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Abstract

This thesis deals with the orientability of the moving platform in planar cable robots. In par-
ticular, feasible orientations are obtained at any point in a space of interest, for two different
cases. First, for the static equilibrium of the cable robot and, second, for the fully constrained
condition. With the help of a few examples, it is shown that the nature of the load acting on
the platform strongly influences the orientability of the platform in the first case. Furthermore,
the influence of the number of cables and geometry of the cable robot on the orientability of the
moving platform is revealed through these examples. The platform is made to trace a path for
specified discrete waypoints for two cases i.e., with and without the desired orientation of the
platform specified at every waypoint. To validate the mathematical model, feasible orientations
of the platform obtained from simulations are compared with those obtained from experiments.

For this purpose, a prototype of a three-cable robot was built.

It is observed in this study that as the number of cables increases, the orientability of the
platform increases, but this enhanced range may not always cover the orientability requirements
of intended applications. For this, an approach to enhance the orientability of the cable robot
is presented. It involves the appendage of a spool, a translational spring, an additional cable,
and a rotary actuator to the existing set-up of the three-cable robot. The relevant equations are
discussed and some examples presented. Also, with a slight modification, the same set-up can
be used for the application of a specific moment load on the platform. The equations governing

the application of a specific moment load and the corresponding examples are discussed.
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Notation

Notation

o3t Angle of wrap of the additional cable on the spring side

Ba Angle of wrap of the additional cable on the orientation motor side

) Initial elongation of the spring to maintain tension in the spring

10) Orientation of the platform w.r.t. the y-axis

01 Orientation of the platform of the spatial cable robot w.r.t. the z-axis

o)) Orientation of the platform of the spatial cable robot w.r.t. the y-axis

O3 Orientation of the platform of the spatial cable robot w.r.t. the z-axis

L Coefficient of the sliding friction between the spool and the pin joint

w Coefficient of the static friction between the spool and the cable

0; Angle of inclination of the i'* cable relative to the z-axis

0, Angle of inclination of the cable, relative to the z-axis, connecting the
spool to the orientation motor

0, Angle of inclination of the cable, relative to the z-axis, connecting the
spool to the translational spring

P Orientation of the spool

As Elongation of the spring

Ab; Angle to be rotated by the stepper motor

A Change in the orientation of the spool

a A column vector of coefficients that multiply nullspace column vectors
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Notation

Intersection point of m pair of equations

Stiffness of the spring

Length of the i** cable

Number of independent columns of nullspace of L

Number of cables

Number of windings of the orientation cable on the spool

Rank of the matrix L

Radius of the pin joint

Pitch circle radius of the helical groove

Moment arm of the i*" cable tension

Coordinates of the centroid of the platform of the planar cable robot
Coordinates of the centroid of the platform of the spatial cable robot
Coordinates of the 7" fixed pivot of the planar cable robot
Coordinates of the i'" fixed pivot of the spatial cable robot

Fixed coordinates of the translational spring

Lower limit of the x values

Coordinates of the i moving vertex of the platform

Coordinates of the i moving vertex of the platform of the spatial cable

robot

Fixed coordinates of the orientation motor

Fixed coordinates of the pulley on the side of the translational spring
Upper limit of the x values

Lower limit of the y values

Upper limit of the y values
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= =
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Notation

Load acting at the centroid of the platform along the z-direction
Updated load along the x-direction

Load acting at the centroid of the platform along the y-direction
Updated load along the y-direction

Load acting at the centroid of the platform along the z-direction
Desired moment load at the centroid of the platform

Moment load acting at the centroid of the platform along the x-direction
Moment load acting at the centroid of the platform along the y-direction
Moment load acting at the centroid of the platform along the z-direction

Updated moment load acting at the centroid of the platform along the

z-direction

x—coordinate of the 7" vertex from the centroid of the platform
x—coordinate of the i** moving vertex from the centroid of the platform
y—coordinate of the i vertex from the centroid of the platform
y—coordinate of the i* moving vertex from the centroid of the platform
z—coordinate of the i** vertex from the centroid of the platform
z—coordinate of the i moving vertex from the centroid of the platform
Tension in the i'* cable

Magnitude of the T,

Magnitude of the T

A column vector containing F;, Fy, and M,

A column vector containing Fx, ﬁy, and M,

Unit vector along the x-axis

Unit vector along the y-axis
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Notation

k Unit vector along the z-axis

1; Length vector of the i** cable

| A column vector containing the lengths of the cables

t A column vector containing the tensions of the cables

taug Augmented matrix of t and 1

L A matrix pre-multiplying cable-tension column vector in the equilibrium
equation

Laug Augmented matrix of L and f

N Nullspace or kernel matrix of L

Naug Nullspace or kernel matrix of L,

P Position vector of the " vertex from the centroid of the platform

P; Position vector of the 7" moving vertex from the centroid of the platform

R Rotation matrix

T; Tension vector of the i*" cable

T, Tension vector of the cable connecting the spool to the orientation motor

T, Tension vector of the cable connecting the spring to the spool
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Chapter 1

Introduction

Summary

This chapter contains background to cable robots (i.e., cable-driven robots) and their applica-
tions. It also contains a classification of cable robots, basics of the work undertaken, motivation

and objectives of the study, and the organization of the thesis.

1.1 Cable robots and their applications

Cable robots are parallel mechanisms with a single moving platform that is moved around by
cables. The moving platform is connected to a set of cables that are actuated by motors, usually
rotary motors. The robotic platform can then be moved around by increasing or decreasing
the lengths of the cables in concert. Cable robots are structurally similar to parallel robots
but with the fundamental difference that cables can only pull the moving platform, i.e., they
can only sustain tension but not compression [1, 2]. This property makes planning, design, and
control of cable robots relatively complicated in comparison to their counterparts, i.e., parallel

robots. A prototype of a cable robot can be seen in Fig. 1.1.

There are several advantages to using cable robots over conventional robots because they
have relatively large workspace for their size; low weight; superior stiffness under external dis-
turbances; low noise; low energy consumption; easier portability; and low cost ([3]-[6]). Because
of the inherent flexibility of the cables, they provide a natural protection in the case of external
disturbances [7]. These attributes are important for applications that require the robot to be

brought to the worksite (e.g., a construction site).

Cable robots can be used when heavy loads have to be moved with precision (e.g., shipbuild-



Figure 1.1: Spatial cable robot (Kinematics and Robot Design Group, IRI, Barcelona)

ing [7]) or when lighter loads have to be moved with high acceleration [8]. They are implemented
in construction applications, which are labor—intensive and expensive, typically requiring cranes
and scaffolding ([9]-[11]). Tasks such as spray painting, window cleaning, and visual inspec-
tions have been accomplished with cable robots. ROBOCRANE [12, 13] technology is applied
for cleaning up of nuclear and toxic waste. It can also be implemented for cutting, excavating
and grading, shaping, finishing, lifting, positioning, flexible-fixturing, and transporting manip-
ulators. A modification of the ROBOCRANE device was used to fight oil-well fires that were
set in Kuwait during the Persian Gulf War. An image of the NIST ROBOCRANE Mobile 2m
prototype is shown in Fig. 1.2. Space-related and non-space-related applications (for example,
virtual reality interface, an aerial robotic camera system, and material processing and handling
systems) have been explored ([14]-[18]). A cable robot used for material processing and han-
dling systems is shown in Fig. 1.3. Skycam is an aerial robotic camera system used for moving
cameras above stadium fields for filming sports events or other performances which is shown in
Fig. 1.4. Installation of a Skycam on the stadium field does not perturb the visibility of the

event to the audience as the cables are thin and barely visible.

Cable-suspended robots are used in the development of very large radio-telescopes. One such
example, shown in Fig. 1.5, is that of a five-hundred-meter aperture spherical radio telescope
(FAST) currently being developed in China ([19]-[24]). Another similar project was developed

in Canada, in which an aerostat was used to tension a six-cable parallel robot ([25]-[30]).



Figure 1.3: Prototype of [IPAnema-1, an eight-cable robot with 6-degrees-of-freedom for material
handling developed at the Fraunhofer Institute (Andreas Pott, Fraunhofer IPA)



Figure 1.4: Skycam at work during a Washington Huskies football game at Husky Stadium in
Seattle, Washington (Despeaux~commonswiki)

Figure 1.5: China’s Five-hundred-meter Aperture Spherical Radio Telescope (FAST) in south-
west china’s Guizhou province (china.org.cn)



Haptic devices are often controlled using an impedance—control scheme, in which the user
can feel the inertia and friction induced by the device [31]. A key requirement in the design of
haptic systems is to minimize the inertia and reduce the friction of the mechanism on which the
user interaction port is mounted [32]. Haptic devices have to be stiff for the purpose of allow-
ing high-bandwidth mechanical interactions and they must provide workspace sufficient for the
immersion to be convincing. Cable robots can be utilized for the aforementioned applications
because of their low inertia and high stiffness over a large workspace. Few such examples are
reported in ([33]-[49]). Locomotion interface consisting of footplates supported by two eight-
cable parallel robots are reported in ([50]-[52]). Applications in teleoperation have also been
proposed [53]. Cable-suspended robots are implemented in rehabilitation systems and their
performances are assessed in [54]. An application of a cable robot in rehabilitation is shown in
Fig. 1.6.
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Figure 1.6: Prototype of CAREX, a cable-driven arm exoskeleton for neural rehabilitation
developed at Columbia University (S.K. Agrawal, ROAR LAB, Columbia University)

A fixed-base planar cable robot was proposed for upper arm rehabilitation in [55]. Ca-
ble robot-based leg exoskeleton was introduced in [56] and a wearable upper-limb exoskeleton
system based on a cable robot was developed ([57]-[59]). A cable robot is used as a gait reha-
bilitation tool that is used to apply controlled loads on a patient walking on a treadmill [60] as
shown in Fig. 1.7. They are also used for the development of high-speed robots because of their
lightweight characteristics [8, 61, 62]. Because of their large workspaces, they are used in ware-
houses and other similar applications ([63]-[68]). A cable system suspended on a traditional

overhead bridge is proposed in [69, 70]. Cable robots are also implemented in 3D printing [71]
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and for the cooperation of flying vehicles [72]. Their dynamic trajectory planning is suitable
for artistic performances as discussed in [73, 74]. Cable robots are used for the mechanical
teleoperation of surgical tools in magnetic resonance imaging (MRI) environments [75] and also
for search and rescue operations ([76]-[80]). They have been proposed for the manipulation
of models in wind tunnels ([81]-[83]) and for the scanning of artefacts for the construction of
digital models [84, 85]. A very large cable robot was proposed to inspect the facade of a building
and to provide active interaction between the building and its occupants [86]. Finally, cable
robots are also used in motion simulators for a variety of applications ([87]-[92]). The past two

decades have seen rapid growth in this area due to the rise in a variety of applications.

Figure 1.7: A subject walking on a treadmill while wearing the Tethered Pelvic Assist Device
(S.K. Agrawal, ROAR LAB, Columbia University)

1.2 Classification of cable robots

Cable robots can be classified into two categories:

1. Spatial cable robot

2. Planar cable robot



A spatial cable robot is a six-degrees-of-freedom (DoF) robot, i.e., it can undergo transla-
tions and rotations about all the three axes. Fig. 1.1 depicts a spatial cable robot. This robot
is similar to an upside-down six DoF Stewart platform, with six cables instead of hydraulic-
cylinder legs. Gravity acts as an additional actuator ensuring that cables are always in tension
in these robots. The number of cables in a spatial cable robot are not just limited to six. One
such example is Charlotte [14]. It is a rectangular box driven in-parallel by eight cables, with
eight tensioning motors mounted on-board (one on each corner). Spatial cable robot will become
redundant if it has got more than six cables i.e., more cables than wrench-exerting DoF. Many
of the cable robots are designed to have actuation redundancy in an attempt to avoid configu-
rations where certain wrenches require an impossible compression force in one or more cables.
An advantage with actuation redundancy is that the workspace can be expanded. Shiang et
al. [10] chose four-cable robot over a three-cable robot in order to double the work area for the
same three DoF of the robot. Another benefit of a redundant system is that additional cables
increase load capacity and speed of the robot. This also reduces loads on individual cables,
thereby reducing the requirement to smaller rotary actuators. Despite the provided actuation

redundancy, there still exists subspaces in the potential workspace where cables can lose tension.

A planar cable robot has got three DoF, i.e., it can undergo translations about two axes
and rotation about the third axis, as indicated in Fig. 1.8. A planar cable robot can be
supported with as many cables as possible as long as we avoid the interference among the
cables. Furthermore, cable robots can be placed into one of two categories: fully constrained
or under-constrained [18; 93]. A configuration is said to be fully constrained if for a given set
of cable lengths, the suspended object cannot be moved in position or orientation. A fully
constrained configuration requires at least one cable length to become longer and any one other
cable length to become shorter for motion of the robot [93]. Under-constrained configuration
is the configuration for a given set of cable lengths, the suspended object can be moved in
position or orientation. Fig. 1.1 depicts an under-constrained configuration of the six-cable
spatial robot. In an under-constrained configuration, there are motions of the robot that can
cause the cables to become slack. A cable robot in a pendulum-like configuration, for instance
NIST ROBOCRANE shown in Fig. 1.2, is under-constrained not only because it can swing
back and forth, but also because the cables can become slack when the robot is lifted by an
external force [93]. However, a robot can be under-constrained but be able to manipulate all

DoF of an object with the use of gravitational forces.



Figure 1.8: Planar cable robot with a triangular platform (this work)

Few configurations of a cable robot that operates in a plane are shown in Fig. 1.9. The
two-cable configuration shown in Fig. 1.9(a) is under-constrained, since there is no cable to
constrain the motion in the upward direction (i.e., along the y-axis). Figs. 1.9(b) and 1.9(c)
are fully constrained. Three cables constrain them on both the axes in the plane. Rotation is
not considered in the cases of Figs. 1.9(a) — 1.9(c) because all the cables are connected at a
point. Another two-cable configuration that is also under-constrained, shown in Fig. 1.9(d),
attempts to couple the motion of the cables to the rotation of the object. However, the three
DoF of the object cannot be controlled independently since there are only two cable lengths.
The three-cable configuration shown in Fig. 1.9(e) is fully constrained in that the object
cannot be moved from its position and orientation. However, the orientation and position
cannot be controlled independently in this configuration. In order to have a fully constrained
configuration and be able to control all the three DoF independently, the robot requires more
cables as shown in Fig. 1.10. A planar cable robot is said to be redundantly actuated, if it
has more cables than three. Redundant robots can be either kinematically under-constrained
or fully constrained. Redundancy can make a system to be fully constrained throughout the
workspace. It is important to note that the use of a greater number of cables can still result in
an under-constrained configuration for a specific position and orientation of the object. More

details about fully constrained configuration are presented in Chapter 3.
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Figure 1.9: Cable robot configurations: (a), (d) under-constrained (b), (c), and (e) fully con-

strained

Figure 1.10: Cable robots with actuation redundancy




1.3 Feasible orientations of the platform

Let us consider a planar cable robot with n cables supporting the moving platform. Platform’s
centroid is located at (x,y) and its orientation is ¢ w.r.t. the z-axis. An external load vector
f={F, F, Mz}T is acting at the centroid of the platform. Static equilibrium equations of the

cable robot can be given as follows.

Lt+f=0 (1.1)

where L is a 3 xn matrix. Its elements depend on the coordinates of the centroid of the platform
and its orientation, fixed pivots of the cable robot, and vertices of the moving platform. And,
t is the tension vector of size n x 1. It is a column vector containing the tensions in the cables
as elements. Since cables are used, the components of t must not be negative. Therefore, t
satisfying Eq. 1.1 must contain non-negative elements for the configuration considered to be in
equilibrium, i.e., orientation ¢ of the platform to be feasible at (x,y). When no such t exists,
then it is impossible to hold the robot in static equilibrium in that configuration. Note that
the constraints for achieving static equilibrium are of the same form as the constraints found
in a linear programming problem: Lt = —f with t = 0, where > denotes the component-wise
inequality. Eq. 1.1 and procedure to obtain the solution, i.e., tension vector t with non-negative

elements is discussed in Chapter 2.

At a point (z,y) that belongs to the workspace of a cable robot, there might exist a range
of feasible orientations for a given external loading. All the orientations that are feasible will
have a solution satisfying Eq. 1.1 with non-negative elements. To obtain these orientations,
¢ is varied from —180° to 180° with an increment of 1°. L is obtained at every increment.
Tension vector t is calculated from Eq. 1.1 using the procedure discussed in Section 2.2.4. It
is observed that the range of these feasible orientations will vary depending on the nature of
the load acting on the platform, number of cables, and geometry of the cable robot. Feasible
orientations are obtained not only at a single point but also at multiple points in a space of
interest with the same procedure. For this, a grid is created in the region of interest. At ev-

ery point in the grid, the aforementioned procedure is carried out to obtain feasible orientations.

As noted earlier, an orientation ¢ of the platform is said to be fully constrained when its
position and orientation cannot be changed without changing the cable lengths. To alter the

orientation of the platform, the motion of the robot requires at least one cable length to become
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longer and any one other cable length to become shorter. Mathematically, it can be expressed

as follows.

Na > 0 (1.2)

where N is the nullspace or kernel matrix of L. Its size is n X m (i.e., m = n — r where r is the
rank of L). And a is a m x 1 underdetermined vector. For an orientation to fully constrain the
cable robot, elements of the linear combinations of the column vectors of N must be strictly
positive (discussed in Section 3.4). Feasible orientations that fully constrain the cable robot
are obtained at multiple points in the space of interest. It is observed that feasible orientations
that fully constrain the planar cable robot belong to a subset of those for maintaining it in

static equilibrium.

1.4 Motivation

Workspace of the cable robot can be characterized by a set of points where the center of mass
of the moving platform can be positioned while all the cables have non-negative tension. At
each point within the possible workspace, depending on the configuration of the cable robot,
there might exist only one orientation or multiple orientations of the platform feasible for static
equilibrium. It is observed in this study that the orientability of the platform for static equilib-
rium is limited. To fully constrain the cable robot of the same configuration, more limitations

are put on the orientability of the platform.

Limited orientability is a hindrance for manipulating an object within a defined workspace
where complete orientability (i.e., 0° — 360°) of the platform is desired, such as in motion
planning and for obstacle avoidance, etc. For example, human arm is highly dexterous because
it can orient an object at any angle in its workspace. When it comes to conventional robots, they
are not as dexterous as human arm in terms of orientability of the object in their workspace.
These limitations in conventional robots can be attributed to joint limitations, force/torque
capacities of actuators, and singularities etc. Cable robots suffer with more limitations as
compared to both conventional robots and human arm because of singularities, interference
between the cables, and tension constraints of the cables etc. The goal of this thesis is to
enhance the orientability of planar cable robots, which is helpful in many applications. For
this, a three-cable robot set-up is modified with the appendage of four components. Full details

about this modified set-up and relevant analysis are provided in Chapter 4.
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1.5 Objectives of the present study

To obtain feasible orientations of the platform at any general point (z, y) or multiple points
in the workspace of an n-cable planar robot that allow it to be in static equilibrium for a
given external loading. No orientation is feasible at (x,y) indicates that the chosen point

is not a part of the workspace.

To obtain feasible orientations of the platform at multiple points in the space of interest

for a m-cable planar robot that fully constrain it.

To observe the effect of the parameters such as the number of cables, nature of the load
acting on the platform, and geometry of the cable robot etc., on the behavior of feasible

orientations.

To make the platform of a cable robot trace a path for specified discrete waypoints. At
every waypoint, an optimal orientation is to be obtained out of all the feasible orientations

satisfying a chosen criterion.

To note that the orientability of the platform is limited and this does not serve well for

some applications.

To conceive a design that enhances the orientability of the cable robot. This design has
to be tested on a planar cable robot that has got fewer feasible orientations for a given

external load acting on the platform.

To make a provision for applying a moment load on the platform.

1.6 Organization of the thesis

Chapter 2: This chapter contains the background of the prior work carried out in the area of

cable robots.

Chapter 3: This chapter deals with feasible orientations of the platform in the workspace of

n-cable planar robots for given external loading. Concept related to fully constrained configu-

ration is discussed in detail. By creating a grid in the space of interest, feasible orientations of

the platform are obtained at every point in the grid for two different cases. First, orientations

that allow the platform to be in static equilibrium, and second, orientations of the platform

that fully constrain the cable robot. For discretized trajectories, we obtain the most favorable

orientation at each waypoint using a criterion of either maximum or minimum of [[t||. Limited
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orientability of the platform in different regions of the workspace is revealed.

Chapter 4: An approach to enhance the orientability of the cable robot is explored. For
this, we modify the existing set-up with the appendage of a spool, a translational spring, an

additional cable, and a rotary actuator.

Chapter 5: Arresting the free rotation of the spool w.r.t. the platform provides an opportu-
nity for the application of moment load. The effect of this on the behavior of the cable robot

is analyzed.

Chapter 6: Validation of the mathematical model is carried out using a prototype consisting

of stepper motors, nylon gut cables, platform, and other accessories.

Chapter 7: This chapter gives a brief summary and contribution of the work of the thesis. It

also talks about the scope of further research in this area.

Appendix: OneDrive links of the MATLAB scripts used for this thesis are provided. And link

for the experimental videos is also provided here.

Closure

Cable robots are parallel mechanisms in which the moving platform is actuated by cables.
They are structurally similar to parallel actuated robots but with the fundamental difference
that cables can only pull the moving platform but not push it. They have relatively large
workspace for their size compared to conventional robots; superior stiffness under external
disturbances; low noise; low energy consumption; low weight; easier portability; and low cost.
These attributes make them suitable for many applications, but they have a short coming of
limited orientability of the platform. We address this issue in Chapter 3 after presenting the

relevant background and prior work on cable robots in Chapter 2.
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Chapter 2

Literature Review

Summary

This chapter begins with an introduction to parallel mechanisms. The subsequent section deals
with the static analysis of cable robots. In that section, modeling of both the planar and
spatial cable robots is discussed. Several definitions of the workspace such as wrench-closure
workspace, wrench-feasible workspace, and dynamic workspace, etc., are introduced. Theorems
and relevant tools used by various researchers for obtaining these workspaces are presented.
The procedure for obtaining the tension vector for different cases of the planar cable robots
is presented next. An approach to check the feasibility of the pose of the platform without
obtaining a tension vector with non-negative elements is explained. Several concepts used for
the determination of the force capabilities of a cable robot for given actuator limits when it
is at a feasible pose are presented. Similarly, techniques used for the determination of static
pose for a given geometry of the attachment points and cable lengths of under-actuated cable-
suspended robots are discussed. In the following section, the dynamics and control of cable
robots are considered, first for fully constrained cable robots and secondly for cable-suspended

robots. Finally, calibration and identification issues are also addressed.

2.1 Introduction to parallel mechanisms

In the last few decades, robots are used for various applications. Parallel mechanisms play
an important role in robotics. Their properties make them appropriate for tasks that require
large payload to weight ratios or very demanding dynamic trajectories (e.g. high-speed robots)
(94, 95]. Many of the parallel mechanisms involve some links that are subjected to only tension
and compressive loads. One such example is the Gough-Stewart-Cappel platform ([96]-[98]).

It involves six hydraulic cylinder legs coupled to the platform via Hooke’s joints and mounted
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on spherical joints at their ends. It is used in various applications and can be considered as the
archetypal parallel mechanism. Similarly, cable-driven mechanisms are parallel mechanisms
that involve members loaded solely in tension. They are also called as wire-driven parallel
mechanisms, tendon-driven parallel mechanisms, cable-driven parallel mechanisms (CDPMs),
and cable-suspended parallel mechanisms (CSPMs) etc., [99, 100]. Cable robots (i.e., cable-
driven parallel robots) are designed based on these CDPMs. Cables are flexible members and
can only support the tensile load. Because of their properties, they have been employed in
construction and in machines since antiquity [101]. They have a large payload to weight ratios,
can provide potentially very large workspaces, and can be wound on spools. Conversely, struts
and joints such as prismatic joint cannot be wound on the spool, rather they must be retracted.
However, several issues arise in the analysis, design, control, and practical implementation of

cable robots.

2.2 Static analysis of cable robots

2.2.1 Modeling of the planar cable robot

A planar cable robot with a moving platform suspended by n cables is shown in Fig. 2.1. Cable
i (where i = 1,2,--+ ,n) is connected to the platform at (x,,;,ym;) and is, at its other end,
connected to a spool mounted on a rotary actuator fixed at (zy;,ys;) which is used to wind or
unwind the cable. By controlling the extension of the cables, the pose—position and orientation—
of the platform can be controlled. The centroid of the platform located at the origin O of the
xy coordinate system serves as the reference for position and orientation of the platform. The
orientation of the platform, measured positive in the counter-clockwise direction, is indicated
by ¢ at any general point occupied by the centroid, (z,y). Let P,y = Pioai + Boyj (where i
andj denote the unit vectors along = and y axes, respectively) be the position vector from the
centroid to the i'" vertex of the platform. When the centroid of the platform moves to a point
(x,y) and the platform rotates by ¢, the changed coordinates of the moving platform and the

changed position vector can be written as follows.

Lms x Pi()z
= +R (2.1)
Ymi ) BOy
P; = Pyi+ Pyj = (Pos cos ¢ — Pioysin¢) i+ (Pioasin ¢ + Py, cos ¢) ] (2.2)
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Figure 2.1: Planar cable robot consisting of a platform supported by n cables whose lengths
are to be changed by winding rotary actuators to translate and rotate the platform

@ (x;.5)

cos¢p —sing
where R = is the rotation matrix. The cable vectors denoted by 1; (i =

sing  cos ¢

1,2,--+,n) and directed from the moving vertex to the corresponding fixed point, are given by

~ ~
.

L = (i — i)l + (Ypi — Ymi)J (2.3)

whose angles of inclination w.r.t. the z-axis are denoted by §; = tan™! (M> . When tension

T fi—Tmi

is applied, cable ¢ exerts at vertex P; a force on the mobile platform which is given as follows.

1; 1;
T, =T, =T, 2.4
Tl (24)
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where T; and [; are the tensions and lengths of the cables, respectively. This tension force
T, generates a moment P; x T; about the centroid of the moving platform. By denoting the
external load with (F,i + Fy?, M_k), which include forces in = and y directions and moment
about the out-of-plane direction (i.e., k=1x j) acting at the centroid of the platform, static

equilibrium equations can be written as follows.

> T+ (FRi+Fj)=0 (2.5)
=1
> (PixTy)+Mk=0 (2.6)
=1

Egs. 2.5 and 2.6 can be represented in matrix form for convenience, as will be seen later:

Lt+f=0 (2.7)
where
cos; cosby --- cosb,
L= sin6, sinf, --- siné, :{ Ly L, --- L, } (2.8)
S1 S9 N Sn
4 3\
cos b; T
<g
l;
L; = sin 6; = (2.9)
Pi X }—Z
\ T
S5
\ Vs
s; = Py sin6; — Py cosb; (2.10)
( )
Ty
T
t = (2.11)
T,
\ )




f={ F (2.12)

2.2.2 Modeling of the spatial cable robot

A spatial cable robot with a moving platform suspended by n cables is shown in Fig. 2.2. Cable
i (where i = 1,2,--- ,n) is connected to the platform at (2., Ymi, 2mi) and is, at its other end,
connected to a spool mounted on a rotary actuator fixed at (xs;, yg;, 25;) which is used to wind
or unwind the cable. The centroid of the platform located at the origin O of the xyz coordinate
system serves as the reference for position and orientation of the platform. The orientation
of the platform measured positive in the counter-clockwise direction is ¢1, ¢2, and ¢35 w.r.t.
the z, y, and z axes, respectively at any general point occupied by the centroid, (x,y, z). Let
P,y = Po,i + Pwyj + Pk (where i, j, and k denote the unit vectors along x, y, and z axes,
respectively) be the position vector from the centroid to the i vertex of the platform. When
the centroid of the platform moves to a point (z,y, z) and the platform rotates by ¢, ¢2, and
¢3 w.r.t. the z, y, and z axes, respectively, the changed coordinates of the moving platform

and the changed position vector can be written as follows.

( ) ( 3\ 4 \
Tmi x -PiOl'
ymi (=Y v ( TR Poy (2.13)
Zmi <z Pi()z
\ J / /
( 3\
F)iOm
P, = Pyi+ Pyj+ P.k=R{ p,, (2.14)
-PiOz

where R is the rotation matrix of the moving platform w.r.t. the xyz coordinate system using
a fixed axis rotation sequence of ¢1, ¢o, and ¢3 about z, y, and z axes, respectively, and can

be written as
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Figure 2.2: Spatial cable robot consisting of a platform supported by n cables whose lengths
are to be changed by winding rotary actuators to translate and rotate the platform
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(2.15)

The cable vectors denoted by 1; (i = 1,2,--- ,n) are given by

~ ~ ~

L = (g — T+ (Ypi — Ymi)] + (250 — 2mi)k (2.16)
Then, the cable forces, T; (i = 1,2,--- ,n), acting on the platform are given as follows.
T, — gl (2.17)
B | ¥/ '

This tension force T; generates a moment P; x T; about the centroid of the moving platform.
By denoting the external load with (in + ij + F.k, M,i+ Myj + MZR), which include forces
and moments about all the three axes acting at the centroid of the platform, static equilibrium

equations can be written as follows.

> T+ (FRi+Fj+ Fk) =0 (2.18)
=1
> (P x Ty) + M,i+ M,j+ Mk =0 (2.19)
=1

Eqgs. 2.18 and 2.19 can be represented in matrix form as given below:

Lt+f=0 (2.20)

where

L:{L1 L, - Ln} (2.21)
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L, = <}_> . (2.22)

t = (2.23)

3

S

o

f= (2.24)

=

=

=

\ J

Basic geometric models were established in the early works on cable robots in [12, 34, 102].
The total wrench applied at the centroid of the platform by n cables must be equal to the
external load acting at the centroid of the platform for it to be in static equilibrium. Eq. 2.7
in the case of planar cable robots and Eq. 2.20 for spatial cable robots play a key role in the
kinematics, statics, and dynamics of cable robots. A variety of situations can be covered by
properly defining load vector f. For static conditions, f represents the load induced by gravity
on the platform. If dynamics is considered, then f represents the load induced by gravity plus
the inertial effects associated with the platform motion. In haptics applications, f also includes
the external forces and moments applied to the platform by the user [31]. Most of the analytical

results produced in the literature are based on the equations presented in this section.

2.2.3 Workspace

Using Eqgs. 2.7 and 2.20, basic problems related to analysis, design, and control of parallel mech-

anisms have been addressed. Several studies have targeted the determination of the workspace
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of cable robots for a set of given geometric parameters. Several definitions of the workspace
have been proposed. One such definition is mentioned here. Workspace can be defined as the
set of positions and orientations of the platform for which an applied load on the platform f
can be balanced by a set of cable tensions [31]. Mathematically, it can be described as the set
of platform positions and orientations for which, for a load applied on the platform f, there
exists at least one vector of cable tensions, t € R™ such that Lt + f =0 and t > 0.

Several theorems were proposed in [76], ([103]-[106]) for obtaining the wrench-closure workspace
(WCW). It can be defined as the set of positions and orientations of the mobile platform for
which the cables can balance an external wrench f, i.e., for which the platform of the mechanism
is fully constrained. Six DoF cable robot driven by seven cables is dealt with in [103] and the
two theorems provided in it are the efficient means to examine whether a given position and
orientation of the moving platform belongs to the WCW. In [104], these theorems are used to
find the parts of the reachable workspace that belong to WCW. Also, an efficient algorithm
that determines the constant-orientation cross-sections of these parts was introduced. Stiemke’s
theorem used in [105] provides an effective way of determining the boundaries of the WCW. To
this end, tools from convex analysis and linear algebra are used to derive closed-form expres-
sions for the workspace boundaries. The approach used in [105] lends itself to other numerical
implementations using techniques such as interval analysis [76] and others [106]. In [104], it
was shown that the boundary of the constant-orientation wrench-closure workspace of a planar
parallel cable-driven mechanism (PPCDM) is composed of segments of conic sections, but the
relationship between the geometry of the mechanism and the types of these conic sections is
undetermined. For this, a graphical method for determining the types of these conic sections
from the mechanism geometry was proposed in [106]. It was shown that the proposed method
can be applied to find the constant-orientation singularities of a 3-RPR planar parallel robot
because these conic sections correspond to the boundary segment of the analogous three-cable

driven planar parallel mechanism.

It was observed that WCW is a rather restrictive property and that it is not necessarily the
best design criterion. It is preferable to use wrench feasible workspace (WFW or it can also
be called as force-feasible workspace) for the design of a cable robot when information on the
tasks to be performed is available [31]. WFW can be defined as the set of positions and orien-
tations in which the cables can balance any platform wrench belonging to a set of prescribed
wrenches ([107]-[111]). [107] presents a means for analytically deriving WEFW for the case of

a point-mass end-effector, which has been validated via numerical simulation. Furthermore,
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in [107], characteristics and trends of the WFW are observed and analyzed, and correlations
between cable robot design parameters and observed workspace properties are determined. In
[108], geometric properties of the available net wrench set are exploited to permit geometric
calculation of the boundaries of the WFW. Net wrench set is the set of all wrenches that a
cable robot can apply to its surroundings without violating tension constraints of the cables.
It was shown that size and shape of WEW are highly dependent on the geometry of the robot
and on the ranges of allowed cable tensions. Approach to obtain WFW in [109, 110] is based
on interval analysis. Two sufficient conditions, namely, a sufficient condition for a box of poses
to be fully inside the WFW and a sufficient condition for a box of poses to be fully outside the
WEFW and means to test them were presented in [109].

There are other definitions to workspace such as the dynamic workspace [112, 113] or the
force-closure workspace [114]. Dynamic workspace is the workspace whose shape depends on
the accelerations of the platform. In [112], it was shown that any subset of the workspace can
be considered as a combination of three-cable workspaces, with boundaries being of two kinds:

two-cable equilibrium loci and three-cable singularity loci [113].

Finally, necessary and sufficient conditions for a cable-suspended robot to stay in a given
configuration (i.e., to achieve static equilibrium) are presented in [93]. Also, conditions for
completely constraining the robot are derived. The problems of achieving static equilibrium
and fully constraining the robot are derived [93]. An example of a four-cable planar robot
is presented. In that example, feasible orientations of the rectangular platform are obtained
at multiple points in the workspace of the cable robot. It was shown that a feasible pose of
the platform must be part of the workspace and should have tension vector with non-negative
elements. Procedure to obtain the tension vector for different cases of planar cable robots is

discussed in the next sub—section.

2.2.4 Tension vector

In Eq. 2.7, since L is of size 3 x n, t of size n x 1, and f of size 3 x 1, for the simplest and
trivial case of n = 1 (i.e., for a one-cable robot, shown in Fig. 2.3), L will be a 3 x 1 column
vector, t a 1 x 1 scalar, and f a 3 x 1 column vector. Therefore, a solution exists for t (i.e., 7}),

if and only if the elements of f are proportional to the corresponding elements of L. That is,
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cos 0 F,

sin 6, T =— F, (2.25)

\ Py, sinty — Py, cos 0, ) M,

It may be noted that not only the cable tension vector should be a resultant of the applied forces
in x and y directions but also they should be separated by a distance s; so that their couple can-

cels the applied moment, M,. Note that T} should be positive as a cable can only apply tension.

For n = 2 (a two-cable robot, shown in Fig. 2.4), L, t, and f are of size 3 x 2, 2 x 1, and
3 x 1, respectively.

cos 0, cos 6o F,
T
sin 6, sin 0y =—9q L (2.26)
Ty
Piysin®; — Pyycosfy Py sinfly — Py cos by \ M, )

In order to have values of T} and T3 that are non-negative, we can follow the following approach.
Recall that ; = tan~! <M) and (Ti, Ymi) for i = 1,2 depend on z,y, and ¢ (i.e., the

Tfi—Tmi
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coordinates of the centroid of the platform and its orientation). First, for given F, and F),, we
can find all values of #; and 605 using only the first two equations of Eq. 2.26 so that T} and T5
are non-negative. Following this, for given M,, we can find feasible values of x,y, and ¢ that
satisfy the third equation of Eq. 2.26 and other aforementioned relationships. In detail analysis

of the workspace of a two-cable planar robot was presented in [3, 5].

o
7 )
m2? Jr m2

: 4
(xml E] -J’}mf )

Figure 2.4: A planar two-cable robot

When n = 3, L is a 3 x 3 square matrix. Therefore, there will be a unique solution to Eq.
2.7 if L has full rank of three. Then,

t=L"1(-f) (2.27)

Orientation ¢ of the platform with its centroid at (x,y) is considered feasible only if the elements
of t are non-negative. For all the other remaining cases (i.e., n > 3 and rank deficient L when
n = 3), Eq. 2.7 is an underdetermined system of equations and has many solutions if (LLT) is

invertible. Then, general solution of Eq. 2.7 can be written as

t=t+ Na (2.28)

Here, t is obtained using the pseudoinverse of matrix L as given by

t=LT(LLY)"! (—f) (2.29)

and N is the nullspace or kernel matrix of L; and « is a (n — r)-dimensional column vector,
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where r is the rank of L. For example, for a three-cable robot, when the rank of L is 2, i.e.,
r = 2, a is a scalar and N will be 3 x 1 nullspace vector. In such case, we can find a suitable
range of « so that all three elements of t are non-negative even if t itself does not have non-
negative elements. There may exist many solutions for t depending on the range of « for a

given loading. Likewise, when r = 2 for a four-cable robot, from Eq. 2.7, we have

4 A ( 3\ B n
i ty Ni1 Ny
12 — 2?2 Nai Ny aq
¢ — —f+Na-= + (2.30)
i3 t3 N3 N3y Qg
iy ty Ny Ny
\ J \ J L i

In this case, values of a; and a need to be found such that tq, t9, t3, and ¢4 are all non-negative.
This also leads to multiple solutions for t. This is advantageous when a path is being planned
for a cable robot so that tensions can be kept as small as possible or as large as possible. In

fact, one can find oy and a5 from the suitable range of a by minimizing or maximizing the ||t]|.

For n > 3 or rank-deficient n = 3 cases, procedure to obtain suitable ¢ for non-negative
tensions in the cables is provided in [1]. It can be understood from Eq. 2.28 that a feasible
solution for {x,y, qb}T is characterized by a convex region bounded by n linear inequalities on
the elements of a;, i = 1,2,--+ ;m, where m = (n — r), is the number of linearly independent
columns of N. To determine feasible range for a, we choose m out of n pair of inequalities
and convert them into equations. Note that m out of n inequations can be chosen in "C,,
ways. We then find the inequalities by considering every pair of m equations to ensure that all
components of t are non-negative in Eq. 2.28. Thus, we get one-sided bounds on subsets of
a, which denote with &. Following this, we check if each & satisfies all the remaining (n — m)

inequalities. As the number of cables increase, complexity of the procedure increases.

2.2.5 The determinant approach

There is an alternative perspective to determining if a position and orientation is part of the
workspace of a cable robot and hence can be in static equilibrium for given loading. Irrespective
of the sign of the elements of t, if linear combinations of the elements of the column vectors of

nullspace of L are strictly positive (Na > 0), then the robot will achieve static equilibrium.
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This is a sufficient condition. Towards this, Eq. 2.7 can be rewritten as follows.

Laugtaug =0 (231)

where Loy = { I, f } and tae = { t7 1 }7. It is possible for a planar cable robot to achieve

static equilibrium for a given configuration (i.e., pose) if there is a nullspace vector of Ly, such
that its components are all non-negative and its last component is positive. Components of t,,,
determine the feasible set of cable tensions where the zero components of t,,, correspond to
slack cables. Roberts et al. (1998) presented an approach to determine the static equilibrium

of the cable robot with the aid of Ly, as explained next.

Let Naye be the nullspace of L,y and its size be ¢ x d where d < c. Let Vi Va o+ Ve

be linearly independent row vectors of N,,,. Choose (d — 1) linearly independent v; vectors,

which are denoted with v;,v;,,---,v;, ;. They can be chosen in ‘C;_; ways. Compute the

determinant Vi v, where j varies from 1 to ¢, excluding 71,72, , ja—1-

je 77 Vjaa Yy

J
Cable forces will be non-negative if the values of determinants are either non-positive or non-
negative else the procedure is repeated for other combination until all °C);_; combinations are
exhaustively checked. If the values of determinants of all the °C,;_; combinations are neither
non-negative nor non-positive, then the cable robot cannot achieve static equilibrium for the
considered configuration. With this approach, we can only determine whether a position and

orientation belongs to workspace or not, but the tension vector cannot be obtained.

2.2.6 Force capabilities

It is interesting to determine the force capabilities of a cable robot for given actuator limits
when it is at a feasible position and orientation. In other words, we ought to obtain the set of
wrenches that the cable robot is capable of applying to its environment via its platform given
its geometry and the limitations of its actuators or transmissions. This problem was tackled
by mapping the cable force vector onto the platform wrench space [108, 115, 116], using Egs.
2.7 and 2.20. In [115], it is shown that available wrench set of a cable robot can be represented
mathematically by a zonotope, a special class of convex polytopes. A zonotope is a polytope
composed of pairs of parallel faces. Using the properties of zonotopes, two methods to con-
struct the available wrench set are discussed. From the representation of available wrench set,
computationally efficient and non-iterative tests are presented to verify if this set includes the

task wrench set (set of wrenches needed for a given task).
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Cable-suspended robots are characterized by the use of gravity—the weight of the platform—
to maintain cables in tension. One such example is the NIST ROBOCRANE [2, 12, 84]. In
these mechanisms, gravity is considered as an additional actuator that always acts downwards
on the moving platform. Cable-suspended robots do not generally have a WCW. They can
also be called underactuated. They are like pendulum-type mechanisms whose DoF are not
all controlled ([117]-[121]). They possess the advantage of not requiring redundant actuation
since the number of cables does not have to exceed the number of DoF. Downwards vertical
acceleration produced solely by gravity limits their acceleration capabilities. In [117], a simple,
compact, yet powerful robotic winch, called Winch-Bot, is presented. It is an underactuated
robot having only one controllable axis. Hanging a load with merely one cable, it is capable
of moving it in a large workspace by swinging the load dynamically based on parametric self-
excitation. [118, 119] present a novel planar three DoF pendulum-like underactuated robot.
The robot consists of an end-effector with an actuated arm suspended on a cable wound on a
reel. This robot can achieve full planar point—to—point motion, i.e., position and orientation

with zero—velocity landing by swinging itself as children do on playground swings.

2.2.7 Determination of a static pose

For a given geometry of the attachment points and cable lengths of underactuated cable-
suspended robots, an interesting issue is to determine its static pose. The problem is involved,
because kinematics and statics are coupled and they must be solved simultaneously. A simpli-
fied case was solved in [122] for applications in cooperating flying vehicles. The general case of
a body suspended on four cables was treated in [123]. Elimination procedure presented in it
provides the complete solution set, thus proving that when all cables are in tension, 216 poten-
tial solutions exist in the complex field. A least-degree univariate polynomial free of spurious
factors is obtained in the ideal governing the problem and solutions are numerically computed
via both an eigenvalue formulation and homotopy continuation. Body suspended on three ca-
bles was treated in [124]. The univariate polynomial obtained in this case was of degree 156.
The three-cable problem was also addressed in [125] using interval analysis. In [126], problem
related to finding the lowest stable-equilibrium pose of a rigid body subjected to gravity and
suspended in space by an arbitrary number of cables is solved. It is an optimization problem
with well-defined properties. The proposed method for yielding equilibrium with the lowest
potential energy in [126] is mildly sensitive to the number of suspending cables. An example
involving a platform suspended by 1000 cables is solved to illustrate the generality and the

effectiveness of the method.
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Synthesis of planar cable robots was formulated mathematically using optimization for-
malisms in [127, 128]. In [127], problem related to dimensional synthesis was tackled, i.e., to
find a geometry for a planar parallel cable-driven robot whose WCW contains a prescribed
workspace. Geometry of a planar parallel cable-driven robot whose constant orientation WCW
contains a prescribed workspace was found out in [128]. In [50], two 6-DoF cable robots sharing
a common workspace to obtain the mechanical base for the design of a locomotion interface
is proposed. Numerical optimization was used to synthesize these cable robots while ensuring
wrench capabilities and avoiding mechanical interferences between all the entities of the loco-

motion interface (cables and moving bodies).

Determination of potential interferences between cables or between cables and other bodies
are included in the problems related to analysis and synthesis of cable robots. In [129], algo-
rithms that allow to study the influence of wire/wire and wire/end-effector interference on the
workspace, assuming a fixed orientation of the end-effector were proposed. These algorithms
exactly determine the region of the workspace which is interference free. Cable is assumed as a
line segment in space. When a mechanical contact occurs between two cables or between a cable
and an edge of the end effector, these entities necessarily lie in the same plane, and then the
3-D problem becomes 2-D. In [130], this fact was used to simplify the equations and it led to
exhaustive descriptions of the associated interference loci in the constant-orientation workspace
of cable-driven mechanism. Obtained results provided a fast method to graphically represent
all interference regions in the manipulator workspace, given its geometry and the orientation of
its end effector. Compared to rigid link mechanisms, cable robots may also be able to tolerate
some cable interferences, due to the flexibility of the cables. This approach was taken in order
to handle the potential interferences that may occur in a locomotion interface based on two

adjacent platforms each driven by eight cables in [131].

2.3 Dynamics and control

2.3.1 Fully constrained cable robots

When the platform is fully constrained, reduced weight of the components in cable robots
makes them appropriate for high-speed and high-performance applications [8]. In high-speed
applications, load vector f includes gravity plus the inertial effects associated with the platform
motion. Most of the studies on cable robots neglect the mass of the cables in order to make the

computation of the inertial effects simple. It is equivalent to the application of Newton-Euler
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equations on a single moving rigid body on which pure forces are exerted. If the number of ca-
bles exceeds the number of DoF of the platform, Eqs. 2.7 and 2.20 lead to an underdetermined
system of equations and in general there exist infinitely many solutions for the cable tensions
as discussed in Section 2.2.4 and these may not be properly distributed. Thus, it provides an
opportunity for the use of optimization in order to generate a proper distribution of the cable

tensions for given platform trajectories and avoid large internal forces.

In [87], a six DoF tendon-based parallel manipulator moves the platform with high speed
using seven cables. For this, nonlinear feed-forward control laws in the cable length coordi-
nates are used to control the motion of the platform along desired trajectories in space. Using
a method based on the analysis of the workspace condition, tension constraints, and limit-
ing torque constraints of actuators, an analytical solution for optimum tension distribution is
found and used to compute the force in each cable for compensation of dynamic errors. In [88],
different algorithms for tendon force distribution are proposed and investigated w.r.t. their
usability on a real time system. Methods of improving energy efficiency by leveraging nonlinear
trajectories and energy-optimal tension distributions are proposed in [132]. Experimental and
simulated results in it showed that energy efficiency can be improved significantly by using
optimized parabolic trajectories. In [133], force and torque capacity (i.e., capability of the
end-effector for applying force and torque to external object) of the manipulator is illustrated
in 3D space whose axes are force or torque components. It is shown that the force and torque
capacity have a convex cone and parallelepiped shape, respectively. The design of the cable
robot is then reduced to the sizing of these shapes according to the design requirements and

manufacturing limitations.

Linear programming used in [87, 132] is simple and systematic, but it cannot guarantee
the continuity of the solution, which may lead to instabilities. On the other hand, quadratic
programming used in [88, 133] provides continuity but at the expense of less predictable com-
putation time. As the number of cables increase, situation becomes more complex. Dykstra’s
alternating projection method is used to find the minimum-2-norm solution for actuator forces
in [134]. Lower and upper bounds are imposed on the actuator forces. The lower bound is to
obtain desired pretension in the cables and upper bound is to limit the maximum allowable
forces in the cables. Algorithm presented in it is a systematic numerical method to determine
whether or not a solution exists to the cable forces within the bounds imposed. And, if it
does exist, calculate the minimum-2-norm solution for the cable forces for a given task. In

[135], an algorithm for tendon force distribution calculations capable for usage on a real-time
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system is proposed. The algorithm is designed in such a way that tendon force distributions is
continuous to avoid steps in the motor torques. A real-time algorithm is proposed in [136] also.
A real-time capable tension distribution algorithm for n-DOF cable robot actuated by (n + 2)
cables is proposed in [137]. The approach for the design of fast tension distribution algorithm

in it is based on Mikelson’s barycenter approach.

Implementation of control in CDPMs with actuation redundancy is a complicated task. For
controlling the distribution of the forces in the cables, they have to be monitored continuously.
Different means of measuring these forces is proposed in [138]. One approach for the proper
distribution of force is to rely on the compliance of the cables and the attachment points
[35]. Force control capabilities are compromised in this approach by simplifying the control.
Controller that deals with cable tensions is first proposed in [139]. Optimal solution is computed
off-line and then the solution is uploaded in to real-time controller. In [19], a fuzzy plus
proportional-integral control (FPPIC) method, which enhances the control performance for
steady-state errors, is utilized to control the wind-induced vibration of the trajectory tracking
of the feed cabin (i.e., moving platform). A three DoF cable robot is made to trace a desired
trajectory in [140]. Control law used in this system is designed based on backstepping technique.
In [141], robust sliding mode control is utilized in order to set-point control of the suspended
cable-driven robot at the presence of unknown but bounded disturbances. The asymptotic
stability and robustness of the proposed control law is proved using second method of Lyapunov.
[142] also includes a three-cable robot controlled by a sliding mode control system. Flexibility
of the cables is considered in the development of a complex dynamic model that is used for the
control in [143, 144]. H,, controller (which suits for multi-input multi-output systems including
flexible modes) was proposed in order to mitigate the effects of the flexibility of the cables in a
cable robot in [145]. Multitude of control strategies have been proposed in the literature (e.g.,
[146]).

2.3.2 Cable-suspended robots

In cable-suspended robots, the dynamics and control become tough because there generally
exists no configuration in which internal forces can be generated, i.e., these systems are not
tensionable [147]. In [1], an approach to design positive tension controllers for cable-suspended
robots with redundant cables is discussed. The tension distribution problem in the context
of very large cable-suspended robots was studied in [20, 26]. A technique proposed in [73,
74] for the design of dynamic trajectories can guarantee the tensions in the cables of cable-

suspended robots. [117] deals with the dynamics of underactuated (pendulum-like) cable-
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suspended robots (Winch-Bot, one-cable robot). This was further developed to a pendulum-like
three dof underactuated cable-driven robot in [118, 121]. In [120], control was simplified by
providing differential flatness and integrability. The trajectory planning and control techniques
proposed in the literature focus on the prescription of target configurations to be reached
because the trajectory of underactuated cable-suspended robots cannot be fully controlled.
One of the key concepts is then the design of input functions that can either inject or extract
energy from the underactuated mechanism. One such engineering system was studied in [148)]
i.e., famous censer (Botafumeiro). When very long cables are used, mass of the cables are
considered as non-negligible [19, 21, 27, 148, 149, 150, 151]. The inverse dynamic formulation
of cable-suspended parallel robot based on the inverse kinematic analysis with non-negligible
cable mass is established using Lagrangian dynamic formulation in [19]. Dynamic model of a
cable robot including cable mass, cable bending, and cable torsional stiffness is formulated in
[27]. Solution of the inverse kinematic problem of cable robots while considering the mass of
the cables requires the numerical solution of a set of nonlinear equations. It was shown that
cable sag can have a significant effect on both the inverse kinematics and stiffness of cable-
driven robotic manipulators in [149]. The importance of maintaining a minimum level of cable
tension to minimize the effect of cable sagging on the mechanism’s stiffness and workspace is
demonstrated in [150].

2.3.3 Calibration

Dynamic modelling and control strategies require the knowledge of kinematic and inertial pa-
rameters of the cable robots. For efficient modelling, additional parameters such as friction
characteristics, dynamic response of transmission components and others can be included. For
proper behavior and kinematic accuracy of cable robots, calibration and identification must
be done in proper order. For this, self-calibration of a novel biologically-inspired cable-driven
robotic arm was proposed in [152]. The model is formulated based on the differential change
in the cable end-point distances. A computationally efficient algorithm using iterative least-
squares is employed to identify the errors in the geometric model parameters. In [153], a novel
two DoF cable-driven robot with self-calibration and online drift correction capabilities is pro-
posed. Two novel self-calibration methods have been developed in [153] that leverage the robot’s
actuation redundancy. The first uses an incremental displacement, or jitter method, whereas
the second uses variations in cable tensions to determine the end effector location. Other cal-
ibration techniques are proposed in ([154]-[157]). An algorithm for the extended kinematics
taking into account cable pulleys is discussed and implemented in real-time in [158] for parallel

cable robots. A methodology for the identification of the combined kinematic and dynamic
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parameters of a six DoF cable robots model is proposed in [159]. This methodology ensures
that the errors on the kinematic parameters do not affect the performances of the dynamic
parameters estimation step. Another similar identification issue is addressed in [77]. Other
issues such as the determination of the optimal number of measurement points and the choice
of identification reference frames are also addressed in [77, 159]. Cable robots are considered
to be ideal for portable reconfigurable systems that can be rapidly installed and operated. In
such applications, calibration is key. For that, self-calibrating cable robots have been proposed

in the literature.

Closure

In this chapter, modelling of both the planar and spatial cable robots is carried out. By properly
defining f in Egs. 2.7 and 2.20, a variety of situations covered in the literature are discussed.
Tools and algorithms used for obtaining different workspaces are presented. Procedure to ob-
tain the tension vector, used in the later chapters of this thesis, for different cases of planar
cable robots is explained. To confirm the feasibility of the pose of the platform, one has to
go through the tedious process of obtaining tension vector with non-negative elements. To
circumvent this, an alternate approach that confirms the feasibility of the pose of the platform
with the aid of nullspace is discussed. Several techniques implemented to obtain the set of
wrenches that the platform is capable of applying to its environment for the given geometry
of cable robot and the limitations of its actuators are explained. Different approaches used
by various research groups for the determination of static pose of the platform for the given
geometry of the attachment points and cable lengths of underactuated cable-suspended robots

are presented. Finally, dynamics and control of cable robots are considered.

With this background, we present the work done in this thesis in the subsequent chapters,

beginning with the orientability of cable robots in the next.
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Chapter 3

Orientability of the Moving Platform

Summary

In this chapter, we present the workspace analysis of n-cable planar robots for given external
loading. In particular, we note that the orientability of the moving platform of a cable robot is
rather limited. This point is illustrated by presenting a few examples that show the nature of
the workspace and the extent of orientability in it. We consider moment load in addition to in-
plane forces. The enhancement of orientability with and without a moment load is illustrated
through examples. Finally, we present examples of feasible cable tensions for given loading

along prescribed trajectories.

3.1 Feasibility of the orientation of the moving platform

As discussed in Section 2.2.4, the orientation ¢ of the moving platform with its centroid at (x, y)
is considered feasible only if the elements of t are non-negative. Configuration 1 is feasible but
not Configuration 2 as can be seen in Figs. 3.1a and 3.1b. Table 3.1 lists the details of the two
configurations. Eq. 2.27 is used to obtain the tension vector for both the configurations as the
rank of L is 3. Non-negative cable forces for the first configuration indicate that the platform is
in static equilibrium, while two negative cable forces for the second configuration indicate that

the platform is not in static equilibrium with cables.

The data for two different planar cable robots can be found in Table 3.2. Eqgs. 2.28 and
2.29 are used for obtaining the tension vector. In the first case, for which n = 4, we see in the
14*" row and third column that there is no intersection for the value of . Furthermore, t does
not have all non-negative components, hence, we can conclude that there is no solution for this

data. This case is shown in Fig. 3.2a.
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Table 3.1: Cable forces for two different configurations of the three-cable robot whose L matrix

has full rank. Cable forces of Configuration 2 are not all non-negative.

No. Variables Configuration 1 Configuration 2
1 (fi, i) (0,5.77) (0,5.77)
where (i=1,2,3) (5,-2.89) (5,-2.89)
(-5,-2.89) (-5,-2.89)
2 (z,y) (2,-2) (2,-2)
3 o) 10° —5°
£ | (PowPoy) (0,1.73) (0,1.73)
(1.5,-0.87) (1.5,-0.87)
(-1.5,-0.87) (-1.5,-0.87)
5 (Tinis Ymi) (1.70,-0.29) (2.15,-0.27)
(3.63,-2.59) (3.42,-2.99)
(0.67,-3.11) (0.43,-2.73)
—-0.27 098 —0.99 —-0.34 0.99 —-0.99
6 L 096 —0.21 0.04 0.94 0.07 —0.03
017 023 -1.16 0.72 1.08 —0.69
7 f {0 -10}" {0 -101"
8 t {1.16 0.62 0.30} " {1.16 —2.75 —3.14}"
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Figure 3.1: Two different configurations of a three-cable robot.

(3.63,-2.59)

(-5,-2.89) (0.67,-3.11) (5,-2.89)

(a) Configuration with feasible cable forces. Orientation of
the platform is 10°.

(0,5.77)

(2.15,-0.27

(0.43,-2.73)

- G_ -
(-53,-2.89) (3.42,-2.99) (5.-2.89)

(b) Configuration with infeasible cable forces. Orientation

of the platform is —5°.

direction of the external load acting at the centroid of the platform.

On the other hand, for n = 5 case in the 4" column of Table 3.2, it can be checked that
&y and @y satisfy other three inequalities. Hence, feasible e lies on the line joining between
ap and @&s. Any point on this line satisfies all the five inequalities of t + Na = 0. Therefore,

the platform will be in static equilibrium for any values of a on this line. This case is depicted

36

Pink arrow indicates the



in Fig. 3.2b.

Table 3.2: Data for two different configurations of the planar cable robots i.e., for n = 4 and 5

No. | Variables Four-cable robot Five-cable robot
L (2 ys) (10,10) (0,7.5)
(10,-10) (5,5)
(-10,-10) (5,-5)
(-10,10) (-5,-5)
(-5,)
2 (z,y) (0,0) (3,2)
3 ) 18° 10°
4 | (Pow, Pioy) (2,1.5) (0,0.5)
(2,-1.5) (1,0.5)
(-2,-1.5) (1,-0.5)
(-2,1.5) (-1,-0.5)
(-1,0.5)
5 (Tmis Ymi) (1.44,2.04) (2.91,2.49)
(2.37,-0.81) (3.90,2.67)
(-1.44,-2.04) (4.07,1.68)
(-2.37,0.81) (2.10,1.33)
(1.93,2.32)
6 n 4 bt

Continued on the next page
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Table 3.2 — continued from the previous page

No. | Variables Four-cable robot Five-cable robot
7 r 3 3
8 m 1 2
9 f {0 -101" {0 -101"
4 3
" 3 0.48
0.32
0.23
_ - 0.37
10 t 0.11 ¢
- 0.32
—0.57
0.37
‘ ’ 0.32
\ V.
, N 0.02 —0.73
—0.66
0.78 0.16
0.26
11 N 0.44 —0.12
—0.66
0.44 —0.22
0.26
‘ ’ 0.06 0.62
.
r ~ , w 0.48 0.02 —0.73
0.32 —0.66
0.23 0.78 0.16
—0.37 0.26 oy
12 t + ay 011 ¢+ | 044 —0.12
—0.32 —0.66 Qs
—0.57 0.44 —0.22
0.37 0.26
: * g 0.32 0.06 0.62
7
13 nCm 401 - 4 502 - 10

Continued on the next page
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Table 3.2 — continued from the previous page

No. | Variables Four-cable robot Five-cable robot
4 3\
—0.43
a; =
0.65
\ V,
3\
—0.09
Qo =
0.65
\ V,
1.62
Q3 =
0.69
—10.41
oy =
0.44
( )
a; <0.49 —0.28
Qs =
ay > 1.42 —0.08
14 a; > :
as < —0.49 0.17
& =
ay > —1.42 —2.28 )
—-0.19
a; =
—0.49
\ Vs
( )
—2.06
648 =
—6.85
\ Vs
4 )
—0.38
649 ==
—0.48
\ V,
0.99
Q=
—0.61
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(-10,10) (10,10)
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(a) Four-cable robot’s configuration with infeasible cable forces

(0,7.5)

(1.93,2.32)
(2.1,1.33)

(-5,-3) (5,-5)

(b) Five-cable robot’s configuration with feasible cable forces

Figure 3.2: Two different planar cable robots i.e., four and five-cable robots

40



3.2 Feasible orientations of the moving platform at a

point
As noted in Chapter 1, at any (z,y) that belongs to the workspace, there might exist a range
of feasible orientations. To obtain these orientations, we vary ¢ from —180° to 180° with an
increment of 1°. For each angle, we obtain L using Eq. 2.8 and tension vector as discussed in
Section 2.2.4. Every feasible orientation should have non-negative cable forces. An example is

presented next.

Cable robot parameters used for this example are provided in Table 3.3. Orientations that
are feasible at (2, —1) in the workspace of the three-cable robot are shown as black sectors in
Figs. 3.3 and 3.4. Their range varies from —179° to —168° and then from 1° to 9°. Non-negative

cable forces of these feasible angles are shown in Fig. 3.5.

Table 3.3: Parameters of the three-cable robot

No. (!Efz‘7yfi) (-PiOmypiOy) (x,y) f
( )

(0,5.77) (0,1.73) 0

1 (5, —2.89) (1.5,—0.87) | (2,-1) —1
(=5,—2.89) | (—1.5,—0.87) 0

Cable 1
\
\

Cable 3

T gCablen

Figure 3.3: Black sectors represent feasible orientations of the platform at (2,-1)
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Cable 3

G- 3
(-5,-2.89) (5,-2.89)

Figure 3.4: Feasible orientations of the platform of the planar three-cable robot at (2,-1)
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Figure 3.5: Non-negative cable forces for the feasible orientations. Cable forces for non-feasible

orientations are shown with the values of zero.

Instead of obtaining and checking the tension vector at each increment, the determinant
approach presented in Section 2.2.5 can also be implemented for checking the feasibility of the

orientation of the platform. This will reduce the computation time.
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3.3 Feasible orientations of the platform at multiple points

A grid is defined with uniform step size along both x and y axes. It is confined to the rectangular
region formed by (x;, 1), (z1,Yu), (Tu, y1), and (2, y.), where x;, x,, y;, and ¥y, represent lower
and upper limits of x and y values. At every point in the grid, the procedure discussed in
Section 3.2 is carried out to obtain feasible orientations. These orientations are shown as black
sectors at each grid point. An example of a three-cable robot is considered here to present
feasible orientations for different load vectors. Parameters used for this example are given in
Table 3.4. Fig. 3.6 depicts feasible orientations of the three-cable robot considered for this
example at (4, 3).

Table 3.4: Parameters of the three-cable robot

No. | (fi,y5:) | (Piow, Pioy) | @ | Tu | v | Yu | Step size

(4,2) (0.8,0.4)

1 (0, —4) (0,—08) |-8|8 |-8]6 1

(—4,2) | (—0.8,0.4)

Cable 3
(-4,2)c

(0.-4)

Figure 3.6: Platform is in static equilibrium at (4,3) for the load vector {0 1 O}T. Orientation
of the platform is 75°. Range of the feasible orientations is from 64° to 102°.
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(b) Feasible orientations for {0 —1 0}

Figure 3.7: Feasible orientations of the triangular platform for two different load vectors (i.e.,
along the y-axis) with same magnitude but in opposite directions. Tiny red circles indicate the
fixed pivots of the three-cable robot. The boundary of the workspace is indicated with a red
curve.
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Figure 3.8: Feasible orientations of the triangular platform for two different load vectors (i.e.,
along the z-axis) with same magnitude but in opposite directions. The boundary of the
workspace is indicated with a red curve.
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Figure 3.9: Feasible orientations of the triangular platform for two different load vectors (i.e.,

about the z-axis) with same magnitude but in opposite directions. The boundary of the

workspace is indicated with a red curve.
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Empty circles in the preceding (i.e., Figs. 3.7a-3.9b) and subsequent figures indicate that
no orientation is feasible and thus the platform cannot be in static equilibrium for any orienta-
tion at that point. Hence, that point does not belong to the workspace. In Fig. 3.7a, feasible
orientations are more towards the top than the bottom portion of the grid. This is because
cables 1 and 3 start supporting the orientability of the platform in addition to cable 2, for
the load vector {0 1 O}T, as it approaches the top portion of the grid. In Fig. 3.7b, feasible
orientations are more in the bottom portion as compared to the top portion of the grid because
of the nature of the load acting on the robot. In it, cables 1 and 3 i.e., two cables support the
orientability of the platform in the convex hull of the fixed pivots, but for the case of Fig. 3.7a,
there is only one cable i.e., cable 2. In Fig. 3.7b, the platform will be hanging with the aid of
three cables beyond the second fixed pivot. Hence, the orientability of the platform suddenly

increases beyond the second fixed pivot.

Feasible angles of the platform shown in Figs. 3.8a and 3.8b are exactly the mirror images
of each other; this is due to the reversal of the sign of the z-force. The same pattern can also
be observed in Figs. 3.9a and 3.9b. It can be inferred from Figs. 3.7a — 3.8b that feasible
orientations always lie in the direction of the net external load acting on the platform. As
compared to the other four cases, feasible angles in Figs. 3.9a and 3.9b are confined within the
convex hull of the fixed pivots because of the moment load that is acting on the platform. From
these two figures, it can be inferred that the orientability of the platform increases within the
convex hull of the fixed pivots when a moment load is acting at the centroid of the platform.
From the points discussed above, we can conclude that the nature of the load acting on the

platform will strongly influence the feasible orientations of the platform.

An additional example of a four-cable robot (i.e., cable robot with actuation redundancy)
is considered here for two different platforms (rectangle and square). Parameters used for this
example are given in Table 3.5. Fig. 3.10 depicts feasible orientations of the four-cable robot at
(0,0). In Fig. 3.10a, for the rectangular platform, feasible angles are —180° to —162°, —18° to
18°, and 162° to 180° and for the square platform, in Fig. 3.10b, only three angles are feasible
and they are —180°, 0°, and 180°. Orientability of the square platform is limited as compared
to that of the rectangular platform. This is because of the geometric similarity between the

vertices on the square platform and the fixed pivots of the cable robot.
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(-4.4) (4,4)

Cable 4 Cable 1

(-4,-4) (a) (4,-4)

(a) Rectangular platform with 0° orientation

(-4.4) (4,4)

(-4,-4) (b) (4,-4)

(b) Square platform with 0° orientation

Figure 3.10: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot
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Table 3.5: Parameters of the four-cable robot. Columns 3 and 4 indicate the initial vertices of
the rectangular and square platforms respectively.

No. | (zi,ys:) (Pios, Poy) (Piozs Pioy) | @1 | ©u | Y1 | Yu | Step size

(4,4) (1,0.5) (0.5,0.5)
(4, —4) (1,-0.5) (0.5, —0.5)

(—4,—4) | (=1,-05) | (=0.5,-0.5)

(—4,4) (—1,0.5) (—0.5,0.5)

Feasible orientations of the four-cable robot follow the same pattern as observed in the case
of the three-cable robot with some differences. In the case of the three-cable robot, feasible
orientations were confined within the convex hull of the fixed pivots when a moment load was
acting at the centroid of the platform, but for the case of the four-cable robot, this pattern is
not followed. Feasible orientations can be observed in the region outside of the convex hull.
Furthermore, the orientability of the platform has increased in the case of the four-cable robot
as compared to that of the three-cable robot for the same load vector acting at the centroid
of the platform. From Figs. 3.11a — 3.13b, it can be observed that feasible orientations of
the square platform throughout the grid are limited as compared to those that correspond to
the rectangular platform. This behaviour of the feasible orientations can be attributed to the
geometric similarity between the vertices on the square platform and the fixed pivots of the
cable robot. From the points discussed above, it can be concluded that as the number of cables
increase, the orientability of the platform increases. And when there is a geometric similarity
between the platform vertices and the fixed pivots of the cable robot, the orientability of the
platform gets restricted i.e., the shape of the platform vertices plays an important role in the
behaviour of the feasible orientations. An additional point to be noted is that the increasse in
the number of cables increases the orientability (i.e., only until certain extent), but it does not
require complex control strategies. Research groups working in the area of cable robots have
worked on cable robots consisting of six to ten cables with simple control strategies. One such

group is Charlotte et al. [14].

Now, for the same fixed pivots of the four-cable robot, size (i.e., length and breadth) of
the platforms (i.e., rectangular and square platforms) is doubled and the results obtained are

presented in Figs. 3.14a — 3.16b. It can be observed that orientability of the platform has got
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increased slightly as the size of the platform is doubled for both the cases.
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Figure 3.11: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot for the load vector {0 1 0}
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Figure 3.12: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot for the load vector {1 0 01"
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Figure 3.13: Feasible orientations of two different platforms for the same fixed pivots of the

four-cable robot for the load vector {0 0 1}
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Figure 3.14: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot for the load vector {0 1 0}"
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(b) Double-sized square platform

Figure 3.15: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot for the load vector {1 0 0}"
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b) Double-sized square platform

Figure 3.16: Feasible orientations of two different platforms for the same fixed pivots of the
four-cable robot for the load vector {0 0 1}"
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3.4 Feasible orientations that fully constrain the moving

platform

3.4.1 Fully constrained configuration

For any given position and orientation of the robot in the workspace, there is a corresponding
set of cable lengths. A robot configuration is said to be fully constrained when its position
and orientation cannot be changed without changing the cable lengths and if each motion
of the robot requires at least one cable length to become longer and any other cable length
to become shorter [93]. The under-constrained configuration is the configuration that is not
fully constrained. In an under-constrained configuration, there are motions of the robot that
can cause the cables to become slack. A cable robot in a pendulum-like configuration, NIST
ROBOCRANE for example, is under-constrained not only because it can swing back and forth
but also because the cables can become slack when the robot is lifted by an external force [93].
L matrix of a fully constrained configuration robot has full rank and has the property that
every nonzero vector in its row space has both positive and negative components. This is taken
as the local definition of a kinematically fully constrained configuration. A non-negative or
a non-positive vector with some zero components can still correspond to a constrained robot
and in this case, one would need to check second-order or higher-order derivatives [93]. A non-
singular configuration is kinematically fully constrained if and only if there exists a nullspace
or kernel matrix of L with the property that the elements of linear combinations of the column

vectors are strictly positive.

Na > 0 (3.1)

where N is n X m nullspace or kernel matrix of L, and « is a m x 1 underdetermined vector.
As Eq. 3.1 contains strictly positive elements, tension vector t with non-negative elements can
always be obtained for a fully constrained configuration. Thus, any configuration that is fully
constrained can always be held in static equilibrium but vice versa cannot be guaranteed. Stat-
ics problem is in some sense a generalization of the fully constrained problem. Two problems
are nearly the same when gravity is absent. Gravity acts as an additional actuator and thus
the range of orientations that can be held in static equilibrium at a position (z,y) is neces-

sarily a superset of the orientations for which the robot is fully constrained for the same position.
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For example, consider a four-cable robot with relevant information provided in Table 3.6.
N is a 4 X 1 column vector for a four-cable robot with full rank L. At (0,0), when the ori-
entation of the platform is 0°, elements of N are {0.5 0.5 0.5 O.5}T and when the orientation
is 12°, N is {0.70 0.08 0.70 0.08}T. Thus, the platform is fully constrained for both the cases
as the elements of N are strictly positive, but when the orientation of the platform is 18°, N
is {0.70 —0.07 0.70 —0.07}". Here, it can be observed that the elements of the nullspace are

neither negative nor positive. Hence, the platform is not fully constrained at (0,0) for ¢ = 18°.

It is an easy procedure to decide whether an orientation of the platform fully constrains
the robot or not in the case of a four-cable robot whose L has full rank. But for the cases
where n > 4 and the four-cable robot with rank deficient L, we must use the determinant
approach discussed in Section 2.2.5 with two modifications to obtain feasible orientations that
fully constrain the robot at a given point. The first modification is that the values of the
determinants must be either negative or positive rather than non-negative or non-positive. The
second modification is that the nullspace of L should be used instead of that of L, for the
determinant approach. This procedure is used to obtain the feasible orientations throughout

the workspace that fully constrain the cable robot in the next section.

Table 3.6: Parameters of the four-cable robot

No. (i, Y1) (Piozs Pioy) | (z,9) f
(10, 10) (1.73,1) ( )
0
(10, —10) (1.73,—1)
1 (0,0) ~1 ¢
(—10,-10) | (—1.73,—1)
0
(—10,10) (=1.73,1) \ )

3.4.2 Feasible orientations that fully constrain the moving platform
at multiple points

Eq. 3.1 indicates that the feasible orientations that fully constrain the cable robot are indepen-
dent of the load acting on the platform. To obtain these feasible orientations, a grid is created
as discussed in Section 3.3 and at every point in it, ¢ is varied from —180° to 180° with an in-

crement of 1°. At every increment, N is obtained with the aid of L. The determinant approach
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is carried out to check whether the orientation considered is feasible or not. To illustrate this,
we once again consider the example of the four-cable robot presented in Section 3.3. Figs. 3.17
and 3.18 present feasible orientations for both the rectangle and square platforms, respectively.
It is observed that orientations of the square platform are limited as compared to those of the
rectangular platform for the same fixed pivots (arranged in square shape) of the four-cable
robot. As noted in Section 3.3, we recall that the orientability of the square platform is limited
as compared to that of the rectangular platform for the same fixed pivots of the cable robot. An
important point to be noted here is that the orientability of the platform gets highly restricted
when vertices of the platform and fixed pivots of the cable robot are arranged in a geometrically
similar shape. It can also be observed that feasible orientations that fully constrain the robot
belong to a subset of the feasible orientations that allow the platform to be in static equilibrium
for the same configuration of the cable robot. Furthermore, feasible orientations are confined
within the convex hull of the fixed pivots. It is observed for this example that the change in
the size of the square platform does not affect feasible orientations that fully constrain it, but

the change in the size of the rectangular platform affects the feasible orientations.
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Figure 3.17: Feasible orientations that fully constrain the rectangular platform
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Figure 3.18: Feasible orientations that fully constrain the square platform

An additional example of a five-cable robot is considered here for the two different platforms
(i.e., a rectangle and a pentagon). Parameters used for this example are given in Table 3.7.
Fig. 3.19 depicts feasible orientations that fully constrain the five-cable robot at (0,0). In Fig.
3.19a, for a rectangular platform, feasible angles vary from —30° to —6° and then from 151° to
173° and for the pentagonal platform, shown in Fig. 3.19b, only three angles are feasible and
they are —180°, 0°, and 180°. Note that 0° orientation of the rectangular platform shown in

Fig. 3.19a does not fully constrain the five-cable robot.

From Figs. 3.20a and 3.20b, it can be concluded that feasible orientations of the pentagonal
platform are more restricted as compared to those of the rectangular platform for the same
fixed pivots (arranged in a pentagon shape) of the five-cable robot. Also, the orientability of

the platform got enhanced in the case of a five-cable robot as compared to that of the four-cable
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Table 3.7: Parameters of the five-cable robot

Rectangular Pentagonal
No. (Tfi,ysi) platform platform x| Ty | v | yu | Step size
(PiO:m BOy) (BO:DJ BOy)
(5,0) (1,0.5) (1,0)
(1.55,4.76) (0,0.5) (0.31,0.95)
1 (—4.05,2.94) (—1,0.5) (—0.81,0.59) |[-8| 9 |-T] 9 1
(—4.05,—2.94) (—=1,-0.5) (—0.81, —0.59)
(1.55, —4.76) (1,-0.5) (0.31,—0.95)
(1.554.76) (1.55.4.76)
(-4.05.2.94 (-4.05,2.94)6 Cable | \\\
(0.31,0.95) \\‘\
(5.0) S N\gL0)  Cable 2 \p.s.m
. -y (0.31,-0.95) /
Cable 4 ',//
(40529467 (40529410 Cables )/
/ /
(1.55.-4.76) (1.55,-4.76)

(a) Feasible orientations of the rectangular platform (b) Feasible orientations of the pentagonal platform

Figure 3.19: Feasible orientations of two different platforms at (0,0) for the same fixed pivots
of the five-cable robot for the load vector {0 1 0}"
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(b) Pentagonal platform

Figure 3.20: Feasible orientations that fully constrain the two different platforms for the same

fixed pivots of the five-cable robot
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3.5 Platform tracing a prescribed trajectory

In this section, a path comprising a finite number of waypoints is given to the moving platform
of the cable robot. We discuss two ways of tracing the trajectory. The first case deals with
obtaining an optimal orientation of the platform at every waypoint to achieve maximum or
minimum tensions in the cables at that point. This procedure is described in Section 3.5.1. In
the next case, we specify the desired orientation for the platform at every waypoint, which is
elaborated in Section 3.5.2.

3.5.1 Trajectory tracing with an optimal orientation at every way-
point

At every waypoint, feasible orientations are obtained according to the procedure discussed in
Section 3.2. At every waypoint, corresponding to every feasible orientation, there will be multi-
ple tension values depending on the value of a.. For every feasible orientation at a waypoint, the
criterion for the selection of ar depends on the maximum or minimum tensions (i.e., maximum
or minimum of ||t||). Note that there is an exception, which is the case of a three-cable robot
whose L has rank three. It will always have a unique solution given by Eq. 2.27. The criterion
for the selection of the most favorable orientation (i.e., the optimal orientation) at a point
depends again on the maximum or minimum tensions among the set of maximum or minimum
tensions corresponding to every orientation. Therefore, we are selecting the maximum from
the set of maximum tensions or the minimum from the set of minimum tensions of the cables.
From this procedure, we obtain the optimal ¢ and the optimal a corresponding to it. Thus,

we have minimum or maximum possible tensions at every waypoint.

A point to be noted is that in search of the optimal orientation, the algorithm selects an
orientation which is nearly 180° apart from the optimal orientation corresponding to the pre-
vious waypoint. This results in the sudden flipping of the platform between two consecutive
waypoints. To avoid this, we search for feasible orientations within the range of —90° to 90°
instead of —180° to 180° as done in Section 3.2.

To illustrate the preceding procedure, an example of a five-cable robot tracing a horizontal
path is presented here. Parameters used for this example are given in Table 3.8. The path is
made of 20 equidistant points w.r.t. each other between the points (—2,2) and (2, 2) inclusive.
For this example, we consider the minimum ||t|| as the criteria for obtaining optimal orienta-

tions. Fig. 3.21 shows the simulated task at the ending point (2,2). In the figure, the path is
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shown as a series of red points. Black arrows indicate the direction of the tensions in the cables
and their size varies according to the magnitude of the tensions in the cables. The tension value

with magnitude greater than 0.1 is shown next to its respective cable.

Table 3.8: Parameters of the five-cable robot

No. | (#i,y5) | (Piows Pioy) f
(0,7.5) (0,0.5)
(5.5) (1,0.5) (1]
1 (5,—5) (1,-0.5) § O
(=5,=5) | (=1,=05) | [ 0
(—5,5) (—1,0.5)

0 < Tension < 0.1:red (slack cable) Tension > 0.1:green (taut cable)

R 3
6r Cable 1 :
[ -} 1]
. Cable 5
4t . !
~0.78 9 (I)ptlm:al
orientation
o e
N42

2| /Cable 4 Cable 3
4|
-6 l 1 | | | 1 1

8 6 4 2 0 2 4 6 8

Fx=1,Fy=0,Mz=0

Figure 3.21: Horizontal path traced by the moving platform of the five-cable robot

Figs. 3.22 and 3.23 correspond to tensions and lengths of the cables. In Fig. 3.23, lengths of

the cables 2 and 3 are decreasing because the platform is moving closer towards fixed pivots
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2 and 3. Conversely, lengths of the cables 4 and 5 are increasing because of the movement of
the platform away from the fixed pivots 4 and 5. Length of the cable 1 partially decreases and
then increases because the platform initially approaches and then moves away from the first
fixed pivot. Fig. 3.24 is the plot of the optimal orientation at every waypoint corresponding
to minimum tensions in the cables. Fig. 3.25 corresponds to the optimal a of the optimal

orientation at every waypoint.
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Figure 3.22: Fourth and fifth cables support the platform for the entire path as the net external
force is in the direction of the positive z-axis
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Figure 3.23: Lengths of the cables at every waypoint
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Figure 3.24: Orientation chosen at every waypoint, by the algorithm, for minimum |[[t||
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Figure 3.25: Optimal a corresponding to the optimal orientation at every waypoint

3.5.2 Trajectory tracing with specified orientation at every waypoint

As an extension from the previous section, here, we consider the case where the desired orienta-

tion of the platform is specified at every waypoint. As discussed in the previous section, every
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orientation has multiple possible tension values. We can consider either maximum or minimum
tensions in the cables as a criterion to choose ax. The algorithm has to be given the required
orientation at every waypoint and a—selection criterion (i.e., maximum or minimum ||t||). As
an example, a case of the six-cable robot with a vertical path and a set of desired orientations
is considered. Let the criterion for the selection of e be maximum |[|t||. Since tension values
are proportional to the elements of a, the algorithm may choose values of a which may push
tension values to infinity. To prevent this, elements of a are bounded between —20 and 20.
Parameters of the six-cable robot are given in Table 3.9. The path is made of 10 equidistant
points w.r.t. each other between both the points (—2,—2) and (—2,2.5) inclusive. Desired
orientation at every waypoint is specified in Table 3.9. Fig. 3.26 shows the simulated task at
the ending point (—2,2.5) for 15° orientation of the platform. Figs. 3.27 and 3.28 correspond
to tensions and lengths of the cables. Fig. 3.29 corresponds to optimal o« chosen at every

waypoint for maximum ||t|| within the bounds provided.

Table 3.9: Parameters of the six-cable robot

No. | (zi,yyi) (Piows Pioy) f Desired ¢ at every waypoint

10°at(—2, —2)

13°at(—2, —1.5)

(0,7.5) (0,0.5) 17°at(—2, —1)
(5,5) (1,0.5) C 12°at(—2, —0.5)
0
(5,-5) (1,-0.5) 21°at(—2,0)
1 y O
(0,—7.5) (0,—0.5) 25°at(—2,0.5)
1
(=5,=5) | (~1,-05) | ~ ° 14°at(—2,1)
(—5,5) (—1,0.5) 35°at(—2,1.5)
27°at(—2,2)

15°at(—2, 2.5)
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-10 -8 -6 -4 -2 0 2 4 6 8 10
Fx=0, Fy=0, Mz= 1

Figure 3.26: Vertical path traced by the moving platform of the six-cable robot. Curved pink
arrow indicates that a positive moment load is acting on the platform.
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Figure 3.27: Tensions in the cables for maximum ||t||
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Figure 3.28: Lengths of the cables at every waypoint
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Figure 3.29: Optimal & chosen at every waypoint for maximum |[/t|| within the bounds provided

Closure

In this chapter, feasible orientations are obtained for two different cases.

First, for static

equilibrium of the cable robot and, second, for fully constrained condition. It is shown that the
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nature of the load acting on the platform strongly influences the orientability of the platform
for the first case whereas it does not play a role in the second case. Orientability of the platform
in both cases improves as the number of cables increase. Also, the geometry of the cable robot
influences feasible orientations. When a moment load is acting on the platform, its orientability
enhances in the first case. If the initial vertices of the platform and fixed pivots of the cable
robot are geometrically aligned, it curtails the orientability of the platform. It is shown, with
the help of examples, that feasible orientations that fully constrain the cable robot are a subset

of those that are required to maintain the cable robot in static equilibrium.
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Chapter 4

Enhanced Orientability of the Cable
Robot

Summary

An approach to enhance the orientability of the cable robot is presented in this chapter. It
involves the addition of a motor, an extra cable, and a spring. The equations governing the

orientation are discussed and some examples presented.

4.1 Limited orientability of the moving platform

As presented in Chapter 3, there are limitations to the orientability of the platform in different
regions of the workspace. At every point in the workspace, depending on the nature of the load
and geometry of the cable robot, there is a limit to the range within which the platform can
rotate. Although a cable robot with more cables increases the orientability of the platform, this
enhanced range may not always cover the orientability requirements of intended applications.
We solve the problem of limited range by adding a rotary degree of freedom on the moving
platform, as discussed next (an alternate approach that used two-platforms was discussed in
[160]).

4.2 Modification of the set-up to achieve an additional

rotary degree of freedom

Consider a three-cable robot with a triangular platform. A spool (on which an end-effector can
be mounted) is attached to the center of the platform with a pin joint, allowing it to freely

rotate w.r.t. the platform. The spool contains a helical groove for winding a cable. The spool
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behaves like a pulley since its rotation is controlled by the cable wound on it. This cable is

attached at one end to an additional rotary actuator fixed at (z,,¥,), as shown in Fig. 4.1.

o,
gi
i

Q)
s (X, p,)

0,

- (H

k ‘:
%
(‘r;n_v;.) ('r,fl“vv.lf'l)

Figure 4.1: 2D model of the three-cable robot with an additional rotary degree of freedom

The other end of the cable passes through a pulley fixed at (xg,ys) and is then attached to a
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fixed point (x5, yss) with a tension spring. This spring helps in restoring the orientation and
also prevents the slacking of the cable. The spool has multiple windings of the cable along
the helical groove so as to prevent slip. An end-effector is attached to the spool so that any
orientation of the end-effector can be achieved when there is no load. Cable tensions need to
be adjusted to maintain a particular orientation of the end-effector. Working of the set-up is

discussed in Section 4.3. A 3D Solidworks model of the set-up is shown in Fig. 4.2.

(a) Top view of the set-up (b) Spool with an indicator to show its orienta-

tion

(c) Perspective view of the set-up

Figure 4.2: 3D Solidworks model of the three-cable robot with a spool attached to the moving
triangular platform
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4.3 Working of the set-up

Let us consider the case where the coordinates of the centroid of the platform are (x,y) and
its orientation is ¢. Let the orientation of the spool be 1. Tension in the cable connecting the
rotary actuator to the spool is T, and the tension in the cable connecting spool to spring is 7T5.
The magnitude of T, can be controlled by controlling the input current to the motor controlling
the orientation. The magnitude of T, depends on spring stiffness and the elongation of the

spring, which can be given as follows.

T, = k(As) (4.1)

As =8 =41/ (15— ) + (0 — 2" = /(1 — 1) + (2,)? (4.2)

where k is the spring stiffness, As the elongation of the spring, r, the pitch circle radius of the
helical groove on the spool, and § the initial elongation of the spring. When the orientation
motor releases the cable, the spring tugs it back causing the spool to rotate in the counter-
clockwise direction. To achieve this, the spring must always be in tension. Hence, the value of
0 must be chosen accordingly. First, let us consider the case where the orientation of the spool
is not changing. For this to happen, 7, and T must be equal. The two tension vectors T, and
T, are the external forces acting on the platform. Hence, their components must be added to

the respective components of the load vector f.

4 R ) ( ) ( 3\
F, F, T, cosbO + T, cosO,
f= Fy = F, ¢t Tssinfs+ T, sin0, (4.3)
\ M, ) . M, ) \ (Zs = Ty J

where

0, = tan Ys =Y = TpSin (% ha 61) (4 4)
° T x—rpcos(%+51)

0 = ot Ly oS0 (5~ ) 4.5
" Ty — T — T} COS (%—52) '
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0, and 6, are the angles of the fourth cable on either side of the spool w.r.t. the z-axis; §; and

Ps are the angles of wrap of the orientation (i.e., fourth) cable, as shown in Fig. 4.3. They can

be positive, negative, or zero depending on the position (x,y) of the platform w.r.t. the fixed

coordinates (zs,ys) and (x,,y,). The possible values of 51 and [y are presented in Table 4.1.

("rml * -le )

Figure 4.3: Angles of wrap of the fourth cable on either side of the spool

Table 4.1: Three different cases of 5; and [

Conditions Values Conditions Values
No. for of for of
B B B2 B2
1 +r, >y, | sin”! Lo +7r, >y, | sin”! 2
Y <\/ <ms)2+<yys>2> T Y (\/ (mzr>2+<yyr>2>
3 +7r, <ys | —sin”! ‘p +7r, <y, | —sin! Tp
yrh =Y (\/(“s>2+<yys>2> YT =Y <\/ <mr)2+(yyr>2)

74




Static equilibrium of the cable robot with the updated load vector fis given as follows.

Lt+f=0

(4.6)

where L, t, and f are given by Egs. 2.8, 2.11, and 4.3. The data for two examples is given in

Table 4.2.

Table 4.2: Cable forces of the three-cable robot for the two different orientations of the spool

No. Variables Configuration 1 Configuration 2
(30,17.32) (30,17.32)
(fisyri)
1 (0, —34.64) (0, —34.64)
where(i = 1,2, 3)
(—30,17.32) (—30,17.32)
(9,6) (9,6)
2 (Piox, Pioy) (0, —12) (0, —12)
(=9,6) (=9,6)
3 (z,y) (5,5) (5,5)
4 ) 2° 2°
(13.79,11.31) (13.79,11.31)
5 (Tmis Ymi) (5.42, —6.99) (5.42, —6.99)
(—4.2,10.68) (—4.2,10.68)
( 3\ ( )
0 0
6 f -1 -1
0 0
\ 7 \ 7
7 k 3 3
Continued on the next page
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Table 4.2 — continued from the previous page

No. Variables Configuration 1 Configuration 2
8 ) 10 10
9 Ty 2.13 2.13
10 0 10° —10°
11 (s, Ys) (-30,0) (-30,0)
12 (v, Yr) (30,0) (30,0)
13 As 15.27 16.02
14 T, 45.81 48.05
15 T, 45.81 48.05
16 6, —168.45° —168.45°
17 0, —16.01° —16.01°
18 By 3.45° 3.45°
19 5o 4.79° 4.79°
7 S 7 S
—0.85 —0.89
20 f —922.81 ¢ —93.87
0 _ 0 _
094 —0.19 —0.97 094 —0.19 —0.97
21 L 0.35 —0.98 0.25 0.35 —0.98 0.25
—2.86 —2.72 3.21 —2.86 —2.72 3.21

Continued on the next page
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Table 4.2 — continued from the previous page

No. Variables Configuration 1 Configuration 2
( 3 ( )
43.12 45.12
22 ¢ 2.29 2.40
40.42 42.29
\ W \ 7

Positive cable forces indicate that the platform is in static equilibrium for the cases con-
sidered in Table 4.2. Note that for every orientation of the spool, there exist multiple feasible
orientations of the platform. To find these feasible orientations, ¢ is varied from —180° to 180°
with an increment of 1° similar to the procedure discussed in Section 3.2, but with a slight
modification: f is used instead of f. It may be noted that f varies with the orientation of the
spool. For the first configuration considered in Table 4.2, feasible orientations of the platform
are from —180° to —177° and then from 0° to 2°. Feasible orientations of the second configu-

ration are same as that of the first configuration.

Next, let us consider a case where the platform’s centroid is located at (z,y) and its pose
is ¢. Initially, the spool is at rest with an orientation ;. It then undergoes a rotation and
comes to rest with an orientation v, i.e., AY = 1y — 1p;. Sign of Aep indicates the direction
of rotation. A > 0 for counter-clockwise direction and Ay < 0 for clockwise direction. In
order to rotate the spool counter-clockwise, T must be greater than T,.. Conversely, to rotate
it clockwise T, must be greater than 7. When the spool is at rest with the orientation vy, T

and T, are equal and are given as follows.

T, =T, = k(0 — g + /(g + 1, — )+ (2 — 2 =y =) + @) (47)

While the spool is undergoing rotation from ), to 1o, value of T, depends on the stiffness and
elongation of the spring given by Eqs. 4.1 and 4.2. T, depends on T, ,, coefficient of sliding
friction between pin joint and the spool (u), radius of the pin joint (r,), and the direction

of rotation of the spool. T, value can be obtained by solving the equation below with the
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constraint 7, > 0.

(T =Ty rpy = <\/TS2 +T,2 + 2T,T, cos(0, — 9») T (4.8)

When the spool comes back to rest with the orientation v, T and T, must be equal in order

to prevent any further orientation change and their values can be given as follows.

=T = k(0 = s+ (57— ) (0 = ) =/ = 9) + () (49)

An example is considered here to illustrate this procedure.

The platform’s centroid is placed at (5,6) and its orientation is fixed at 0°. The spool rotates
from 30° to 60° with an increment of 1°. Parameters of the three-cable robot considered for this
example are given in Table 4.3. At every increment, T, and T, are obtained and f is calculated
according to the Eq. 4.3. The tension vector (t) is obtained at every increment using Eq. 4.6.
Figs. 4.4 — 4.7 shows the simulated task of the change in the orientation of the spool from 30°
to 60°. In Figs. 4.4 — 4.7, the pink arrow indicates the direction of the updated load vector.
Curved pink arrow represent the moment load acting on the platform. Black arrows indicate
the direction of the tensions in the cables with magnitude greater than 0.1. Their size varies
in accordance with the magnitude of the tension in the cable. Fig. 4.8 present the tension
values of the cables for the simulated task. The figure also shows T and T,.. Fig. 4.9 shows the

updated load vector f at every increment of the spool.

Table 4.3: Parameters used for the three-cable robot

No. Parameters Values
(30,17.32)
(Tfiyypi)
1 (0, —34.64)
where(i=1,2,---,n)
(—30,17.32)

Continued on the next page

78



Table 4.3 — continued from the previous page

No. Parameters Values
(9,6)
2 (Pio, Pioy) (0,—12)
(—9,6)
3 (z,y) (5,6)
4 o) 0°
5 k 3
6 ) 10
7 T 2.13
8 T 0.4
9 7 0.1
7 3
0
10 f ~1
\ O J
11 P Varies from 30° to 60° with an increment of 1°
12 (20, 5) (-30,0)
13 (r, Yr) (30,0)
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Figure 4.8: Tensions in the cables at every increment in the orientation of the spool
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Figure 4.9: Updated load vector f at every increment in the orientation of the spool

4.4 Platform tracing a prescribed trajectory with de-

sired orientation of the spool

In this section, a path consisting of discrete waypoints to be traced by the moving platform
is considered. At every waypoint, a desired orientation of the spool could be specified in

accordance with an application. The load vector f is updated using Eq. 4.3 in conjunction
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with either of the Eqs. 4.7 — 4.9. Optimal ¢ of the platform is obtained as per the procedure
discussed in Section 3.5.1. We consider an example where the platform of a three-cable robot is
required to trace a path along the y-axis. The path is made up of 11 equidistant points between
the points (=5, —5) and (—5,5) including them. The parameters of the three-cable robot are
the same as the parameters considered in Table 4.3 with the exemption of a few rows. They
are third, fourth, and eleventh rows. For this example, we consider the minimum ||t|| as the
criteria for obtaining optimal orientations. Desired orientation of the spool at every waypoint
is specified in Table 4.4. A simulated task at four-waypoints with the desired orientation of
the spool is shown in Figs. 4.10 — 4.13. The range of the feasible orientations of the platform
at every waypoint is shown as a black sector. Fig. 4.14 indicates the minimum tensions in the
cables and Fig. 4.15 presents the updated load vector at every waypoint. Optimal orientations

of the platform chosen for minimum tensions in the cables are shown in Fig. 4.16.

Table 4.4: Desired orientation of the spool at every waypoint

No. | Waypoint | Orientation of the spool
1 (-5,-5) —20°
2 (-5,-4) 20°
3 (-5,-3) 35°
4 (-5,-2) —50°
5 (-5,-1) —55°
6 (-5,0) 30°
7 (-5,1) 80°
8 (-5,2) 0°
9 (-5,3) 5°
10 (-5,4) —5°
11 (-5,5) 11°
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Figure 4.10: Orientation of the spool at (-5,-5) is —20°
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Figure 4.11: Orientation of the spool at (-5,-2) is —50°
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Figure 4.16: Optimal orientation of the platform, chosen by the algorithm, for the minimum
tensions (i.e., ||t||) in the cables

Closure

A method of enhancing the orientability of the cable robot with an appendage is described.
Multiple examples are considered to illustrate the method. Note that a three-cable robot
is considered for all the examples. This is because a three-cable robot has highly restricted
orientability as compared to a four-cable robot, a five-cable robot, and so on. Considering how
well the orientability of the three-cable robot is enhanced, we can infer that we can achieve
much better orientability by adding the same modifications to a cable robot with more than

three cables.
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Chapter 5

Moment Load on the Moving Platform

Summary

This chapter describes the behavior of a planar cable robot when a moment load is acting on
its platform. The set-up used for enhancing the orientability of the cable robot can also be
used to apply or support a moment load on the moving platform with a slight modification.
The equations governing for the application of a specific moment load and the corresponding
examples are presented. A simulated task where the platform of the three-cable robot was

made to trace a path with a moment load specified along the path.

5.1 Modification of the set-up for the application of mo-

ment load

In Chapter 4, a method to enhance the orientability of the cable robot was proposed. This
method requires an additional cable, a translational spring, a rotary actuator, and a spool with
a helical groove. With the aid of a spring and a rotary actuator, the spool can be rotated
either clockwise or counter-clockwise in accordance to the desired orientation. With a slight
modification, this set-up can be used to support an external moment load applied on the
platform. The modification of the set-up involves arresting the spool to the platform using
set-screws as shown in Fig. 5.1. We can either provide positive or negative moment load on

the platform. Working of this set-up is discussed next.

5.2 Working of the set-up

The spool is firmly attached to the platform using three set-screws to arrest its independent

rotation. Platform’s restriction to the rotation of the spool results in the moment load on the
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platform. An attempt to rotate the spool counter-clockwise results in the positive moment load
on the platform. Conversely, an attempt to rotate the spool clockwise results in the negative
moment load on the platform. Let us consider a case without the moment load on the platform.

For this, magnitude of T and T, must be equal.

T, =T, = k(As) (5.1)

As =0 —1y6+ /(75— 1) + (2 = 2)° = /(1 — 1) + ()’ (5.2)

where ¢ is the orientation of the spool (i.e., platform’s orientation) and all other variables are
the same as considered for Eqgs. 4.1 and 4.2. Load vector f is updated to f using Eqgs. 4.3 —
4.5. Tension vector t is obtained from static equilibrium equation given by Eq. 4.6. This is

illustrated in Table 5.1 with the help of two examples.

Set-screw

(a) Top view of the set-up (b) Spool is arrested to the platform

Figure 5.1: Platform’s centroid is located at (0,0) and its orientation is 0°
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Table 5.1: Cable forces of the three-cable robot when there is no moment load on the platform

No. Variables Configuration 1 Configuration 2
(30,17.32) (30,17.32)
(Tfi,yp:)
1 (0, —34.64) (0, —34.64)
where(i = 1,2, 3)
(—30,17.32) (—30,17.32)
(9,6) (9,6)
2 (Proz, Pioy) (0,-12) (0,-12)
3 (xa y) (473) ('47'3)
4 o) 10° —10°
( ) ( )
0 0
5 f § -1 ¢ -1
0 0
\ W \ 7
6 k 3 3
7 ) 10 10
8 Tp 2.13 2.13
9 (s, Ys) (-30,0) (-30,0)
10 (@7, yr) (30,0) (30,0)
11 As 13.94 6.31
12 T 41.81 18.93
13 T, 41.81 18.93
Continued on the next page
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Table 5.1 — continued from the previous page

No. Variables Configuration 1 Configuration 2
14 0, —171.39° 178.08°
15 0, —11.22° 1.47°
16 By 3.580 —4.69°
17 s 4.69° —3.58°
4 AN 4 3\
—0.33 0
18 f ~15.39 0.12
0 0
\ J _ _ \ J _
0.94 —0.23 —0.92 0.83 029 —0.82
19 L 0.35 —0.97 0.38 0.55 —0.96 0.58
—4.23 —4.74 0.23 1.85 5.46  1.59
’ 3 = = r R =
9.50 —0.08
20 t —7.95 0.04
11.24 —0.06
\ J \ /

Negative values of cable forces indicate that the configurations are not in static equilibrium.
Now, consider a case where moment load is applied on the platform. Note that Ty depends on
spring stiffness and the elongation of the spring. For the application of a specific moment load

(M), T, must be chosen appropriately. The relationship between M, T, T}, and r, is given as

follows.

M= (T,~T)r,
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The preceding equation can be rewritten as

M
T, =T,— — (5.4)

Tp

If M is positive, T, must satisfy the condition given below.

where 6, = 2mn,, + f1 + B2. i is the coefficient of static friction between the cable and the
spool. m, is the number of windings of the cable on the spool. Condition given by Eq. 5.5
must be satisfied in order to prevent the cable from slipping on the surface of the spool because

of lack of sufficient frictional force. For negative moment load, condition for 7, is given below.

T,et% > T, > T, (5.6)

Eq. 5.6 serves the same purpose as Eq. 5.5 when a negative moment load is applied on the
platform. After obtaining 7T, and 7)., the load vector is updated using Eq. 4.3. From static
equilibrium equations, the tension vector is calculated as per the Eq. 4.6. This procedure is

illustrated with the help of two examples in Table 5.2.

Table 5.2: Cable forces of the robot when a moment load is applied on the platform

No. Variables Configuration 1 Configuration 2
(30,17.32) (30,17.32)
(2 1i, yri)
1 (0, —34.64) (0, —34.64)
where(i = 1,2, 3)
(—30,17.32) (—30,17.32)

Continued on the next page
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Table 5.2 — continued from the previous page

No. Variables Configuration 1 Configuration 2
(9,6) (9,6)
2 (Piozs Pioy) (0, —12) (0,—12)
(—9,6) (—9,6)
3 (z,y) (3,5) (3,-5)
4 b 920° _90
SR S
0 0
5 f 0 § 0
\ O / \ 0 7
6 k 3 3
7 o 10 10
8 Tp 2.13 2.13
9 (@5, Ys) (-30,0) (-30,0)
10 (r, yr) (30,0) (30,0)
11 M 3 -2
12 N 3 3
13 w 0.1 0.1
14 As 12.94 13.12
15 T 38.83 39.37
16 T, 37.42 40.31

Continued on the next page
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Table 5.2 — continued from the previous page

No. Variables Configuration 1 Configuration 2
17 b1 3.66° —3.66°
18 5o 4.45° —4.45°
19 0, 1088.10° 1071.9°
( R 7 D
—1.78 0.86
20 f —17.83 7.65
3 —2
\ ) _ _ \ ) _
099 —-024 —-0.92 0.73 —-0.14 —-0.83
21 L 0.17 =097 0.40 0.68 —0.99 0.55
—748 —6.72 —1.84 214 —-1.32 0.42
7 3 = - 7 3 =
8.85 12.07
22 t —12.36 § 20.55
10.84 8.04
\ \ J

Positive cable forces in configuration 2 indicate that the platform is in static equilibrium.
For a given moment load at a point, there may be multiple feasible orientations of the platform.
To find these orientations, ¢ is varied from —180° to 180° similar to the procedure discussed
in Section 3.2, with a slight modification: f is used instead of f. Note that f varies with M.
For the configuration 1 in Table 5.2, feasible orientations of the platform are —180°, —179°,
0°, 179°, and 180°. For the configuration 2, they vary from —6° to —1° and then from 178° to

179°.

5.3 Platform tracing a prescribed trajectory with a spec-

ified moment load on it

Here, a path consisting of discrete waypoints to be traced by the moving platform is considered.

Moment (M) is applied on the platform while it is tracing the path. At every waypoint, for
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every orientation, values of T and 7, are calculated. Load vector f is updated to f using Eq.
4.3. Optimal ¢ of the platform is obtained as per the procedure discussed in Section 3.5.1.
To illustrate this, we consider an example where the platform of three-cable robot is required
to trace a path along the x-axis. The path is made up of 15 equidistant points between the
points (=5, —5) and (5, —5) including them. Parameters of the three-cable robot are provided
in Table 5.3. For this example, we consider the minimum ||t|| as the criteria for obtaining the
optimal orientations. Figs. 5.2 — 5.5 present the simulated task at four-waypoints. Fig. 5.6
indicates minimum tensions in the cables and Fig. 5.7 presents the updated load vector at every
waypoint. Optimal orientations of the platform chosen for minimum tensions in the cables are

shown in Fig. 5.8.

Table 5.3: Parameters of the cable robot used for simulation

No. Variables Values
(30, 17.32)
(fis Yri)
1 (0, —34.64)
where(i = 1,2, 3)
(—30,17.32)
(9,6)
2 (Piox, Pioy) (0,—-12)
(_97 6)
( 3
0
3 f 0
0
\ J
4 k 3
5 ) 10
6 Tp 2.13
Continued on the next page
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Table 5.3 — continued from the previous page

No. Variables Values
7 (25, Ys) (-30,0)
8 (@0, yr) (30,0)
9 M 2
10 N 3
11 T4 0.1

Optimal platform’s
orientation

-30

Figure 5.2: Platform’s centroid is located at (-5,-5)
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Figure 5.5: Platform’s centroid is located at (5,-5)
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Figure 5.6: Minimum tensions in the cables
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Figure 5.7: Updated load vector f at every waypoint
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Figure 5.8: Optimal orientation of the platform for the minimum ||t|| at every waypoint

Closure

The set—up used for enhancing the orientability of the cable robot is modified for the application
of moment load on the platform in this chapter. Equations relating the moment load to cable
tensions are derived. The cases considered here are that of no moment load, a specific moment

load, and a path with specified moment loads. Examples are provided for all cases.
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Chapter 6

Prototyping

Summary

In this chapter, we validate the mathematical models (presented in Chapters 3 and 4) by
experimenting on the prototype of a three-cable robot. Orientability limits obtained from the
MATLAB simulations are compared with those obtained from the experiments. Using the
technique proposed in Chapter 4, we verify that the orientability of the three-cable robot can
be improved significantly by modifying the set-up.

6.1 Prototype of the three-cable robot

Every physical system is influenced by its environment while it also influencing the environ-
ment. There can be arbitrarily large number of influences or inputs to a physical system and
a large number of corresponding responses or outputs from the physical system. It might not
be practical to store all possible combinations of inputs and outputs. In such cases, we cannot
find inputs required for the desired outputs from lookup tables. We solve this problem by
creating a mathematical model whose behavior is similar to the physical system. The model
can predict the output for any input. It is often more practical to store the parameters of
the mathematical model rather than the lookup tables. In the process of building a simple
and efficient mathematical model, we select only the most important features and ignore the
minor features. The model can fail for many reasons like misidentification of the underlying
physics, ignoring important features, and so on. To prove that the mathematical model closely
resembles the physical system, we compare both the responses to a wide variety of inputs. If
the responses of the physical system closely resemble the responses of the model, we can go on
to assume that for any combination of the given inputs, the mathematical model will have a

response similar to the physical system. Physical systems of interest to us are the cable robots.
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Validation of the mathematical models of the cable robots is done by experimenting with the

actual prototype.

Fig. 6.1 shows the prototype of a three-cable robot built at M2D2 Lab for the purpose
of validating the models presented in this thesis. A smartphone (iPhone 7) is attached to the
platform for the purpose of measuring the orientation of the platform. Its weight is considered in
the corresponding simulation. The robot has an open-loop position control system. Parameters
of the robot are provided in Table 6.1. Details of the components used for building the prototype
are provided in Table 6.2.

Table 6.1: Parameters of the three-cable robot

No. (255, Y5i) (Piows Poy) f
(30,17.32) (7,4.67) ( 0 \
1 (0, —34.64) (0, —9.33) —8.81
(=30,17.32) | (=7.467) | [ 0

Table 6.2: Components used for building the prototype

No. Component /Part Specifications
1 Microcontroller board Arduino MEGA 2560
2 | Micro-stepping motor driver TB6560
3 DC stepper motor NEMA-23, holding torque 1.89N-m at 2.8A /phase
4 Power supply 12V 5A 60W SMPS Unit
5 Base plate Mild steel (1m x 1m x 2.2mm)
6 Triangular platform Stainless steel (14cm x 14cm x 10.6mm)
7 Platform’s weight 0.761kg
Continued on the next page
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Table 6.2 — continued from the previous page

No. Component/Part Specifications
8 Cables used Synthetic tennis gut (nylon), dia = 1.56mm
9 Pulley (winch) OD = 42.60mm, pitch = 4mm
Aluminium alloy number of threads = 8, and thread angle = 60°

Figure 6.1: Prototype of the three-cable robot built at M2D2 Lab

6.2 Experimenting on the prototype

This section contains the comparison between the MATLAB simulations and actual experi-
ments. Feasible orientations of the triangular platform are obtained at different points in the

workspace. This is done in simulations as well as in the experiments. The procedure used to
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obtain feasible orientations using simulations has been explained in Section 3.2. The procedure

used for measuring the range of feasible orientations using the experiments is described next.

'r- I r —_ -
Vary ¢ from —90 At every increment,

At a point (x,y) to 90" with an obtain the lengths of the

shereinent oi 1 cables as per the Eq. 2.3

Number of steps

to be rotated by Obtain the angle to be rotated by the
the stepper stepper motor for incrementing the v
motor for orientation of the platform by 1’ Calculate the change in the
changing the adl - lengths of the cables
angle by A, = 2?‘5& Al =1-1
_ AG \/(2er, ) +(pa"!ch)2
" 0.1125

Figure 6.2: Procedure for obtaining the number of steps of the stepper motors for incrementing
the orientation of the platform by 1°

The angle of rotation, ¢ is varied from —90° to 90° (instead of —180° to 180°) in order to
avoid the interference of the cables with the platform and the other cables. It is not practical
to orient the platform beyond —90° to 90° range using the only cables. The value 0.1125 in Fig.
6.2 indicates the angle (in degrees) that the stepper motor rotates per step. The procedure
shown in Fig. 6.2 is used for generation of a data file that contains the number of steps required
by stepper motors for every 1° increment in the orientation of the platform. Fig. 6.3 shows
the schematic of the experimental set-up. The data file generated in the computer is fed to the

Arduino microcontroller, which regulates the stepper motors.

As discussed previously, there are limits to the orientability of the platform at every point in
the workspace. It is observed during the experiment that when an attempt is made to orient the
platform to an angle outside the permissible range at a point, the platform moves away from that
point. This phenomena is used to identify the experimental limits of orientability. Experimental
limits are obtained at three different points in the workspace. Table 6.3 contains the comparison
of these experimental limits with the corresponding limits obtained from simulations. The

discrepancy in the data could be attributed to various factors. Some of the observable factors
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include inaccuracies in manufactured dimensions, bending stiffness of the cables, etc.

Computer

X

Arduino MEGA 2560

Power supply
vy v v b
TB6560 TB6560 TB6560
Stepper motor Stepper motor Stepper motor
Pulley Pulley Pulley
Cable 1 Cable 2 Cable 3

Triangular platform

Figure 6.3: Schematic of the experimental set-up

Table 6.3: Comparison of the experimental orientability limits with the corresponding limits
obtained from simulations at three different points

No. (x,y) | Simulation | Experiment

1 (0,0) 0° 0°
2 | (10-10) | —2° to 12° ~1° to 8°
3 | (-10,-10) | —12° to 2° —9° to 1°
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6.3 Prototype with additional rotary DoF

This section contains a comparison of the feasible orientations between simulations and exper-
iments at four different points in the workspace. We demonstrate that the orientability of the
cable robot can be enhanced by modifying the set-up using the technique proposed in Chapter
4. Parameters of the three-cable robot (used in this example) are provided in Table 6.4. Ori-

entability limits from the experiments and simulations are juxtaposed in Table 6.5.

The modified set-up for enhanced orientability is shown in Fig. 6.4. It involves an appendage
of a spool, a translational spring, an additional cable, and a rotary actuator to the existing set-
up. The spool (OD = 42.60mm, pitch = 4mm, number of threads = 10, and thread angle =
60°) is attached to the center of the platform with a pin joint, allowing it to rotate freely w.r.t.
the platform. A fourth cable is wound on the spool. Its one end is attached to an additional
NEMA-23 stepper motor. Its other end is attached to a fixed point with a tension spring.
Initial elongation (0) of the spring is 16cm and its stiffness (k) is 0.66N/cm.

Table 6.4: Parameters of the three-cable robot

No. (T i, yp:) (P, Pioy) f
(30,17.32) (9,6) ( 0
1| (0,-34.64) | (0,-12) —3.43
(-30,17.32) | (-9.6) || o0 |

Table 6.5: Orientability limits from the experiments and simulations

No. | (z,y) | Simulation Experiment
1 | (56) | 0°to2° 0° to 1°
2 | (-56) | —2°to0° ~1° to 0°
3 | (50 | 0°tos 0° to 3°
Continued on the next page
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Table 6.5 — continued from the previous page

No. | (z,y) | Simulation Experiment

4 | (-50)| =3 to0° —2° to 0°

Figure 6.4: Prototype of the three-cable robot with additional rotary degree of freedom

The experimental procedure is as follows. Since 0° orientation of the platform is feasible
at all the four points, the platform is placed at each point with 0° orientation. To find the
range of orientability of the spool at these points, it is rotated to maximum possible angle

in either directions. Fig. 6.5 shows the method for calculating the number of steps required

106



by the stepper motor for incrementing the orientation of the spool by 1°. It is observed that
the spool can be rotated from —180° to 180° at all the four points. This observation cannot
be generalized to the entire workspace. Nonetheless, there is a significant improvement in the
orientability of the cable robot in most of the workspace (after the modification of the set-up).

This technique can also be applied for orientability enhancement of robots with more cables.

Obtain the angle to be rotated by the
Vary i from 0 to fourth stepper motor for incrementing
At a point (x, ) v (desired) with L the orientation of the spool
an increment of 1 —_—
Agl - "p ('f"; == la’{‘llrf--] )

v

Number of steps to be rotated by the

stepper motor for changing the angle by
AG
" 0.1125

Figure 6.5: Procedure for obtaining the number of steps of the stepper motor for incrementing
the orientation of the spool by 1°

Closure

Orientability limits of the triangular platform between the simulations and experiments are
compared. It is shown that the orientability of the platform is limited with the aid of both the
experiments and simulations. To overcome this, we modified the prototype using the proposed
technique. It is confirmed that the orientability can be significantly improved by implementing

the technique.
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Chapter 7

Closure and Future perspectives

7.1

Summary of the work done

The focus of this thesis is to reveal the limited orientability of cable robots and suggest a

method to enhance it. Towards this, the following investigations were conducted.

A procedure to obtain tension vectors for different cases of planar cable robots is discussed.
To confirm the feasibility of the pose of the platform, one has to go through the tedious
process of obtaining the tension vector with non-negative elements. To circumvent this,
an alternate approach (i.e., the determinant approach) that confirms the feasibility of the

pose of the platform (with the aid of nullspace) is discussed.

The determinant approach is used for obtaining the feasible orientations of the moving
platform that allows it to be in static equilibrium at a point in the workspace of the cable
robot. Feasible orientations are obtained not only at a single point, but also at multiple
points. For this purpose, a grid is defined with uniform step size along both z and y axes.
It is confined to the rectangular region within the specified lower and upper limits of x
and y values. At every point in the grid, the determinant approach is implemented to

obtain the feasible orientations.

Examples of three and four—cable robots are considered. Feasible orientations of the
platforms are obtained at multiple points in a space of interest. With the example of the
three-cable robot, it is shown that the nature of the load acting on the platform influences
the orientability of the platform. And it is observed that feasible orientations always lie
in the direction of the load acting on the platform. Furthermore, when a moment load

is acting on the platform, feasible orientations are confined within the convex hull of the
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fixed pivots.

With the example of the four-cable robot, it is shown that as the number of cables
increases, the orientability of the platform increases. Additionally, it is shown that the
size and shape of the platform play an important role in the behaviour of the feasible

orientations.

A fully constrained configuration of the cable robot is explained in detail. Feasible ori-
entations that fully constrain the cable robot are obtained at multiple points in a space
of interest. Here, load (acting on the platform) does not have any role in the behaviour
of the feasible orientations. It is revealed with the examples of four and five-cable robots
that the feasible orientations that fully constrain the cable robot are confined within the
convex hull of the fixed pivots. It is also observed that they are a subset of those that are
required to keep the cable robot in static equilibrium. Furthermore, the size and shape
of the platform play an important role in the behaviour of the feasible orientations that
fully constrain the cable robot. It is noted that as the number of cables increases, the

orientability of the platform increases as observed in the case of static equilibrium.

A path comprising a finite number of waypoints is given to the moving platform of the
cable robot. We have discussed the two ways of tracing the trajectory. The first case
deals with obtaining an optimal orientation of the platform at every waypoint to achieve
maximum or minimum tensions in the cables at that point. In the second case, we
specified the desired orientation for the platform at every waypoint. Examples of five and

six-cable robots are provided.

At every point in the workspace, depending on the nature of the load and geometry of the
cable robot, there is a limit to the range within which the platform can rotate. Although
a cable robot with more cables increases the orientability of the platform, this enhanced
range does not guarantee the full orientability of the platform i.e., the platform cannot be
oriented with any angle between 0° and 360°. This problem of the limited range is solved
by adding a rotary degree of freedom on the moving platform. It involves the addition of
a motor, an extra cable, a spring, and a spool to the three-cable robot. Examples of a
three-cable robot are considered. This is because a three-cable robot has highly restricted
orientability as compared to a four-cable robot, a five-cable robot, and so on. It is shown
that there is a significant improvement in the orientability of the three-cable robot after

the modification.
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The set-up used for enhancing the orientability of the cable robot can also be used to
apply or support a moment load on the moving platform with a slight modification.
The modification of the set-up involves arresting the spool to the platform using set-
screws. The equations governing for the application of a specific moment load and the
corresponding examples are presented. Furthermore, a simulated task where the platform
of the three-cable robot was made to trace a path with a moment load specified along the
path.

Mathematical models were validated by conducting experiments on the prototype of a
three-cable robot. Orientability limits obtained from simulations are compared with those
obtained from the experiments. It is verified that the orientability of the cable robot can

be improved by modifying the set-up of the three-cable robot.

7.2 Contributions

It was demonstrated that the orientability of the moving platform of cable robots is

limited. The orientability of the platform is studied for different cases.

A method is proposed to enhance the orientability of cable robots using an additional

cable, a spring, a spool, and a motor.

The method of enhancing the orientability is also used to create an external moment load

on the moving platform.

7.3 Future perspectives

In this thesis, an exhaustive numerical approach was implemented to find the extent of
the orientability of the moving platform. It is beneficial if the limits of the orientability

of the moving platform are obtained analytically or semi-analytically.

It is useful if a design procedure is developed for a planar cable robot for specified limits

of orientation in a given workspace.

Extending the planar cable robot concepts developed in this thesis to spatial cable robots

is the next natural step.
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Appendix

OneDrive links of the MATLAB scripts are provided here:

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EUttgR-cCOdBhWfsRRJIrWzoBVx8IFDfQii4nl1AxRDV9Z8A7e=SBZBmI

For obtaining the feasible range of a (for the examples of four and five-cable robots provided

in Section 3.1)

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EYzwiwA6PdANKvkEAloThwxoBCEkXthiAs6q2]j0Gv6BjVeg?e=ZNgFnA
For obtaining feasible orientations at a point in the workspace of the planar cable robot (for

the example of a three-cable robot provided in Section 3.2)

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EQFsLNU14WR0OitsKyXE-DM4BwTv-7xQ0Gy0xv12kYU_h2Q7e=2TYkpn

For obtaining feasible orientations at multiple points in a space of interest for both the cases
i.e., static equilibrium and fully constrained configuration of the cable robot (for the examples
provided in Sections 3.3 and 3.4)

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EeHBj41q3QdH1f216NB8zfsB-zsjfX4EiksvtLG719ec-A7e=kXTLFG

Platform tracing a path with an optimal orientation at every waypoint (for the example pro-
vided in Section 3.5.1)

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EShnYY-81kJI1lv_Lmc2uQ2MB4JW2AHAGNh7tfCOOVHFgOg?e=Y0OQwbN

Platform tracing a path with a desired orientation at every waypoint (for the example provided

in Section 3.5.2)
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https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EUttgR-cC0dBhWfsRRJrWzoBVx8IFDfQii4nlAxRDV9Z8A?e=SBZBmI
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EUttgR-cC0dBhWfsRRJrWzoBVx8IFDfQii4nlAxRDV9Z8A?e=SBZBmI
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EYzwiwA6PdNKvkEAloIhwxoBCEkXthiAs6q2j0Gv6BjVeg?e=ZNqFnA
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EYzwiwA6PdNKvkEAloIhwxoBCEkXthiAs6q2j0Gv6BjVeg?e=ZNqFnA
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EQFsLNUl4WROitsKyXE-DM4BwTv-7xQOGy0xvl2kYU_h2Q?e=2TYkpn
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EQFsLNUl4WROitsKyXE-DM4BwTv-7xQOGy0xvl2kYU_h2Q?e=2TYkpn
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EeHBj4lq3QdHlf2I6NB8zfsB-zsjfX4EiksvtLG7l9ec-A?e=kXTLFG
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EeHBj4lq3QdHlf2I6NB8zfsB-zsjfX4EiksvtLG7l9ec-A?e=kXTLFG
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EShnYY-8lkJIlv_Lmc2uQ2MB4JW2AHdGNh7tfC00vHFg0g?e=YOQwbN
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EShnYY-8lkJIlv_Lmc2uQ2MB4JW2AHdGNh7tfC00vHFg0g?e=YOQwbN

Appendix

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EVeiHm2F9kFHoH37 _efPZnsBeU-DL99Lqrbiz0DGgAA8xQ7e=WOA1Rg
For the examples provided in Chapter 4

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/ESu8xZfqfDxIgAZ-kLF4370BquxQZP_XUJFCXsWZ576GVg7e=ZVTglT
For the examples provided in Chapter 5

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/ET7zvrN7G_JLrd_YWOR8W4ABqIlo5XXXng-wSud4jjWKLRA?e=wgv7nB

Arduino code for controlling three stepper motors

https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_
ac_in/EVx0ARRjL81MkF3PGm5nPh8BYnoTAeudxnb5Q--4RWUUalg?e=JrqJe9

Arduino code for controlling four stepper motors
https://indianinstituteofscience-my.sharepoint.com/:f:/g/personal/vikranthk_iisc_

ac_in/EtWb9N2LaORNr49XUQH7pUoBjkNHyQTPRvSu2nzXC7S5PA7e=ayiSy2

Experimental videos
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https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EVeiHm2F9kFHoH37_efPZnsBeU-DL99LqrbizODGgAA8xQ?e=WOA1Rg
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EVeiHm2F9kFHoH37_efPZnsBeU-DL99LqrbizODGgAA8xQ?e=WOA1Rg
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/ESu8xZfqfDxIgAZ-kLF4370BqwxQZP_XUJFCXsWZ576GVg?e=ZVTg1T
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/ESu8xZfqfDxIgAZ-kLF4370BqwxQZP_XUJFCXsWZ576GVg?e=ZVTg1T
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/ET7zvrN7G_JLrd_YW9R8W4ABqIo5XXXng-wSud4jjWKLRA?e=wgv7nB
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/ET7zvrN7G_JLrd_YW9R8W4ABqIo5XXXng-wSud4jjWKLRA?e=wgv7nB
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EVxOARRjL81MkF3PGm5nPh8BYnoTAeudxn5Q--4RWUUalg?e=JrqJe9
https://indianinstituteofscience-my.sharepoint.com/:u:/g/personal/vikranthk_iisc_ac_in/EVxOARRjL81MkF3PGm5nPh8BYnoTAeudxn5Q--4RWUUalg?e=JrqJe9
https://indianinstituteofscience-my.sharepoint.com/:f:/g/personal/vikranthk_iisc_ac_in/EtWb9N2La0RNr49XUQH7pUoBjkNHyQTPRvSu2nzXC7S5PA?e=ayiSy2
https://indianinstituteofscience-my.sharepoint.com/:f:/g/personal/vikranthk_iisc_ac_in/EtWb9N2La0RNr49XUQH7pUoBjkNHyQTPRvSu2nzXC7S5PA?e=ayiSy2
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