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ABSTRACT

Serial robot arms used in nowadays technology cannot provide the desired positional
stability at the End-Ef'fector under certain circumstances, due to the structure of the
actuating devices and to their physical structures. The reason to this is that there
occur large magnitudes of moment created at the joints by the long and massive
links. Even though positioning is possible in the steady state, because of the
vibrations caused by the payloads and the link weights and the unforeseen
disturbances beyond which the motors are capable to support, the control may fail to
respond to the real actuation on time, yielding to undesired reactions of the system.
The cause of instability by open link structures, seen on serial robot systems, has
been tried to be avoided using parallel mechanisms. Truss type structures are also a
sort of parallel mechanisms.

In this study, a basic truss type parallel manipulator is introduced. The response of
the joint driving forces due to external loads and the desired internal loads has been
investigated. Joint driving forces to resist the constant force and moment applied at
the End-Effector while the End-Effector is moving on a given trajectory is handled.
The work done here is to be used for the analysis of the change in stiffness of the

truss type manipulator due to internal forces.

10.02.2002 Haluk BAYRAKTAR



OZET

Giiniimiizde gergeklestirilen seri robot kollarinda, yapilarindan ve tahrik
elemanlarinin 6zelliklerinden &tiirli baz1 uygulamalarda, isi gbéren tutucu eleman
yeterli konumsal sabitlii gbsterememektedir. Bunun sebebi uzun kollar nedeniyle
d6nel motorlara biiyilkk miktarlarda moment yiikiiniin binmesidir. Siirekli rejimde
konumlandirma miimkiin olmakla birlikte gegici rejim iginde kalan ve motorlarin
destekleyebileceginden daha fazla yiikk ve Ongorillemeyen bozucu biiyiikliikler
nedeniyle ¢ikan titresimler tahrik elemanlan tarafindan kargilanamaz ve kontrol
edilemeyen davraniglar ortaya ¢ikar. Aym sekilde ¢aligma hacmi smirlarinda
gergeklestirilen islerde de uzayan kinematik yapi tahrik elemanlaﬁm zor durumda
birakmaktadir. Seri kinematik yapiya sahip robotlarda gériilen agik uzay-geometri
yapismin sistemin stabillifine olan olumsuz etkilerin, paralel ¢aligan robot kollar
kullanilarak giderilmesi miimkiindiir. Iki ayr seri manipiilatériin aym parga iizerinde
caligmasi bu prensibe ilk 6rneklerdendir. Cati1 yapilar da paralel ¢aligma prensibine
sahiptirler. Hacimsel gériiniim itibar1 ile seri manipiilatérleri andirmakla birlikte
paralel yapiya sahip olmanin avantajlarin1 kullanirlar.

Bu ¢alismada ii¢ serbestlik dereceli temel bir ¢at1 yap: ele alinmigtir. Ele alinan
yapmn dis kuvvetlere kars1 ug elemanindaki tepkisi ve dig kuvvetten dolay: sistem
elemanlarinda olugan i¢ kuvvet dagilimlar incelenmigtir. Bunun i¢in ug¢ elemaninin
sabit vektorel kuvvet ve moment ¢ifti etkisinde bilinen bir yériingedeki hareketleri
ele alinmigtir. Aym dis sartlar altinda, sistemin iginde fazladan tahrik unsuru
kullanilarak ek i¢ kuvvetler olusturulmus ve bu halde iken elemanlar iizerinde
meydana gelen kuvvetler yeniden incelenip kargilagtirilmigtir. Sistemin her iki
durumda hareket halindeki davramglari simiile edilmek yoluyla u¢ eleman
diizeyindeki katilik yapisinin degisimi analiz edilip kargilastiniimg, is ile temas eden
noktada sistemin katilik davraniginin nasil kontrol edilebilecegi lizerine gerekli bilgi
taban1 olusturulmugtur.

10.02.2002 Haluk BAYRAKTAR



CLAIM FOR ORIGINALITY

This study introduces the usability of redundant actuation in forming structures
having controllable stiffness characteristics. By means of donating structures with
controllable stiffness, it is possible to actively eliminate the unwanted vibrations
occurring in our system. Moreover, it will also provide the manipulator to decrease
its mass and expand its loading limits without sacrificing on accuracy. This will
develop structural stability of manipulators in space, where weight and friction are

not effective.

Similar studies have been made on different systems. However, the stiffness
variations of truss type mechanisms upon the act of internal forces have not been

examined before. This study provides an introductory to the subject.
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PART L. INTRODUCTION AND OBJECTIVES

L1. HISTORY OF MECHANICAL MANIPULATORS

The history of industrial automation is characterized by periods of rapid change in
popular methods. Either as a cause or, perhaps, an effect, such periods of change in
automation techniques seem closely tied to world economics. Use of the industrial
robot, which became identifiable as a unique device in the 1960°s, as along with the
computer aided design (CAD) systems, and computer aided manufacturing (CAM)
systems, characterizes the latest trends in the automation of the manufacturing
process. These technologies are leading industrial automation through another
transition, the scope of which is still unknown.

Present use of industrial robots is concentrated in rather simple, repetitive tasks,
which tend not to require high precision. In the 1980°s relatively simple tasks like
machine tending, material transfer, painting and welding are economically viable for
robotization. In the 1990°s industrial robots became increasingly viable in
applications that require more precision and sensory sophistication such as assembly
tasks.

One of the most important forms of the industrial robots is the mechanical
manipulator. Devices such as that shown in Fig.1.1 are always included in the
industrial robot category, while numerically controlled milling machines are usually
not. The distinction lies somewhere in the sophistication of the programmability of
the device-if a mechanical device can be programmed to perform a wide variety of
applications; it is probably an industrial robot. Machines, which are for the most part
relegated to one class of task, are considered fixed automation. [1]



Figure 1.1: A Serial Robot Arm [1]

Manipulators are machines required to do simple and routine tasks in place of human
beings. They only require a single trigger and prejudged limits to obey through out
the process. They do not have real time relations with the outher environment. In
close history, simple manipulation techniques were used to create complex motions
by humans. In the mid 1700’s J.de Vaucanson built several human-sized mechanical
dolls that played music. In 1801 J. Jacquard invented the Jaquard loom, a
programmable machine for weaving threads or yarn into cloth. In 1805, H.
Maillardet constructed a mechanical doll capable of drawing pictures. These
mechanical manipulators perfomed a mechanically pre-known duty. They were
adjustable only up to a limit. With the deveopments in electronics, in 1951 a
patented work was developed on tele-operation (remote control manipulation) for
handling radioactive material, by Goertz and Bergsland. = However, these
manipulators included no decision making process within their cycle of work, either
related to the environment or not. In 1952 a prototype numerical control machine
was demonstrated at the MIT. A part programming language called APT
(Automatically Programmed Tooling) subsequently developed an released in 1961.
First “Unimate” robot was introduced, based on Devol’s “programmed article
transfer”. It used numerical control principles for manipulator control and was
hydraulically driven. Programming made possible the information transfer from the
environment and allowed interpretation of this information effectively. Here, the
environment can be defined as any object or media the end-effector of the
manipulator can contact or relate by means of its function and duty, including the

parts of its own body. Robots do have information flow with the environment while

2



the action takes place. This information flow is from the environment to the robot
decision-making unit, and it is evaluated through sensing and programming. This is
how a robot makes decisions upon varying environmental conditions. If the
information flow is in both directions, then the environment is said to be a part of the
robot itself, and can be considered as two robots working together as well.
Kinematically, robots are no different then manipulators.

A manipulator may consist of a simple form like a single piston, which works for on
and off positions, to do the job like pushing a piece of part into a socket for example.
Or it may have a hand to grip the part and place it into the socket, without checking
weather the part is ready to be picked or not. The examples may be expanded.

For some manipulators, due to their kinematics, there is always a single way to do a
given task, which causes no trouble in calculating the motion needed. However, in
case of complex actuation, there might be several ways for it, where other tools must
be introduced to complete the task. These tools are either sensors and/or
optimization mathematics. If sensors and optimization are used to contact with the
environment, then the result is a robot. If only optimization techniques are used, the
manipulator is still preserved, but it optimizes itself on pre-given basics through

computation.
L2. SERIAL MANIPULATORS

Manipulators can be grouped in two, according to their kinematical structures, as
serial and parallel manipulators. These two kinds both have advantages and
disadvantages over each other. Serial manipulators are constructed by adding up the
next arm on the end of the previous one, connecting them by a single joint.
Therefore, they have structures on which each actuation takes place on the result of
the previous actuation, that is, the movement follows on by adding up the
displacements. This basically enables a very large volume of workspace (Fig.1.2).



Figure 1.2 : An example of serial manipulator

Today’s industrial robots are mostly serial type of robots and are available in a wide
variety of sizes, shapes and physical configurations. The vast majority of today’s
commercially available robots possess one of four basic configurations namely;
polar, cylindrical, Cartesian and jointed-arm. (Fig.1.3).

d)

Figure 1.3 : The four basic industrial serial robot anatomies [2]: a)polar,
b)cylindrical, c)Cartesian and d)jointed-arm.

Each of these configurations has a characteristic workspace of their own. Polar
anatomies work in spherical workspaces, cylindrical in cylindrical, and Cartesian in a
prismatic envelope. Jointed-arm structures, like SCARA type robots, have
approximately a spherical envelope (Fig.1.4). The workspace of a robot is defined
by the reach area of the arm, excluding the wrist size and movements.
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Figure 1.4 : Work volumes for various robot anatomies [2]: a)polar, b)cylindrical,
c)Cartesian.

There are relative advantages and disadvantages to the four basic robot anatomies
simply because of their geometries. Industrial robots are designed to perform
productive work. The work is accomplished by enabling the robot to move its body,
arm and wrist through a series of motions and positions. Attached to the wrist is the
end-effector, which is used by the robot to perform a specific work task. The robot’s
movements can be divided into two general categories: arm and body motions, and
wrist motions. The individual joint motions associated with these two categories are
sometimes referred to by the term “degrees of freedom” (DOF), and a typical
industrial robot is equipped with 4 to 6-DOF.

In the light of this basic information on common industrial robots in use, it would be
possible to speak of their working abilities related to their whole structure. Speed of
response and stability are two important characteristics of dynamic performance
related to control system design of robots. The speed of response refers to the
capability of the robot to move to the next position in a short amount of time. This is
a function of the control system as well as the robot’s motion speed. In robotics,
stability is generally defined as a measure of the oscillations that occur in the arm
during movement from one position to another. The response speed and stability is
concerned with the dynamic performance of the robot. Another performance of .it is
precision of the robot’s movement. Precision of a robot can be described as a
function of three features: 1. Spatial resolution, 2. Accuracy, 3. Repeatability.
Spatial resolution of a robot is the smallest increment of movement into which the
robot can divide its work volume. Spatial resolution depends on two factors: the
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systems control resolution and the robot’s mechanical inaccuracies. Control
resolution depends on the control system and the feedback measurement system.
Mechanical inaccuracies come from elastic deflection in the structural members, gear
backlash, stretching of pulley cords, leakage of hydraulic fluids, and other
imperfections in the mechanical system due to production and assembly tolerances or
else. These inaccuracies would be influenced by loading and maintenance conditions
anytime. Accuracy refers to a robot’s ability to position its wrist end at a desired
target point within the work volume. The accuracy of a robot can actually be defined
in terms of spatial resolution. Accuracy of a robot is affected by several factors.
First, the accuracy varies with in the work volume, tending to be worse when the arm
is in the outer range of its work volume and better when the arm is closer to its base.
This is because the mechanical inaccuracies are magnified with the robot’s arm fully
extended. Second, the accuracy is improved if the motion cycle is restricted to a
limited work range. The robot’s ability to reach a particular reference point within
the limited workspace is sometimes called the local accuracy, where it is called
global accuracy, when dealing with the total workspace. A third factor influencing
accuracy is the load being carried by the robot. Heavier workloads cause greater
deflections of the mechanical links of the robots, resulting in lower accuracy.
Repeatability is concerned with the robot’s ability to position its wrist or an end-
effector attached to its wrist, at a point in space that had previously been taught to the
robot. It is rather a concept of statistical distribution constituted by the mechanical
inaccuracies of the structure. Compliance of a robot manipulator refers to the
displacement of the wrist end in response to a force or torque exerted against it. A
high compliance means the wrist is displaced a large amount by a relatively small
force, and low compliance means that the manipulator is relatively stiff and is not
displaced by a significant amount. Compliant motion is desired in some

applications; as well as non-compliant (stiff) motion is in some other. [2].

Considering the basic industrial robot types, in terms of repeatability of motion, the
box-frame Cartesian robot probably possesses the advantage because of its inherently
rigid structure. In terms of reach, the polar and the jointed-arm configurations have
the advantage. The lift capacity of the robot is important in many applications. The
cylindrical configuration and the gantry xyz robot can be designed for high-rigidity

and load-carrying capacity. For machine-loading application, the ability of tggﬁg@b@t
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to reach into a small opening without interference with the sides of the opening is
important. The polar configuration and the cylindrical configuration possess a
natural geometric advantage in terms of this capability. A SCARA robot (selective
compliance assembly robot arm) as an example to a jointed-arm type, the
configuration provides substantial rigidity for the robot in the vertical direction, but

compliance in the horizontal plane.

Apart from the large workspace and the anatomy concepts of a robot, but in direct
relation to both, force distribution of workload on the wrist and environment
originated diverting forces is relevant to structure itself straightly. External forces
applied on any region of the robot will be delivered to each end, the base and the
end-effector, through each of the joints and links in between on these common types
of industrial robots. This will cause the moment to be delivered increasingly. They
are however fast in repositioning with an accuracy value respective to their structure.
Its accuracy differs on whether it is a Cartesian robot, a cylindrical robot, a polar
robot or else, as mentioned above. However chained up actuation also resembles
chained up forces on each of the actuators. Due to the work done or the media the
work takes place in, this handicap causes bigger problems in case of very high-
gravity, very heavy loads and unwanted vibrations, which deploys through on each
actuator to the base or to the working hand. This is because of the low stiffness of
the manipulator caused by the serially built actuation system. The vibrations can
easily follow up on to the next link, superposing each other to create larger
amplitudes. This is one of the main disadvantages of serial manipulators. A second
important disadvantage of them, is that their accuracy is also largely influenced with
their serially built structure, which yields the inaccuracies of each element serially
connected to be superposed from the wrist to the base.

L3. PARALLEL MANIPULATORS

On parallel manipulators the effects on the operation are different then on serial
manipulators. Therefore ,the above situation dealt in subsection 1.2 reverses. Parallel
manipulators have a quite poor workspace. Thereby, they are greatly advantageous
on accuracy and structural stiffness over serial manipulators as for the reasons
explained on the previous paragraphs. Several examples can be given to parallel
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manipulators. In order to visualize, Fig.1.5 shows a platform type parallel
maniplﬂaibr commonly referred as the Stewart Platform [3,4,5], a very basic 6-DOF
example. - Stewart platform is actuated by linear actuators. The other 6-DOF
platform type parallel manipulator given below, provides the same idea of motion
using rotary actuators. Similar mechanisms have been investigated by others [6].

Stewart Platform
Figure 1.5 : Two basic types of parallel manipulators
Parallel manipulators have a narrow workspace, due to the kinematic constraints
among the arms constituting the parallel manipulator. That is, the motion of one arm
is limited by the motion of other arms. This happens because of the closed loop
mechanism they form. However, this also appends higher accuracy upon the shorter
motion cycle of these actuators as mentioned in the subsection 1.2.

As seen in Fig.1.6 the parallel actuation can be constructed modularly, adding up
new platforms on top of the previous one. This constitutes a very high degree of
freedom, showing an outline similar to a serial type robot, but with much closer
propertiés to a parallel manipulator globally.

CJ
a)
Figure 1.6 : Extended truss structure formations using a Stewart platform, with two

different base-end configurations.
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Such mechanisms will be competitively on the market in a short period of time.
However the developments about are just ready to prosper upon the oncoming
studies. Stewart platform is a 6-DOF manipulator. Presently similar applications
can be performed on a 3-DOF basis, to be contributed into a 6-DOF platform. The
actual geometry of a Stewart platform resembles an octahedral, which is formed
joining triangular faces. Simply, two triangular bases are connected together with six
other triangular faces. This can be seen in Fig.1.4.a. When the end platform is
connected to the base with actuators placed in parallel, the assumedly non-actuated
structure turns into a triangular prism. A triangular prism has three rectangular faces
placed in columns that when actuated, actually defines the position and orientation of
the end-effector platform. Each of these three faces are formed of a number of
rectangles which are actually 2-DOF structures joined together, and can be
investigated free of the 6-DOF objective, to contribute to it.

1.3.A TRUSS TYPE PARALLEL MANIPULATORS

Truss types of manipulators constitute a category to parallel manipulators, which also
involves Stewart Platform as explained above. These manipulators have modular
configuration and can be added one onto another, forming an extendible structure
like a chain mechanism (Fig.1.7).

Linear Actuators

onnecting Bars

3-DOF Truss Modules

Figure 1.7 : A truss type chain mechanism
By structure, truss type parallel manipulators may have positional redundancy and/or
actuation redundancy. These abilities are introduced ahead.



Variable Geometry Truss Manipulators (VGTM) can be classified as parallel
manipulators. Truss systems are frame structures usually formed using combinations
of basic triangular frames. They are composed of straight members subjected to
longitudinal compression or tension such that they can function as a beam or
cantilever to support the construction [7]. These structures are highly benefited by
civil engineers due to the spatial rigidity of triangle. Triangle is the simplest two
dimensional (2D) object. Therefore, it does not deflect into its outer space like
rectangle and other multi-vertex objects —objects having more than required number
of vertices to define a simplest specimen in the given space, do (Fig.1.8).

Figure 1.8 : A rectangle deflecting into 3D space

When these structures are constituted of variable length links and joined together,
they allow the user to control the position and orientation of the end link in the
desired workspace. Furthermore, if the structure is formed using a redundant number
of actuators either or both, position redundancy and actuation redundancy may be
obtained. Positional redundancy has been demonstrated in Fig.1.6 and Fig.1.7. It
may as well be explained on our body also. A human arm has 7-DOF, however it
acts in a 6-DOF space. Therefore the excess one DOF causes positional redundancy,
so that an arm can still move an elbow and shoulder while fixing the hand at some
point in space. This can be defined as being able to change the shape of the structure
during work. Likewise, for the system under examination, being able to control the
lengths of variable length links selectively located, it is also possible to increase or
decrease the stiffness of the structure by internally loading it on or off with
longitudinal forces, using the excess actuators, without causing any change in the
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end-effector’s position and orientation. This is done by actuation redundancy the
system is granted by. It simply means that the manipulator has an excess number of
actuators than it needs to complete its full task. This actuation works in similar to the
principles of the muscular system of most animals. Basically, the movement is
controlled using protagonist and antagonist actuations at the same time. By doing so,
a geometrically variable solid structure, which is more robust then its construction
would offer, can be obtained. Thereby, the stiffness of the total system may be
controlled, as well as controlling of compliance would be made more effective also.
Positional redundancy and actuation redundancy are related to each other but do not
necessarily act in strict relation. Truss systems yielding the control to the shape of
the frame itself, will provide truss mechanisms an important usage in alternating
media too [6].

VGTM’s, sustaining the advantages of parallel manipulators, are flexible geometries
that can carry concentrated or distributed heavy loads with smaller deflection,
therefore with higher positional accuracy, compared to traditional serial
manipulators. Long chain VGTM’s provide favorable occasions in space and weight
limited areas where distant working spaces and harsh and hazarding conditions, such
as space studies, earth layers studies, nuclear plant applications, rescuing operations
etc. are of subject.

Control of parallel manipulators may be discussed in various aspects like force
control, hybrid control scheme [8], redundant actuation, actuation force minimization
[9], singularity avoidance [10,11], direct compliance control [12,13] and internal
force relations to stiffness [14,15,16].

In this thesis, the stiffness characteristics of a redundantly actuated VGTM will be
investigated. A 3-DOF modular mechanism, which may be joined end to end to
form a multi-DOF VGTM as shown in Fig.1.7 has been chosen for investigation.
The system kinematics has been simulated using Matlab programming language.
The programming may also be developed to a generalized form, which can be free of
the number of chains. The aim of this thesis is to prove that, by adding internal
forces to a structure, it is possible to increase its stiffness and therefore its ability to
support high accuracy under various loads, and support the possibility for unwanted

11



mechanical vibrations to be decreased or eliminated. The simulation results have
shown that such a system is theoretically feasible.

In prologue a basic 3-DOF VGTM has been investigated. Forward and inverse
kinematics has been formed. At the second stage force distributions are investigated.
At the third stage, stiffness equations of the system are derived and stiffness matrix
of the mechanism is found. Finally the system is simulated using Matlab and the
position-force-stiffness variations are viewed. The related simulation programs are
given in Appendix A and Appendix B.
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PART II - GENERAL BACKGROUND

Parallel manipulators came into the scene quite recently as with the need of actuation
in some boundaries of capabilities of systems. One of the milestones in prelude of
the parallel manipulator concept is the Stewart Platform, which is a mechanism
widely used in actuating flight simulator or entertainment simulator cabins, etc. D.
Stewart who studied on a moving platform with 6-DOF. He proposed the Stewart
Platform with his paper in 1966 [3]. The platform was parallely actuated with 6
linear actuators, that is, a fixed and a free plate were connected together by 6
adjustable links. The idea was revolutionary for the ordinary understanding of
manipulation techniques. He has completed the kinematic analysis of the system.
Stewart suggested that the platform could be used as a basis for an automated system
or as a transfer machine. He also assumed that the links of each mechanism
supported the load evenly. Following his study, Prof. Marvin Minsky of MIT in his
early Al (artificial intelligence) memo “Manipulator Design Vignettes” introduced
the same concept once again [17]. Being impressed by the way how 4-leg animals
support their body by their legs, he suggested the octahedral structure, which actually
resembled a Stewart Platform.

Upon Stewarts study, Do and Yang completed a dynamic analysis of a platform type
robot. [4]. Different designs were contributed later, removing away incapabilities
like working volume and backdrivability deficiencies [5]. Other designs that used

the same principle as basis were also created [18].

Further studies on parallel manipulators have lead to various expansions on the
subject. Dai and Jones studied on mobility in metamorphic mechanisms of
foldable/erectable kinds [6], which had a different aspect on the subject. Structures
they worked on were basically parallel mechanisms of truss types, showing a high
degree of kinematic redundancy. Kinematic redundancy is stated when there are
numerous ways the manipulator can use to achieve a given position. Structures like

this and Stewart Platform are types of truss mechanisms in general.
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As another point of view, studying parallel manipulation, binary actuated parallel
mechanisms were also introduced by some researchers [19]. The algorithm they
created, which also included optimization techniques, produced shapes and positions

close to those specified to be reached. Such mechanisms are advantageous on cost,

accuracy and reliability. -

Waiting for their future playgrounds to show up one by one, parallel manipulators

have a huge potential in application.

Truss structures have been one of the focuses of architectural engineering since it
existed. This interest arose from the consistency in stability it provided. In time, it
settled down in robotics technology. As the robotics technology developed in the
last quarter of the twentieth century, its applications broadened also. Manipulable
truss structures are constructed in reply to need. Since possessing parallel
manipulation properties, truss mechanisms provided the advantages of parallel
manipulators, as well as their disadvantages, but also including the structural rigidity
of a regular truss structure. In order to understand how a truss type mechanism is
advantageous, the reveals on parallel robots have to be investigated, both in control

and kinematic means.

Many studies are done over the control of parallel mechanisms. Tadokoro [20]
summarized approaches on different aspects of parallel manipulation like force
control, hybrid control, redundant actuation, singularity avoidance, direct compliance
control, and internal force-stiffness relations. He stressed the power-weight ratio
related task contribution of each actuator on a parallel mechanism and the probable
efficiency increase that can be reached on a redundant system. This idea is called
‘couple drive’ by Hirose and Sato [21]. They proposed a mechanical design
paradigm to maximize actuation index, and applied it to a wall-climbing robot.
Ropponen and Nakamura used actuation redundancy for minimization of the driving
torque of actuators, and applied it to a 7-DOF redundant parallel manipulator [9].
Kumar and Gardner proposed a singularity avoidance method using actuation
redundancy [10,11].
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There are two kinds of singularity on parallel mechanisms. One is that there exists a
direction in which a parallel manipulator cannot move the same as a serial
manipulator. The other is that there exists a direction in which force/moment cannot
be generated. These singularities shall be known well in order to understand the
behaviors of parallel mechanisms, and they must deﬁnitely be avoided.

Redundancy has been incorporated into various systems that need high reliability,
such as aircraft, spacecraft, and military systems. Robots so far have been used
primarily for applications that have well-arranged, rather artificial environments.
This fact has limited robotic applications in both industrial and non-industrial areas.

To ease or avoid these limitations, a robot must be built, that has functions that allow
it to understand its situation, and to plan and control its motion, consistent with the
situation. Such a robot is said to be aufonomous and dexterous. Such robots are
needed in microelectronics manufacturing in clean and vacuum environments, and
also in space and undersea missions, where they would allow us to automate the

hazardous jobs of human crews and to make the mission cost effective.

If it is to be autonomous, a robot system should have redundant number of sensors.
Therefore, as in systems that require high reliability, we can improve the reliability

or accuracy .of measurements by actively using this sensing redundancy.

Dexterity impiies the mechanical ability to carry out various kinds of tasks in various
situations. If it is to have dexterity, a robot system should have two or more arms,
rather than one; three or more fingers rather then a simple jaw-type gripper; and
seven or more joints for each arm, rather then six or less. Consistent management of
this high degree of freedom is required if the system is to satisfy a given goal. This
type of mechanical redundancy is different from sensing redundancy. Mechanical
redundancy is divided into kinematic and actuation redundancies.

In a system with kinematic redundancy, we are able to change the internal structure
or configuration of the mechanisms without changing the position and orientation of
the end-effector or of the object. A typical example is the human arm, which has 7-
DOF from the shoulder to the wrist. Since, there is kinematic redundancy, it is
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possible to change the position of the elbow while the hand grasps a fixed object.
[22].

Actuation redundancy occurs when there are more actuators then enough and they
are actuated excessively. This means, some of the energy spent to actuate these
actuators has no virtual effect on the real work done. In fact, they work against each
other and cancel out inside the mechanism. These excess forces created by
redundant actuation cause internal forces, which have serious effect on the stiffness

behavior of the mechanism.

Stiffness of mechanisms is quite a new concept in robotics technology. There have
been only a few researches done on this subject. However, recently, it has been
grasping the interests of focus groups. Stiffness basically means the ratio of
increasing force at robot’s hand according to the displacement from the specified
position. Stiffness control is used to reduce the error between the desired position
and performable position by altering the stiffness value according to the task
requirements [23]. Stiffness helps to have more tolerant and sturdier frames to work
with. The subject has a great potential of usage in the near future.

While general spatial positioning capability requires 6-DOF, there are advantages to
having even more controllable joints. In serial manipulators, additional joints can
help a mechanism avoid singular configurations. For example, while any 3-DOF
wrist would suffer from singular configurations (when all three axes lie in a plane) a
4-DOF wrist can effectively avoid such configurations. A 6-DOF manipulator can
reach a given position and orientation in only a finite number of ways. The addition
of a 7™ joint allows an infinite of ways, where the desire to avoid obstacles can

influence the choice [1].

Closed loop structure offer the benefit of increased stiffness of the mechanism, on
the other hand, closed loop structures generally reduce the allowable range of motion
of the joints and thus decrease the workspace size. Stewart platform is a closed loop
alternative to the serial 6-DOF manipulator. In this structure, at the base end, each
actuator is connected by a 2-DOF universal joint, and at the end-effector, each
actuator is attached with a 3-DOF ball and socket joint. In general, the number of

16



DOF of a closed loop mechanism is not readily obvious. The total number of
freedoms can be computed with Griibler’s formula; F=6(/-n-1)+ zi':l /i

I: number of links (including base)
n: number of joints
fi: number of DOF associated with the i® joint [1]

On the other hand, various studies are done over parallel mechanisms, including its
workspace. Williams and Hexter tried to maximize the kinematic motion for a kind
of 3-DOF VGT module [24]. Polynomial solutions for the direct kinematics of 3-
DOF parallel manipulators have been studied by C. M. Gosselin and J. Sefrioui [25].
They have presented a 6th order minimal polynomial solution for the particular

mechanism and proved that it can be solved in closed-form.

Stiffness of actuators and systems have been investigated by some researchers. S.
Huang and J. M. Schimmels worked on achieving arbitrary spatial stiffness with
springs connected in parallel [26]. They identified the need for screw type of springs
to achieve an arbitrary spatial stiffness. They also presented a procedure to
synthesize any full-rank spatial stiffness matrix with 6 springs of which no more then
3 are screw. This concept relates to stiffness redundancy, which may be held in the

later studies.

M. A. Adh and H. Hanafusa studied the effect of internal forces on stiffness of
closed mechanisms [16]. They investigated the stiffness of spring supported
mechanisms and also the effects of the internal forces for the parallel link
mechanism driven by joint servo actuators. They proved that the stiffness of the
mechanism can be negative in the case of the compressive internal forces. Adli and
Hanafusa later studied further on analysis of internal force effect in parallel
manipulators [15]. They have carried out the theoretical analysis on a redundantly
actuated 6-DOF spatial parallel manipulator, which could generate internal forces in
the joints. They showed that the effect of the internal forces on the stiffness of the
mechanism depends on the magnitude and the geometﬁcal configuration of the
manipulator. The analysis was applied to a 3-DOF planar parallel manipulator and
the results were confirmed both numerically and experimentally. In their further
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studies Adli and Hanafusa also studied the dynamic effects of internal forces on
paralle] manipulators [27]. They have shown that the tensile internal forces effect
the manipulator dynamics in providing more stable motion, where on the contrary the

compressive internal forces have the reverse effect.

B. Yi and R. A. Freeman created the feedforward stiffness control scheme which
they achieve using the active spring concept they formed [28]. Such a feedforward
will generate a much faster response then would the feedback schemes, and thus
reduce the burden of feedback. An active stiffness planning capability, as proposed
by them, allows one to actively position the compliance center anywhere in the task
space, and to arbitrarily specify the principle stiffness directions and the
corresponding desired stiffness. This is the standard operational concept of active
RCC devices.

A similar study had been done in 1980 by Salisbury. He, then, contributed a method
to actively control the apparent stiffness of a manipulator end-effector. The method
was commanded in AL language. The user could shape the stiffness specification to
match the particular task and thereby prevent part jamming and undue friction forces
during assembly [29].

Stiffness of the grasping has been investigated by many also. H. R. Choi, W. K.
Chung and Y. Youm compactly formulated grasp stiffness and analyzed it [30].
They showed that the overall stiffness of the system included an additional stiffness
coming from the balanced forces in the grasp and grasp configurations. The
additional stiffhess is shown to exist at the object level and individual finger level
simultaneously. They also concluded that grasp forces cannot be used as control
variables since additional stiffness in the grasp makes the grasp unstable in some

cases.

Grasping concept is also formed when two arms work on the same objects. Adli, Ito
and Hanafusa studied on constructing a method for modulating the contact
compliance on objects held by dual-arm robots [31]. Compliance, in word, stands
for the verse effect of stiffhess (compliance matrix is the inverse of stiffness matrix).
Since a closed kinematic chain is formed when two arms hold a rigid object, the
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generation and control of arbitrary internal forces on the objéct held is enabled. They
proposed a method that utilized the internal forces to modulate the contact
compliance in primarily important directions, regardless of the variation in contact
location and robots’ posture. The method is effective if the variations in the contact

locations and the posture of the robots are not large.

Later Adli, Nagai and Hanafusa have succeeded to utilize the internal forces to shift
the compliance center in a planar closed chain mechanism while keeping the inherent
stiffness and the posture of the mechanism unchanged [32]. However, they also
showed that, to locate the center of compliance at any arbitrary location is not
possible, unless an abundant number of redundant actuators are used. They, limiting
their scope therefore, succeeded to shift the compliance center along a single axis. It
was seen that it was a design and initials problem to thoroughly control the

compliance center in the region preferred.

Truss type manipulators have also been under examination by some researchers. R.
L. Williams-and J. B. Mayhew have introduced a method for Cartesian trajectory and
performance optimization control of kinematically redundant truss-based
manipulators (TBM’s) [33, 34]. (TBM is literally the same as VGTM) Their method
is applicable to any level of kinematic redundancy.

Stiffness ability of an ultrahigh speed robot have been investigated by W. Choe , H.
Kino, K. Katsuta and S. Kawamura [35]. The 3-DOF wire driven parallel robot
have been used. The vibration problems due to the low stiffness of wire have been
overcome by creating internal forces effectively. They resulted that at some
occasions stiffness of some degrees of freedom cannot be effectively increased by

internal forces, for the 3-DOF, 4 wire driven system held.

Besides increasable stiffness abilities of parallel mechanisms by adding up actuation
redundancy, kinematic redundancy also is very advantageous by giving an
opportunity to shape control the manipulators with hyper degrees of freedom. H.
Mochiyama, E. Shimemura and H. Kobayashi theoretically studied the shape control

of such mechanisms [36]. They succeeded to correspond a spatial curve and a
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HDOF (hyper degrees of freedom manipulator) by using solutions of a certain
nonlinear optimization problem that termed the shape inverse problem.
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PART III - THESIS STUDIES

HI.1. ANON-REDUNDANTLY ACTUATED TRUSS MECHANISM

One of the simplest truss mechanisms is shown in Fig.3.1. In this section, such a
mechanism having 3-DOF Tr-Tr Geometry (Triangle-Triangle) with 3 actuators has
been investigated. A stationary base is taken and a symmetrical structure is used;
that is all the non-variable length links are of the same length. The structure is
simulated. Related simulation program written in Matlab programming language is
given in Appendix B.

The mechanism is made up of two constant length links and three variable length
links. The constant length links are the base link and the upper link. The joints
connecting the links are revolute type and not actuated. The variable length links are
controlled by linear actuators. Linear actuators are placed on the outer bounding
links and the cross link, where others are constant length links. At this time the
structure has a limited movement capability. The figurative display of the considered
system is shown below.

Figure 3.1: A basic 3-DOF Tr-Tr VGTM

1.1 Kinematics of the Non-Redundant System

In Fig.3.1, the VGTM module has a parallel structure and 3-DOF at point E (which
are x, y and @). The actuation elements L; (k=1..3) are formed of variable length

21



links. Links L;, L,, and L; are capable of controlling the position and orientation of -
point E. Therefore the r vector defining the End-Effector and the L vector
defining the actuation links’ lengths will be as follows;

F=[x, 5 6] €R®® , L,=[1, 1, 1] eR®™. Here, the index n, represents

the non-redundant case.
The new system’s velocity relations from the links to the End-Effector will be

Ln=J,F 3.1)
Here the Jacobian matrix, which relates the velocities, is J, ={ai.,,/a;}ek‘3x3).

7= [# 75 65 ]T represents the End-Effectors linear and angular velocities.
Joints 3 and 4 can be related to the End-Effector through the last link. The general
vectors in (3.2),

7 Xzl o Xgi
F=| "= iy = 3.2)
[yi:l 5 [yx] A [yEi:l

form the vector loops in (3.3), in which equations (3.4) are valid.

Y (A’Q)} 63

7y =Py +7g=f (L L;)

X, =X +%-cos(0E —90)‘

Vs =Yg +%-sin(BE -90)
f

X, =X, +%-cos(GE +90)

Ve=Yg +%-sin(0E +90)J

There can also be written relations between the actuated links and the Cartesian
coordinates of the joints 3 and 4, which are defined by equations of circles.

L =\/(x1_x3)2+(y1_y3)2 ~
L, =‘/(x2 _x4)2+(y2"'y4)2
L =\/(x2 _x3)2 +(.V2 _.V3)2 )

Substituting eqn (3.4) into eqn (3.5), yields the direct set of relations between link
lengths to the End-Effector’s position and orientation. These sets of equations can be

(3.4)

ag

33)

expressed in a matrix representation. However there is no need for such a
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representation. Rather, velocity relations between these variables are required. This

relation happens to be in a matrix form and is called the Jacobian Matrix.

Deriving each Li=fi(xz, ys, 6) with re=[xz ys 6]" , will result with “J”, the
Jacobian matrix which shows the relation between the velocities of the End-Effector

variables and the actuator variables. Jacobian simply defines the basics of a system’s

behaviors. It converts requested aims, given in means of velocities, to systems body

variables. The related Jacobian for the examined system above is in equation (3.6).

0
: 5;;(11)
L |=| 5 (L)
L3 E
0
_ax—E(Ls)
Where,

L
L=|L| ;
i

and
0
5;;(’41)
0
Sy = gx‘;(l'z)
0
_5;;(1«)

50 @)
21) @) {5
E E eE
5 @) 55 ®)]
=5,
Bs
) & oy ]
(1) (1)
0 0
() ()
0 0
6yE‘ (L3) aaE (LB )JER(3x3)
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L2 A REDUNDANTLY ACTUATED TRUSS MECHANISM

The truss mechanism examined in IIL1 is a 3-DOF system with non-redundant
actuation, that is, there exists n number of actuators, for n number of degrees of
freedom. If an extra actuation element is added to the system, although the system
still stays as a 3-DOF system, the number of control variables increases to four from
three. This case is also simulated. The related program written in Matlab
programming language is given in Attachment A.

2.1 Kinematics of the Redundant System

Figure 3.2: Defining The Components of The Structure

If we include an extra actuation element to link L, , the system given in Fig.3.1

becomes redundant, as seen in Fig.3.2. In this case L becomes

I=[, n 5 4]

The new system’s velocity relations from links to the End-Effector will be

L=J-F (3.9)

where the Jacobian matrix is now a 3 by 4 matrix;J ={8i/6r‘}eR(4”3).

F= E ]T will keep its form.
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If we desire the same relation to be performed from the End-Effector to the links, it is
not possible to state it directly, but we may obtain it through taking the inverse of the

J e R3*) matrix. This solution will be as J* .7 =L, where J* isthe pseudoinverse
of J.

A pseudoinverse is the inverse of a matrix having unequal number of rows and
columns, that is a non-square matrix. In general, having two matrices defined as in
(3.10),

AeR™"; X e R™™, 3.10)
the pseudoinverse of matrix 4 will be X, that is,

X = A" ¢ R®™, (3.11)
if the Penrose Conditions given in equation set (3.12) are satisfied.

AXA=A
XAX =4

(ax)" = ax
(x4)" = x4

(3.12)

Also, a generalized inverse of any matrix is defined as satisfying only the first of the
Penrose conditions given above. (A pseudoinverse is sometimes called the Moore-
Penrose inverse) [22].

To make an examination of the system vectorially in order to relate the input
coordinates and the output coordinates with each other, that is to solve the kinematics
of the system, Fig.3.3, which graphically states the required vector definitions, is
needed.
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End-Effector

Figure 3.3 : Vector Diagram

First the definitions below should be made, based on the vector diagram given above.

rs=[xEJ ; rm=[x”] ; ';-=[x*J;i=3,4 (3.13)
Ye YEi Vi

To find the Jacobian of the system, two vectorial paths to the joints (3) and (4), one
from the base through the links, and the other from point E on the End-Effector
through the last link (3-4) have to be traced. The vector loop in (3.14) introduces the
related variables into a single set of equations.

G =Fp+ig-F=0  ic{3 4 (3.14)

We can separate each of these vectors into two other, each also containing two other

vector elements.

z_ 42:3 . 7= ;ES], = =["
SR

)

A
Deriving the equation (3.15) we obtain the velocity relation between the vector
defining the End-Effector’s position and orientation () and the vector defining the

link lengths (E).

] (3.15)

é = a¢,* a”‘L Jyf+Jgl; =0 (3.16)

This definition exists once for each of the joints (3) and (4). And each of these
consist of two equations defining the x and y components of the related joint. Here,
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g, =00 gty % (3.17)

oF o
- . . 0 -
0% _Geiim on (3.18)
B oL oL aL

will be true, since

-

Ler, & Lery; & Fer.
J,; and Jy; defines the relations between #; and#,; and 7#;and L, respectively. For

i=3 and i=4, each of J,; e R**® and Jj e R®*Y may be joined together in a matrix

form as

J, = [?3] eR“D . J, = [JB’] € R4 (3.19)

A4 JB4

The L variables in these equations may also be grouped as

z=[g]ewm : Q:[:] : z4=[:] B 2 (3.20)

in order to ease organizing the symbolic expressions.

Finding the resulting equation as L= [—(JB )‘l J A]-i" we can write the following.

J=—(J5)" -, (3.21)

This is equivalent to (3.9). Every element in the Jacobian J is now defined.
2.2 Finding The External Force - Link Force Relations

The work done by forces on links should be equal to work done by torques on joints.
This is called the virtual work principle. It can be used to calculate force relations in
the system. The general representation of the virtual work is given in (3.22).

w=F".5=17 -6L (3.22)

Here, F stands for the external forces acting on the system, r stands for the

variables the forces act on, T stands for the system reaction forces on the actuators

and L stands for the actuation variables. Also oF=# and aoL=1L shall be

remembered. The equation (3.1) can also be written as
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, |
(3.23)

Ny

-

sL= (%) 57
If (3.23) is placed into (3.22) and briefly organized
FT.6r =17 (J-67) > F =(J7 )T (3.29)
the force-torque relation in (3.24) is obtained. This equation may directly be applied

to the considered system.

I1.2.3 Force Distribution

The force-moment vector resultant to be exerted on point E of the End-Effector

F.=[r, F, M, ]T e R (3.25)
will be confronted by the
P=[F F]er*™ ;5 &=z 1] , L=z =] (3.26)
actuation forces on the links as the

(3.27)

F =JT.T
equation tells, which is-derived in (3.24). The relation (3.27) may be separated into

two parts using equation (3.21), as in following.
(3.28)

Fos[-(a)* 0] 1

-

() Fu=-(a2)" T

(3.29)

28



4 So4

Y Fo < Jre
& Oc St ‘
fo4 x E ﬁ3 f03
' 3
3 \
' i Ss <
) Fy b)

Figure 3.4: Force distribution along the End-Effector; a) External force is
distributed through joints to the actuated links, b) Internal force is required to appear
on the End-Effector, ¢) Reaction forces act on joints to confront the external force
and create the required internal force

Figure above describes clearly how the force distribution is attained. This situation
is defined in eqn (3.29), in which the two sides of the equality represent a part of
Fig.3.4 separately.

Using (3.19) and (3.29) we can obtain the force equations at joints (3) and (4).

(75 15, Fo =05 1027 (3.30)
Equations (3.16) and (3.19) reveal that
(%) Fu =7 (331)

are the external force effects on joints (3) and (4). It is sketched in Fig.3.4.a. And
similarly, equations (3.16) and (3.19) also reveal that

(5)" % = (3.32)
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is the reaction force of links at the same joints in case there is no internal force

created on the End-Effector link. This can distinguished from Fig.3.4.c. Here
Foi =[ f_,]T e R* is true. f, and T, vectors are joint forces on (3) and (4) and
actuation forces on links, respectively. By means of actuating the links more then
the required reaction force magnitude, it is possible to create two excessive forces,
fu, having the same magnitudes and existing vectorially aligned on the 3-4 link in
opposite directions as in Fig.3.4.b. When attempted to create such a force couple,
Fis=—Ffra=fi[cos0z —sin6z ], where more clearly f; =|]’,3|=|f,4| , it will be

characterized by the f; magnitude. The effect can be summed up as

.;-3 foS .?!3 2 7 y
2=l LT ==L+ (3.33)
[ﬁ] [f} [f] !

——— e

I ja .?I
As a result, the system will react to this internal force with

T, =[1, 1, 1, r,‘]T R*1)  excess tensions on links . The total tension on each
link will be as ( ferR* | T R<“*'>)

T=1,+T; =~(J)(7. +7i)=-(F) - 7. (3:34)

(4%)-7+(9%)- 71 = P (3.35)

(4%)-F =0 (3.36)

is true, no additional force will be exerted to the environment other then that of

created in reactionto F, .

F.=(17)(%+5) (3.37)

The internal force of magnitude f; will not exert any force to the environment.
However, it will be reactant to incoming forces from the environment. The
magnitude of this force can be controlled by the tensions of the links. These extra
forces literally work to change the End-Effectors, or point E’s, willingness to
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preserve its position and orientation, in other words, its stiffness [8]. Through

equations (3.29) and (3.32) we can get;

T-JT.} (3.38)
Fo=(s3) -E. (3.39)

As understood, it is possible to attain an internal force f, by increasing the

actuation forces by 7, .

The mathematical expressions above may be shown as block diagram representations

as follows.

{ Ay’

Figure 3.5 : Velocity Relation between the actuators and the End-Effector

The transfer function in Fig.3.5 represents the Jacobian given in eqn (3.21).
Following either ways, from End-Effector to links, or links to the End-Effector, it
would yield a Jacobian, since it defines a relation between the variables. So the
direction of the arrow may be changed. The resulting Jacobians will be a

pseudoinverse of each other.

L B T - . — FEF
stemal: T gl g dd_ o o LAY Adtustiin:
Fatce-Moment, > () & o g My 7 Farges
Fotple; 4 '

Figure 3.6 : Force Relation through End-Effector to links.

The force relation may be expressed in block diagram form in two ways, each
clarifying different information about the force distribution of the system. In
Fig.3.6, it is shown how the needed actuation forces for given external and internal

forces are calculated. It shall be pointed out that the internal force only relates to the
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actuation forces by some part of the Jacobian, that is —J5. Therefore, increase in the

internal force does not create any external forces.

ﬁn,&m
o
AA

{ " le

Figure 3.7 : Force Relation through links to End-Effector.

The same force relation, when represented from the actuation forces towards the

external force created, as in Fig.3.7 , reveals the concept once more. Since
(Jj)- 7, =0 as in eqn (3.36) is true, any increase in 7, , that can create a £, on the

joints of the end link, will not be creating any external force, since it eliminates itself.
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II1.3 STIFFNESS ANALYSIS OF THE REDUNDANT TRUSS MECHANISM

II1.3.1 General Information on Stiffness

Every material has its own characteristics. Toughness and stiffness are two examples
to this. These characteristics are defined by physical laws according to the chemical
structures of the material. As these structures tell, some materials can be broken,
some can be bent, séme can be scratched and some are very tough like iron or
diamond. They all inherit different properties. Similarly, their stiffness behaviors
differ too.

Stiffness of chemical structures can basically be defined as the resistance shown
against being physically deflected. Same definition is valid for mechanical structures
also. Structures have their own ability to resist against forces, other then the material
they are made of allows, that is their chemical structures allow. It is hard to brake a
piece of iron into two parts then a piece of wood because it tries to keep its shape,
showing resistance. The resistant forces exist due to forces that balance each other
inside the material. They are only felt when external forces act against them. These

are called the “Internal Forces”.

The internal forces may exist in mechanical structures too, as well as materials that
are basically chemical structures. However in normal conditions, most of the time
these forces are not created on purpose, or are not noticed as they are being taken
advantage on. A bolt and a double nut triple is a very basic example to this type of

force connection. The double nuts are tightened in order to create internal forces.

Manipulators also form structures that may carry internal forces. Internal forces in
structures having moving parts, like manipulators, can be attained by creating
actuation forces, of which some portion of them are cancelled out inside the

mechanism.

Internal forces always exist, but they never do any work. They are not noticed on the

energy level effectively, but they exist on force level. It will be easier to briefly
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explain the situation on a two simple force-spring models as shown in Fig.3.8 and
Fig.3.9.

X.
WF
k

Figure 3.8 : A spring-force model

The potential energy for the system in Fig. 3.8 can be written as;
U=—;—-k-xz (3.40)

If the stiffness belonging to a certain coordinate system is desired, the potential
energy has to be differentiated twice by the independent variables of that coordinate
system. In this example the independent variable is x. If the potential energy is
differentiated once,

-%Z—=k-x=F (3.41)

the force applied parallel to that coordinate system is obtained (3.41). If it’s
differentiated again,

U _ ’
=k (3.42)

the stiffness along that coordinate system is obtained (3.42). The coordinate systems
may be real or imaginary. If the system is configured as in Fig.3.9 , then the effect
of the two springs will be different then in Fig.3.8.

fo fo

a) b)

Figure 3.9 : Principle of Internal Force in Spring Supported System [16]
a) Equilibrium State, b) Disturbed State
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In the system above f, represents the internal force on the preloaded springs. s, is
the length of the springs at the equilibrium state, without the existence of any
disturbing forces, and sy is the final length of the springs after disturbed along +y
direction. f.. is the tension force on the springs caused by the disturbing force.
When the system in Fig.3.9.a is disturbed and take the form in Fig.3.9.b , it has
been shown by Hanafusa and Adli [16], that the total stiffness K of the mechanism

turns out to be

K=2-7, ms0%+2k-%[(sf ~s,)sind] (3.43)

They also showed that when in the vicinity of static equilibrium state, K only
depends on the internal force f, (3.44).

K=2. ;:,;1— (3.44)

(4

Briefly it has been seen that the values of terms in eqn (3.43) showed that internal
forces take important role in the stiffness’ of mechanisms. The same mathematics
can be applied to a relatively complex mechanism like a truss type manipulator as

well.
IIL3.2 Modeling the System

The truss system consists of 4 actuation elements, which are considered to be electric
motors. To model the system, the potential energy of the system is needed in a
simple form so that it can be written down in terms of basic modeling elements, like
spring and damping elements. The electric motors may be modeled as spring
elements connecting the joints along the links. These 4 model spring elements define
the systems stiffness on the actuator level, by each of their own stiffness values. On
the work level, that is, the End-Effector level, the stiffness should be defined in
usable terms in 3-DOF. A number of springs have to be placed on desired
coordinates, which will try to keep the End-Effector at its current position and
orientation. In fact, only 6 independent springs, can fully constrain the stiffness of a
3-DOF system as in eqn.(3.45).

kxy kx9
ke =| ke kg (3.45)
’_‘QJ_C. kﬂy
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However it is possible to show figuratively how the priﬁ:al axis of the stiffness
matrix at the End-Effector level, &g , as defined in Fig.3.10 effects the system. Here,
the three springs attaching the End-Effector to the ground represents the stiffness
cause of the elements on the primal axis of the stiffness matrix, which are Kk« , Ky
and kep .

The stiffness matrix for a 3-DOF system is a 3 by 3 matrix, having nine elements.
However six of these elements, which stand symmetrically about the primary axis,
are replications of each other, in other words, they are dependent to each other.
Therefore there are only six independent stiffness elements, when three of the
replications are excluded. If it is desired to control six of these stiffness values
independently at the same time, there has to be at least six actuators placed
independently of each other. This is valid for a 3-DOF system. If there are more
then six independent actuators, then stiffness redundancy appears in the system. In
the case presented hereby only four actuators are used. Thus there is no stiffness
redundancy.

Figure 3.10 : Stiffness model of the truss mechanism
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I11.3.3 Deriving the Stiffness of the System

In order to derive the general stiffness of the system, the potential energy has to be
formulated. The potential energy of the system can be written as;

U=%(L-LY -k -(L-L,)+4-¢ (3.46)
i=1

Here, L, stands for the vector defining the initial lengths of the active links, 4
stands for the Lagrange multiplier and ¢ is the constraint derived in equation (3.14)
which is derived in sec.JIL2.1. Since the constraint equation is already null, it
doesn’t affect the potential energy value. But when the equality is differentiated for
the vector Q=[if ;T]T ={L, L, Ly L, xz yg aE]L,, (3.47)

which defines all the variables of the system, first in order to find the forces acting in
that coordinate system, then to find the actual stiffness in that coordinate system, it is
seen that the internal forces hidden in the constraint equation term take action and

change the force and stiffness equations.

When there is no external force, the potential energy has to be either maximum or
minimum. Therefore, when the potential energy is derived wrt § , the force

equilibrium is obtained, which has to be equal to zero, since there is no external

force. If there were an external force in act, it would have been equal to that.

ou
—=0 3.48
o0 (3.48)

Since @ = [E’ 7T ]T , (3.48) can also be written as
=0 ' (3.49)

If the above equation is evaluated, the force level equality of the system will be

acquired as,
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k (L-L }+A-—

L ( o) QL_‘

owu__ Ta)1 g (3.50)
w —
2.9
or
et
L J‘ |

For (3.50) to be true, each of the terms have to be equal to zero. In the same
equation, & -(L-1,) represents the total reaction forces on each link defined to

occur due to their displacement, that is the work done against the external and
internal forces. In this case, no external force is considered, therefore it represents
the work done against the internal force only. It is easily seen that 1.J; is the value

showing up on the force level that causes this displacement on the link lengths, since
the force matrix elements should be equal to zero each.

Therefore it is obvious that 1 is equal to f; , the internal force magnitude acting
on the end link.

Similarly, J7-1 is the term which carries 1= f, , the internal force, to the outer
environment. This term is always zero, because internal forces never encounter the

environment as proved by eqn (3.36).

When potential energy is differentiated for the second time wrt @ , or in other words
the force is differentiated wrt { , the stiffness matrig, K of the system is obtained.

[kz v(L—L,)+ J; -l]
—~
1) Jan

[
S 31 d7a

Before concluding with the general stiffness matrix elements given in eqn (3.54), a
few notifications have to be remade in order to ease the follow up.

T
Since J; =f(L) and 7eJj , then %:0.
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T
Similarly J% = f(F) and LeJ; , then %’-:o.

Hence, KR, the general stiffness matrix of the system, finds it form as a matrix
having null elements on the upper right and lower left corners. The general stiffness
matrix of the system is obtained as a 7 by 7 matrix, which actually includes both the
effect of internal force on the stiffness at the actuation level (3.52) and the effect of
internal force on the stiffness at the work level that is the End-Effector level (3.53).

Nl
kp = (kL +££-,1~) /) : 3:52)
OL  Jaasyy | 9T, '
(43) | 427)
| | (Zea) @53)
L, OF  Jepsy
B 0 €(3x4) e(3x7)

When simplified, also by substituting 1= f;, the stiffness matrix will be found as
below.

I I
aJ, aJ, [ aJ ]
k, +—=%- —£.2 ot 20
et 7, b+ f, '
Ak, 0 Ay
K= - (3.54)
Yy o A,
o, 4 Eli.f o
oL o | L Ak
L\ 0 & ]

The resulting stiffness definition (3.54) reveals that the internal force effect occurs
both on the actuation and the work levels separately at the same time. However Kg ,

the stiffness matrix at the task space is needed for effective use. The internal force
causes a double effect through increases in both of their local stiffness abilities,

which are Ak, and Ak,. These can be combined to obtain kg, .

Ak, and Ak are given in eqn’s (3.55) and (3.56) as (3.54) tells

oJ,
Ak, =B 5
=22 @55)
aJ
AkEzgf-f, (3.56)
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The final stiffness terms for the actuator and the task spaces will be as;

by, =k +Ak, (3.57)
kg, = kg + A (3.58)
The stiffness at the End-Effector of the system has to be defined in terms of the
actuator stiffness values, the geometry, represented with the Jacobian, and the

internal force magnitude, in order to include the increases in the stiffness values.

This is a direct relation between k;, the actuator space stiffness matrix and kg, the

task space stiffness matrix.

For this purpose the Tension-External Force relation is used, given in.

F=kg-dr ' (3.59)
and

T =k -dL (3.60)

can be written. If eqn (3.59) and (3.60) are substituted into eqn (3.27), in which
F, =J".T is given, ki — kg relation is obtained as in eqn (3.61).
kg=J" ky-J (3.61)

If the final stiffness values given in equations (3.57) and (3.58) are substituted
successively rather then initial stiffness terms, where no internal force is active, the
final equation (3.65) is obtained, which formulates the effect of internal force,
geometry and actuator stiffness values to calculate the stiffness at the End-Effector.
First the effect in actuator space is added;

kg =J7 (ky +Aky)-J (3.62)
e e
by,
Ky =J (kL+ j}) (3.63)
ka

Secondly, the effect in the task space is added,;
kg, = kg +Akg : (3.64)

The results in eqn (3.65) gives the relation between ki and kg in terms of the

Jacobian and the internal force magnitude.

kg, =J7 - (kL Y f,) J+( ]j} (3.65)
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IIL.4- SIMULATION AND RESULTS
I1L.4.1 SIMULATION OVERVIEW

The main kinematical system is investigated under two main conditions; non-
redundantly and redundantly actuated schemes are examined. In both cases working
conditions are practiced indifferently on the system. In the redundant case, the
system is also simulated for a number of interest points varying upon position and
loading cases.

First it is §im1ﬂa1ed for “non-redundant actuation” case, that is, there only exists three
actuators on the system, shown in Fig.1a. The results of this part of the simulations
are given in Case A.

Secondly, “redundant actuation” case is examined on the kinematically redundant
system. In this case the system, shown in Fig.1b, is actuated with four actuators at
the same time. The resuits of this part of the simulations are given in Case B.
Thirdly, “the kinematically redundant” system has been investigated only for the
internal loadings, without any external force effect on the structure.

In Case A and Case B an external force, F.. , a constant vector defining force and
moment couple relative to the base coordinates, has been exerted on the end-effector
at point E. In Case B and Case C there is an internal force f7 created on the end-
effector link by redundantly actuating the four actuators.

In Case D some selected interest points are simulated in macro and micro scales.
The above simulation variables like loading conditions and general paths are changed
in the way needed.

The end-effector follows a number of linear and circular trajectories under the effect
of these forces. The variation of the actuation forces and the stiffness layouts of the
variable geometry truss type manipulator have been investigated on these given
paths. The constants and variables related to each case, Case 4, Case B, Case C and
Case D are given in tables 4/ through 45, B1 through B3, CI through C5 and DI
through D4. The related graphics are given as results, following the introduction of
the simulation. They are compared and discussed in the results section.
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II1.4.2 GRAPHICAL RESULTS

II1.4.2.a Case A

In all the cases of Case A, there are only 3 links actuated. An external force is
applied. No internal force occurs. In sequence, linear, angular and circular paths of
motion are simulated. The linear paths are divided into three: along a horizontal
vector, along a vertical vector and along a random vector. The angular simulation is
done by only changing the orientation of the end-effector around its control point E,
but not translating point E.

Case Al

In case Al the trajectory is a horizontal path. General conditions of the A cases are
valid.
Table Al : Simulation variables for Case Al
L =20mm Vectorial Path[Ax Ay A0 :|F, =[20N 15N 2Nm]
rg, =[30mm 3mm 15°] P=[-6mm 0 o] f;=0

Figure A1.1 : Simulation sketch for Case Al
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Figure A1.2 : Tension on link caused by External Force vs.
deflection on X-axis (mm)
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. Figure A13:
Linear Stiffness
along X-axis only

- vs. deflection on X-
-~ axis (mm)

Figure A1.4:
Linear Stiffness
along Y-axis only
vs. deflection on X-
axis (mm)

Figure A1.5:
Rotational Stiffness
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Case A2

In case A2 the trajectory is a vertical path of 4mm. Same conditions of the Case 4

are valid.
Table A2 : Simulation variables for Case A2
L=20mm Vectorial Path[Ax Ay A6 :| F, =[20N 15N 2Nm]
rg, =[30mm 3mm 15°) P=[0 4mm of f;=0

Yy
Y
i

Figure A2.1 : Simulation sketch for Case A2

Figure A2.2 : Tension on link caused by External Force vs.
deflection on Y-axis (mm)




Figure A23 :
Linear Stiffness
along X-axis only
vs. deflection on Y-
axis (mm)

Figure A2.4 :
Linear Stiffness
along Y-axis only
vs. deflection on Y-
axis (mm)

Figure A2.5:
Rotational Stiffness
about Z-axis only
vs. deflection on Y-
axis (mm)
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Case A3
In Case A3, the end-effector keeps its position while changing its orientation
counter-clockwise by the given angular value in vector P. Same internal and external

forces are active.
Table A3 : Simulation variables for Case A3
L=20mm Vectorial Path[Ax Ay A] :| F,, =[20N 15N 2Nm]
15, =[30mm 3mm 151 p=[o o 10°] f; =0

Figure A3.1 : Simulation sketch for Case A3

Figure A3.2 : Tension on linkk caused by External Force vs.
defléction about Z-axis (deg)




Figure A3.3:
Linear Stiffness
along X-axis only
vs. deflection about
Z-axis (deg)

Figure A3.4 :
Linear Stiffness
along Y-axis only
vs. deflection about
Z-axis (deg)

Figure A3.5:
Rotational Stiffness
about Z-axis vs.
deflection about Z-
axis (deg)
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