control and the other one runs in current mode for

torque control. High frequency switches, must be used to switch between position

control and torque control, whenever it is necessary. However, implementation of

hybrid controllers are very difficult in practice. For example, in our prototype eight

sets of amplifiers were used, four in current mode for computed torque control and

four in voltage mode for IJC control. The mode of the amplifiers was set manually

throughout DSP switches. Besides that, each amplifier has two wires as power line

and two wires to output the signal to the motor. Therefor, each amplifier needs

four high frequency switches, which their synchronization is not an easy task and

requires further studies.

7.6 Summary

In this chapter, two approaches for the control of cable-driven robots was pointed

out mainly. The first one was an independent joint control (IJC) approach, which

uses local independent PID controllers at each joint to control its angular posi-

tion, while the second approach was based on the control law development using

computed torque method. Both of the control approaches were implemented on

the planar prototype and compared with experimental results. It was concluded
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that IJC controller results in better positional accuracy in terms of tracking error

and steady state error, but suffers from loosing the tension during the motion (es-

pecially when actuators release the cables). On the other hand, computed torque

controller was found to be useful in maintaining the positive tension during the

motion and providing pretension in the cables.
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Chapter 8

Cable-Driven Robot Application

as a Hand Rehabilitation Device

A rehabilitation application of our planar cable-driven robot is demonstrated in

this chapter, in order to show the efficiency and capability of our prototype.

Cable-driven robots are proper choices for rehabilitation applications, since their

workspace is large and multiple-DOF motion can be achieved with relatively low

powered actuators compared with the mechanisms that use conventional rigid links.

In addition, CDRs are light and flexible, which makes them human-friendly sys-

tems for rehabilitation processes. Our eventual goal is a rehabilitation system that

carries out 3-DOF motions of hand.

8.1 Rehabilitation

Rehabilitation is a therapy which has the purpose to recover partially or totally the

motion abilities of a patient. In the last years, there was an increasing demand of

rehabilitation therapist, due to many factors such as the increasing of the average
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age of the population, the advancement in the treatment of pathologies that in the

past were incurable and the increasing of activities with high risk of incidents or

traumas [45].

Hand Rehabilitation: General hand rehabilitation goals are to restore motion

and strength for optimal function while protecting injured and repaired structures.

The trend in rehabilitation has been toward early mobility with less immobiliza-

tion [33]. The greatest challenge facing therapists is determining the balance be-

tween mobility and stability. Often, attention is given to mobility and strength at

the expense of stability and comfort. Range of motion (ROM) is initiated as early

as possible within safe parameters to prevent the development of stiffness. The

following guideline outlines appropriate treatment to restore joint motion and func-

tion after fractures, while avoiding damage to repaired and injured structures [83].

Generally, the hand rehabilitation process consists of three stages:

• Postoperative Phase I: Inflammation/Protection (Weeks 0 to 2): In

this phase, therapy focuses on protection of repaired or injured structures.

No significant motion can be done in this phase.

• Postoperative Phase II: Fibroblastic/Fracture Stability (Weeks 2 to

8): In the early part of this phase, the protective splint is removed frequently

for exercises and light, functional activities. Controlled stress to the healing

tissue is most effective during the Fibroblastic phase. Early joint stiffness is

treated with serial static or static progressive mobilization. Applied force is

steady and prolonged to gain tissue length. Passive stretching is applied to

the point of discomfort.

• Postoperative Treatment Phase III: Scar Maturation and Fracture

Consolidation (Week 8 to Month 6): The primary goal in this phase is

to achieve maximum ROM, increase strength and endurance, and resume
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normal activity. There are no longer precautions that limit motion. If stiffness

persists, capsular stretching, soft tissue mobilization, joint mobilization, and

low load prolonged stretch via static progressive splints are used [83].

8.1.1 Concept of Hand Rehabilitator CDR

Our planar cable-driven prototype is well suited for rehabilitation purpose, due to

its inherent potentials such as large workspace, high load capacity, and low cost

due to the simplicity of components. The end-effector design should be modified

to be adapted for hand rehabilitation. It means that the end-effector should be

designed in the way that the patient can hold it easily. A simple joy-stick type

end-effector seems to be useful, since the patient can easily grip the handle and

apply the force. It is also practical for both left and right hand with different sizes.

Moreover, the patient can start or stop the program by pressing the switches which

are implemented on the joy-stick handle.

As mentioned earlier, the rehabilitation phase II includes active-assisted, gentle

passive exercises over several repetitions and contract/relax exercises. Planar CDR

is a very useful rehabilitation device in this phase, since it can apply certain amount

of force in any desired direction in the X-Y plane by generating required tension

in cables. According to static analysis of a CDR, the required tensions in the

cables are calculated to resist the desired external force. This external force should

be applied by the patient. The objective for the patient is to maintain the end-

effector of the CDR in a pre-defined position by applying required force. Failing

to do so, the end-effector starts to move in the X-Y plane. This method is quite

useful as we can gradually increase the force in any desired direction to improve the

patient strength. Moreover, the planar CDR highly meets the requirements for the

rehabilitation phase III. In this phase we focus on the quality of the motion. The

objective for the patient is to follow a pre-defined path with some required force.
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Figure 8.1: Cable-Driven Robot Application as a Hand Rehabilitation Device

For this purpose, we programmed the CDR end-effector to follow a trajectory as

the patient applies the force continuously (8.1). Besides that, the motion of the

end-effector can be monitored.

In order to show the capabilities of our prototype, two experiments are demon-

strated and the results are shown in Figures 8.2 and 8.3, respectively. In the first

example, the patient tries to follow a pre-defined semi-circular path while attempt-

ing to apply a force of t=3 N in the X direction. In the second example, patient

moves his/her hand arbitrarily and CDR tries to balance the tension of the cables

in order to maintain a net force of three Newton in the X direction. Figures 8.2(a)

and 8.3(a) show the angular position of the actuators, whereas Figures 8.2(b) and

8.3(b) represent the actuator torques during the semi-circular and arbitrary paths,

respectively. Moreover, the trajectory following of the end-effector is shown in

Figures 8.2(c) and 8.3(c).
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(a) Angular Position of Actuators

(b) Actuator Torques

(c) X-Y tracking of End-effector

Figure 8.2: Rehabilitation Application: Circular Trajectory
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(a) Angular Position of Actuators

(b) Actuator Torques

(c) X-Y tracking of End-effector

Figure 8.3: Rehabilitation Application: Arbitrary Path 128
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The force of a whole hand of a well-trained person is known to be 268 N [52].

Our prototype is able to apply a force up to 30 N in X-Y plane, which is high

enough for the phase II of rehabilitation process. By using larger actuators, the load

capacity of the robot would be increased, subsequently. Moreover, for improvement

of the performance of the rehabilitator, some limiting switches and in-line tension

sensors can be used to shut down the system, whenever the end-effector reaches

the boundary of the workspace or the cables looses their tensions. Another feature

that can be added to the device, is the remote monitoring of the patient, which

is empowered by LabView. This feature of the LabView programs let the patient

connect the device to the internet and transfer the data to a therapist, who is able

to see the screen. The therapist is also able to increase or decrease the applied

force of the device or change the motion, based on the performance of the patient,

which is monitored online. It should be noted that, this feature does not affect the

real-time control of the robot, since all of the communication is done by the host

computer.

8.1.2 Position Monitoring of End-effector with a Computer

Mouse

In order to monitor the translational motion of the end-effector in X and Y coor-

dinates, an optical computer mouse was used. The mouse was attached to the end

effector as shown in Figure 8.4, and communicate with the host computer (Win-

dows based PC) through a USB transmitter. A program was built in LabView 7.1

to get the position of the pointer in pixels and convert it to millimeters.

Since the mouse reading program consisted of ¡User32.dll¿ functions of Win-

dows, it can not be executed in LabView RT. Hence, for monitoring the position

of end-effector the RT target computer should execute the control programs in

129

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 8. CABLE-DRIVEN ROBOT APPLICATION AS A HAND
REHABILITATION DEVICE

Figure 8.4: End-effector and the attached mouse

real-time and at the same time, the mouse reading program should run on host

computer. To observe the performance of the USB optical mouse, different trajecto-

ries were tested. As an example a diagonal linear a semicircle trajectory monitoring

are shown in Figures 8.5 and 8.6, respectively.

Figure 8.5: Mouse Reading for Diagonal Trajectory from (0, 0) to (-200,100)

Mouse reading from the host computer is not fast and accurate enough to be

used as the position feedback of the encoder. It should be noted that the optical

mouse can detect X and Y positions correctly if the end-effector does not rotate.

Although the accuracy of mouse reading is not high enough that can be used as

a position feedback, but it seems to be useful for monitoring the patient exercise.

Furthermore, in order to use the mouse data as a position feedback, it is necessary

to process its signal in advance, before sending it to the real-time target.
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Figure 8.6: Mouse Reading for Semicircle Trajectory

8.2 Summary

In this chapter an application of the planar prototype in rehabilitation was pre-

sented. At first the hand rehabilitation process and its phases were introduced.

Then, the concept of hand rehabilitator cable-driven robot was explained and some

experiments were carried out to investigate the performance of the hand rehabil-

itator CDR. It was observed that, the planar CDR performance was satisfactory

and its capabilities as a hand-rehabilitator device were proved.
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Chapter 9

Conclusion and Future Work

The fundamental research issues of cable-driven robots (CDRs) including kinematic

analysis, tension analysis, workspace analysis, dynamic analysis, and control strate-

gies have been studied, in this thesis. This chapter, provides the main contributions

and the possible future research directions, of our work.

9.1 Contributions

• Kinematic Analysis: Due to the kinematic redundancy in CDRs, the ana-

lytical displacement solution for a general CDR is hardly obtainable. In this

thesis, the forward displacement solution was approached by the numerical

Newton-Raphson method, which is as effective method due to its property of

quadratic convergence. Some computational examples were given to shown

the effectiveness of this method. Following that, the expressions of the veloc-

ity and acceleration analysis for a planar cable-driven robot were derived.

• Tension analysis: The tension solution for the class of completely restrained

CDRs was discussed in details, with the use of Null space approach. Based
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on the existence of the positive solution, the static workspace of the planar

CDR was obtained and it was concluded that, the workspace of the planar

CDRs is limited in term of orientation angle of the end-effector.

• Stiffness Modeling: A complete stiffness model, including passive stiffness

and active stiffness of CDRs was introduced. In addition, the stiffness ma-

trix of a planar CDR was derived in details. By introducing the concept of

stabilizability, the stiffness workspace of planar CDR was obtained as the

set of the poses with positive definite stiffness matrix. It was observed that

the stiffness workspace is a sub-set of a static workspace and the torsional

stiffness of CDRs is much lower than their translational stiffness.

• Dynamic Modeling: A complete dynamic model of CDRs including the

end-effector dynamic model and actuator dynamic model was derived. This

dynamic model was used to find torque values which are necessary for control

and actuator selection. Moreover, the dynamic equations of a planar CDR

were simulated for a semicircular trajectory. Simulation results illustrated

that the actuator torques can be obtained as long as the tension solution exists

and the resultant torque changes quite smoothly through out the trajectory.

This derived dynamic model, is reliable to be applied to any CDR, together

with a general formulation of kinematics, due to its general formulation.

• Control of CDRs: Two approaches for the control of cable-driven robots

were pointed out mainly. The first one was an independent joint control

(IJC) approach, which used local independent PID controllers at each joint,

while the second approach was based on the control law development using

computed torque method. Both of the control approaches were implemented

on the planar prototype. Experimental results showed that, IJC controller

has better positional accuracy, but suffers from cables’ slackness during the

motion. On the other hand, computed torque controller was found to be use-
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ful in maintaining the positive tension dynamically and providing pretension

in the cables.

• Application: Finally, a rehabilitation application of planar prototype was

presented. Experimental results proved the capabilities and effectiveness of

CDRs for rehabilitation purposes.

9.2 Future Work

This thesis opens up some interesting directions for further investigation, that are

described in below.

In the computed torque method, which is implemented on CDRs, the veloc-

ity feedback is not considered and hence the overall system is not linearized yet.

Although the controller performance in terms of maintaining the cables’ tension

seems to be good, but inserting velocity observers in the controller will improve

the control system and hence reduce the end-effector tracking error. However, the

velocity signal, which is obtained by differentiating the position feedback, is usu-

ally noisy and requires additional signal processing that increase the computational

cost of the program. Velocity observers should be designed and implemented in

real-time for improving the control of CDRs.

The positional accuracy and the tension of the cables are equivalently impor-

tant for the cable-driven robots. Therefore, a hybrid control approach seems to

be very useful for controlling CDRs. However, implementation of hybrid controller

is very difficult in practice. Since high frequency electronic switches are needed

for changing the control modes of the motors from current-mode (torque-control)

to voltage-mode (position-control) and vice versa, in real time. Hybrid control

method, still requires further theoretical and experimental studies.
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Tension control of the cables plays an important role in cable-driven robots.

Even though the computed torque method attempts to keep the tension of the

cables, it is not using the tensions feedback directly. This method works based on

the applied torque of the actuator, which is used to obtain the tension. However,

these estimated tension values may differ from the real ones in the cables. There-

fore, Using a tension sensor could be very useful; however, this sensor should be

fast enough for real time applications and small in size for inline attachment to

the cables. Currently, most of the commercialized tension sensors are slow, due

to their strain-gauge structures. The output signal of strain-gauges is very noisy,

hence, signal processing and filtering are essential that makes the time response

of the sensor slower. Therefore, designing and fabricating a dynamic tension sen-

sor seems to be essential for improving the tension control of cable-driven robots.

Having used the tension feedbacks, more advanced control techniques should be

implemented on the cable-driven robots.
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Appendix A: Driving the

Dynamic Equations for the Cable

Winding Units

The cable winding unit including actuator, reduction gears, and cable winding

drum is shown in Figure 1. The dynamic equations of the systems are:

Figure 1: Free Body Diagram of Cable Winding Unit

rp1θ1 = rp2θ2 (1)
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τa − (T2 − T1)rp1 − τfa = (Jactuator + Jpulley1︸ ︷︷ ︸
Ja

)θ̈1 + (Ca)θ̇1 (2)

(T2 − T1)rp2 − t.rD − τfD = (Jshaft + Jpulley2 + JDrum︸ ︷︷ ︸
JD

)θ̈D + (CD)θ̇D (3)

The dynamic equation of cable winding unit, which is used in chapter five, will

be obtained by combining equations (1), (2), and (3).

τa − τf1 − r1t = J1θ̈1 + C1θ̇1 (4)

Where, the equivalent inertia, referred to actuator side, is:

J1 = Ja + (
rp1
rp2

)2JD (5)

The equivalent damping, referred to actuator side, can be expressed as:

C1 = Ca + (
rp1
rp2

)2CD (6)

Moreover, the equivalent radius of the cable winding unit, referred to actuator

side, is:

r1 =
rp1
rp2
rD (7)
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Appendix B: Dynamic equations

of the planar CDR using the

Lagrangian approach

End-effector Modeling

Considering the Lagrangian as L(q, q̇) = T (q, q̇)− V (q), and the generalized coor-

dinates of a planar CDR as q = [x, y, φ]T , the Lagrangian equation of motion can

be expressed in the following forms:

d

dt

(
∂L

∂q̇i

)
− ∂L

∂qi
+
∂R

∂q̇i
= ui (8)

d

dt

(
∂T

∂q̇i

)
− ∂T

∂qi
+
∂V

∂qi
+
∂R

∂q̇i
= ui (9)

The Kinetic Energy of the planar CDR is:

T (q, q̇) = 1
2
me(ẋ

2 + ẏ2) + 1
2
Ieφ̇

2 (10)
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and the Potential Energy includes the strain energy of the cables, that can be

expressed by the following equation in pure tension condition:

Ustrain energy =
1

2
tδ =

1

2
(t)(

t

k
) =

t2l

2EA
(11)

where,

• E: is the Young Modulus of elasticity of the cable

• A: is the cross sectional area of the cable

• l: is the active length of the cable

• σ, ε: are the tensile stress and strain, respectively

• T : is the tension force

• δ: is the elongation in the cable direction

• k = t
δ

= σ A
ε l

= EA
l

:is the elastic stiffness coefficient of the cable

Therefore, the Potential Energy of the CDR becomes:

V (q) =
t21l1

2E1A1

+
t22l2

2E2A2

+
t23l3

2E3A3

+
t24l4

2E4A4

(12)

where,

li =

√
(x+ qix cosϕ− qiy sinϕ− bix)2 + (y + qix sinϕ+ qiy cosϕ− biy)2 (13)
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Assuming all the cables are the same, we have:

E1A1 = E2A2 = E3A3 = E4A4 = EA (14)

∂V

∂x
=

t21
2EA

∂l1
∂x

+ · · ·+ t24
2EA

∂l4
∂x

(15)

∂V

∂y
=

t21
2EA

∂l1
∂y

+ · · ·+ t24
2EA

∂l4
∂y

(16)

∂V

∂ϕ
=

t21
2EA

∂l1
∂ϕ

+ · · ·+ t24
2EA

∂l4
∂ϕ

(17)

where,

∂l1
∂x

=
l1x
l1

(18)

∂l1
∂y

=
l1y
l1

(19)

∂l1
∂ϕ

=
l1x
l1

(−q1x sinϕ− q1y cosϕ) +
l1y
l1

(q1x cosϕ− q1y sinϕ) (20)

d

dt

(
∂T

∂ẋ

)
= meẍ (21)

d

dt

(
∂T

∂ẏ

)
= meÿ (22)
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d

dt

(
∂T

∂ϕ̈

)
= Ieϕ̈ (23)

Substituting equations (10) - (26) in (9), results in the following dynamic equa-

tions of the end-effector that includes the cable tension model.

meẍ+
1

2EA

(
t21
l1x
l1

+ · · ·+ t24
l4x
l4

)
= t1x + · · ·+ t4x (24)

meÿ +
1

2EA

(
t21
l1y
l1

+ · · ·+ t24
l4y
l4

)
= t1y + · · ·+ t4y (25)

Ieϕ̈+ 1
2EA

 t21

(
l1x
l1

(−q1x sinϕ− q1y cosϕ) + l1y
l1

(q1x cosϕ− q1y sinϕ)
)

+ · · ·

+t24

(
l1x
l1

(−q1x sinϕ− q1y cosϕ) + l1y
l1

(q1x cosϕ− q1y sinϕ)
)

 =

q1 × t1 + · · ·+ q4 × t4

(26)

Expressing equation (27) - (29) in the matrix form results in:

S



t1 +
t21

2EA

t2 +
t22

2EA

t3 +
t23

2EA

t4 +
t24

2EA


= W (27)

where,
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S =

 u1 · · · u4

q1 × u1 · · · q4 × u4

 (28)

W =


meẍ

meÿ

Ieϕ̈

 (29)

Note that the current equation of motion (equation 30) includes the higher

orders of cables tension “t2” in addition to the first order cables tensions “t” in

comparison with equation equation (5.3).

Actuator Modeling

Lagrangian approach results the same dynamic equations as equation (5.4) for

actuators. The kinetic energy of the actuator is T (θ, θ̇) = 1
2
Jθ̇2, and the potential

energy is V (θ) = 0. Considering the viscous damping of the actuators as the

Rayleigh dissipation function D(θ̇) = 1
2
Cθ̇2, the dynamic equations become:

d

dt

(
∂L

∂θ̇

)
− ∂L

∂θ
+
∂D

∂θ̇
= u (30)

Jθ̈ + Cθ̇ = τa − τf − rt (31)

Drawings
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Figure 2: Exploded View of Cable Winding Unit
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Figure 3: Final Assembly of Cable-Driven System
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Part No. Item Description Qty F/P1 Catalogue No. Drawing No.
1. Drum 4 F - B128-1
2. Motor Bracket 4 F - B128-2
3. Motor Plate 4 F - B128-3
4. Bearing Stand 8 F - B128-4
5. Shaft 4 F - B128-5
6. End Effector 1 F - B128-6
7. Workspace Board 1 F - B128-7
8. Table 1 F - B128-8
9. Pulley 8 F - B128-9
10. Bearing 8 P BGHKB -

6000ZZ-40
11. Timing Pulley1 4 P TTPA12T5100 -

-A-P6.35
12. Timing Pulley2 4 P TTPA48T5100 -

-A-P12
13. Timing Belt 4 P TTBU300T5-100 -

Table 1: Part List

Table 1 gives the individual parts that were selected for the design of the

CDR. Some of these parts were selected and purchased from mechanical standard

components from Misumi. Besides that, some of the parts were fabricated1 in

workshop, for the sake of low costs. Subsequently, detailed drawings of major

parts are attached.

1F:Fabricated, P:Purchased
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Figure 4: Cable Winding Drum Drawing
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Figure 5: Motor Bracket Drawing
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Figure 6: Motor Plate Drawing
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Figure 7: Bearing Stands Drawing
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Figure 8: Shaft Drawing

162

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendix

Figure 9: End-effector Drawing
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Figure 10: Table Drawing
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Figure 11: Pulley Drawing
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Figure 12: Bearing with Housing Drawing

Order No. h d DH7 Tolerance dh B H L L1 L2 T S d1

BGHKB 40 10 26 +0.021 22 8 h+17 58 46 34 15 10 5.5
6000ZZ-40 0

Table 2: Bearing with Housing Specifications
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Figure 13: Timing Belt Drawing

Order No. Width Teeth No. Circum. Length Type Pitch H h L
TTBU 100 60 300 T5 5 2.2 1.2 1.8

300T5-100

Table 3: Timing Belt Specifications

Figure 14: Timing Pulley Drawing
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